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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, followed by an extensive easy glide region. 

The size and nature of the yield point depend sen-

sitively on the initial dislocation density and orient-

ation of the specimen, strain rate and temperature, 

but are not significantly affected by either the 

surface condition of the specimen or the presence of 

small amounts of impurity. 

A yield point is not observed on unloading and 

reloading in the easy glide region. 	It is found that 

a return of the yield point on loading is only effected 

by reducing the dislocation density of the deformed 

specimen to a level approaching that of the undeformed 

specimen. 

The yield point phenomenon is explained in 

terms of the number and velocity of dislocations. It 

is concluded that grown in dislocations provide the 

operative dislocation sources. 
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The flow stress in the easy glide region is 

found to be a sensitive function of the dislocation 

density, strain rate and temperature. 	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 observations 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 the technology of the material 

being well developed. 	Consequently germanium single 

crystals can be readily prepared by established zone 

refining and crystal pulling techniques. The single 

crystals produced by these techniques are of high 

crystalline perfection; the usual dislocation density 

of an undeformed single crystal is of the order 

103 cm 2. (Even after considerable deformation the 

-\ dislocation density is only of the order 107  cm
2 
 ). 

These values of dislocation density are much smaller 

than the comparable values in most metal crystals and 

facilitate observations of dislocations during deform-

ation. A sensitive etching technique can be used for 

the study of dislocations in germanium. 	As a 1 : 1 

correlation between etch pits and dislocations on 

certain planes has been established, this compar-

atively simple technique enables quantitative measure-

ments of dislocation density to be made. The special 

electrical properties of germanium also provide useful 



information. A knowledge of the resistivity of a 

single crystal allows an accurate evaluation of the 

concentration of any electrically active impurity. 

Until comparatively recently little 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 400oC had to be used. Deformation was 

characterised by a pronounced yield point, followed 

by an extensive easy glide region. 

We first investigated the nature of the yield 

point phenomenon. A study was made of the effects on 

the yield point of the initial dislocation density, 

impurity, strain rate, temperature, orientation and 

surface. A yield point was not observed on reloading 

the specimen in the easy glide region, and a survey 

was made of the annealing 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 
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density, strain rate and temperature being determined. 

A quantitative study of this parameter was aided by 

its excellent reproducibility. 

The easy 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 first 

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 researcher. 

One experimental result was that, after certain con-

ditions of fast cooling from the annealing temperature, 

a yield point was observed on retesting. This effect, 

which is thought to be due to point defects, deserves 

a more thorough investigation. The wider problems of 

the detailed nature of dislocation nucleation and 

multiplication, work-hardening and the ductile-brittle 

transition are still outstanding. It is felt that a 

combined research using stress pulsing techniques 

and electron 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 

yield 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 tetrahedron, with the valence 

bonds oriented in <111> directions. 	The slip plane 

and direction have been established as the 1111 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 Read122  and Schockley3. Fig. la shows the normal 

diamond structure and Fig.lb the structure containing 

a 60°  dislocation. 	The dislocation axis runs in the 

[01I] direction on the (111) plane. The slip or 

Burgers' vector is in the [17.0] direction, i.e. at 

60°  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. 

Hornstra4  has considered in detail the properties 

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 - 14 - 15 - 16 - 17. In 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, 4 - 5, 

etc. and forming double bonds between the atoms 1 - 2, 

3 - 4, 5 - 6, etc. The dislocation is split into two 

components occupying neighbouring channels. 

(c) Edge dislocations, 

The structure of a simple edge dislocation 

(also due to Hornstra4) is shown in Fig. 3a. The 

dislocation axis runs in the [110] direction, the 

Burgers vector is in the [110] direction and the slip 

plane is the (001) plane. 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 60o and screw dislocations. 

Fig. 3b shows an edge dislocation without any 

dangling bonds. It is derived' from Fig. 3a by 

omitting the atoms with dangling bonds and connecting 

the remaining free bonds. 

The two configurations cannot be simply trans-

formed into one another by electronic re-arrangement 

(as in the case of the two screw configurations). 

Presumably this transformation can only occur, at a 

high temperature, by the diffusion of vacancies or 

interstitial atoms. 

2.2 Partial dislocations. 

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

ion. However Schockley3 pointed out that the nature 

of the dislocation would be quite different if slip 

occurred between the 2nd and 3rd plane instead of the 

1st and 2nd plane. 	This would involve breaking 

three times as many bonds per atom. The dislocation 

could reduce its elastic energy by splitting into 

partials. 

The number of distinguishable partial dislocat-

ions in the diamond lattice is much greater than in 
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the face centred cubic lattice, due to the two types 

of octahedral planes. 	The two adjacent octahedral 

planes, connected by three bonds per atom , differ 

from the next similar pair of planeb by a rotation 

around a common nolmal of H/3. The regular stacking 

is given by : 

a b c a b c etc. 

where a, b, c, represent pairs of similar planes. 

A [1111 plane stacking fault can be constructed 

by the removal or insertion of a pair of planes, form-

ing an intrinsic or extrinsic stacking fault t.espect-

ively. 

The partial dislocation can have various 

structures, depending on the type of stacking fault 

and its Burgers vector. 	All the various possibilities 

were considered in detail by Hornstra4. 

The partials, associated with a 60°  dislocation 

with Burgers vector i a [110] have Burgers vectors of 

a [211] and i a [121]. 	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, near 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 

simultaneously. 

The stacking fault of a partial need not lie 

in a 11111 plane, in which case the partial dislocation 

is sessile. 

2.3 Other dislocations. 

Hornstra4 has also studied the properties of 

more complex dislocations. He suggested that every 

dislocation can be resolved into steps of the simple 

dislocations discussed previously. 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. L4. 	There 

are six possible combinations of two simple dislocat—

ions with the same Burgers vector 1  a [110) ), which 

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

Axis of 
Dislocation 

Glide 
Plane 

Angle Between 
Axis & Burgers Vector. 

(1)  <211> (111) 30°  

(2)  <211> (111) 90°  

(3)  <211> (311) 
73o 

(4)  <211> (110) 55o 

(5)  <100> (110) 90°  

(6)  <100> (100) 45°  

The edge dislocation with a (110) glide plane 

(No.5) has been observed as a constituent of a small 

angle tilt boundary. 

3. Experimental observations of dislocations. 

3.1 Etching techniques. 

Etching is an important method of studying 

dislocations in germanium. Sensitive etching techniques 

have been developed which enable dislocations to be 

revealed as etch pits. Moreover, as a 1 : 1 correlation 

has been established between the etch pits and disloc—

ations on certain planes, etching provides a simple 

method of determining the dislocation density of 

germanium. 

Vogel67 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. From 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 points of 

emergence of edge dislocations, 

Later Vogel8 studied the dislocation densities 

of plastically bent germanium. Single crystals were 

bent to various radii of aurvature(rAnd the observed 

etch pit densities on Mil planes were compared with 

the dislocations densities (q,) calculated from 

e  = 1/rb •- 3.1 

b - Burgers vector. 

The results are shown in Table 2. 

TABLE 2 (After Vogel) 

Radius of 	Calculated 	Observed 
curvature 	dislocation 	etch pit density 
(cm) 	denpity 	6 —2, 

(x 10Q cm-2) 	(x 10 cm )  

3.4 7.8 12,8 

5.2 6.8 9.6 
14.3 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 technique also enables the dis-

tribution of dislocations to be studied. Vogel8 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 technique. 

A decoration technique has been developed for 

the study of dislocations in silicon. Dash9 decorated 

silicon 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 9000  - 1100
0C the dislocation 

loops had crystallographically oriented segments if 

the deformation was 'rapid". At "slower" deformation 

rates, at the higher temperatures, the dislocations 

were irregular and not confined to a single glide 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 

microscopy of thin films of germanium. Philipsi°  

examined the dislocations in germanium produced by 

indentation. 	He found that indentation at 5500C 

produced an irregular array of dislocations. Annealing 

the deformed specimen at 7500C for 90 hours, caused a 

re-arrangement of the dislocation lines into a more 

orderly structure. 	Indenting the thin film at higher 

temperatures (800°0) produced a fully polygonised 

structure. 
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L1.. Plastic deformation and the yield point  

phenomenon in germanium. 

4.1 Delay time and plastic creep at a constant load. 

Germanium is brittle at room temperature. 

However Gallacher11 demonstrated that above 500°C, 

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 raised, 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 is described by :- 

L.1) t o - delay time 

in pare crystals. 

with no locking 

points. 

Q - activation 

energy to free 

dislocations from 

locks. 

At a constant load 

t = t o exp (QM) - 

with t o = 10-5 sec. 

Q 	= 28,000 cal/mole. 

Patel13 also investigated the effect of delay 

time. He used a-oproximately 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 Treutingl4  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 equation (4.1 ), with : 

t o = 3 x 10-10  sec. 

39,000 cal/mole. 

Patel suggested that the locking impurity may be copperi 

Van Bueren15 and Penning16  and De Wind have 

made a comprehensive study of the full creep curves of 

germanium single crystals, loaded in tension and in 

bending. 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 the 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 (Es)-1 during the 

steady state period is represented by : 

(1) At constant stress (a) 

(Es)
-1  " exp Q/kT 

with Q " 1.5 - 2 e.v. 

Q - activation 
energy. 

(2) At constant temperature (T) 

(cs) 
	

exp (- c.0 ) 

with a 	10-7  dyne-1cm2. 

The creep curves were independent of the 

dislocation density of the specimen at densities below 

5 x 105 cm-2. At higher densities, the creep rate was 

proportional to the dislocation density of the specimen. 
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Van Bueren 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 105  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 oriented 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 Bueren17 has suggested a theory of creep. 

On the application of a stress, dislocation sources 

can emit dislocations in intervals of time (-9 given 

by: 

t = + 6  1 

  

v - velocity of 
dislocation 
loops. 

o - distance be-
tween succes-
sive loops; 

e - possible' delay 
time. 

 

V , 4- 
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The expansion of the loops and the number of 

loops both increase proportionally with time (t). 

The total dislocation density (e) increases quadrat- 

ically with time. 

e  =N *Hy t2 	.4444 	(4.3) 

t

1 

N - number of 
dislocations. 

The strain rate (e) is given by 

= 	b v 	0444 	(4.4) 

= H Nb v2.t2 
• • • • 

	 ( 4 . 5 
t1  

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 d 

is the dimension of the specimen. 

For t < d/v 	e = nNbv2. t3 
	

(4.6) 
3t1  

t > d/v 	es = UNbd
2 t- 2 d 

t1 	73 v 
4 0 (4.7) 

es = rINbd2 t1 

Van Buerenc s assumptions seem reasonable for 

an experimental situation in which single slip is 

occurring. 

4 . . 

	(4.8) 
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).2 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 technique 

was used; i.e. the specimen was allowed to deform for 

15 seconds 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 strain rate, 

and yield points were not observed. 

The results obtained were : 

(1) The rate of work-hardening decreased with 

increase 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 specimen for 30 minutes 

at 800°C gave a slight decrease 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 ( <1014 atoms/cc 

impurity) and 0.06 QCTI1 germanium ( -1017 atoms/cc 

impurity). 

(5) The dislocation density of a specimen with 

two parallel f1113 faces increased rapidly from 

5 x 103  cm 2  initially to 2 x 106cm-2  after lr strain. 

The density then increased more slowly to approximately 

8 x 107cm-2 after 	strain. 

(b) Tensile loading.  

No comprehensive study of the tensile deformation 

of germanium at a constant strain rate has been made 

Treuting deformed 0.1 	germanium single crystals, 

of nearly <110> orientation, in tension at 60000 under 

an atmosphere of helium gas. He found that slip 

occurred on (1115 planes in a <110: direction. 	The 

deformation was inhomogeneous, localised rotations 

being observed. 	After deformation the structure was 

polygonised with a domain size of 2 x 103cm-2. 

Treuting deformed one specimen under continuous 

loading and noted a sharp yield point, followed by 

a region of work-hardening. A yield point was not 

observed on unloading and reloading the specimen. 

Subsequent annealing of the deformed specimen did 

not effect a return of the yield point. 
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Carreker19 deformed a few 2 - 20 H CD .erinium 

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 yield 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 7r,  elongation, at 

0.05"/min. fracture occurred at 4500 p.s.i. with no 

apparent elongation. 	Stopping the elongation caused 

the stress to relax to a lower value. 

Treuting and Carreker suggested that the yield 

point can be explained in terms of the impurity 

locking of dislocations (See section 6.1a) Certain 

of the experimental results are 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 after the lower yield 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. 

4.3 Other current research. 

Since our research was started (1958), Patel 

and co-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. 

4.4 The flow stress of germanium single crystals.  

A model of flow stress at a constant strain rate 

has been proposed by Van Bueren20. The model was based 

on his creep results and some flow stress measurements 

of Alexander. (See Discussion). 

The creep results (see Section 4.1) indicated 

that the stationary creep rate (es• ) is given by : 

Es
• = Old

2 

t1 

also 	t1  9 + 6 
V 

 

(4.8) 

(4.2) 
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hence assuming 0 is small 

s = HNbd2 	v 
• 6 

 

(4.9) 

 

It was also found that the stationary creep rate 

(ss) depends exponentially on the stress (a) and 

temperature (T) 

e = s exp - (Q1 - oV)/kT o 
 4 	• 41 (4.10) 

Cpl  - activation energy. 

V - activation volume 

es - constant. 
o 

 

The flow stress results indicated that the flow 

stress at a constant strain rate 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 temperature. 

The activation volume (V) is given by : 

V = 1 b2 (4.11) 

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 to move by 

supplying the stress dependent activation energy (Q), 
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= 0V 
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(4.12) 

   

Van Bueren suggested that the distance 1 varies 

with temperature given by : 

1 = 1o exp (-VkT) 	(4.13) 

where µ is the free energy difference between a mobile 

and immobile dragging point. 

Rearranging equation (4.10) gives : 

= Q1kT In es 
0 

V 	V s 0 
0 

substituting V for 6 (from equation 4.9) 

1 	V (from equation 4.13) 

gives : 

(4.14) 

a = 	Q + kT in bes 	1 exp (U/kT) ...(4.15) 

IINbd2V b71 o 	o 

Van Bueren then assumed that a similar experiment-

al situation prevails in a tensile test, and that the 

flow stress (00 at a constant strain rate (st ) is 

given by : 

at  = Q, + kT In as 	1 	exp (U/kT) ... (4.16) 

2 111Tbdv o b21 0 
QI 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 

interstitial atom or a vacancy. The derived values 

of activation energy were 

Q1   - 1.7 e v 

U - 0.6 e v. 

Van Bueren considered that equation (4.16) only 

applies to the post yield flow stress and not to the 

initial yield point. 

In its basic form (equation 4.14) Van Bueren's 

equation 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 crack has to diffuse 

along with it. 	The following equation was derived : 

of  = vkT 	° kT 	(4.17) 
b2Do 
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v - dislocation velocity. 

Do 
- diffusivity of crack. 

0 - activation energy to move 
crack. 

4.5 Plastic deformation of "heavily-doped" germanium. 

Only a few experiments have been performed on 

the plastic properties of "heavily doped" germanium 

(i.e. > 1018 atoms/cm3 impurity). 	The results are 

conflicting and lacking in detail. The upper yield 

point at 500°C 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 interpreted in terms of the effect of the 

impurity on the concentration of vacancies, and possibly 

on the size of condensed vacancy loops. 

Cummerow and Cherry23  lightly deformed dislocat-

ion free arsenic doped (1019 atoms/cm3) and gallium 

doped (1019 atoms/cm3) germanium, in bending at 500°C. 

A well defined neutral region, with no etch pits, was 

observed. 	On annealing at 600°C for 5 minutes, dis-

locations,as revealed by etch pits, spread into the 

neutral region in the p-type (gallium doped) specimen. 

No movement of dislocations in the n-type (arsenic 

doped) specimen was observed until the annealing 

temperature was raised to 700°C. The higher temperature 
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required to move the dislocations in the n-type 

specimen was interpreted as due to arsenic providing 

a more effective impurity locking of dislocations. 

This result is in conflict with that of Patel. 

Suzuki24  found that the size of the yield point 

decreased as the concentration of doping impurity was 

increased. 	At a concentration greater than 10
19 atoms 

/cm3, no yield point wes observed. 	Suzuki confirmed 

the observations of Cummerow and Cherry, p-type samples 

did not exhibit a yield point above 600°C , whereas 

n-type samples gave a yield poift up to 800°C. The 

locking energies were estimated as 1.4 e.v.for p-type 

and 11.8 e.v.for n-type germanium. 

L..6 Dislocations produced by crystal growth.  

Single crystals of germanium are generally 

prepared by the Czochralskitechnique, in which a seed 

is slowly-withdrawn from the melt under an argon 

atmosphere or vacuum. The usual dislocation density 

of the grown crystal is 103 - 104 cm 2. Using after 

heater techniques to reduce the cooling rate, crystals 

of even higher perfection can be prepared. 

Billi g25  and Penning26  have studied the 

nature 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 temperature 

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 

(a) Only a small part of the thermal stress is 

released by plastic flow. 	Then the deformation pattern 

is determined primarily by the elastic stress distrfbut-

ion and the geometry of the available glide systemd. 

(b) Complete plastic release occurring. The flow 

pattern then no longer reflects the original elastic 

distribution. 

It was found that the observed dislocation 

distributions 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 silicon. 

The similarity in structure of germanium and 

silicon make any observations of yield point effects 
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in silicon of special interest. 

Pearson27 et al. tested silicon rods and 

whiskers in bending over a range of temperature. Above 

600°C both rods and whiskers deformed plastically 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°0 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 c = cd  exp (U/kT) 	(6.2) 

U > 1.4 e.v. 
	(See section 6.1) 

It was concluded that the binding energy (U) 

is chemical rather than elastic. 

However this experiment is 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 free specimen, with a low dislocation 

density, at a constant strain rate. 

Recently Sylwestrowicz28 has deformed <111> 

oriented silicon specimens over a range of temperature. 

He found that samples with a low oxygen content gave 

either 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 silicon,. 

are very sensitive to the specimen orientation. As 

the <111> orientation produces very rapid work-hardening, 

any effect due to the number and velocity of dislocat-

ions was not likely to be observed. 

5. Electrons 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 (0.79 e.v. above valence band) is empty. At 

room temperature there are sufficient free electrons 

and holes to produce an intrinsic conductivity approx-

imately a factor of 107 smaller than in metals. The 
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product of the concentrations of electrons and holes 

is a 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 (0) (of extrinsic germanium) 

depends on the number (n or p or both) and mobility (M) 

of the charge carriers. 

= n.M e 	 (5.1) 

c = charge on 

carrier. 

Hence a knowledge of the conductivity (or resistivity) 

and the mobility enables an evaluation of the concentrat-

ion of electrically active impurity to be made. 

5.2 The effect of plastic deformation. 

Plastic deformation increases 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 acceptors 
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introduced by the deformation annealed out in 1 hour 

at 70000. 	It was suggested that these acceptors 

are vacancies, the residual acceptors being associated 

with dislocations. 	High temperature deformation 

produced only dislocation type acceptors. 

5.3 The effect of quenching. 

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 Scarf30 noticed that rapidly 

cooling n-type germanium from 850°C caused a conversion 

to p-type. Annealing the specimen at 500°C caused 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 work33'34  showed that copper has similar 

properties to the acceptors, i.e. solubility, diffus-

ivity and annealing properties. 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. Annealing 

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 920°C in vacuum. 

Mayburg36 found that radiation cooling from 

830o0 produced 2 x 1014 acceptors/cc, which were 

thought to be vacancies. Logan37 quenched germanium 

into ethyleneglycol, giving a much faster cooling rate 

than Mayburg, but found the acceptor density to be 

about 5 times less. It was not possible to quench in 

acceptor centres in germanium of high dislocation density 

(106 cm 2), the centres presumably being annihilated 

on dislocations during the quenching. Hopkins and 

Clarke38, taking great care to avoid contamination, 

quenched at 170°C/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 quenching possibly giving 

some plastic deformation. 

Letaw40 identified quenched-in acceptors as 
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vacancies with an energy of formation of 2 e.v. The 

point defects introduced by quenching annealed out in 

a few minutes at 3500C. This annealing time was much 

smaller than that required to anneal out acceptors 

produced by plastic deformation. 	It was suggested415 

that the nature Of the defects is different, quenching 

producing single vacancies and deformation divacencies. 

6. Plasticity of metals and lithium fluoride. 

6.1 The yield point phenomenon.  

(a) Impurity locking of dislocations  

The nature of the yield point phenomenon in 

metals has been rigorously investigated. Some of the 

metals and alloys in which the effect has been observed 

are : 

(1) Mild steel, containing carbon or nitrogen. 

(2) Single crystals42 of iron containing carbon, 

(3) Polycrystalline molybdenum43 containing 

nitrogen, 

(4) Single crystals of p brass44 zinc45 and 

cadmium46 containing nitrogen, 

(5) a brass44, 

(6) Aluminium47,48 alloys. 

The main features of the phenomenon are : 

(1) A 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 

reloading. 

(3) The return of the yield point after a 

suitable ageing treatment. 

Cottre1149  has proposed 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 reduced load, the material 

yields under a decreasing 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 diffuse 

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

obtained on retesting. 

Cottrell and Bilby50 considered the elastic 

interaction between solute interstitial atoms and the 

hydrostatic stress field of an edge dislocation. If 

the hydrostatic pressure of a stress field at some 

point is p and the change in volume produced by a 

solute atom is A v, the atom is bound to this point 

by an energy : 

U = pAv 	(6.1) 

In the case of carbon and nitrogen in body 

centred cubic iron an additional effect is important. 

The distortion produced by the solute atom is not 

spherically symmetrical, a local body centred tetragonal 

configuration being formed. By producing this tetragonal 

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 solute atoms at a point where the binding 

energy is U, is 
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c = c0  exp (U/kT) (6.2) 
c,  - average 

concentration. 

If the temperature is lowered the atmosphere 

of solute atoms becomes saturated, i.e. (c - Co.)  Av 

approaches the limit set by the maximum dilation at 

the centre of the dislocation. When the atmosphere 

becomes saturated the Maxwellian distribution of 

equation (6.2) is no longer satisfied and the atmos-

phere condenses into a line of solute atoms, lying 

parallel to the dislocation at the position of 

maximum binding. 

For iron 

substituting c = 1 

Umax 	0.5 e. v. 

cd  = 10-4  

gives the condensation temperature 

To = 7000K. 

The reaction of carbon and nitrogen with dis-

locations in iron gives an exceptionally large binding 

energy. In face centred cubic metals the binding is 

weaker and the condensation temperature occurs at low 

temperatures. This is because many substitional 

solute atoms, particularly in face centred cubic 

metals, produce only spherically symmetrical distortions 
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and so should hardly interact with screw dislocations. 

Indirect anchoring of screw dislocations can occur by 

the formation of two partial dislocations51, one of 

which must have a substantial edge component. 

(b) The release process  

Yielding occurs by nucleation in an area of 

high stress 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 upper yield point have been 

interpreted by Fisher52  in terms of a thermally 

activated release process. 	Fisher suggested that 

under the action of a shear stress, a thermally 

activated breakaway of dislocation segments from their 

pinning points occurs. 	It was assumed that this is a 

consecutive process, as a certain number of pinning 

points have to be released successively. The energy 

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 regarded as the 

activation energy (to be supplied by thermal vibration) 

for the breakaway of a dislocation segment. No more 

energy is required 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 (a) and temperatur.e T through 

an exponential factor of the form 'e C/a T 

Cottrell53  criticised Fisher's theory on the 

ground that the concept of line tension cannot be 

applied 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 leads to a less strong 

dependence of activation energy (Wo) on stress 

(Wo 	) 

(c) Other dislocation-impurity interactions  

Other types of impurity atom-dislocation 

interactions have been suggested. 

(1) Suzuki interaction54  

In face centred cubic metals the dislocations 

may be split into partial dislocations separated 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 a free energy 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 atom. Normally these 

three positions are equivalent, but in the stress 

field of a dislocation, a state of order in the dis-

tribution is created 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 stress, 

(d) Unloading effects. 

The Cottrell theory of impurity locking suggests 

that unloading, followed by immediate reloading, is a 

reversible process. However interrupted tensile tests 

at low temperatures on aluminium and copper single56'57'58  

crystals, have shown that a small yield 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 centred cubic single crystals 

at low temperatures (< 300°K). They suggested that 

on unloading, sessile dislocations are created by 

dislocation interactions.- The sessile dislocations 

anchor the relaxing dislocations and produce a yield 
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point on reloading. Later work by Mak in6°  supported 

this theory. 

Other workers6162 found an unloading effect 

in alloy single crystals. Bolling63  suggested that 

the effect is likely to be of general occurrence. 

(e) Work softening effects.  

Cottrell and Stokes64'65  found a work softening 

effect in aluminium single crystals. A sharp yield 

point was produced on straining at 300°K after cold 

working at 90°C. Intermediate annealing reduced or 

eliminated 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 collapse and many 

dislocations are released for slip.. 

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

The stress strain curve of face centred cubic 

single crystals can be divided into three parts : 

(a) Stage I 	this is the easy glide region with 

only one operative slip system. 

(b) Stage II - multiple slip occurs, the slope 

do /de is practically independent of the temperature 

and impurity concentration, 
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(c) Stage III - the slope da/de is a function of 

the temperature. 

The present study has been mainly of the flow 

stress of germanium in the easy glide region, i.e. 

corresponding to stage I of the stress-strain curve 

in f.c.c. metals. However a general review of the 

current theories of stages II and III in f.c.c. metals 

is included for completeness. 

The contributions to the flow stress of a 

metal may be : 

(1) The Peierls force, i.e. the force 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 temperatures. 

(2) The elastic interaction between parallel 

dislocations producing an internal stress field given 

by : 

a b G 5-e 	. 

 

(6.3) 

 

- depends on nature 
of dislocations. 

G - shear modulus.' 

e  - dislocation density. 
(3) Impurity locking effects. 

(4) Lattice obstacles such as precipitates or 

forest 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-hardening is due to the 

elastic interaction of parallel dislocations. As the 

dislocation number increases, the internal stress due 

to elastic interactions also increases. Taylor equated 

the internal stress field to the applied shear stress 

(o) and derived a parabolic equation : 

0 	= constant 	E 	(6.4) 

e - strain. 

L - distance moved 
by each dis-
location. 

Such a relation does not describe the observed linear 

stress-strain relation in the easy glide and stage II! 

regions. 

Various workers, notably Seeger67, have shown 

that a linear work-hardening 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 intersecting slip planes) increases. 

.Easy glide continues until each operative dislocation 

source is completely surrounded by barriers. The 

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

Seeger suggested that during stage II the mean 

path length of successively released dislocations 

decreases, due 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 assumed to be due to a constant number 

of piled up dislocations per source. 

Fricdel68 also assumed that the main source of 

work-hardening in stage II is the obstruction of Cottrell-

Lomor barriers. He assumed that the barriers are all 

formed together at the beginning of stage II 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 observed work-hardening 

coefficient by considering the effect of the back 

stress of the dislocations on their own source. 

Objections to Friedol'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 III the rate of work-hardening decreases 
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with increasing temperature. Thermal fluctuations 

are required to overcome : 

(1) Cottrell-Lomer barriers by break through 

or cross slip. 

(2) Intersecting dislocations. 

Seeger67 has considered the theory of thermally 

activated dislocation motion. He considered that the 

activation energy (U) depends on the net stress, i.e. 

the applied stress (o) minus the internal stress 

field (042 ) due to the elastic interaction of parallel 

dislocations. 

U = Uo - V ( O - Oq  ) 	 (6.5) 

Uo - energy to form a 
jog or con-
striction. 

V is the activation volume given by : 

V = lobd 	 (6.6) 

10  - distance between 
obstacles. 

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

The rate of strain (e) is given by : 

6 = NAbyo exp -  Uo - V (0 -  ) 
kT 

 

(6.7) 

 

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

a+ Uo kT in N A b o 

  

(6.8) 

  

 

V 

   

A - area swept out. 

-a30- atomic frequency 
factor. 

Thus the flow stress is composed of a temperature in-

dependent elastic term and a temperature dependent term. 

When T > To whore To =Uo/k in NAb:P0/e 

0 = q 

 

(6.9) 

 

The electron microscope studies of thin films 

of metals by various workers have indicated certain 

objections to the work-hardening theory of Seeger. 

These objections are : 

(1) In single and polycrystalline metals, in 

stages II and III, the most characteristic arrangement 

of dislocations is in thick tangled regions separating 

regions comparatively free from dislocations. Arrange-

ments of dislocations on slip lines arc seen only in 

metals of very low stacking fault energy (Cu + 	Al 

austenitic steel). 

(2) piled up groups of dislocations are 

observed at grain boundaries in metals of low stacking 

fault energy, but not in the body of the grain. There 

is no evidence of Cottrell-homer 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 : 

a 	a, Glo / 1 

 

'(6.10) 

 

1 - distance between 
dislocation in the 
dense region. 

Hirsch70 showed that vacancy jogs can exert 

a resistance to the movement of a screw dislocation. 

The intersection of two screw dislocations produces 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 easily, in a conservative 

manner, along the dislocation and only affect the 

dislocation motion at low temperature. 

It was suggested that in stage II : 

(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 considerable 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 Gilman71,72,73,74,75,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 10-7 

to l05 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/kT 

v a om e 

 

(6.11) 

 

where E - 0.7 e. 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 move 

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 increased 

with stress because more pairs can be separated at 

higher stresses. With very large jogs multiplication 

follows continuously from cross glide. 

The average dislocation density increased 

linearly with the plastic strain. It was suggested 

that the strain hardening is 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 yield stress of lithium fluoride was 

influenced by : 

(1) Impurities, 

or (2) Clusters of vacancies, which provide resistance 

to dislocation motion. 

The yield 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 dislocations.,  

The applied strain rate (g) is given by 

= beV 

 

(6.12) 

 

— dislocation density. 

— average dislocation 
velocity.„ 

b — Burgers vector. 

As dislocation multiplication occurs, the 

dislocation velocity required to maintain the applied 

strain 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 observed 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 velocity of dislocations, 
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II. EXPERIMENTAL METHOD.  

7. Specimen preparation.  

7.1 Growth of germanium single crystals. 

Germanium single crystals were supplied by 

the Royal Radar Establishment. The crystals were 

grown by the Czochralski technique; i.e.. by the steady 

withdrawal of a seed from a crucible of molten germanium..  

The orientation of the seed was such that the growth 

axis of the crystal was along the direction at the 

centre 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. 

diameter - 2 - 3 cm. 

Three types of germanium single crystal were 

supplied, as follows : 

(1) 50 S -cm, intrinsic. 

(2) 5 2 -cm, doped with indium. 

(3) 0.05 2 -cm, doped with gallium, 

Knowing the resistivity of germanium, an evaluation 

of the electrically active impurity concentration can 

be made. The a-,proximate correlation is as follows: 
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50 2 cm < 1014 atoms/cc impurity. 

	

5 2 cm 	-1015 	If 	 11 

	

0.052 cm 	-10
17 	If 

The first crystals supplied had a grown-in 

dislocation density of 1 x 10cm 2. .An improvement in 

the growth technic:lie reduced the grown-in dislocation 

density of later crystals to 5 x 10 2cm
-2
. 

7.2 Preparation of  specimens from single crystals.  

The following procedure was employed to prepare 

tensile specimens, oriented for single slips  from the 

single crystals. Great care was needed 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 stereo-

graphic triangle. 

(2) The crystal was cut, with a diamond coated 

slitting wheel, into 3 mm. wide slices parallel to the 

growth axis, i.e. the length of each slice was approx-

imately oriented along the direction at the centre of 

the unit stereographic triangle. 

(3) A hack 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 was suitably adjusted and 

a rectangular section (26 mm x 10 mm x 3 mm) cut from 

the slice, with the length oriented accurately along 

the direction at the centre of the unit stereographic 

triangle. 

[The details of the wire saw, shown in Fig. 5, 

areas 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. The 

crystal (D) is mounted on the adjustable table (E) and 

can be cut along most crystallographic planes by suitable 

adjustment. Carborundum abrasive is fed to the wire to 

cut through the crystal, the speed 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 reduced by hand grinding until the section 

just fitted into a slit of width 2.7 mm, in a simple 
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jig. The jig consists of a stainless steel plate with 

a slit along its centre. The plate, which is supported 

by two bearings mounted on a steel base, can be rotated 

through 360°  and locked in any position. 

The section was secured in the slit with 

resinous wax, with its two long edges parallel to the 

length of the plate. The jig was mounted on the magnetic 

base of a grinding machine, with the section normal to 

the 1" diamond coated wheel. The plate was locked in 

the horizontal plane and a portion removed from near 

one end of the specimen, forming a shoulder. Then the 

plate was rotated through 180°, locked, and a shoulder 

formed in an ecTuivalent position on the other side of 

the section. This procedure was repeated to form two 

shoulders at the other end of the section. Hence we 

obtained an I shaped specimen 	The usual dimensions 

of the specimen were : 

Total length - 4.0 cm. 

Gauge length (distance between 

shoulder 	- .2.5 cm. 

Cross sectional area - 5 - 8 sq.mms 

The above procedure gave very uniform shoulders, 

which were square to within 0X01". 

(5) The specimen was cleaned in toluene 

and then hand ground with successively finer 
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carborundum powders to give a smooth surface. 

Particular attention was paid to the corners of the 

shoulders, these were carefully radiused with carbor-

undum powder carried on a fine silica rod. 

(6) A back reflection X-ray was taken, the 

stereogram plotted, and the orientation of the tension 

axis of the specimen accurately determined. Most of 

the specimens had orientations within 2°  of the direction 

at the centre of the unit stereographic triangle. 

(7) The ground specimen was chemically polished 

for 2 minutes in CP4 solution (30 C.C. 
HNO3' 

15 c.c, 

HF, 15 c.c. CH3C00H, 0.5 c.c. Br2)9  which produced a 

bright, smooth surface. 

7.3 Resistivity measurements.  

The resistivity of the tensile specimens, in 

the ground condition, was determined using the 4 probe 

technique76 The principle of the method is shogun in 

Fig. 6. 

Four colinear point contacts (7') are made on 

a flat surface (S). The voltage (V) developed 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 semi-infinite sample : 

	

V . I, 	1 + 1- 1 - 1 
1. 

	

21I 	X W+X X4-Y 

 

(7.1) 
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where -2 is the resistivity of the sample. With uniform 

spacing W=X=Y=7, this reduces to 

V = I, (7.2) 
211 Z 

The probe head used consists of four equally 

spaced steel needles, with each needle individually 

sprung to accommodate any surface irregularities. 

The voltage between 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 (It) 

between the two inner probes, the magnitude of which 

could be varied up to 1 m A by varying a series 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 1,/I 

was adjusted so as to give a large balancing resistance. 

The balancing voltage V = I,R 	(7.3) 

Hence resistivity 	= V . 211 Z 44* (7.14) 
I 

The resistivity was measured at various positions 

along the specimen to determine the reproducibility. 

The variation along a specimen was usually <,10c/. 

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 reflection 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 CP4 solution. 

8 The tensile machine.  

8.1 The general arrangement. 

The hard beam tensile 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 on three adjustable supports (B). 

Three columns constitute the external frame members 

Two rods (D) pass from the cross head (2), through 

	

plates (3) and (4) to the bottom plate (5). 	(3) 

and (4) are coupled together by two sleeves (F). The 

three innermost rods (G) pass from plate 6 to the bottom 

plate 5. 

The central pull rod (H) is in two sections. 

The top section is secured at one end to the 200 lb. 

beam (10" x 1" x 0.347") mounted on plate 4, 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 

aEpherical 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 screw (K) (20 t.p.i. x 3/4" diameter) 

is secured to plates (1) and (3) and passes through a 

threaded hole in the cross head. Back lash in the 

lead screw is prevented by 3 tension wires (E), which 

are loaded by weights situated in the columns (C). 

The circular rod (L), supported by two bearings (M), 

has a central worm which connects with the lead screw 

(X) through a toothed wheel. This rod (1) can be 

rotated by hand or connected via a flexible coupling 

and connecting rod to a motor. 

Particular features of the machine are as 

follows : 

(a) Furnace. 

A schematic arrangement of the furnace is 

shown in Fig: 8. 

The pull rod (H) is centrally positioned within 

a 1" diameter cuartz tube (P), 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 are shunted with resistances to obtain 

a uniform temperature gradient. A fixed resistance 

(32 ), selected 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 quartz 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 plates 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. 

Great 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 were constantly charged at a current just 

less than the discharge current. This system 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, 

stabilised with a voltage regulator, gave an adequately 

stable voltage. The furnace input was controlled by 

a variac and a series rheostat. 
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(b) The extension of the specimen 

Rotation of the rod (ti) causes a rotation of 

the worm, which connects through a toothed wheel to 

the lead screw (K). A clockwise rotation of the lead 

screw moves the cross head (2) and the bottom plate (5) 

downwards, while the plates 3 and 4 remain fixed in 

position. The result is that the specimen extends and 

the beam deflects to accommodate the movement. The 

deflection of the beam was calibrated in terms of the 

applied load by a dead loading technique (See Section 

9.1). Hence measurements of the deflection of the 

beam enable the loads on the specimen to be determined. 

The rotation of the lead screw is measured by 

a carriage calibrated in 360 divisions (One complete 

rotation of the lead screw gives a vertical movement 

of 1/20") 

(c) The measurement of the beam deflection 

The details of the deflection measurement are 

shown in Fig.9. A hardened steel rhomb is enclosed by 

a plate (SRI) attached to the pull rod and a semicircular 

section (X) attached to plate L. 	The semicircular 

section is carried on a copper-beryllium support, the 

position of which can be varied by an adjuster (Y). 

As the beam is deflected, 7 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 400 : 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 speed of the motor is maintained 

constant with time by a servo control mechanism. Five 

motor speed settings are available from 400 r.p.m. to 

5300 r.p.m. The 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 
20 t.p.i. 

Motor -- 1 : 2 B) 1 : 1 - 1 : 100 1 : 100 - lead screw. 

C) 

Using different gear trains and motor speed settings, 

the rate of motion of the cross head can be varied from 

2.4 x 10-4  "/min to 1.6VMin. The details are as 

follows : 
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Motor 
Setting 1 	2 	3 	4 	5 

Gear 
•r-1 train cd co`N. A 

o 

	

m 0 	B o 

	

-P 	C 

2.4x10-4 

1.2x10-3 

1.2x10-1  

6.9x10-4 

3.4x10-3 

- 3.4x10 1  

1.2x10-3 

5.9x10-3  

5.9x10-1 

2.8x10-3 

1.4x10-2 

1.4 

3.2x10-3  

1.6x10-2 

1.6 

9. Experimental techniques. 

9..1 Calibration of apparatus.  

The magnified deflection of the beam for a given 

load, was determined by dead loading of the pull rod. 

The load was increased in increments of - 4.7-kg. up to 

a maximum of about 42 kg. The maximum load gave a de-

flection of about 33 cm. The deflection of the beam was 

directly proportional to the applied load (Fig.11).. A 

very small hysteresis loop was observed on unloading. 

The deformation of a "dummy" molybdenum specimen, 

at a constant strain rate, showed that the elastic 

deflection increased.linearly with the extension of the 

specimen. 

9.2 Securing the specimen in the tensile machine. 

Great care has to be taken in securing the 

specimen to the pull rod, dde to the brittle nature of 
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germanium at room temperature. The arrangement employ-

ed is shown in Fig.12. Two split molybdenum chucks 

are used to secure the specimen to the two sections of 

the pull rod. Each chuck has two recesses, one to 

receive the specimen shoulder and the other the flange 

at the end of the pull rod. The halves of each chuck 

are secured together with molybdenum wire. Small holes 

in the chucks allow the thermocouples to make contact 

with the surface of the specimen. 

9.3 Experimental procedure.  

The dross 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 a ruler (which gave suffic-

ient accuracy). 

Then the specimen was secured 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 required temperature was attained. The 

temperatures at the top and bottom of the specimen were 

measured. The temperature gradient along the specimen 

was minimised by adjustment of the top shunt to about 

1oC, after which the furnace was allowed to equilibriate 

for 15 minutes. 

The specimen was then strained 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 and the furnace current switched off, the specimen 

cooling at about 70°C/minute to room temperature. The 

surface of the specimen remained bright during the test 

and the nature and distribution of the slip lines 

could be examined. 

From the results a graph of beam deflection 

(load) versus carriage position (extension) was plotted. 

Reference to the calibration graph of beam deflection 

versus load enabled the load (P) at any point on the 

graph to be determined. Hence knowing the cross 
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sectional area (A), the tensile stress 

point could be determined : 

Qt) at any 

(9',1) of = p 
A 

   

   

The resolved shear stres7b7is given by : 

o = F sin X cos X, 	(9:2) 
A 

- angle between slip plane 

and tension axis. 

A. - angle between slip 

direction and tension 

axis. 

These angles could be obtained from the stereogram of 

the specimen and the resolved shear stress calculated. 

The plastic elongation at any point was de-

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-

tension from : 

e = d / 7200" 

 

(9.3) 

 

Knowing the gauge length (L) the tensile 

strain (st) was determined from : 

st  

   

(9.4) 

   

The glide strain (c) is given by : 

 

     

= 1 ( 	d2  - sing  Xo - cos Xo
) 	 (9.5) 

sin Xo 
X 
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who D- L c  

L 

Xo - initial angle be-tween slip plane 
and tension axis. 

o - initial angle be-tween slip direct-
ion and tension axis. 

The angles could be obtained from the stereogram of the 

specimen and the glide strain calculated. 

9.4 Dislocation density measurements  

The dislocation density of a specimen was 

determined by microscopic etch pit counts on a 111 

plane intersecting 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 sectioned at each stage of 

the deformation. 

9.5 Annealing treatment. 

Deformed specimens were sealed in an 

evacuated quartz tube, to avoid contamination and 

heated in a resistance furnace. The annealing temper-

ature was regulated to ± 500 by a controller. A 

recorder was used to provide a check of the temperature 

conditions during long time treatments. The specimens 

were heated slowly to the annealing temperature and 

furnace cooled (5°C/min) after the anneal. The surface 
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of the specimen was not affected by the annealing 

and remained bright. 
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III. EXPERIMENTAL RESULTS.  

10. Introduction.  

The terminology used in the results section 

is defined as follows : 

The term yield point represents the fall in 

stress from the upper yield point to the lower yield 

point. 

The term 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 represents the flow 

stress in the easy glide region after the lower yield 

point: 

The relaxed stress represents the stress to 

which the machine relaxes on stopping the straining?  

The experimental results are divided into four 

sections, as follows : 

(11) The yield point :phenomenon. 

In this section there is a description of the 

yield point observed on first loading, the effects of 

unloading and reloading after the lower yield point, 

and the conditions necessary to effect a return of the 

yield point. The effects of other factors on the yield 

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 section contains an account of the effects 

of dislocation density, strain rate and temperature 

on the post yield flow stress. The relaxed stress 

effects are also described. 

(13) Work hardening in germanium.' 

The preliminary observations made on stage II 

work—hardening are given in this section. 

(14) Experimental errors.  

The final section contains an assessment of 

the various experimental errors. 

11. The yield point phenomenon.. 

11.1 The yield point on first loading.  

(a) The stress—strain curve.  

Tensile specimens, oriented to a direction at 

the centre of the unit stereographic triangle, were 

prepared from three types of germanium single crystals: 

(1) 502—cm intrinsic germanium (with an 

electrically active impurity concentration 

of < 1014 atoms/cc.) 

(2) 52-cm indium doped germanium (with an 

electrically active impurity concentration 

of approximately 1015 atoms/cc.) 
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(3) 0.05 9—cm gallium doped germanium 

(with an electrically active impurity 

concentration of approximately 

1017 atoms/cc.) 

The specimens were strained in tension at a 

constant rate of 1 x 10-4sec-1 at 560°C. Deformation 

was characterised by a pronounced yield point, the 

stress falling by approximately 40r from the upper 

to the lower yield point. A typical graph of the yield 

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

The main features of deformation observed in 

13 tensile tests were : 

(1) The resolved shear stress at the elastic 

limit varied from 1.1 to 2.0 kg/mm2  . 

(2) The upper yield point occurred after 

approximately 0.25 glide strain. The resolved shear 

stress at the upper yield point varied from 1.2 to 

2.15 kg/mm2. 

(3) The stress decreased from the upper yield 

point at a rate (do/de) of -400 gms/mm2  until about lr 

glide strain, and then more slowly (do/de - 200 gms/mm2) 

to the lower yield point. (The maximum relaxation 

rate of the machine was about 650 gms/mm2). 

(4) The lower yield point occurred 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/mm2. 

(5) Easy glide continued at the lower yield 

point stress-until 4 — 	glide strain. 

The large variations in the elastic limit and 

upper yield stress are probably due to their sensitivity 

to any small changes in experimental conditions. In 

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 stresses are shown in Table 3. We 

found that the three types of crystal tested gave 

similar yield points. The variation in the upper yield 

stress between specimens of different resistivity was 

no greater than the variation between different specimens 

of the same resistivity. 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) Observations of slip lines and dislocation 

density during the tensile test. 

The first slip lines were observed between the 

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

it impossible to decide by direct observation whether 

surface or internal sources were the operative ones). 

At the upper yield point about 55^ 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.14) spread through the 

specimen. After about 15 glide strain the surface was 

completely covered with slip lines. The number of 

slip lines further increased until the lower yield 

point and then remained constant during the easy glide 

region. 

Slip occurred mainly on one [1113 system, at 

an angle of approximately 45°  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 

40c7 of the specimen. This localised secondary slip 

did not significantly affect the nature of the easy 

glide region. 

The dislocation density of the undeformed 

specimen was about 1 x 103cm 2, with the dislocations 

(as revealed by etch pits) in a random arrangement. 

At the upper yield point, the dislocation density in 

the slipped region was about 1 x 106cm
-2, with the 

dislocations situated along slip lines. After 15 



80 

TABLE 3 

Temperature — 560°C 

Strain rate — 1 x 10— 4sec-1  

Crystal Specimen 
number 

Resolved 	Resolired 
shear stress shear stress 
at U.Y.P. 	at L. Y. P. 
( kg/mm2) 	(kg/m2) 

F.H. 90 (50 2 cm) 2 1.70 1.05 

3 1.60 1.10 

4 1.55 1.10 

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

2 1.90 1.05 

4 2.15 1.05 

5 2.00 1.10 

7 1.90 1.00 

H.C. 12 (50 2 cm) 1 1.35 1.05 

P.H. 91 (0.05 2 cm) 4 1.20 1.00 

5 1.40 1.05 

H.C. 33 (5 ca cm) 1 1.65 1.10 

6 2.05 1.10 
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glide strain, when the specimen was completely covered 

with slip lines, the overall dislocation density was 

about 3 x 106cm-2. The dislocation density increased 

to about 7 x 106cm-2 (See Fig.15) 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 stress. After 5 minutes 

the stress had relaxed to about 605'7 of the post yield 

flow stress. (The effect is discussed in more detail 

in Section 12.4). 

On reloading the specimen from the relaxed 

stress, the stress increased to the post yield flow 

stress before deformation continued. If the specimen 

was completely unloaded and then reloaded, deformation 

again continued at the post yield flow stress. We 

conclude that the effect of unloading and reloading is 

completely reversible. 

Unloading and reloading the specimen in the 

elastic region did not affect the nature of the yield 

point. 
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11.3 The return of the yield point. 

(a) The effect of annealing. 

The deformed specimens were unloaded in the 

easy glide region after the lower yield point. They 

were then annealed in vacuum at various temperatures, 

furnace cooled to room temperature and retested at 

560°C. The effects of annealing on the post yield 

flow stress are shown in Tables 4 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 yield 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 30j) 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 value of stress for 2 — 5 glide strain. 

(3) Annealing the deformed specimens at 900°C 

for 70 hours, produced a yield point on retesting at 

560°C. The size of the yield point increased with the 
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TABLE 4 

Post yield 
flow stress 
(kg/mm2) 

Annealing 
treatment 

Flow stress after 
annealing 

(kg/m2) 

	

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 — 

	

8500C 
	

0.70 — 0.75 

TABLE 5 

Annealing 
treatment 

Resolved shear 
stress at U.Y.P. 
(kg/Mm2) 

Resolved shear 
stress at L.Y.P. 
(kg/mm2) 

70 hrs.at 
900°0 0.78 — 0.84 0.70 — 0.75 

236 hrs. at 
900°C 0.80 — 0.88 0.72 — 0.76 	. 
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time of anneal. After an anneal at 90000 for 236 hours, 

the maximum yield drop on retesting at 56000, was 

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 yield point were 

similar to those observed during the initial yield 

point : 

(1) The stress decreased from the upper yield 

point at a "fast" rate until about 0.5 glide strain. 

The stress then decreased more slowly to the lower 

yield point (1% glide strain). 

(2) Easy glide continued 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.15) was about 7 x 106cm-2. The 

effects of annealing on the dislocation density of 

the specimens were : 

(1) Annealing the deformed specimens at 600°0 
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did not affect the dislocation density. 

(2) Annealing the deformed specimens at 
0 

temperatures above 600 C, caused a reduction in dis—

location density. An anneal of 70 hours at 800°C 

reduced the dislocation density to 5 x 105cm 2 (See 

Fig.l7). 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 104cm-2 (See Fig.l8), 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) For specimens annealed at 600 — 850°C, 

easy glide continued and the dislocation density 

remained constant. 

(2) For specimens annealed at 900°C, the 

dislocation density increased during the regained 

yield point to about 6 x 105cm-2 at the lower yield 

point. The dislocation density then remained constant 

during the easy glide region. 

When the annealing treatment was sufficient 

to reduce the dislocation density to about 1 x 105cm2, 

a yield point was regained. As the dislocation density 

was further reduced, the size of the regained yield 
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point increased. Therefore it seems probable that the 

regained yield point is a function of the dislocation 

density of the specimen. 

The upper and lower yield stresses of the 

regained yield point were lower than those of the 

initial yield point. However the dislocation density 

in the undeformed state (1 x 103cm-2) was lower than 

\ the minimum density obtained by annealing (9 x 104  cm-2  ). 

As the dislocation density of the annealed specimen was 

reduced to this minimum value, the upper and lower 

yield stresses tended to increase. It seems likely 

that, if the dislocation density of the annealed 

specimen could be reduced to the same level as in the 

undeformed state, the upper and lower yield stresses 

would be comparable. 

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 104cm ). The deformation 

characteristics of this specimen were similar to those 

of the annealed specimens. The result 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 10-'sec-1  

Crystal Specimen Dislocation Resolved Resolved shear 	shear density number 	stress at stress at 
(cm-2) U.Y.P.2  L.Y.P.2  

(kg/mm ) 	(kg/mm ) 

P H 90 (502 cm) 	5 	3 x 104 	0.90 	0.70 

TABLE 7  

Temperature - 560°C Strain rate - 1 x 10 'sec-1 

Crystal 

	

Specimen Preliminary Resolved 	Resolved
shear 	shear annealing number 	stress at stress at treatment 

	

U.Y.P2 	L.Y.P, 
(kg/mm ) 	(kg/mm') 

H C 12 (502 cm) 2 70 hrs at 
800°C 1.80 1.10 

3 1 hr at 
700°C 1.50 1.00 

H C 33 (52 cm) 3 70 hrs at 
800°C 1.50 1.10 

-Indium doped 5 1 hr at 
700°C 2.10 1.05 

7 70 hrs at 
900°C 2.50 1.10 
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on first loading. 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 '4  1 x 103cm-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 known to have a high diffusion coefficient 

in germanium. 

(1) The effect of nickel. 

(a) A deformed specimen, with a dislocation 

density of 7 x 106cm 2, 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. 

The 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 yield flow stress (1.05 kg/mm2) 

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/mm2. This value of flow stress 

was higher than that observed for nickel—

free specimens similarly annealed and 

tested (0.70 — 0.75 kg/Mm2)."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, under the same temperature 

and time conditions,were performed annealing the 

specimen in : 

(a) air, 

(b) forming gas (Nitrogen 10r hydrogen). 

In all cases, no yield point was observed on 

retesting and the post yield flow stress was unchanged. 
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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 yield 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 102cm-2  tested at 56000, at a strain rate of 

1 x 10-243061  failed by brittle fracture before any 

appreciable plastic flow occurred. The resolved shear 

stress at fracture varied between 2.2 - 2.4 kg/mm2. 

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 10- 4sec-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 : 



	

0.92 
	

70 hrs at 7000C 
0.92-0.94 70 hrs at 800°C 

	

0.92 	100 hrs at 900°C 

0.8 
0.73 - 0.78  

Resolved Resolved 
stress stress 
at U.Y.P.at  

0.72 	0.69 

1 x 106 
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TABLE 8  

Temperature 560°C. Strain rate 1 x 10-4sec-1  

Crystal Specimen 
number 

Resolved 
shear stress 
at fracture 
(kg/mm2)  

H C 101 (5006cm) 	1 
	

2.4 
2 
	

2.3 
H C 102 (502 cm) 	1 
	

2.2 

TABLE 9  
Temperature 620°C. 	Strain rate 1 x 10-4sec-1  

Crystal Specimen 

number 

Resolved 
shear stress 
at 
(kg/mm) 

Resolved 
shear stress 

at L.Y.F. 
(kg/mm2) 

H C 101 (5c2 cm) 7 
9 

H C 102 (502 cm) 4 
5 
6 
7 
8 

9 

1.05 	0.88 
1.22 
	0.96 

1.07 	0.92 
1.10 
	

0.94 
1.08 
	

0.94 
1.10 	0.90 
1.28 	0.96 
1.24 
	0.91 

TABLE 10  

Post yield 	Annealing 
flow stress 	treatment 
(kg/mm ) 

Dislocation Post yield flow 
density af- stress after 
ter a4neal 	anneal 
(cm') 	(kg/Mm2) 
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(1) The resolved shear stress at the elastic 

limit varied between 1.0 — 1.1 kg/mm2. 

(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/Mm2. 

(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. 

(Li) The lower yield point occurred after about Tr 
glide strain. The resolved shear stress at the lower 

yield point varied from 0.88 — 0.95 kg/mm2,.. 
(5) Easy glide continued at the lower yield point 

stress until 3 - 67' glide strain. 

Details of the upper and lower yield stresses 

obtained are shown in Table 9. 

Deformation occurred in a similar manner to that 

described previously for specimens with an initial 

density of 103cm 2. (The specimens with an initial dis—

location density of 103cm 2  will be designated Type A 

specimens and those with an initial density of 5 x 102cm-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 107cm-2 and remained 

constant during the 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 

details of the results are 

found that : 

(1) Unloading in the 

by immediate reloading did 

flow stress.  

of Type A specimens. The 

Shown in Table 10. We 

easy glide region followed 

not affect the post yield 
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(2) Annealing the deformed specimens at temper-

atures above 600°C9  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;7- 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 

associated 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 specimens  

A typical graph of the deformation of a Type A 

specimen at a strain rate of 2 x 10-5  sec-1  at 560o00  

is shown in Fig.20. The main features of the yield point 

observed in 4 tensile tests were : 
(1) The resolved shear stress at the elastic limit 

varied from 0.67 - 0.80 kg/mm2. 
(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/mm2. 

(3) The stress decreased from the upper yield 
point at a "fast" rate to about 15' glide strain, and 
then more slowly to the lower yield point..  
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(4) The low)r yield point occurred after about 

2r glide strain. The resolved shear stress at the lower 

yield point varied from 0.53 - 0.63 kg/mm2. 

(5) Easy glide continued at the lower yield stress 

until 4 ar 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 4sec-1  . 

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 r 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°0 at different strain 

rates are compared in Table 13 and Fig.21. 

For Type B crystals, a reduction of,5 in applied 

strain rate : 

(1) Reduced considerably the resolved shear stress 

at the upper and lower yield point. 

(2) Did not significantly alter the r glide strain 

at the upper and lower yield point. 

(c) Temperature.  

The yield point was found to depend sensitively 

on the testing temperature; increasing the testing 

temperature reduced the upper and lower yield stresses. 

The deformation characteristics of Type A specimens 

tested at the same strain rate, but at different temper- 
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TABLE 11 

Crystal Resolved 	Resolved 
Specimen shear stress shear stress 
number 	at u.y,r. 	at L.Y.P. 

((kg/m2 ) 
. (kg/mm2  ) 

pH 73 (0.052 cm) 1 0.83 0.55 

pH 91 (0.052cm) 2 0.72 0.53 

-gallium doped 3 0.78 0.63 

pH 74 (50 g cm) 2 0.86 0.54 

TABLE 12 

Temperature = 560°C 

Strain rate 2 x 10-5sec-1 1 x 10- 4sec-1  

Resolved shear stress 
at elastic limit (kg/mm2) 0.67 - 0.80 1.1 - 2.4 

U.Y.P. - e  glide strain 

resolved shear 

- stress (kg/mm2) 

0.2 

0.72 - 0.86 1.2 

0.2 

- 2.5 

Inflexion - ; glide strain - 1.0 	- 1.0 

glide strain 	- 2.0 	- 2.0 

resolved shear 

- stress (kg/mm2) 	0.53 - 0.63 	0.95 - 1.10 
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TABLE 13 

Temperature = 650°C 

Strain rate 2 x 10-5 1 x 10-4  
-1 	-1 sec 	sec 

Resolved shear stress 
at the elastic limit 

0.57 0.93 

`,-; glide strain 

- resolved 

shear stress (kg/mm2) 

- 0.2 

0.62 

- 0. 2. 

1.03 

Inflexion 

glide strain 

0.5 - 0.5 

- 5 	glide strain 

- resolved 

- 1.0 

0.48 

- 1.0 

0.80 

shear stress (kg/mm2) 
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atures, are shown in Table 14. 

The effects of increasing the testing temperature 

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

(1) To reduce the resolved shear stresses at the 

upper and lower yield points by a factor of about 2. 

(2) To reduce the ;-7  glide strain at the upper and 

lower'yield point. 

The previous experiments on Type A specimens, 

enables a comparison between Type A and Type B specimens 

to be made at a given temperature (650°C). 

The results are shown in Table 15 and Fig.220 

The Type B specimen (with the lower initial dis-

location density) had higher upper and lower yield 

stresses. The higher upper yield 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 specimens..  

(d) Orientation.  

The deformation characteristics were found to 

depend on the orientation of the specimen. The results 

were : 

(1) Single slip orientations. 

The results obtained on deformation.of specimens 

oriented for single slip (i.e. the tension axis at the 
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TABLE 14  

Type A Specimens 

Strain rate = 1 x 10 4sec-1  

Temperature 
	

560°C 

	

650°C 

Resolved shear stress 

at elastic limit (kg/mm2) 

1.1 - 2.1 0,60 

U.Y.P. - 	glide strain - 0.2 - 0.2 

- resolved 

shear stress 
. (kg/mm2  ) 

1.2 - 2.2 0.64 

Inflexion - ro glide 
strain 

1.0 - 0.5 

L.v.r. 	5-fe glide strain - 	2.0 - 1.0 

- resolved 

shear stress 

0.95 — 1.10 0.50 

(kg/Mm2) 
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TABLE 15  

Temperature 650°C 

Strain rate 1 x 10-4sec-1 

Crystal type 
	A 

Dislocation density 

in the undeformed 
-. state (cm 2  ) 

1 x 103 	5 x 102 

Resolved shear stress 

at elastic limit 
	

0.60 	0.93 

(kg/mm2) 

U.Y.r. 	glide strain - 0.2 - 0.2 

- resolved 
shear stress 

(kg/mm2  ) 

0.64 1.03 

Inflexion - r,; glide 
strain - 0.5 - 0.5 

L.Y.711% 	- 	glide strain - 1.0 - 1.0 

- resolved shear 

stress 
(kg/mm2) 

0.50 0.80 
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centre of the unit stereographic triangle) have been 

described in detail. Deformation is characterised by 

a large yield point, followed by an easy glide region. 

(2) Double slip orientations.  

The deformation of a Type A specimen, oriented 

along a direction near the 11111 - E1001 boundary, 

produced marked multiple slip. Intersecting slip 

lines were observed at 36°  and 38°  to the tension.axis. 

Some further slip lines at 78°  to the tension axis were 

present near the shoulders of the specimen. 

The specimen was deformed at 560°0 at a strain 

rate of 2 x 10-5sec-1. A graph of the deformation is 

shown in Fig,23. The deformation characteristics were: 

(1) The resolved shear stress at the elastic 

limit was 0.80 kg/mm2. 

(2) The upper yield point occurred after 0.5:' 

glide strain. The resolved shear stress at the upper 

yield point was 0.85 kg/mm2. 

(3) The stress decreased at a uniform rate from 

the upper to the lower yield point, no inflexion being 

observed. 

(4) The lower yield point occurred after 17 

glide strain. The resolved shear stress at the lower 

yield point was 0.78 kg/mm2. 

(5) There was no easy glide region, work-hardening 
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occurring after the lower yield point. 

Comparing the results with those obtained on 

single slip specimens, we find : 

(1) The size of the yield point was smaller. 

The upper yield stress was of the same order, but the 

lower yield stress was higher. 

(2) The nature of the yield point was different: 

(a) No inflexion was observed. 

(b) The lower yield point occurred after 

a smaller ;' glide strain. 

(3) No easy glide region was observed after the 

lower yield point. 

(3) <  111 > orientations.  

A Type A specimen of <111> orientation was de-

formed at 560°C, at a strain rate of 2 x 10-5sec 1• On 

yielding 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 daoar stress at the elastic 

limit was 0.90 kg/mm2. After the elastic limit, the 

specimen work-hardened rapidly until fracture at a 

resolved shear stress of 2.4 kg/mm2 and 45-  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 testadlas follows: 

(1) With a chemically polished surface. 

(2) With an oxidised surface. 

(3) With a specimen which had been ground, but 

not chemically polished. The grinding caused consider—

able surface 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 specimens, described previously.- 

We conclude that the effect of surface is not 

important in the deformation process 

(f) The effect of the cooling rate from the 

annealing temperature.  

The cooling rate from the annealing temperature 

was found to affect the deformation characteristics of 

the annealed specimens. The deformation characteristics 

of annealed specimens, which were furnace cooled (5°C/ 

min) to room temperature before retesting, have been 

previously described. Annealing a Type A deformed 

specimen at 850°C for 70 hours, followed by furnace  

cooling to room temperature, gave the following results 
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on retesting at 56000 at 1 x 10-4sec-1: 

(1) No yield point was observed. 

(2) The post yield flow stress was reduced to 

0.70 - 0.75 kg/mm2. 

Annealing a similar specimen under identical 

conditions, followed by air cooling to room temperature, 

gave the following results on retesting at 560°C at 

1 x 10-'sec-1  : 

(1) A small yield point was observed. The 

resolved shear stress decreased from 0.80 kg/mm2 at 

the upper yield point to 0.75 kg/mm2 at the lower 

yield point. The lower yield point occurred after 

0.8; glide strain. No inflexion in the stress-strain 

curve occurred between the upper and lower yield point. 

(2) There was an absence of a yield point on 

unloading after the lower yield point followed by 

immediate reloadirlg. Easy glide continued at the post 

yield flow stress of 0.75 kg/mm2. 

The effect of cooling rate 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 described 

(see Section 11.3a,b). The post yield flow stress 

was very sensitive to the dislocation density of the 

specimen. For a Type A specimen reducing the dislocat- 

ion density from 7 x 106cm-2 to 5 x 105cm-2 reduced 

the post yield flow stress from 1050 gms/mm2  to 700 

gms/mm2  , on testing at 560°C at 1 x 10-4sec-1. 

12.2 The effect of strain rate. 

The variation of post yield flow stress with 

strain rate was determined in the easy glide region. 

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 

rate 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. 

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

to 2 x 10-3sec-1 at a constant given temperature. 
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The variation was also determined at different constant 

temperatures. Specimens of different dislocation 

density were used : 

(1) Type A specimens  

(a) Deformed specimens ( e  = 7 x 10
6cm-2) 

(b) Annealed specimens ( e  = 5 x 10
5  cm-2  ) 

(2) Type B specimens  

(a) Deformed specimens (e  = 1 x 107cm-2) 

(b) Annealed specimens (e  . 1 x 10
6cm-2) 

The results are shown in Table 16. We found that : 

(1) The post yield flow stress was sensitively 

dependent on the applied strain rate. An increase in 

the strain rate of 500 increased the post 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 (see Figs.24.25), 

except for some deviations at the highest strain rate. 

(It should be noted that this plot gave only a slightly 

better fit than a log. - log. plot (see Fig.26). 

(2) At a constant temperature, the slope do/d loqe s 

was independent of the dislocation density of the 

specimen (Figs. 24,25). 

(3) The slope do/d lo%t 1; decreased as the testing 

temperature was increased. (Figs. 24.25). 
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TABLE 16  

(a) Type A specimens 

-1, Temp,Disloc- Flow stress at a given strain rate (sec ) 
(cc)  
' 

ation 
density 

(cm 2) 

4 x 136 2 x10-5 1 x10-4 2.4x10-4 2 x10-3 

kg/mm2  kg/mm2 kg/mm2  kg/Mm2  kg/mm2  
560 7 x 106 0.73 1.00 1.20 F 

560 5 x 105  0.58 0.75 0,90 1.20 

620 5 x 105  0.37 0.48 0,60 0.73 1.00 

670 5 x 105  0.32 0.41 0.54 0.62 0.86 

(b)  Type B specimens 

F - fractured 

Temp.Disloc- 
cc\  ation 

1  density 
(cm-2)  

- Flow stress at a given strain rate (sec 1) 

4 x10 6  2 x10-5  1 x10-4  2.4x10-4  2 x10-3  

kg/mm2 kg/mm2 kg/mm2 kg/mm2 kg/mm2 

560 1 x 107  0.80 1.01 1.22 1.42 F 

560 1 x 106 0.63 0.83 1.04 1.20 1.60 

620 1 x 107 0.63 0.79 1.01 1.11 1.40 

620 1 x 106 0.50 0.65 0.90 1.16 

705 1 x 107  0.35 0.47 

0.78

59  0.69 0.86 

705 1 x 106 0.29 0.39 0.51 0.60 0.78 

775 1 x'106 0.21 0.29 0.36 0.42 0.52 
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12.3 The effect of temperature.  

The variation of post yield flow stress with 

temperature, at a constant strain rate, was determined 

in the easy glide region. The post yield flow stress 

was determined at a given temperature and then for a 

second, lower temperature. Then the specimen was re-

tested at the first temperature 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 temperature was determined with 

a constant dislocation density. 

The variation of post yield flow stress with 

temperature was determined at various constant strain 

rates. The temperature was varied from 78000 to the 

temperature at which brittle fracture occurred for a 

given strain rate. 

Specimens of different dislocation density were 

tested: 

(1) Type A specimens. 

(a) Deformed specimens (? = 7 x 106cm-2) 

(b) Annealed specimens (e  = 5 x 105cm-2) 

(2) Type B specimens 

(a) Deformed specimens (e = 1 x 10 7cm-2) 

(b) Annealed specimens (e  = 1 x 106cm-2) 

The results are shown in Table 17. 	We found that : 



Temp r.y. 
flow 
stress 
kg/mm2 

_Ley. 
flow 
stress 
kg/mm2 

775 0.21 775 

752 0.23 756 

732 0.26 724 

715 0.28 716 

705 0.29 705 

696 0.30 686 

6g0 0.32 674 

654 0.41 658 

620 0.46 - 	652 
0.50 

560 0.63 640 

550 0.68 620 

510 0.-87 610 

500 1.00 570 

480 0.94 - 	560 
1.10 

440 1.2 520 

400 F 1..65 	490 

440  

0.24 

0.25 

0.29 

0,35 

0.35 

0.39 

0.43 

0.48 

0.49 

0.58 

0.62 - 
0.68 

0.63 - 
0.70 

0.78 

0.80 

0.98. - 
1..10 

1.10 - 
1.30 

F 1.75 

F - brittle fracture. 
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Table 17a 

Type A specimens  
The experiments on Type A 

 

Table 17b  
Type B specimens  

 

   

   

specimens were preliminary 
ones, in which the temper- 
ature was varied up to Temp 

e. ix106cm-2 e  = lx107cm-2 
Strain rate = 4x10 6sec  - 	-1  

67000. 	(oo)  

Strain rate = 1x10-4sec-1  

=5 x105cm 2 e= 7x106cm-2  
Temp 
(°C) 

"Y' 	Temp flow 	, - 
stress, ('C) 
(kg/Mi ) 

"Y.' flow 
stresis 

(kg/Mit) 
670 
646 
637 

0.54 
0.57 
0.55 - 

670 
640 
632 

0.62 
0.73 
0.7 - 

0.59 0.78 
620 0.60 615 0.84 
590 0.70 585 0.91 
570 0.74 570 0.98 
560 0.75 - 560 1.00 

0.77 
543 0.83 540 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 
rate 
(sec-1) 

Brittle fracture 
temperature PO 
e--.1x106cife=1x107cni-2  

4x10-6  440 460 
2x10-5  460 480 
1x10-4  490 510 

510 530 
2x10-3  550 560 
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(1) The post yield flow stress decreased rapidly 

with increasing temperature (see Figs. 27,28). A 

plot of the logarithm of stress against the reciprocal 

of the temperature gave a reasonable straight line 

(see Fig. 29). 

(2) The slope do/dT depended on the dislocation 

density of the specimen. At any given temperature, 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. 

(4) The ductile brittle transition temperature 

increased as the applied strain rate increased. (A 

comprehensive survey of the ductile brittle effect 

was not made. The absolute values of ductile brittle 

transition temperature obtained are approximate and 

apply only to the particular experimental conditions 

used. However their importance is in showing the 

large effect of strain rate on the ductile brittle 

transition). 

12.4 The relaxed stress.  

Interrupting the straining during the easy 

glide region caused the stress to relax with time to 

a lower value, which became approximately constant 

after 5 minutes. Typical experimental curves of 
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deflection (load) versus time are shown in Fig:30. 

The effects of strain rate, dislocation density and 

temperature on the relaxed stress were determined 

The results were : 

(1) At a constant temperature and dislocation 

density, the relaxed stress was independent of the 

post yield flow stress; i.e. the stress always 

relaxed to the same value regardless of the initial 

applied strain rate. Typical results are shown in 

Table 18 and Fig. 3T. 

(2) The relaxed stress was a function of the 

dislocation density of the specimen. An annealed 

specimen always relaxed to a lower stress than a 

deformed specimen. Typical results are shown in 

Table 19 and Fig. 31. 

(3) The relaxed stress decreased as the 

temperature was increased. Typical results are shown 

in Table 20 and Fig. 31. 

(4) The relaxed stress could be correlated 

with the initial departure from the elastic region on 

straining. (Fig.31). 

13. Work-hardening.  

A comprehensive study of work-hardening was 

not made. However some preliminary observations were 

made on the effects of strain rate, temperature and 



Crystal Dislocat- Strain 	Temp. 
type 	ion 	rate 	(oc)  

Density (sec 1)(cm-2) 

Yield 
fi°Ertress stress 

(kg/mm2) (kg/mm2) 

Post Relaxed 

111 

TABLE 18 

Crystal Temp. Strain Post Relaxed 
rate 	yield flow type 	(oo) 	stress 	stress 

(scc-1) (kemm2) (kg/mm2) 

"B" 6 

	

(ixio 6712  620 	1 x 10-4  

	

62o 	4 x 10-6 

	

0.78 	0.26 

	

0.50 	0.26 

TABLE 19 

A 	7 x 106 	1 x 16 	560 	1.05 	0.70 

A 	5 x 105  1 x 1
34 560 	0.75 	0.37 

B 	1 x 107  4 x lE 	620 	0.63 	0.54 
- 

B  1 x lo6 	x lo
6 
 620 	0450 	0.26 

TABLE 20 	(Type "B" specimens) 

Temp‘ 	Relaxed stress (kg/mm2) 
(oc)  Annealed 	Deformed 

1x106  cm2  ) (e=lx10cm
2  ) ( e 

62o 	0.26 	0.54 

65o 	o.24 	- 

690 	0.22 	- 

705 	0.21 	0.26 

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

For a specimen oriented initially for single 

slip, the start of work-hardening was correlated with 

the appearance of pronounced secondary slip. As 

secondary slip continued, the specimen work-hardened. 

The stress always increased linearly with the strain 

during stage II of work-hardening. The work-hardening 

coefficient (do/dc) depended on : 

(1) The applied strain rate.  

The work hardening coefficient (do/de) increased 

with an increase in strain rate. The values are shown 

in Table 21. 

(2) The temperature.  

Increasing the testing temperature reduced 

the work-hardening coefficient. The values are shown 

in Table 22. 

(3) The orientation of the specimen.  

The work-hardening coefficient was very sensitive 

to the orientation of the specimen. The results are 

shown in Table 23 and Fig. 23. 

Stage II was followed by a small region in which 

the variation of stress with strain became parabolic 

(stage III). Stage III was followed by the fracture 

of the specimen. No stage III was observed for 

specimens of <111> orientation, for which the variation 
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TABLE 21 

  

    

Strain Late 	2x10-5 1x10-4 
(sec-1) Temperature 

560°C. Stage II 

do/de 	20 — 30 55 — 60 

(gms/mm2 pt.)   

    

TABLE 22 

Temperature 
(oc)  

State II 

do/de 

(gm/Mm2  r/e ) 

560 	650 

 

55 - 60 40 - 45 

Strain rate 

1 x 10-4sec-1  

TABLE 23 

Initial 
Orientation 

Centre of unit 

triangle -

single slip 

Stage II 

do/dc 

(gms/Mm2  'rE) 

20-30 

Temperature 

560°C. 

Strain rate 

2 x 10-5sec-1 

Near [1001 - 1.113 

boundary - 	80 

double slip 

< 111 > 

- multiple slip 
	350 
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of stress with strain remained linear until the final 

fracture. 

These preliminary results suggest that the nature 

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

14. Experimental errors. 

14.1 Resolved shear stress.  

The resolved shear stress (a) is determined 

from the equation : 

o = P sinX cos W  	(9.2) 
A 

- applied load. 

A - cross-sectional area. 

X - angle between slip plane 

and tension axis. 

X - angle between slip direct- 

ion and tension axis. 

The calculation of the resolved shear stress involved 

measurements of : 

(a) The applied load,  

The calibrated scale, on vihich the magnified 

deflection of the beam was measured, 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 0.4 - 2.0 

The observed deflection (cm) was converted into 

the applied load (kg) using the calibration graph. The 

error involved in the determination, plotting and 
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reading of the calibration graph was probably small 

( <I7). 

Hence the maximum error in the measurement of 

the applied load was probably about 3:. 

(b) The cross sectional area.  

The specimens had a regular, almost square cross 

section which was measured 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 cross section were about 

0.25 cm x 0.25 cm. Hence the maximum error was about 

27 in a particular dimension, and about 41; in the cross 

sectional area. 

(c) The orientation factor.  

The angles X and A could be measured to the 

nearest 1°  from the stereogram plotted from a Laue back 

reflection X-ray of the specimen. Measurement of the 

angles between the slip lines and the tension axis on 

two adjacent faces of the specimen provided a check 

of these values. 

The angles X and X were approximately 45°. 

A typical measurement was : 

X = 43°  

A = 44°  
i.e. sin X cos h = 0.49 



116 

Hence the maximum error in sin X cos W was 

small ( 	). 

We conclude that the maximum error in the 

resolved shear stress was about 8T-. 

14.2 Glide strain.  

The tensile strain ( t) is given by : 

et  = e 

 

( 9 . 4 ) 

 

e extension. 

L - original length. 

The glide strain is given by : 

 

id2 - 

    

e = 1 	( 

sin Xo 

sin2 o - cos x0) • • • * (9.5) 

with d- L+ e 	xe - the initial angle 
L 
	

between the slip plane 

and tension axis. 

W.o - the initial angle 
between the slip dir-

ection and tension axis. 

The calculation of glide strain involved measure- 

ments of : 

(a) Extension.  

During the tensile experiments the deflection 

of the beam was measured as a function of the carriage 

position, which could be read to the nearest 45- division 

(1 division corresponds 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 depended 

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 

At the lower yield point 

Total plastic extension - 60 divisions 

i.e. maximum error in reading 

carriage position 	- 2 (;,:. 

The error in plotting and reading the deflection 

carriage position graph was probably small ( <17). 

(b) Initial length.  

The initial length measured was the distance 

between the shoulders of the specimen. This distance, 

of about 2.5 cm, was measured with a ruler, which 

could be read to 0.5 mm. Hence the maximum error 

involved in the measurement was about 4c,-. 
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(c) The orientation factor.  

The angles X0  and Ao  could be measured to the 

nearest 1°  ( X and Ao  were about 450). Hence the 

maximum error in the orientation factor in equation 

(9.5) was small (1; ) • 

We conclude that the maximum error in the glide 

strain varied from about 16,7  at the upper yield point 

to about 8i at the lower yield point. 

14.3 Strain rate,  

The strain rate (6) is given by : 

O . 0 	 (14.1) 
1 

0 — rate of motion of 

cross head. 

1 — length of specimen. 

The calculation of the strain rate involved measure—

ments of : 

(a) The cross head motion.  

The rate of motion of the cross head was deter—

mined by measuring the output speed from the gear box, 

the time for a given number of revolutions of the output 

shaft being determined. The error involved in measuring 

the output speed was negligible.•  

(b) The specimen length.- 

The error involved in measuring the specimen 

(discussed previously) was about 4.(7'. 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. 

14.4 Dislocation density.  

The dislocation density was determined by micro-

scopic etch pit counts on a E1113 plane, assuming a 

1 : 1 correlation between etch pits and dislocations. 

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 graticule. 

The following errors were involved in the 

determination of dislocation density : 

(a) The error involved in counting the etch 

pits was small (2). 

(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 the scatter in number was reduced. The 

average number derived had a probable error of about 

10,-. At higher densities the distribution of etch 

pits was more uniform and the error smaller. 
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(c) No allowance was made for the angle between 

the slip plane and the etch plane, which gives an 

error in the area of about 62% 

We conclude that the maximum error in the 

dislocation density measurements was about 18. 
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IV. 	DISCUSSION OF RESULTS. 

15. Introduction.. 

The discussion of the results is presented in 

three sections, as follows : 

(16) The post yield flow stress. 

In this section a physical model of the post 

yield flow stress is developed from the experimental 

results. 

(17) The yield point phenomenon.  

An explanation of the yield point phenomenon 

is suggested in this section. A short discussion of 

the nature of the dislocation sources is also included.. 

(18) Other results.  

Finally the relevance of recently published 

work is considered. 

16. The post yield flow stress.  

16.1 Selection of basic model..  

From the experimental results we derived 

empirical relations between strain rate, temperature 

and the post yield flow stress. We found that a plot 

of the flow stress versus the logarithm of the strain 

rate gave a slightly better fit than a logarithm — 

logarithm plot. For this reason Seeger's equation of 

flow stress, rather than those of Haasen and Gilman, 
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is used as a basis from which to examine the experimental 

results. In this model, derived for thermally activated 

dislocation motion (see Review of Literature), flow 

stress may be expressed as : 

0 = 0
G 

+ Uo + kT in e 

 

(16.1) 

 

V 	V 	e
o  

G - internal stress field 

V - activation volume. 

6 - strain rate. 

6
0 
 - constant. 

16.2 Effect of strain rate.  

Seeger's model requires a logarithmic strain 

rate (6) dependence of flow stress (0). This dependence 

was observed experimentally, a plot of a versus In e 

giving a straight line (with some minor deviations at 

the highest strain rate). 

From equation (16.1), at a given temperature, 

the slope da/d In c is given by : 

 

d 	kT 

d in 6 	V 

 

(16.2) 

 

Hence from the slope, a value of the activation 

volume (V) at a given temperature can be derived. 

From the experimental results, we find : 

(1) The slope da/d in e varies with the testing 

temperature, the slope increasing 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 increases with increasing 

temperature. 

In Seeger's model the activation volume, (which 

is independent of temperature) depends on the distance 

1 between "obstacles" along a dislocation. The activat-

ion volume is given by : 

V = lbd 	(16.3) 

- 1 b2 
	

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 increasing temperature reflects a similar increase 

in the distance (1) between dragging points along a 

dislocation. 

From the results on Type B specimens we can 

calculate the activation volume (V) and distance (1) 

between dragging points along a dislocation at various 

temperatures. The calculations are shown in Table 22. 

As the tests were all reversible, the change in'the 

distance (1) between dragging points with temperature 

must occur almost instantaneously. 
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TABLE 22 

T 
(010  

1/T 	m=da/d1nt 	kT 
(oK-1) 	• (dynes/c4 (dyne cm) 

V = kT 
(cm) (cm3) m  

1046 0.955 5.2x106 1.44x1013 - 2.8x1020  1.1x10-5 

996 1.0 6.1x106  1.37x1013  2.2x1020  8.8x10-6 

978 1.02 6.7x106 1.35x1613 1,7x10-20  6.8x10-6 

893 1.12 11.2x106  1.23x1013  1.1x1520 4.4x10-6 

839 1.19 13.9x106 
iz 

1.16x13-' 
-20 

0.83x10 3.3x10-6 

793 1.26 22.6x106 1.09x1013  0.5x1020  2.0x10-6 

Knowing the activation volume (V) and distance 

(1) between the dragging points at various temperatures, 

we can derive an equation representing the thermal 

equilibrium of the dragging points. A plot of in V 

versus 1/T gives a good straight line (Pig.32). Hence 

we conclude that the thermal equilibrium of the 

dragging points is represented by : 

-E 
V = c exp kT 	(16.4) 

-E 
or 	1 = c' exp kT 	(16.5) 

with c, c' constants. 

We can derive the activation energy E controlling 

the thermal equilibrium from the slope of the graph. 

The slope is : 
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d ln V 	-E_ 
d 1/T 

  

(16.6) 

  

From which E = 0.44 e. v. 

,0.44 
i.e. V = c exp kT 

-0.44 
1 = c' exp kT 

0.V. 

  

(2) The slope d6 /d In c at a given temperature 

is independent of the dislocation density of the 

specimen. Hence the activation volume is independent 

of the dislocation density of the specimen. Therefore 

dislocations in the deformed and annealed specimens, 

at a given temperature, have the same distance (1) 

between dragging points. This indicates that the 

fundamental nature of a dislocation is not irreversibly 

altered by high temperature annealing. 

Therefore the strain rate results enable us to 

make two important deductions as to the nature of 

the dislocations : 

(1) The distance between dragging points along 

a dislocation changes reversibly with changes in 

temperature. 

(2) High temperature annealing does not 

irreversibly alter the fundamental nature of a disloc-

ation. 
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16.3 Effect of temperature.  

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

the slope do/dT is given by : 

0 
do 	k In = — 	0 
dT 	IT 	60  

 

(16.7) 

 

From the experimental results we find that the 

slope do/dT is not linear (Figs.27,28). This is 

consistent with the ideas discussed in the previous 

section. If the activation volume remained constant, 

then the slope do/dT would be linear. Hence the 

observed result, that the slope is not linear, confirms 

the previous conclusion that the activation volume 

is temperature dependent. 

By measuring the tangents at various points on 

the o versus T curve, we can derive values of 
0 

k In s 
Ve o * 

These values are required in the calculation of 

the rate determining activation energy Uo. 

16.4 Effect 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 (oG) due to the elastic 

interaction of parallel dislocations. The internal 

stress field (0G) is given by : 

oG 	cr b GJ 

 

(16.8) 

 

cir- depends on nature and 

distribution of disloc- 

ations. 

b - Burgers vector. 

G - shear modulus. 

e  - dislocation density. 

Hence we must determine if the internal stress 

field provides an appreciable contribution to the flow 

stress, and its magnitude in deformed and annealed 

specimens. Previous experiments indicate that the 

elastic stress fields around dislocations in germanium 

and silicon are extensive, and likely to give rise to 

an appreciable elastic interaction with parallel dis-

locations. Infra red78 photographs through silicon 

have shown that the stress field extends for about 

20 microns from the centre of the dislocation. 

Observations79'80,81 on dislocation doublets in low 

angle grain boundaries in germanium have shown that 

the minimum separation of the two dislocations is 

about 10 microns. 

A reduction in dislocation density (e) also 
gives a positive stress increment (Aov) due to the 
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dislocations having to move at a higher velocity (v) 

to maintain the applied strain rate (c). 

Hence the change in the observed flow stress 

(Ao) on retesting after high temperature annealing 

is given by : 

Ao = AO
G + Aov 	(16.9) 

The magnitude of the increment in stress (Aov) 

required to accommodate the change in the velocity of 

the dislocations can be determined in two ways : 

(1) From the strain rate results. 

The strain rate (c) is given by : 

= b e  

 

(6.12) 

V - average dislocation 

velocity. 

 

have derived experimentally that : 

0  = B in e 	B - constant. 

Then, as c a V 

0 = B In V 

or Aov = BA in V 

 

(16.10 

 

Hence knowing the change in dislocation density we 
• 

can determine Aov from equation (6.12) and (16.10). 

(2) From the temperature results. 

We have 

a = o
G 	Uo + kT in 6 

V 	V 	60  

 

(16.1) 

 



129 

Ao = AoG  + A U(2  + kT In e (  	_ 
V 	V o 

(
hence Ao = A Uo  + kT in ; 

V 	V 	6
0  

We also know that : 

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

deformed and annealed condition. 

(2) At a constant strain rate, do = k In 

dT V 60  

Hence we can express Aov  as : 

Aov = T do 

dT 

We can then derive Aov at any temperature by measuring 

the tangents to the graphs of stress versus temperature 

obtained for the deformed and annealed specimens. This 

method is not very sensitive as it is difficult to 

make accurate measurements of the tangents. 

The magnitude of the internal stress field (0G) 

can also be determined in two ways : 

(1) From the relaxed stress  

The relaxed stress observed experimentally may 

provide a measure of the internal stress field (0G) 

of the specimen. The characteristics of the relaxed 

stress are : 
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(1) The stress relaxes to approximately the same 

value for a given specimen regardless of the initial 

strain rate. 

(2) An annealed specimen with lower dislocation 

density always relaxes to a lower stress than a de—

formed specimen. 

(3) The relaxed stress can be correlated with 

the observed elastic limit of the specimen. 

It seems likely that the relaxed stress would be 

the flow stress at an infinitely small strain rate; 

i.e. being the stress to overcome the internal stress 

field (0G). 

(2) From AG and Aov 

Knowing values of A0 andAc'v we can derive AoG 

from equation (16.9). The internal stress field (0G) 

is given by : 

0 	= AL TiF 	(16.12) 

A — constant. 

i.e. A0G  = A SF 

Hence knowing A0G, we can calculate A. Then we can 

determine the value of the internal stress field at 

any given dislocation density by using equation (16.12). 

Substituting experimental values in the various 

equations, we find : 
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For Type B specimens in the deformed and annealed 

conditions at 620°0, 6 = 4 x 10- 6sec-1  , we have 

From (1) Aov = 240 gms/mm2  

(2) Aov - 300 gms/mm2  

and for the deformed specimen ( e  = 1 x 107cm-2) 

aG deformed = 540 gms/mm2  

    

for the annealed specimen ( e  = 1 x 106cm-2) 

00 annealed 	170 gms/Mm2  

The observed values of the relaxed stress (0e ) 

at this temperature (620°C) were 

= 540 gms/Mm2 ar deformed 

ar annealed = 260 gms/mm2  

The agreement of the calculated values of oG  

and the relaxed stress (0r ) is reasonable, as 0 is 

difficult to determine experimentally. Any temperature 

fluctuations make difficult long time tests required to 

test that ar has become constant. 

We conclude that : 

WTheinternalstressfield(-)constitutes 

an important fraction of the observed flow stress. 

(2) The internal stress field of an annealed 

specimen is much smaller than that of a deformed specimen. 

The reduction in internal 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 the applied 

strain rate. The net effect is a reduction in the 

observed flow stress on retesting. 

16.5 The variation of the internal stress field (0G) 

with temperature.  

The internal stress field (0G) is given by 

oG = 413 G.Te- 4444 	(16.8) 

cr - depends on nature 

and distribution of 

dislocations. 

b - Burgers vector. 

G 	shear modulus. 

e  - dislocation density. 
In metals, the internal stress field has only a 

small variation with temperature, due to small changes 

in the elastic constants. However in germanium the 

variation of the internal stress field with temperature 

is large. Both the observed relaxed stress and the 

calculated values of G, decreased markedly with 

increasing temperature. 

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

(e = 1x107cm-2) --0G-deformed.= 220gms/Mm 22Gcm/Mm2  

For an annealed specimen 

e= lx106cm-2) - G annealed = 170gms/Mm2  80gm/Mm2  
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Comparing these values of oG  with those obtained at 

620°C, we find that oG has decreased by about 602 

in - 150°C. 

The large variation of the internal stress field 

can be due to : 

(1) Possible experimental errors.  

For the calculated 0G to remain nearly constant 

with temperature, the decrease of da/d in c with increas-

ing temperature would have to be offset by a divergence 

of the stress-temperature graphs of the deformed and 

annealed specimens towards higher temperatures. In fact, 

a convergence of the stress-temperature graphs 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 the 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 oG. 

(2) Changes in shear modulus (G)  

No measurements of the appropriate shear modulus 

have been made in the range of temperature used. • 
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However, studies of the variation of Young's Modulus 

(E) with temperature indicate that the change in 

elastic constant is small (- lor over 90000, although 

certain anomalies giving a large change in E have been 

observed82. It seems unlikely that any large change 

in the shear modulus does occur. 

(3) Changes in the nature and distribution of 

the dislocations.  

The term orin equation (16.8) depends on the 

nature and distribution of the dislocations. 

(a) The nature of the dislocations. 

In metals, the term arassociated with a screw 

dislocation is several times larger than or 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 : 

1 = c -0.44 0.v. 
kT 

where 1 is the distance between dragging points. 

Each dragging point may have an associated 

elastic distortion. Then the integral 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 affect the stress 

field around a dislocation and alter the elastic inter-

action between parallel 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 (= co-b G) at various temperatures. Then as G, b 

are practically constant : 

ce G.e 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 between ce and n. 

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

TABLE 23 

TQcr 	 &cr 
2 

y 
(co)  gms/Mm2 gms/mm  

0- 
G 

gms/Mm 
2 	A  

gms/mm 
V 

(cm3) 
1/V 

(cm 3) 

773 30 120 150 0.75x102  2.8x1520  0.36x160  

2.2x10
-20  2 

723 50 140 190 0.95x16-2  0.46x10
0 
 

705 60 180 2L.0 1.2x10-2 1.7x1e0  0.59x160  

620 130 240 370 1.9x10-2  1.1x1620  0.91x100  

566 150 320 470 2.3x10-2  0.83x1620  1.21x180  

520 200 520 720 3.6x10-2  0.56x1320  2.0x102°  

From the graph (Fig.33)we find that a plot of A 

versus 1/V gives a reasonable straight line. Therefore 
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we can conclude that di- 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 tests between various temperatures gave 

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 oG, the activation volume (v) 

and do/dT, we can calculate values of the activation 

energy (U0) from equation (16.1). U0  probably represents 

the activation energy 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 experiments : 

(1) Grown in dislocations ( -10
3cm-2) which 

intersect the active slip planes. 

(2) Glide dislocations produced by the secondary 

slip which was observed near the shoulders ( at " 80°  

to the tensile axis), in about 40;-, of the specimens. 

Forest dislocations may conceivably act in a 

similar manner to the dragging points. To differentiate 

between forest dislocations and the dragging points 

associated with the glide dislocations, we can express 

the flow stress as : 

.1  
a 	oG + Uo + kT In s + U + kT ln s 

of 

V V S
o 

V i  VT o 

Dislocation 	Forest 

dragging points 	dislocations 

Ne assume that the activation energy (Uo) to move 

a dragging point is of the same order as the activation 

energy (Uo) to cut a forest dislocation. Then for the 

cutting of the forest dislocations to contribute a 

significant fraction (say 0.1) to the post yield flow 

stress, the activation volume V must not be greater 
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than 10 t imos V. Hence 

1:r ~ 10 1 1:r c1istance between 
forest dislocations. 

1 - distance botweon 

drCtgging points. 

From the oxpcrimontnl rosults~ wo find : 

1 varies from 2.5 x 10-6 cm Rt 520°0 

to 1 x 10-5 em at 7730 0 

i.e. If ~ 1 x 10-4 - 2.5 x 10-5 

i. 8. ~ f 
-2 em 

f f - density of 
forest dis loc

ations. 

Hence for the forest dislocations to contribute 

a significnnt fraction to the post yield flow stress, 

the forest dislocntion density must be gronter than 

8 -2 10 em • This was higher than the total dislocation 

donsity observed GxperimGnt~lly.-

We conclude that the e:rfect of tho forest 

dislocation on flow stress is sm~ll compqre~ with 

the effect of tho dislocation dragging points. 

(b) "Debris" hrrrdening~. 

Gilm8.n h:::ts suggested thA. t "debris" h8.rdoning 

is produced by the interaction of dislocations with 

trails left by preceding dislocations. However 

in the present experiments easy glide continued at 
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. a constant stress, indicating that any such effect 

is negligible. 

16.8 General conclusions. 

From the discussion we can make the following 

conclusions : 

(1) The post yield flow stress of germanium 

single crystals can be described by a modified form 

of Secger's equation. 

The modified equation is : 

=U o 	kT In e 

V V s
o  

with 

(a) 0G 	b G 

where alr = f (T) 

(b) V 	c exp —0.44  e.v, 
kT 

c — constant. 

(2) The contributions to the post yield flow 

stress are : 

(a) The internal stress field (oG) due to the 

elastic interaction of parallel dislocations. 

(b) The stress required to move the dragging 

points situated along a dislocation. This term 

depends on the velocity at which the dislocations are 

made to move. 

(3) The number of dragging points along a 
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dislocation changes reversibly with temperature. The 

thermal ecuilibrium of the distance (1) between the 

dragging points is given by : 

1 = c t  exp —0.44 e.v. kT 

The reduction in number of dragging points along 

a dislocation with increasing temperature has the 

following effects : 

(a) The term , dependent on the nature of the 

dislocations is reduced. Hence the internal stress 

field is reduced. 

(b) The stress to move a dislocation is reduced. 

The total effect is a reduction of the observed 

post yield flow stress with temperature. 

(4) High temperature annealing of a deformed 

specimen reduces the dislocation density, and hence 

the magnitude of the internal stress field (0G). This 

reduction more than offsets the positive stress 

increment, due to the dislocations having to move at 

a higher velocity to maintain the applied strain rate. 

The net effect is a reduction in the observed flow 

stress. 

High temperature annealing 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. 

c'— constant 
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(5) Forest dislocations and "debris" hardening 

effects make a negligible contribution to the post 

yield flow stress. 

16.9 Other flow stress models. 

Van Bueren has proposed an equation of flow 

stress (see Review of Literature) which has certain 

similarities to that derived from Seeger's model. Van 

Bueren's equation, in a comparable form, may be written 

as: 
O 

0 = Q, + kT in 

V 
	

V 	so  

A similar temperature dependent volume (V) is 

proposed. However Van Bueren does not include an 

internal stress field (oG) term due to the elastic 

interaction of parallel dislocations. 

The omission of an internal stress field term (OG) 

leads to difficulties in trying to interpret our 

observed results on the reduction in flow stress on 

retesting after high temperature annealing. An inter—

pretation of the results in terms of a reduction in the 

internal stress field, i.e. a dislocation number effect, 

is not possible. Instead an interpretation of the 

results in terms of Van Bueren's model suggests that 

the reduction in flow stress is due to a reduction in 

Qt , the activation energy to move a dragging point. 



142 

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 deformed specimen. 

(3) The slope do/dT = kln 	of a deformed 

V so  

specimen is greater (more negative) than the slope 

of an annealed specimen. 

Therefore an interpretation of the results in 

terms of Van Bueren's equation, suggests that the re—

duction in flow stress after high temperature annealing 

is due to a reduction in C,, the activation energy to 

move a 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 equation. 

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 Q, can only 

be explained by a change in the nature of the dragging 

points. However if this occurred, there is no reason 

why E, the energy describing the thermal equilibrium 

of the dragging points, should be the same in the 

deformed and annealed 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 

a 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 understood in terms of the 

number and velocity of dislocations. The properties 

required by other materials, f6r a similar yield point 

mechanism to be applicable, are : 

(1) A high crystalline perfection, i.e. a 
significant increase in dislocation number and decrease 

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) Considerable dislocation 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 rate 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 oualitat—

ive explanation of the phenomenon in terms of these 

parameters is as follows : 

(1) The yield point on first  loading.  

The constant applied strain rate (s) is a 

function of the density (e) and average velocity (v) 

of the dislocations 

0 

= e b v 	(6.12) 

At the elastic limit "certainudislocations 

sources start to emit dislocation loops. To maintain 

the applied strain rate the first glide dislocations 

move at a velocity, given by 

TT. 	b 

 

(17.1) 

 

As dislocation multiplication occurs, the velocity 

of the dislocations recuired to maintain the applied 

strain rate decreases . 

	 (.172) 

The stress to move a dislocation is a function 

of the dislocation velocity. Hence the decrease in 

velocity is accompanied by a decrease in stress 

giving a yield point. 

We can explain certain of the experimental 

observations in terms of these ideas. 
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The size of the yield point depends on the 

amount of the decrease in dislocation velocity, i.e. 

on the difference 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 specimen at 900°C, does 

not affect the yield point on testing, as the dislocat-

ion density is not altered. 

(2) Reloading and annealing  effects. 

(a) On reloading the specimen after the lower 

yield point, dislocation multiplication does not occur 

and a yield point is not observed. 

(b) On retesting annealed specimens of dislocat-

ion density > 1 x 105  cm2  dislocation multiplication 

does not occur and a yield point is not observed. 

(c) However on retesting annealed specimens of 

dislocation density < 1 x 105cm-2, dislocation 

multiplication does occur and a yield point is observed. 

The size of the yield point depends on the increase 

in dislocation density. Hence the size of the yield 

point increases as the dislocation density of the 

annealed specimen is further reduced. 

We conclude that at dislocation densities greater 

than 1 x 105cm-2 sufficient dislocations are present 
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for deformation to proceed at a constant stress. At 

densities loss than 1 x 105cm-2 the small dislocation 

density demands a "high" dislocation velocity to 

maintain the applied strain rate. 	Hence dislocation 

multiplication occurs and a yield point is observed. 

The size of the regained yield point is much 

smaller than the initial yield point. This is ex—

plained by the smaller increase in dislocation density 

and change in velocity on deformation. It was shown 

that an undeformed specimen, of similar density to 

an annealed specimen, gave a similar yield point. 

The discussion of the post yield flow stress 

leads to a fuller understanding of the nature of the 

yield point. The stress at any time during the yield 

point is determined by two opposing effects. These are: 

(1) The increase in dislocation number results 

in a decrease in the dislocation velocity required to 

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 increase in dislocation number increases 

the magnitude of the internal stress field (0G). 

The increase 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 specimen (0.5 — 1.0 	glide 

strain). 

Hence the initial "fast" decrease of stress from 

the upper yield point is due to the change in dislocat—

ion velocity (Aov). After a certain strain the increase 

in the internal stress field (A0G) becomes significant 

and the stress decreases at a slower rate to the lower 

yield point. 

We can calculate values of Aov  and A0G  for various 

specimens and predict the approximate magnitude of the 

yield points. The following are some examples of 

this evaluation : 

(1) Type .A specimen at 56000. 

(a) Determination of Aov  

= 1 x 103cm 2 e undeformed 
L.Y. 	= 7 x 106cm

-2 

At constant 6 

	

A --ii 	= A e  

	

i.e. A ri 	= 7 x 103  

As V cr 

from the graph of a versus In 6 we obtain : 

Aov 	— 1360 gms/Mm2  

This value is only approximate as it involves extra—

polation of the curve to higher strain rates. 
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(b) Determination of AoG 

At 	strain G 	0 

At L.Y.2. 	oG 	700 gms/mm2  (from 

relaxed stress) 

LaG = 	700 gms/mm2. 

The change in the observed stress during the yield 

point is given by : 

Ao 	AoG 	Aov 

Ao 	— 660 gms/mm2  

This compares with the experimentally observed 

decrease of : 

250 — 1000 gms/mm2. 

(2) Type B specimens at 620°C.  

(a) Determination of Acv  

undeformed 
	5 x 102 cm 2 

C' L.Y. 
	1 x 107  cm —2 

At constant 6 

A V = Q e 

i.e. Q V = 2 x 104  

from a versus In c we obtain : 

Aov 	— 1080 gms/mm2. 

• 
• • 
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(b) Determination of A0G 

At 0 strain 0G = 0 

L.Y,i, 	0G = 540 gms/mm
2 (from relaxed 

stress and 

calculation) 

i.e. A0G  = 540 gms/Mm2  

The change in the observed stress (Ac) during 

the yield point is given by : 

Ac = Ao4. Aov G 

:. Ac _ 540 gms/mm
2. 

This compares with the experimentally observed decrease 

of 

150 — 320 gms/mm2. 

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

56000. 

(a) Determination of Aav 

annealed 
	9 x 10 cm 

e . 	= 6 x 105cm-2  

At constant 6 

A V = A 

i.e. A -17.  = 7 

As 7.  oc 

from c versus In ; we obtain 

— 270 gms/mm2. 
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(b) Determination of AoG 

	

GG annealed = 84 gms/mm2 	(from calculation 

ori T LT 4J1. V. 
4.120 	

= 184 gms/mm2 	and observation 

of relaxed stress) 
.. AOG - 100 gms/mm2 

The decrease in the observed Stress (to) during 

the yield point is given by 

Ao = AGG 	Aciv 

• • Ao - 170 gms/mm2. 

This compares with the experimentally observed decrease 

of : 	40 - 160 gms/mm2. 

The agreement of the calculated and observed 

decreases in stress is reasonable, as the calculations 

are only approximate, their importance is in demon-

strating that the large yield 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 a reasonable quantitative explanation of the 

yield point in germanium, 

17.2 The effects of impurity.  

The best argument 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 explanation of the experimental 
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results. However certain of the qualitative arguments 

against an explanation in terms of the impurity locking 

theory are included for completeness. 

Certain features of the deformation behaviour 

are consistent with the effects of the impurity locking 

of dislocations. These are : 

(1) The yield point observed during the first 

loading. 

(2) The absence of a yield point on immediate 

reloading. 

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

annealing treatment. 

However there are certain differences-between 

the observed results and the yield point effects in 

metal crystals. These are 

(1) In metals where the dislocations are locked 

by impurity atoms, yielding is an abrupt process. 

When the dislocations are released from the impurity 

atoms, the stress decreases rapidly to the lower yield 

point. One or more Luders bands then spread through 

the specimen at the lower yield point stress. 

The yield point in germanium is a "slow" process. 

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 between the 

upper and lower yield point. Easy glide continues 

after the lower yield point at a constant dislocation 

density. 

(2) In metal crystals, the yield point is 

regained 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 

has been reduced to less than 1 x 10
5cm-2. Hence the 

return of the yield point appears to depend on the 

dislocation density of the specimen and not on a strain 

ageing process. 

There are various impurity elements which may 

act as dislocation locks in germanium. However none 

of the possible elements completely satisfy the 

observed experimental conditions. 

(1) Gallium and indium.  

(a) The addition of gallium or indium in snail 

amounts to intrinsic germanium does not significantly 

affect the yield point. This suggests that, if gallium 

or indium were the locking impurity, sufficient is 

already present in the intrinsic germanium to lock all 

the dislocations. 
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(b) Annealing the undeformed specimens at 900°C 

did not affect the nature of the yield point. This 

suggests that the condensation temperature of the 

locking impurity is in excess of 900°C (the melting 

point is937°0). Hence the binding energy between the 

dislocation and the impurity atom is likely to be 

large ( > 2 e.v.) 	The interaction between a dislocat— 

ion and a gallium or indium atom would be expected 

to be elastic; i.e. the binding energy would be 

small ( 	0.5 e.v.) and the condensation temperature 

"low". 

Therefore it seems unlikely that gallium or 

indium atoms act as dislocation locks. 

(2) Copper and nickel.  

(a) The interaction between a dislocation and 

a copper or nickel atom would be expected to be elastic, 

with a small binding energy and low condensation 

temperature. 

(b) Copper and nickel both diffuse rapidly in 

deformed germanium. Shorter annealing times (of order 

1 hr. at 700°C) than those observed should effect a 

return of the yield point. 

Hence it seems 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 be chemical, with a large binding 

energy 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 point has not been observed experimentally 

above 800°C. 

(b) Annealing a deformed or annealed specimen 

in air at temperatures below 900°C does not effect a 

return of the yield point. This treatment is likely 

to increase 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 

those observed would effect a return of the yield 

point. It was found that for silicon, an anneal at 

800°C (i.e. T/Tm = 0.56) for 2 hours would allow 

sufficient oxygen diffusion to re-lock dislocations.', 

The equivalent annealing temperature in germanium 

(i.e. T/Tm = 0.56) is about 530°C. Obviously the 

diffusion coefficient of oxygen in silicon, and oxygen 

in germanium, will not be exactly the same. However, 

clue to the similarity in structure, it seems unlikely 
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that the diffusion coefficients would be completely 

unrelated. It seems likely that, say 2 - 100 hrs at 

500 - 600°0, would allow sufficient oxygen diffusion 

to re-lock dislocations. In fact a minimum annealing 

treatment of 90 hours at 9000C (T/Tm = 0.96) was 

required to regain the yield point. 

We conclude that, although oxygen is the most 

possible dislocation lock, it seems unlikely that it 

does fulfil this function. 

Therefore, considering : 

(1) The absence of a suitable impurity to act 

as a dislocation lock, 

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

(3) The sensitivity of the regained 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. 

17.3 Dislocation sources. 

It was not possible by direct observation of 

slip lines to determine whether grown in, fresh (i.e. 

newly created) or surface dislocations were the 

operative dislocation sources. However, certain 

experimental 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 decreased. 

(2) The upper yield stress was independent of 

the surface condition of the specimen. 

From these observations, we conclude 

(1) Surface sources are not important, 

(2) Fresh dislocations 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 

(a = G b/ 1 ) would decrease as the distance between 

the pinning points increased. Hence the upper yield 

stress would be expected to decrease as the grown in 

dislocation density decreased. In fact the reverse 

condition was observed experimentally). 

(3) Grown in dislocations provide most of the 

operative dislocation sources. 

It seems likely that on loading the specimen 

suitably oriented grown in dislocations can act as 

sources and emit dislocations. The number of suitably 

oriented dislocations will depend directly on the grown 

in dislocation density. Hence the greater the grown 

in dislocation density the smaller is likely to be the 

upper yield stress. 
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18. • Other results.  

Concurrently with the present research, :atel and 

his co-workers have been publishing abstracts of their 

continuing research. Some of their results are as 

follows: 

(1) The upper yield stress of germanium single 

crystals, deformed in tension between 500 - 700°C, is 

raised by a factor of 2 on lowering the initial density 

from 106 to 0 cm-2. 

(2) The ductile brittle transition temperature 

is raised on decreasing the specimen dislocation density. 

(3) There is a substantial pre yield strain. 

(Li.) A yield point is not regained by reloading 

or annealing after the lower yield point. 

(5) Dissolved gases or contamination have little 

effect on the yield point. 

points (1), (3) and (5) are in agreement with 

our own observations. The inability to regain a yield 

point by annealing was probably due to an insufficient 

annealing treatment. 

1-atel measured average dislocation velocities 

under various stress pulses, by the Stein and Low 

method. He compared these velocities with those cal-

culated from measurements of the dislocation density 

and strain rate and concluded that all the dislocations 

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

discussion is not possible. 

Recently Fatal has suggested that the yield point 

phenomenon in silicon is not an impurity locking effect. 

Again no details are available and a critical discussion 

is not possible. 

During the writing of this thesis, Alexander84 

has published the results mentioned in the discussion 

of Van Bueren's model (see Review of Literature). 

Alexander studied the effect of strain rate and temper—

ature on the flow stress in stages I, II and III of 

the stress—strain curve. He did not study in detail 

the yield point and also did not determine the effect 

of dislocation density on the flow stress. From his 

results he obtained a similar basic empirical equation 

of flow stress to that derived by ourselves, i.e. : 

a 	in a exp (1/T) 

Alexander's plots of stress against temperature show 

a similar exponential form. However the variation of 

flow stress with strain rate was only determined at 

three strain rates and is not very conclusive. The 

results were discussed in terms of the flow stress 

models of Haasen and Van Bueren. 

Two points of difference between Alexander's 

results and our own are : 
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(1) Alexander found that the stress increased 

slightly with strain during the easy glide region. 

We found that the stress remained constant during this 

region. However the difference may be due to a 

difference in orientation. Alexander's specimens were 

not oriented so nearly to a direction at the centre of 

the unit triangle as our own. 

(2) Alexander observed that the slope do/de 

during stage II is independent of temperature. This 

is contrary to our observation that the slope does 

vary with temperature. It does not also seem compatible 

with our observations that the post yield flow stress 

is temperature dependent. 
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FIGURE la Normal diamond structure (after Schockley). 
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FIGURE lb 	60°  dislocation (after Schockley). 
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a 

12 
b 
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b 

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

a - axis 	b - Burgers vector. 
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a 

FIGURE 3  Edge dislocation (after Hornstra) 
(a) Simplest form. 
(b) Alternative form without dangling 

bonds. 
a - axis. 	b - Burgers vector. 
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FIGURE 4.  Schematic drawing of edge of the extra 
half plane of three dislocations with the 
sRre Burgers vector < 110> (After Hornstra). 



FIGURE 5. 	Diagram of the wire saw. 
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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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FIGURE 8 Schematic arrangement of furnace. 
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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 mirror. 	(4) Plane mirror. 
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FIGURE 11 Calibration of bean deflection. 
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FIGURE 12. Specimen - chuck arrangement. 
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FIGURE la.  Experimental graph of deflection (load) 
versus carriage position (extension). 
Type A specimen,. strain rate 1 x 10-4sec.-1  
temperature 560uC. 
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FIGURE 13b Derived graph of resolved shear stress 
versus glide strain. 
Type A specimen i  strain rate 1 x 10-4sec.-1 

temperature 560°C. 
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FIGURE 14. 	Luders band x 740. 
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FIGURE 15. Dislocation configuration at the lower 
yield point. ( e  = 7 x 106cm-2  ) 	x.640. 
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FIGURE 17. Dislocation configuration after anneal 
at 800°C for 70 hrs. ( e  = 5 x 105  cm 2) x 440. 
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FIGURE 18. Dislocation configuration after anneal at 
9000C for 236 hrs. ( e = 9 x 104cm-2) x 440. 



cv 
2 1.5 

181 

to 
to 
w 1-0 

ct 

III 0. 5 

0 tr) 
CC 0 I 	II 	II  

0 I 2 3 4 5 
GLIDE STRAIN % 

FIGURE 19. Type B specimen, strain rate 1 x 10-4  sec -1  
temperature 620°C. 
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FIGURE 22. (1) Type B 

(2) Type  

specimen. Strain rate 
Temperature 650°C. 
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Temperature 650°C.  
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FIGURE 23. The effect of orientation. 
Type A specimens, strain rate 1 x 10- 4sec-1  , temperature 56000 

(1) Orientation near 111 	110 boundary 	(2) <111> orientation..  



2  15 

vi 
Ln 

tn 1.0 cc 

0 

_J 
0 0.5 
L.L.1 

02 

I 	1 	1 1 11111 	1 	1 	1 I 11111 	I 	i 	1 1 1 1111 	1 	1 
10-5  04 	10 3  SEC-I 

32 
4 
I 	I 	1 	1 1 1 111 

10 3  
I 	1 	1 1 1 1 11 	I 	1 	1 	1 1 1111  

10-2 	 10-1 

STRAIN RATE MIN-I  

1 

FIGURE 24. 
(1) Deformed specimen at 560°C. 
(3) Annealed specimen at 620°C. 

Type A specimens. 
(2) Annealed specimen at 560°C. 
(4) Annealed specimen at 670°C. 
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(1) Deformed specimens 
(3) Deformed specimens 
(5) Deformed specimens 
(7) Annealed specimens 

at 560°0. (2) Annealed specimens at 560°C. 
at 620°C. (LL) Annealed specimens at 620°C. 
at 705°C. (6) Annealed specimens at 705°C. 
at 775°C. 
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FIGURE 27  Type A specimens. 
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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. 
(1) Type B annealed specimen, tempera

1
ture 620°C. 

strain rate 1 x 10sec. 
(2) Type B annealed specimen, temperature 620°C. 

strain rate 2 x 10-5sec-1. 
(3) Type B annealed specimen, temperature 620°C. 

strain rate 1 x 10-4sec-1  
(4) Type B deformed specimen, temperature 620°C. 

strain rate 1 x 10-4sec-1. 
(5) Type A deformed specimen, temperature 560°C. 

strain rate 1 x 10-4sec-1. 
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