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ABSTRACT  

The importance of the crystal boundary in the high-

temperature creep of zinc was -investigated by two distinct methods, 

namely, 

(i) by testing polycrystalline specimens under constant strain-

rate conditions. 

(ii) by carrying out constant stress experiments on sections of 

bicrystals. 

The polycrystalline tests were performed at strain 

rates of 1%, 0.1% and 0.01% per hour over a temperature range from 

23°C to 200°C. Data relating creep stress and ductility to strain 

rate and temperature were obtained. In addition, metallographic 

examination enabled the occurrence and extent of intergranular cavitation 

to be correlated with the test conditions. From these results, it is 

shown that secondary creep in zinc obeys a relation cf the form:- 

RT 
Ae 	where 	,, is the creep rate 

0- is the stress 

Q is the activation 

energy for creep. 

Furthermore, the creep activation energy appears to be considerably 

less than that for self-diffusion. 	In these respects, zinc differs 

from many other metals. Reasons for the anomalous behaviour are 



discussed and possible creep mechanisms considered. 

In the investigations on bicrystals, most tests were 

conducted on specimens containing a high—angle, symmetrical tilt—

boundary. The load was, in general, applied in shear parallel to 

the boundary, but a few specimens were tested in tension. It was 

demonstrated that a large stress concentration can act at certain 

parts of the boundary and that the locations of this stress concen—

tratimn may be related to the slip geometry of the component crystals. 

It is concluded that many of the characteristics of grain boundary 

sliding, including the progressive boundary hardening which occurs 

under constant stress, may be understood in terms of the generation of 

sub—structure which results from the interaction of crystal slip with 

the boundary. The relevance of these findings to the process cf 

creep deformation and to the nucleation and growth of intergranular 

cavities is discussed. 
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TEE ROLE OF CRYSTAL BOUNDARIES IN CREEP. 

SECTION 1. INTRODUCTION. 

The term "Grain Boundary" is used to describe a 

region, believed to be a few atom diameters thick, which separates 

two crystals of differing orientation or composition. Even in a 

pure material where the only difference between neighbouring grains 

is of lattice orientation, atoms at the boundary must be arranged in 

a manner different from that within the bulk of either crystal, since 

in the boundary region they are subjected to forces arising from the 

two different lattice arrangements of the juxtaposed grains. The 

atoms which constitute the boundary are, consequently, relatively 

disordered and, on the average, each atom possesses higher energy 

than if it were situated in a regular crystal lattice. Thus, the 

grain boundary has associated with it an interfacial energy, analagous 

to surface tension, which may be clearly demonstrated by, for example, 

thermal etching. 

The concept of boundary structure in terms of atomic 

disorder implies that it may be regarded as a region rich in point 

defects — that is, vacancies and interstitials. Foreign atoms in 

the boundary will cause less elastic strain on neighbouring atoms, 

than if they were sited in the crystal lattice. Thus there is a 

tendency for impurities to segregate to a grain boundary and, indeed, 

the concentration of impurities there may be many times greater than 

the average for the material as a whole. Diffusion also may be 
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expected to occur readily in a disordered region and diffusion 

rates have been shown to be orders of magnitude greater along the 

boundary than through the lattice. 

Compared with phenomena which may, in principle, be 

understood in terms of the boundary structure, there are others in 

which the boundary plays a more complex role. For example, 

during the deformation of polycrystalline material the grain boundary 

influences the overall behaviour in a number of different ways. 

Because of the crystallographic limitations of the slip process, 

simple deformations in neighbouring grains are not usually compatible 

and neighbouring grains mutually restrict each other's deformation. 

Each grain is, therefore, subjected to a complex stress system and the 

aggregate is more resistant to deformation than the single crystal. 

This qualitative explanation of the difference in deformation behaviour 

between single and polycrystals does not require the particular 

properties of the boundary to be taken into account. 	Such a theory 

is, however, an over simplification, because the deformation 

characteristics also depend upon the ease with which stresses in one 

crystal may be transmitted across the boundary into the adjacent 

crystal. The grain boundary is believed to offer an impediment to 

the motion of dislocations, and it is this property which may give 

rise to the propagation of Ilders bands in polycrystalline material. 

Dislocations in one grain may be expected to be held up at the 

boundary until stresses, sufficiently great to cause the activation 

of sources in the neighbouring grain, are built up. Slip can then 
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occur until impeded by another boundary, at which the stress build-up 

process is repeated. Thus, deformation proceeds in jumps from grain 

to grain and, on a macroscopic scale, a Laders band is observed to 

sweep across the material. 

Plastic deformation is also intimately connected with 

other boundary effects. For example, under certain conditions of 

stress and temperature, sub-grains are formed near the boundary in 

some materials and recrystallisation may be initiated there. 	Little 

is at present known about the complex deformation processes and 

dislocation interactions, at or near the boundary, which give rise to 

these effects and, consequently, more detailed studies of the boundary 

changes which take place during deformation should provide information 

of both academic interest and practical importance. 

Deformation under creep conditions reveals other 

properties possessed by the grain boundary. At high temperatures and 

slow rates of deformation the resistance of the boundary to shear 

stresses is low in comparison with that of the grains themselves. 

Furthermore, the temperature dependence of the boundary shear resistance 

is analagous to that of an amorphous solid and it has been possible, 

from the results of internal friction tests, to ascribe a viscosity to 

the boundary. Under high temperature creep conditions, then, the 

grains in a polycrystalline aggregate may move relative to their 

neighbours, thus producing displacements at the boundaries. This 

process is commonly referred to as grain boundary sliding. It has 

not, however, proved possible to explain all aspects of grain boundary 
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sliding in terms of a boundary possessing quasi-viscous properties, 

for under a constant shear stress, boundary shear resistance increases 

with time. 	In addition, changes in configuration are observed in the 

boundary traces with the result that during creep the boundaries often 

appear to become ragged and irregular. Up to the present time no 

fully satisfactory theory has been proposed by which all the boundary 

sliding properties can be explained. Whilst the grain boundary 

displacement is known to occur in many materials under creep conditions, 

the information available at the present time has not clearly resolved 

just how important it is in relation to the total deformation. 	Nor 

is much known about its dependence on such parameters as grain size, 

creep rate and temperature in different materials. 	Here, also, is a 

field in which further effort could produce results of practical and 

theoretical value. 

Grain boundary sliding may also be important in 

producing certain types of creep fracture. 	High temperature creep 

failure occurs, in many materials, in an intercrystalline manner, in 

contrast with the transcrystalline fracture which results from rapid 

deformation at lower temperatures. 	Intercrystalline creep failure, 

under certain conditions of temperature and stress, has associated 

with it the formation of spherical cavities and voids at the grain 

boundaries. These intergranular cavities may grow during creep 

deformation and eventually coalesce one with another until failure 

results. 	The ductility under these circumstances is appreciably 

reduced compared with value obtained under conditions when cavities 

are not produced. Despite the considerable volume of work carried 
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out in recent years on this aspect of creep behaviour, the problem 

of how the cavities are nucleated and the mechanisms which give rise 

to their growth have not yet been satisfactorily solved. 	It appears, 

however, that void formation and appreciable grain boundary sliding 

do, in fact, occur concurrently. 	Not surprisingly, it has been 

suggested that the two effects may be interdependent and mechanisms 

have been suggested by which cavities may be nucleated and increased 

in size by grain boundary sliding. Vacancies, too, may play a 

significant part in the growth of cavities, but the experimental 

evidence available does not enable any definite conclusions to be 

drawn on this possibility. 

At the time when the work described in this thesis was 

being planned, intergranular cavitation was an urgent problem in 

nuclear reactor cans made from single—phase magnesium (MAGNOX) alloy. 

Because of this, it became possible to support an investigation into 

cavity formation under creep conditions. 	Pure zinc was chosen as 

the experimental material because it has an hexagonal structure 

similar to magnesium and "magnox", but, having a lower melting point, 

it presents fewer problems of experimental technique. Furthermore, 

by using material of high purity, it was believed it might be possible 

to eliminate any effects ascribable to alloying elements which are 

normally present in less pure metal. The experimental programme 

(given a detailed description in Sections 3, 4, 5 and 6) consisted 

essentially of two testing methods, namely: 

(i) 
	

Constant strain rate tests on polycrystalline zinc. 
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These were designed to provide information about the 

conditions of strain rate and temperature under which cavities 

form in this material. The experiments were also designed 

to produce creep data from which some insight might be 

obtained into the mechanisms which control the creep rate. 

(ii) Bicrystal tests on the same material. 

Tests were planned to investigate grain boundary sliding, 

particularly with a view to elucidating whether it had any 

connection with or relevance to cavity formation. By careful 

observation of changes in the grain boundary under stressl it was 

also hoped to obtain some understanding of the effect of crys-

tallographic slip on boundary structure and properties. 

By means of these techniques, it was believed that a better 

understanding might bo obtained of the processes which give rise to 

the nucleation and growth of intergranular cavities and, more generally, 

add to the existing knowledge of the role of crystal boundaries in 

creep. 
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SECTION 2. GRAIN BOUNDARIES AND CREEP — GENERAL SURVEY. 

2.1. The Development of Theories of Grain Boundary Structure. 

In 1913 Rosenhain and Humphrey 
(1) 

 published 

micrographs of steels which showed that, under high temperature creep 

conditions, the crystals slid past each other. 	They stated that 

they did not find this happening at lower temperatures. An 

explanation was offered in terms of the differences in properties 

between crystalline and amorphous materials. 	It was suggested that, 

at low temperatures, an amorphous phase, which constituted the 

boundary, would be harder than the crystalline structure of the grains. 

As the temperature increased, the amorphous boundary "cement" would 

soften more rapidly than the crystalline phase and, consequently, there 

would exist a temperature, subsequently called the "equi—cohesive 

point",
(2) at which both phases would be equally hard. Above this 

temperature deformation by grain boundary shear would_ become increa— 

singly important. 	Serious difficulties were encountered in explaining 

how an amorphous layer, which was so thick as to be microscopically 

and even macroscopically visible, could remain in equilibrium with a 

crystalline phase of the same material. The controversy which arose 

over boundary thickness stimulated the development of the idea that 

the boundary atoms might be arranged in positions such that they most 

nearly satisfied regular positions in the latticesof the adjacent 

grains (39 4). 	This theory, which came to be called the Transition 

Lattice Theory, was much more acceptable than its predecessor, but 
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it could not account for the temperature dependence of boundary shear 

resistance. 	Hence, it became necessary to postulate (4) that 

deformation of such a boundary gave rise to the generation of 

amorphous material, which then behaved as postulated by the.older 

theory. The transition lattice theory has more recently been 

further developed (5) and it is now believed that some boundaries are 

composed of arrays of edge and, or screw dislocations. 	This 

dislocation theory of grain boundary structure has been successfully 

applied to boundaries, across which exist orientation differences of 

up to about 15 degrees, and it has been possible to produce from it a 

quantitative theoretical treatment of boundary energy 
(6). Furthermore, 

11)  8, 9,  10, boundary energy measurements 
(7, and dislocation etching 

methods 
(12) have strikingly confirmed the theoretical predictions. 

It is, however, difficult to understand why such a boundary should 

permit the sliding of one grain relative to another. 	Indeed, recent 

experiments on aluminium 
(13)  and tin 

(14) have shown that low angle 

boundaries are highly resistant to shear, compared with high angle 

boundaries in the same materials. 

To explain the creep behaviour of a typical high—angle 

boundary, other models are required. The one most generally 

accepted is the "Island" theory, attributed to Mott 
(15). 	This 

was developed as an attempt to explain the results obtained by Kg (16)  

when carrying out torsion tests on single and polycrystals. 	It was 

found that, if the coefficient of damping of an oscillating wire were 

measured over a range of temperature, a peak in the damping: 



/11 	of the form,/ = 1'10  e 	By extrapolating his results 

to the melting point and by assuming a boundary width of three atom 

diameters, he was able to show that the boundary viscosity thus 

calculated was in excellent agreement with viscosity measurements 

Furthermore, 
o-(16)  obtained a relationship for boundary viscosity, 

-H/
RT 

9 

temperature curve was obtained for polycrystalline specimens, but 

was absent for single crystals. Kg'was thus able to attribute the 

occurrence of this peak to the presence of grain boundaries. 	An 

explanation for such a peak was found in terms of the relative 

movement of crystal grains past one another and Ke (16), by 

adopting a theoretical model developed by Zener 
(17), 

 derived the 

following expression for the rate of movement at a grain boundary:- 

ds 	
-H/

RT 
A a-  e 

dt 
where ds 

— = velocity of sliding. 
dt 

C-  = shear stress. 

H = activation energy of sliding. 

A = constant. 

T = absolute temperature. 

made on the liquid metal at about the same temperature. 	It was 

this quasi-viscous behaviour which prompted Mott 
(15) 

 to propose 

that a high angle boundary may consist of islands, within which the 

atomic fit is good and whose shear resistance is low, separated by 

regions of bad atomic fit. 	The elemental process of sliding, he 

suggested, is the stress assisted disordering of a discrete number 

of atoms surrounding an island of good fit. 	It is this disordering 
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process, analagous to melting, which gives rise to the quasi-viscosous 

boundary properties. 	On the basis of this model,Mott developed a 

relationship for grain boundary sliding velocity which involved 

fundamental constants and which had the same general form as Kg's 

empirical formulae. 	The island. model cannot, however, be regarded 

as entirely satisfactory, for the empirical value of the constant "A" 

and Mott's theoretical value do not agree well r, furthermore, it is 

somewhat difficult to justify Mott's original assumption that an island 

of good atom fit should present negligible resistance to shear. 



-11- 

2.2. Grain Boundary Sliding  

2.2.1. Recent Work on Grain Boundary Sliding-Bicrystals  

Towards the end of the 1940's the then recent 

advances in the theories of grain boundary structure provided 

added stimulus to the study of grain boundary sliding. In 

1948, King, Cahn and Chalmers (18)  developed a technique of 

directional solidification from suitabl3 crientated seed 

crystals, by which it was possible to produce a bicrystal, 

composed of two crystals of controlled orientation with a 

macroscopically plane grain boundary separating them. It thus 

became possible to study,under carefully controlled conditions, 

a wide range of phenomena on specimenst each containing a single 

boundary. 

The first investigation using bicrystal specimens was 

carried out on pure tin by Puttick and King (19). In their 

experiments,a shear stress was applied parallel to the boundary 

plane and grain boundary sliding was measured by observing with 

a microscope the displacement of fiducial scratches, scribed 

transverse to the boundary trace. Typical results are shown 

in Fig.2(i). • 
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FIG. 2(1) 	(after Puttick and King). 

In all the tests, the rate of sliding, under conditions of 

constant stress and temperature, decreased with increasing 

time and eventually became very small. The decrease, however, 

was not, in general, continuous and for some specimens irregular 

displacement: time curves were obtained. These characteristics 

22)21 20, , 
have since been confirmed on other materials (13, 

	and 

this behaviour, which, clearly, cannot be explained on a simple 

"quasi—viscous" theory, is now established as a characteristic 

of metallic grain boundaries. However, there are some features 

of grain boundary sliding which are less well established and 

others on which the evidence from different investigations is 

contradictory. 	It is proposed next to consider some of these:— 
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(a) Functional Relationships Associated with Grain Boundary  

Sliding 

Futtick and King (19) were unable to find any 

relationship between displacement and time, or velocity 

and time, which could be fitted to their complete data. 

Nevertheless, they reported the existence of an initial 

linear portion to their displacement: time curves, which 

satisfied an equation of the form:- 

-Q/RT if.eAro c,a3 = A 0e where A is constants  

a-is the shear stress. 

Q is the activation 

energy fot the sliding 

process. 

The activation energy thus derived agreed remarkably well with 

the value of 19 kcals. per mole, obtained for the same 

material by internal friction measurements
(23)

. The value 

of the constant, A, however showed a discrepancy cf several 

orders between the two methods. This was explained (19)by 

postulating that extensive hardening had already occurred by 

the time the first readings were taken in the bicrystal 

experiments. 	If this explanation is valid, it leads to the 

conclusion that the linear period must have occurred at an 

intermediate stage in the hardening process, which in itself 



- 14 - 

is difficult to understand. 

Tung and Maddin (21), usinga technique similar 'to 

that of Puttick and King, also reported initial linearity of 

displacement with time for tests on aluminium bicrystals. 

Activation energies were derived and were found to be dependent 

upon the misorientation of the two crystals composing the 

specimen. 	In these experiments the activation energy rose 

from 8.5 kcals./mole to 39 kcals./mole as the misorientation 

angle, 9, increased from 20°  to 88°. The authors have suggested 

that the boundary displacement process, occurring in the early 

part of the test and which gives rise to the initial linearity 

of the displacement: time relation, may be dependent upon the 

magnitude of the component of the applied stress, resolved on 

the slip planes of the bicrystal specimen. 	Consequently, it 

was suggested, boundary sliding would depend upon the mis- 

orientation angle, 9. 	However, it is not easy to understand 

how this idea can be developed to account for the very marked 

dependence of activation energy on misorientation, which is 

observed in these experiments. 

A more recent study on aluminium specimens has been 

carried out by Weinberg 
(13). 

 He did not observe any initial 

linearity of displacement and he was unable to attribute an 

activation energy to the sliding process. 	Other bicrystal 

experiments, using a variety of metals,
(14, 20, 22, 24, 25) 

have also failed to substantiate an unambiguous initial linearity 
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in the displacement : time curves. 	It is difficult to reconcile 

the conflicting evidence on this feature of grain boundary 

sliding behaviour. However, the balance of experimental 

evidence now seems to favour the view that initial linearity 

is not a general boundary sliding characteristic. 	Furthermore, 

it should be remembered in this context that no entirely 

satisfactory theoretical explanation for the existence of a 

linear region has been put forward. 

Aluminium was also chosen by Rhines, Bond and 

Kissell
(20) 

	

for their investigations. 	They tested in tension 

specimens containing a single plane boundary orientated at 450 

to the stress axis. Both grain boundary displacement and 

overall extension for a gauge length containing the boundary 

were measured. The characteristic boundary hardening effect 

and irregularities in sliding behaviour were observed to occur 

concurrently with uniform extension of the grains. 	In addition, 

it was noted that, after the stress was applied to a specimen, 

boundary sliding did not begin until some time, referred to as 

the "induction period", had elapsed. By averaging the results 

for specimens which covered a wide range of misoriontations, they 

obtained an excellent correlation between displacement and time 

of the form:- 
1/3  

displacement . 	(t - to) 	where t = time 

t
o 	

the induction 
period. 
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In addition, by considering the boundary displacement in an 

arbitrary time (50 hours) for specimens tested over the range 

30000 to 5b0°C, they obtained, for a given stress, a relation 

of the.form:— 

displacement = Ae—q/RT 

The value of Q, the activation energy, was 11 kcals./mole. 

It is, perhaps, difficult to appreciate the physical 

significance of an activation energy calculated in this 

arbitrary way. 	Intrater and Machlin 
(22) 

 obtained an 

activation energy for grain boundary sliding in a somewhat 

similar way for copper bicrystals stressed in pure shear. 

They justified their method by showing that the activation 

energies obtained were the same whether calculated on the 

basis of a displacement of 10, 15 or 25 microns. 	These 

activation energies were sensitive to test atmosphere, being 40 

kcals./mole in vacuo, but only 20 kcals./mole in hydrogen. 

They were not, however, able to confirm the t 	law found by 

Rhines et alia. 	The relation obtained was of the form:—

displacement = A to  where n was about 2/3  

This power law has been confirmed by Harpe ior 

randomly orientated boundaries in copper bicrystals tested at 

very low stresses (7.5 g/mm). 	His tests were carried out in 

compression on specimens with the boundary inclined at 45
o 
to 

the stress axis. Interferometric methods were adopted in 

measuring boundary displacements of the order of 1000 5Z. 

Thompson 
(14), 

 however, found that tin bicrystals 
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tested in pure shear near the melting Point obeyed a (time)2  

law to a close approximation. 

It is clearly very difficult to explain any of the 

particular values of power law index found in the various 

investigations. 	Nevertheless, the general form of the dis-

placement decrement laws do agree, in every case being a power 

law of the form;- 

displacement = A (t - to)n  where to 
 5 0 

and n < 1 

(b) Dependence of Grain Boundary Sliding on Misorientation  

Angle  

In addition to the results of Tung and Maddin • 1 , 

who found that, for aluminium specimens, the activation energy 

for sliding increases as the angle of tilt, 9, increases from 

200  to 88°, Weinberg 
(13) 

reported that low angle boundaries 

(i.e. with misorientations less than 5°) in aluminium do not 

slide under conditions of temperature and stress which give rise 

to appreciable boundary glide in specimens of higher tilt angle. 

Thompson 
(14)

has confirmed this with tin specimens, whilst 

Harper 
(25) has reported that, for copper, the initial rates of 

sliding are much smaller for low angle tilt boundaries than for 

random boundaries tested under comparable conditions. 

These effects are comprehensible in terms of a 

dislocation picture of low angle boundaries. 	In addition, 

(26) 
Smoluchowski 	and his co-workers have reported that diffus.lor 
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rates were small for low—angle boundaries and Weinberg 
(27) 

has shown that boundary failure under load at temperatures 

near the melting point did not occur so readily with low 

angle boundaries as for ,higher angle specimens. 

Rhines Bond and Kissel
(o)

, from the results of 

their work on aluminium, have deduced a nearly linear 

correlation between gliding rate and the sum of angles B and 

w, where 9 is the angular difference between active slip 

directions in the two crystals andto is the angle between 

the traces which the two slip planes make upon the boundary. 

The exact physical significance their empirical relation is 

difficult to appreciate; nevertheless, it does point to the 

inter—relationship between crystal slip processes and grain 

boundary sliding. 

(c) Zone Shear and Grain Boundary Mi.c,ration 

1:lany investigations have revealed that grain 

boundary sliding does not always take place in a manner which 

indicates a simple sliding of one crystal over the other. 

Puttick and King (19)  remarked upon the fact that some fiducial 

marks had not displaced sharply; they explained this effect by 

postulating alternate cycles of sliding and migration. 

Thompson 
(14) 

 also observed similar effects in tin bicrystals 

sheared at 225cC. 	Rhines (20) and his co—workers, measured 

the distortion occurring during test to a grid photo—engraved 
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on their specimens and, hence, were able to deduce that sliding 

occurred in a zone considerably wider than the boundary. 	Recent 

experiments by Gifkins (24)  on lead, however, have not confirmed 

this result, whilst Feinberg (13)  also found little or no 

deformaton in the component crystals. 

The most recent study of zone shear, however, was 

made on copper bicrystals by Intrater 	
(22) 

Machlin 	who found 

the effect only in those specimens which had been subjected to 

pre—straining in shear at room temperature. 	The effect of 

pre—straining, it was suggested, might be to introduce near the 

boundary new and relatively weak dislocation sources which, at 

elevated temperatures when recovery had occurred, would become 

operative and give rise to shear in a zone adjacent to the 

boundary. No other work has so far confirmed the dependence 

of zone shear on low temperature pre—straining. Until this 

correlation is more generally established, the "work—softening" 

theory of Intrater and Machlin should not be assumed to account 

for all instances of zone shear. 

(d) The Effect of Stress 7:eversal 

Three investigations have been made into the effect 

of reversing the direction of the applied shear stress — Weinberg 

on aluminium (13), Hi-,rper on copper (2) 	(14) 
and Thompson 	on 

tin. 	Fig.2(ii) illustrates behaviour typical of all three 

materials. 
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60°  SPECIMEN STFtESS : I 2 Kgrn/cml  
TEMP. 225±08t 

TIME(MOURS) 

FIG.2(ii) 	(after Thompson). 

The results of these investigations have 

suggested that, as boundary sliding progresses, a:barrier 

is built up which increasingly impedes further motion. 

This barrier has marked directional properties, for when it 

has reached the stage of almost preventing further shear in 

one direction, rapid sliding in the reverse direction may 

still be possible. 	However, as this barrier ahead of 

boundary motion is built up, other changes in the boundary 

are taking place which cause it to lock more rapidly in the 

reverse direction than when sliding forward. 

'cinberg showed that it was not possible to 

anneal out boundary hardening effects, but he still 

attributed them to conventional work-hardening. 	Thompson (14) 7 



- 21 - 

however, has cast doubt on this hypothesis, for he found the 

effects to occur within a few degrees of the melting point. 

At these temperatures, it is suggested, work-hardening may be 

expected to recover rapidly. 

(e) Sub-Grain Formation 

Rhines and his co-workers 
(20) 

 reported intense 

sub-grain formation near the boundary in aluminium specimens. 

Several workers have omitted to comment on this feature, but 

Weinberg 
(13) 

 specifically states that no sub-grains were 

observed. Puttick and King (19)  report evidence for their 

formation in tintbut Gifkins 
(24)

has found none in lead. At 

the present time the evidence on this subject remains unrationa-

lised and apparently contradictory. 

The above paragraphs summarise very briefly the 

characteristics of grain boundary sliding as deduced from experiments 

with bicrystals. 	In addition, a great deal of creep work has been 

carried out on polycrystalline material. 	In the main, however, this 

has been stimulated by the need to ascertain the creep performance of 

particular alloys. Nevertheless, valuable fundamental information has 

accrued from systematic studies on polycrystalline material and in the 

following pages it is proposed to review a number of such investiga-

tions which have provided significant information about the 

importance of grain boundaries in creep. 
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2.2.2. Recent Work on Grain Boundary Sliding — Polycrystals  

(a) The Grain Boundary Contribution to total creep extension 

The measurement of grain boundary sliding in 

polycrystals, presents considerable difficulties, because, 

whatever parameter is measured, the data has to be subjected 

to statistical processing. 	To obtain basic data suitable for 

statistical treatment, several experimental methods have been 

adopted, viz:— 

(a) Lines or grids have been scribed or photo—engraved on 

specimen surfaces. 	Displacement of these fiducial marks at 

grain boundaries provides information about the magnitude of 

the average grain boundary deformation parallel to the surface. 

(b) Measurements of the height of the step produced when 

one grain slides relative to a neighbouring grain have been 

made by interferometric or profile measuring methods. 	Thus, 

the average grain boundary displacements perpendicular to the 

surface can be estimated. 	Like the previous method, these 

techniques are only applicable to surface grains. 

(c) The shape of grains after test, relative to that prior 

to test, has been used to provide a measure of the grain 

deformatfon which has occurred. By the subtraction of this 

from the overall deformation, the grain boundary contribution 

can be estimated. 	This method can only be used if recrystalli—

sation does not occur during the course of the test. 
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In all these methods, assumptions have to be 

made when converting measurements made on individual grains 

into data applicable to the specimen as a whole. 	It is not 

proposed here to consider the relative advantages of the 

statistical techniques, which have been used - Cifkins (24) 

has already reviewed the various methods in a most useful 

paper presented at the 1959 Fracture Conference at Swampscott. 

It is, necessary, however, to emphasize that caution should 

be exercised when comparison is made between various values 

of the grain boundary contribution to overall creep deformation, 

for the results obtained from different experimental methods 

and processed by different statistical averaging techniques are 

not always equivalent. 	A further difficulty in the 

interpretation of results has arisen as a consequence of work 

by Rachinger. He discovered from experiments on fine-grained 
(22) 

aluminium that the grain boundary contribution to overall 

extension 
E

0.1) 	
, for grains near the specimen surface is 

Total 
several times smaller than that of interior grains. 	He 

found —2-- 	for the interior was 
Erb 

Total 
regionregion only 15%. 	It is interesting to note that his value 

Ebb 
for 	at the surface agrees satisfactorily with values 

E
Total 

reported. by McLean 

conditions. 

95%, but for the surface 

(29) 
using the same metal under similar 
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Investigations on hexagonal metals (3o' 3i), 

E 
Mg, Cd and Zn,have revealed large values for —5-= . However, 

E
b 	

Total 
GifkinsGifkins (24)  has plotted ---

cr-- 	against the number of grains in 
111 -Total 

the smallest dimension of cross section for a number of metals 

tested under similar conditions (Fig. 2(iii) and it can be seen .that 

there is a marked tendency for a large number of grains in the 

cross section to be associated with a large grain boundary 

sliding contribution. 	The results on the hexagonal metals may, 

therefore, demonstrate a geometrical or grain size effect, rather 

than a property intrinsic to the crystallographic structure. 

There is no general agreement as to whether the 

(31) McLean and Farmer 
E
Total 
have shown that in aluminium the ratio increases up to 350°C, 

E 
_51 ratio increases with temperature. 
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but that above this temperature it remains constant. 	Dorn 

(32) 
and his co-workers, however, find that for aluminium tested 

In contrast, for magnesium, Couling and Roberts 	report 

at constant stress, 	is insensitive to temperature. 
Egb 
E
Total 	

(30) 

that the grain boundary contribution does increase with 

jTemperature. 	There is more general agreement, however, that 
E
gb 	

varies inversely as stress. 	Nevertheless, stress, tem- 
Total  
perature perature and other parameters are intimately connected and it is 

possible that effects attributed to changes in one variable may, 

in fact, be associated with concurrent changes in another. 

One feature of the boundary sliding process in 

polycrystals which has been reported in several investigations 

(31, 32, 33, 34) is that the sliding versus time curves are 

similar in shape to the curves for overall creep elongation. 
E
gb  

This has been interpreted as implying thot the ratio, 
Total  

remains constant throughout the creep test and, hence, as 

indicating an interdependence between crystal deformation and 

boundary processes. 	Recent experiments, however, by Grant and 

5) ( his co-workers 3 have shown that, for aluminium and some 

Al-Mg alloys, the grain boundary contribution to overall creep 

deformation can change during the creep test. 	For example, 
E
gb  

for Al tested at 505°C decreases from 24% at 1% extension 
Total 
to about 9% at 10% extension. 	Even in these materials, 

however, the boundary contribution remains approximately constant 

after about 5 - 10% creep strain and thus the conclusions drawn 
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from the earlier investigations remain valid except, possibly 

for the initial stages of creep deformation. 	McLean (29)  

has postulated that it is grain boundary sliding which controls 

the creep rate. 	This conclusion was derived from a model in 

which the grain boundary displacement was assumed to be that-

which woule" result from polyganisation within the grains. 

Later work 
(31), 

 however has shown that this model 1.5 not 

generally applicable. 

In addition, recent investigations, one on a 

copper-beryllium alloy (31) 9 the other on p brass (36) have 

revealed that sudden changes in the grain interiors, such as 

those which strain ageing or atom ordering reactions produce, 

may give rise to alterations in both creep rate and boundary 

sliding velocity. 	It is reasonable to infer that these 

changes probably affect the creep resistance of the grains. 

Consequently, if a change in boundary sliding rate also occurs, 

crystal creep will be controlling the boundary sliding and not 

vice versa. 

The most recent evidence on this subject has been 

reported by Mullendore and Grant (37),  working on polycrystals 

and bicrystals of A1-2% Mg. 	They report that displacements 

at the boundary can be accounted for by the accommodation 

necessary when slip from one crystal crosses a boundary and 

causes slip in an adjacent grain. The sliding at the boundary, 

it is suggested, represents the otherwise unresolved component 

of shear. 
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(b) Grain Boundary Migration Effects in Polycrystals  

Similar effects to those observed in bicrystals 

have also been recognised in polycrystalline material. 

Alternate cycles of sliding and migration have been observed 

by Chang and Grant (38)7  who found that extension ceased when 

sliding ceased and migration commenced. 	McLean (39) , working on 

aluminium, measured both migration and grain boundary sliding, and 

showed that migration versus time curves were similar to creep 

curves. 	Gifkins (24)  has confirmed this result for lead. 

cub-structure formation during Creep  

. Sub-grains have been observed to form under creep 

conditions in some materials. 	These include Al, (28,29,31,32,34)  

Al-Cu 
(29) 

 Al-Mg (29)  Al-Zn(29)  Cd (31)9 and Sn (31) 
	

The 9 	9 	 • 

absence of sub-structure has been noted in investigations on 

copper 
(31), 

 Cu-Be 
 (31) 

 zinc 
(31)

and iron 
(31). 
	Where it is 

observed however, it seems to form initially near the grain 

boundaries and at later stages is densest near to the boundary. 

As a result of observations on sub-grain formation 

in aluminium during creep, McLean (40)  postulated that boundary 

displacement occurs to the extent necessary to accommodate the 

angular tilt resulting from polygonisation. 	He was able to 

develop the theory qualitatively 
(29)11

1(1. to correlate approximately 

the sub-grain formation with the observed boundary displacements. 

Unfortunately, further experiments by McLean and Farmer (31)  

failed to confirm that the theory is generally applicable. 
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(37) More recently, Mullendore and Grant 	have 

announced the results of their studies into the mechanism by which 

boundaries become roughened and take on a saw-tooth 

appearance during high temperature creep tests. 	The effect 

has been observed for some time by Grant and his co-workers in 

aluminium and various aluminium alloys. 	The observations of the 

effect support the suggestion that serrations are always associated 

with the occurrence of some boundary displacement and migration. 

Furthermore, they are found only after deformation, sufficient 

to generate the sub-structure adjacent to the boundary, has taken 

place. 

From the wealth of evidence which has accumulated 

as a result of experiments on bicrystals and polycrysta]s much 

information about boundary deformation processes has been derived. 

It is difficult to envisage a theory capable of reconciling all the 

observations, but it is essential that any general theory of boundary 

sliding should account for- 

(1) The interrelationship between crystal slip processes and 

sliding. 

(2) The principal characteristics of displacement; time curves, 

including the directional effects associated with stress reversal. 

(3) The part played by migration and its relationship to 

boundary sliding. 

(4) The process of zone shear. 

(5) The stress and temperature dependence of boundary sliding. 



— 29 — 

(6) The magnitude of the boundary contribution to overall creep 

deformation in polycrystals. 

(7) The activation energy for grain boundary sliding and its 

identity in many metals with that of self—diffusion. 

(8) The dependence of boundary shear resistance on misorien—

tation angle. 

(9) The effects attributed to test atmosphere. 

Such a theory does not exist, but several hypotheses 

have been suggested which are reasonably successful on a more limited 

scale. 	To extend and reconcile these will, however, demand much 

more data and, consequently, carefully planned and controlled 

investigation. 
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2.3. Intergranular Fracture  

2.3.1. Introduction 

Early investigations of creep revealed that, at 

high temperatures and low deformation rates, fracture tends to 

be localised in the grain boundaries, in contrast with the 

transgranular fracture typical of ductile metals tested at 

lower temperaturesand faster deformation rates. 	The develop-

ment of the amorphous cement theory and the concept of equi-

cohesive temperature, based on the difference in the temperature 

coefficients of shear resistance between crystalline solids and 

amorphous boundary material, was for long regarded as adequate 

to explain the change in fracture characteristics with increased 

temperature. 

In recent years, however, intergranular creep 

failure has been the subject of specialised study and two distinct 

types of grain boundary fracture process have been identifiedl- 

(1) Wedge shaped cracks initiating at and spreading from 

triple points where three grain boundaries meet, as in 

Fig. 2(iv). 

FIG.2(iv) 
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(2) Cavitation fracture resulting from the nucleation, growth 

and eventual coalescence of spherical voids or cavities, 

distributed along the whole length of a grain boundary, as 

shown in Fig.2(v). 

FIG.2(v) 

It appears at present that, whilst the two 

processes may, under some conditions, each play a part in the 

failure of a particular specimen, voids and intercrystalline 

cracks are different phenomena. 	It is proposed therefore to 

consider each mechanism under a separate heading. 

2.3.2. Intergranular Cracking  

(17) 
In 1948 Zener suggested that, under creep 

conditions, shear stress across a boundary could be relaxed 

by boundary sliding. 	However, as in polycrystalline material 

a typical boundary would have a triple junction at each end, 

sliding at such a boundary would give rise to elastic stress 

concentrations at the ends, which could result in the initiation 

of cracks, unless relaxation occurred by plastic deformation in 

the grains. 

Grant and his co—workers have made extensive 
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studies of intercrystalline failure in aluminium and aluminium 

alloys. 	Servi and Grant (41) reported that the fracture under 

low stress and high temperature conditions of commercial 

aluminiums of purity 99.3 and 98.2;0 was intergranular. 	In 

contrast, however, high-7purity (99.995%) aluminium fractured 

in a transgranular manner and its ductility was relatively 

-nigh. 	In all three materials much evidence of boundary sliding 

was seen, but the high purity aluminium showed more evidence of 

boundary migration, and more extensive 'fold"formation. 	This 

8) latter is the name given by Chang and Grant (3 to the type of 

deformation which occurs as a result of grain boundary sliding 

at a point where the boundary changes direction. 	It was 

suggested, therefore, that boundary migration and fold formation 

might constitute the means whereby stress relaxation can occur, 

thus preventing in the high—purity metal the local stress 

concentration from achieving values sufficiently great to exceed 

the cohesive strength of the grain boundary. 

In addition Chang and Grant (42) have made 

detailed studies of crack initiation and propagation in A1-20% 

Zn. 	A variety of triple—point cracks arising from relative 

grain displacements were clearly identified and Zenerts 

mechanism confirmed. 	Cracks were also found in regions of a 

specimen where a bending moment existed. 

Precipitate particles in the grain boundaries 

may also nucleate cracks, by acting as stress raisers in a 
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similar manner to grain corners. Work by Weaver (43) on 

"Nimonic" alloys tends to support this view, although another 

mechanism, associated with boundary jog formation (which will 

be discussed in detail in the following sub-section) may be 

operative. 

Tr.ple point cracking has also been observed in 

Cu-20% Ni by Reid and Greenwood (44) 	In this case the 

boundaries also contained spherical cavities. McLean (45)  

too, has found both wedge cracks at triple points and spherical 

cavities to be present in the same specimen. 	However, in this 

study of the fractography of some commercial creep resistant 

alloys he observed that triple point wedge cracks predominate 

in specimens tested at the larger creep stresses and lower 

temperatures, whilst intergranular cavitation becomes 

increasingly noticeable at the higher test temperatures and 

(46  
lower stresses, Fig.2(vi). 	experiments on Mg-Al alloys have 

confirmed that the nature of the fracture changes from triple 

point crack to spherical cavity as temperature increases. 

40 
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FIG.2(vi) 
	

(after McLean). 
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The work that has been carried out up to the present 

time has tended to emphasize the difficulties in obtaining 

simutaneously high creep resistance with large creep ductilities. 

Grain hardening, for example, reduces creep deformation in the grains, 

but, unfortunately, also increases the difficulties of stress relaxation 

by fold formation at triple points, hence giving rise to a reduced 

ductility. 	Glen (47)  has shown that, whilst the hot tensile strength 

of low carbon steel can be improved by alloy additions which promote 

strain ageing, the ductility under tensile testing strain rates is 

reduced. Under creep conditions also, the ductility is down and the 

fracture becomes markedly intercrystalline. 

The presence of grain boundary precipitates may also 

give rise to a poor creep ductility. 	In the first place, as Weaver 

(43) has shown, they may provide additional sites where stress 

concentration may occur and also may pin grain boundaries, thus 

preventing relaxation by migration. 	Furthermore, heat treatments 

which have the effect of increasing the number of boundary stress 

raisers or of restricting boundary relaxation processes will also tend 

to increase the possibility of intergranular cracking. 

The susceptibility, therefore, of a material to this 

type of fracture, will depend partly on the resistance of the grain 

boundary to shear stress, but also on the ease with which local stress 

concentrations resulting from boundary sliding can relax. 	Other 

factors, too, may be important, 	McLean (48)  has suggested that the 

diffusion of vacancies may assist crack growth. 	He has also pointed 
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out that the value of the interfacial energy will affect the 

magnitude of the stress necessary to break cohesion and, hence, 

to nucleate cracks. 

2.3.3. Intergranular Cavitation  

The first detailed study of boundary cavity 

formation was published in 1954 by Greenwood, Miller and 

Suiter (49) 	The investigation was carried out on polycrys- 

talline a brass, copper and magnesium, tested at strain rates 

of 1000%, 40% and 0.2% per hour. In the case of a brass and 

copper, a progressive reduction in ductility with increase in 

temperature from room temperature to 500°C was observed at all 

strain rates, whilst in magnesium at strain rates of 40% and 

0.2% per hour the ductility rapidly declined at high temperatures. 

The reductions in ductility were correlated with the formation 

and growth of intergranular cavities, which eventually caused failure. 

From.their investigations, the authors established the following 

characteristics of this type of fracture; subsequently, these 

have been found to characterise the behaviour of numerous metals 

and alloys:- 

(1) Reduction in strain rate gave rise to increased cavitation, 

which led to a reduction in ductility. 

(2) Within the temperature range in which cavities were 

observed, cavitation increased and ductility decreased with 
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increasing temperature. 

(3) Boundary cavity density was greatest in interfaces which 

were transverse to the tensile stress axis. 

(4) Cavities were distributed along the boundaries and not 

specifically associated with triple points. 

(5) Cavity formation was observed at temperatures at which 

grain boundary sliding was also occurring. 

(6) The smallest cavities were about ip,in size. It is, 

perhaps, significant that this is of the same order as the 

limit of resolution of the optical microscope. 

(7) In magnesium,the formation of cavities was accompanied 

by the generation of grain boundary irregularities and of 

sub-grains in the boundary region. 

Since the work of Greenwood, creep cavitation 

has been observed in a whole range of metals and alloys. The 

results of these investigations, in addition to confirming the 

main characteristics of the cavitation process, have provided 

further information, which will be summarised in the following 

paragraphs:- 

Effect of Impurities and Test Atmospheres  

It is well established that impurities in low 

bulk concentration can have profound effects on grain boundary 
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and creep properties. 	It is not proposed here to consider 

this subject generally, but rather to mention only those 

investigations which relate particularly to cavitation. 

Resnick and Seigle 
(50)  have shown that the 

oxygen content of a brass has a marked effect on its ductility. 

Specimens containing 0.28% oxygen, probably as ZnO, failed at 

6% elongation, whilst others with only.0.L7% oxygen had a 

(5 
ductilit of 1 	

1 
Y 	4.5%. Bleakney 	),in an investigation on copper 

wire, found that ductility was affected by test atmosphere. 

He reported that the elongation of specimens tested in air 

increased as pressure decreased. Furthermore, the pre-heating 

of specimens in air resulted in a reduced creep ductility. 

Direct evidence that oxygen may play an important part in 

cavity formation has been provided by Hyam(52). He examined 

the fracture surface of cavitated MAGNOX specimens and showed 

that inclusion particles - probably oxide - were present in as 

many as 40% of the cavities. 

The possibility that hydrogen may affect cavity 

formation has been investigated by Reid and Greenwood (53)  

They found that reduction of the hydrogen content of copper to 

about 1 atom in 105  by vacuum casting did not affect cavity 

formation. They concluded, therefore, that hydrogen gas played 

no significant part in the nucleation er stabilisation of 

cavities. However, the effect of hydrogen atmosphere on the 
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activation energy for grain boundary sliding in copper bicrystals 

(22) (mentioned previously) may, nevertheless, be important. 

Chen and Machlin (54) have also carried out experiments on 

copper. Both commercial oxygen-free-high-conductivity material 

and high purity (99.99%) copper were tested at 1% per hour in 

vacuo. 	Little evidence of void formation was found, the fracture 

was transgranular and abnormally high ductilities were obtained 

at the higher temperatures. To account for their results, the 

authors suggest that the high grain boundary mobility, which may 

have resulted from the maintenance of a low oxygen content, 

prevented the formation of voids by relaxing stress concentra-

tions, in the manner suggested by Chang and Grant (42)  

Other ideas have been put forward to explain the 

role of impurities in the formation of cavities. 	It may be 

shown that the stress required to break boundary cohesion is 

approximately equal equal to 

FE 

 Ys where E is Young's Modulus 
a 

Ts is the interfacial energy 

a is the inter-atomic spacing. 

E/  
This stress is very large, being of the order of /10. 	It would 

appear, therefore, that the nucleation of cavities during high 

temperature creep would be a most difficult process. Bleakney(51), 

in particular, has suggested that the presence of impurity atoms 

in the boundary may drastically affect the cohesive strength by 
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causing a large reduction in Ys. Furthermore, it has been 

established by experiment that interfacial energies can be 

markedly affected by impurity — for example, lead has this 

effect on copper (55) 	Therefore, bearing in mind the 

tendency for impurities to segregate to the grain boundaries, 

it is possible that the actual cohesive strength of boundaries 

in all but very pure metals may be very appreciably less than 

the theoretical value for the pure material. 

A somewhat similar hypothesis has been proposed 

by Cottrell (56). 	The difficulties of achieving a local stress, 

sufficiently large to cause loss of grain boundary cohesion, has 

led Cottrell to suggest that void nuclei must exist in the 

metal initially. 	Clearly, such nuclei must not sinter out 

during test; hence, a second phaso is required. 	An oxide 

particle which has a weak interface with the surrounding metal 

would admirably satisfy the conditions. 	Cottrell is thus able 

to explain the high ductility of pure metals in terms of their 

lacking void nuclei. Furthermore, his hypothesis is supported 

by the various investigations, previously mentioned, by which 

the importance of oxygen in the formation of cavities was 

established. 

The Relevance of Grain Boundary Sliding  

The possibility that grain boundary sliding 
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might be closely associated with cavitation was mentioned by 

Greenwood and his co-workers(49) 	More recently, Chen and 

(57) 
Machlin specifically investigated the role of grain boundary 

sliding in cavitation. 	By testing bicrystals of high purity 

copper at 649°C, they were able to demonstrate that:- 

(i) Voids could be produced by a pure shear stress of 

0.42 kg/mm
2 

applied for twenty hours. 

(ii) Voids could not be produced by the application of 

a tensile stress of 0.84 kemm
2 normal to the 

boundary plane for a similar period. 

(iii) The most extensive cavitation occurred in specimens 

which were initially stressed in shear and then in 

tension. 

From these tests, it was concluded that grain 

boundary shear was necessary in order to generate void nuclei. 

In addition, it was suggested that vacancy diffusion could 

assist the growth of nuclei once they were formed. 	Later 

work by Kramer and Machlin (58)  showed that the area of grain 

boundary occupied by voids in nickel specimens was linearly 

related to the specimen elongation. By considering this 

result with the findings of McLean (33)1  who demonstrated the 

linear relationship between total elongation and grain boundary 

sliding, it was possible to conclude that the area of cavitated 

grain boundary was directly proportional to the extent of 
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grain boundary sliding. 

The work of Hull and Rimmer(59) on copper has 

also produced evidence that shear processes are important to 

the nucleation of cavities. 	They subjected their specimens 

simultaneously to a uniaxial tension,0—, and a hydrostatic 

pressure, j) . 	It was shown that the time to rupture, for 

identical specimens tested at the same temperature, was inversely 

related too and () through the quantity,CT%-jp . However 

witbj maintained constant, the time to rupture was more 

sensitively controlled by Cr—ithan for those experiments in 

which CS was held constant. Furthermore, the results of 

tests in whichCr—f)  was a constant value, revealed that most 

cavities were found in specimens tested at the highest values 

of cr. 	Consequently, it was concluded that the shear component 

of the total stress had a direct influence upon the formation 

of cavities. 	The authors pointed out that the results could 

be interpreted as additional evidence for a mechanism of cavity 

nucleation based on grain boundary sliding. This latter 

suggestion can only be accented with some reserve, for the 

experimental results of Hull and Rimmer indicate the association 

of shear processes in general with cavity nucleation andtheir work 

provides no evidence to favour grain boundary sliding in 

preference to, say, crystal slip as a nucleating process. 

The experimental evidence which has tended to 
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indicate the existence of an association between grain boundary 

sliding and cavity formation has led to the postulation of 

several mechanisms. 

It is clear that the relative movement of two 

grains at a quasi-viscous boundary can only, in theory, take 

place without plastic deformation occurring in the grains 

when the boundary is plane. The application of a shear stress 

across a boundary containing irregularities must cause stress 

concentrations at these irregularities. 	Chen and Machlin(60)  

have proposed that cavities are nucleated at these irregularities 

when grain boundary sliding - in the appropriate direction - 

occurs. 	It is, however, difficult to understand, as Cottrell
(56) 

has pointed out, why loss of cohesion should occur under these 

conditions, in preference to the relaxation of any stress 

concentrations by migration of the boundary, or plastic deformr.tion 

in the grains. 

Gifkins
(61) has proposed a mechanism which 

originally was specifically intended to explain the results of 

Greenwood(49) and his co-workers. He suggested that a jog 

or ledge in a grain boundary might be produced when a dislocation 

pile-up in one grain activated slip in a neighbouring grain. 

Some of the pile-up could remain and assist grain boundary 

sliding to open a cavity at the jog, as indicated in Fig.2 (vii). 
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slip 

FIG. 2(vii) 

The introduction of slip and pile—ups was made in an attempt 

to explain the observation that cavities were often associated 

with slip markings and separated by about the distance of 

slip line spacings. 	Whilst this theory went far towards 

accounting for the experimental results, the difficulty of 

explaining how loss of cohesion could occur at a jog still 

remained. 	Davies and 	
(62) 

Dennison 	have tried to resolve this 

objection by postulating that dislocations with a screw 

component could form ledges in a boundary. 	The screw component, 

they suggested, cannot be removed by the addition of atoms and 

this remains anchored. 	Gifkins (24)  has replied to this 

argument by suggesting that such a ledge,formed by a screw 

dislocationl might not remain anchored, but could turn parallel 

to the sliding direction and thus no longer provide a suitable 
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nucleus for cavity formation. 

A very significant paper has recently been pub— 

(37) lished by Mullendore and Grant 	in which is discussed the 

formation of grain boundary serrations during the creep of alumin— 

ium and certain aluminium alloys. 	Serrations were seen to form 

early in the creep test, the serration peaks representing the 

intersection of sub—grains with the boundary. At a somewhat later 

stage of the test, cavities were formed near the peaks of the 

serrations. 	The authors suggest that the serrations develop as a 

result of grain boundary sliding, whilst the subsequent generation 

of visible voids is a consequence of stress concentrations built 

up at the serrations as sliding proceeds. Voids were found to be 

more numerous in tests conducted under high stress than in the 

lower stress tests. 	It was believed that this result could be 

explained on the basis of there being little time available in 

the high stress tests for boundary migration to occur. 	Hence, 

the authors were led to emphasize the importance of migration as a 

mechanism for relieving stresses generated during the boundary 

sliding process. 	In this context, the work of Nield and 

Quarrell 
(63) 

 should also be mentioned. 	As a result of 

investigations on high purity Al—fn and Al—Mg alloys, they concluded 

that the ease with which a boundary could migrate played an important 

part in determining the fracture characteristics of these 
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materials. 

(64) 
Chen 	has studied the formation of cavities 

in silicon iron sheets. 	In contrast to the work of Mullendore 

and Grant, ho observed that sub-grain formation prevented the 

generation of voids. Furthermore, he found that voids were 

not visible until the tertiary stage of creep. 	It was 

suggested that the formation during creep deformation of a 

sub-grain network in place of the original grain boundary 

could confer enhanced resistance to sliding and, hence, prevent 

the formation of cavities. 	As an alternative, he proposed 

that the stress induced migration of suitably orientated 

sub-grains may prevent void formation by relieving stress 

concentrations at jogs. 

The Role of Vacancies in Cavitation  

The first suggestion that vacancies might 

play a part in the nucleation and growth of cavities was 

made by Greenwood 
(65)

. 	The fact that cavity formation 

seems to be assisted by slow strain rates and high temperatures 

led him to propose that cavities might form by a vacancy 

condensation mechanism. 	It was proposed that, under high 

temperature creep conditions, vacancies, which had been 

generated by plastic deformation in the grain interiors, 
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might be able to diffuse to the boundaries in sufficient 

numbers to account for the observed incidence of cavitation. 

This hypothesis assumes:— 

(i) That vacancy supersaturation, with or without the 

assistance of the applied stress, can cause the 

spontaneous coalescence of vacancies to produce 

a void nucouS. 

(ii) That nuclei can continue to trap vacancies and, 

hence, grow to voids of the sizes observed. 

(iii) That diffusion processes can transport vacancies 

sufficiently rapidly through the lattice to 

supply adequately the growing nuclei. 

(iv) That vacancies are produced in sufficient numbers 

to supply the nuclei. 

The idea that nucleation can occur by 

spontaneous condensation of vacancies has been shown by 

Balluffi and Seigle (66) 
	(48) and also by McLean 	to 

require vacancy concentrations orders of magnitude greater 

than those believed to exist in metals. 	For example, 

McLean considered the free energy of precipitating 
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vacancies together with the elastic work done by an applied 

stress, and balanced this against the surface energy 

necessary to create a now cavity. 	Thus, he was able to 

show that a vacancy concentration 104  times greater than 

the equilibrium value was required if cavities were to form 

spontaneously. 	Furthermore, the influence of any 

reasonable value of applied stress was shown to be negligible 

without the existence of unreasonably large vacancy 

concentrations. Hence, even allowing for approximations 

in the calculations, it is reasonable to reject the 

possibility of cavity nucleation by vacancy condensation. 

The answer to the question as to whether any 

existing nuclei may grow will depend on the size of the 

nucleus, 17 , and the vacancy concentration, c. McLean (48),  

on the basis of the model previously mentioned, has 

calculated that for a typical creep rate value of o, namely 

1.001 Co,where Co is the equilibrium vacancy concentration, the 

critical radius of a stable void nucleus is about 3 microns. 
This value is rather higher than the radius of the smallest 

voids observed experimentally. Cottrell
(56) 

has, however, indi—

cated a mechanism by which small nuclei may grow under the 

influence of very moderate stresses. He suggested that, under 
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tho influence of a tensile stress, an elongated cavity nucleus 

can change by spreading along the boundary. During this 

process, atoms would transport from the ends of the hole 

either along the boundary or through the grain, to crystallise 

onto boundary faces of the two component crystals. The 

importance of this process is that the applied stress is 

enabled by the diffusion process to do more work than is 

possible by elastic deformation alone. 	Cottrell has shown 

that the condition for growth of the nucleus is that the 
2Ys 

applied stress, 6- , should be greater than r 

where Ys is the surface energy 

r is the nucleus radius 

Now, for Ys el..) 103 erg/cm
2 
and r^-11 micron, G-  is only about 

0.2 kg/mm2. Thus, cavities should tend to grow under small 

stresses, provided diffusion can occur sufficiently rapidly. 

Gifkins (24)  has considered the possibility of 

lattice diffusion transporting the vacancies to the cavity nuclei 

sufficiently rapidly to account for the experimental observations 

of cavity growth in several metals. He uses for his model a modi- 

fied version of the Nabarro (67) diffusion creep equation. 	The 

calculations, though very approximate, indicate that lattice 

diffusion is generally insufficiently rapid to supply the 
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required vacancy flux. (59) Hull and Rimmer 	have developed 

a model based on grain boundary diffusion. Their calculations 

enabled them to deduce theoretically expressions for the rate of 

cavity growth and the time to rupture. By carrying out 

experiments on copper, they endeavoured• to check their calculations. 

The results indicated that the transportation of vacancies along 

the grain boundaries could, indeed, take place sufficiently 

rapidly to account for the experimental results. 	Furthermore, 

the activation energy for the processes leading to fracture was 

that for grain boundary rather than lattice diffusion. The 

agreement, then, between theoretical predictions and the experi-

mental results must be construed as evidence for cavity growth 

by a vacancy mechanism. 

The original suggestion of Greenwood that enough 

vacancies may be generated by deformation does not appear to be 

likely. 	The concentration of vacancies produced during 

deformation is not known with any great certainty, but 2eitz 
(68)  

(60) 
and. Mott 	have sugested that it is of the order of 10-4 

times the plastic strain. 	If the results of cavity incidence 

versus strain, reported by Brookes, Kirby and Burke (70), are  

considered and an estimate of cavity volume per unit volume is 

made, it is found that the rate of vacancy production by 

deformation is several orders too small to account for the 

cavities observed, Thus, apart from the difficulties of 
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transporting the vacancies, it would also appear that too few 

.are produced by creep deformation. However, it should be 

pointed out, that the assessment of cavity volumes are 

particularly difficult to make with any degree of precision. 

Estimates will depend on assumptions of cavity shape. 

Fu'rthermore, polishing of specimens so as to reveal the correct 

void sizes, shapes and distribution, presents many problems; 

inaccuracies may also arise from the use of etchants, which 

can not only enlarge existing cavities but also generate 

additional holes. 	Balluffi and Seigle X71) havepointed out 

that, if the vacancies produced by the creep strain contribute 

significantly to cavity growth, then voids should be produced 

under compression as well as tensile stresses. Hull and 

(5n) Rimmer 	' did not find this to be the case in their 

experiments on copper. 	Consequently, they interpreted their 

results in terms of the model originally suggested by Balluffi 

and Seigle (71)  who showed thermodynamically that vacancies 

can be produced at boundaries transverse to a tensile stress, 

as a consequence of the stress acting across them. 	It, 

therefore, would appear that cavities may grow due to the 

production of vacancies by this mechanism, the transportation 

probably occurring by grain boundary diffusion. 

However, in conflict with these ideas, are the 

results of work by Kramer and Machlin (58).  These workers 
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claim that, in polycrystalline nickel tested at high temperatures, 

the observed void and crack area was temperature independent. 

It would appear•  from this evidence that, under some conditions 

at least, temperature sensitive growth mechanisms - such as vacancy 

diffusion - play only an insignificant part. 

2.4. Conclusion  

Whilst, in recent years, much attention has been given 

to the mechanisms by which intergranular cracks and cavities are 

formed, the phenomenon is still far from being clearly understood. 

As has been briefly indicated, some investigations seem to have produced 

conflicting evidence. 	In assessing their significance relative to 

each other, due attention should be paid to the experimental difficulties 

which beset much of the work in this field. 

Grain boundary sliding may hold the key to an under- 

standing of intergranular cavitation. But even this phenomenon is 

still obscure in Many respects. 	In particular, whilst its association 

with crystal slip has been well established, the exact mechanism which 

gives rise to this association is still mere conjecture. 	Cavity 

nucleation presents problems, especially if the possibility eif impurity 

particles acting as nuclei is rejected. Whether grain boundary 

sliding in itself is capable of causing nucleation, has still not been 

clearly demonstrated. With regard to cavity growth, it seems reasonable 

that grain boUndary sliding should be able to assist the process, but 
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it has been seen that theoretical considerations and experimental 

evidence indicate that stress assisted vacancy diffusion may also 

constitute an important cavity growth mechanism. 

It is, therefore, clear that much thought will have to 

go into the design of experiments and much more data will be required 

before definite answers are obtained to the questions of how cavities 

nucleate and what factors are responsible for their growth. 



— 53 — 

SECTION 3. HE EXPERIMENTAL PROGRAMME. 

The experimental programme was designed to obtain 

information about the part played by grain boundaries in creep and, 

in particular, the phenomenon of intergranular creep cavitation. In 

1958, when the work commenced, probably the most frequently encountered 

example of cavitation — and certainly the most important industrially — 

was the premature creep failure of reactor cans manufactured from single—

phase magnesium "MAGNOX" alloy. In choosing a material suitable for 

the investigations, therefore, it was considered desirable to use a 

metal similar in structure and properties to "MAGNOX". In order to 

reduce the number of variables to a minimum and, especially, to avoid 

any possible effects of impurity, which might be present in commercial 

quality metal, it was decided to employ a high purity material. 

Furthermore, it was clearly advantageous to work with a low melting 

point metal, for, by so doing, the observation. of specimens during 

test would be relatively simple. The material selected for the 

investigation was zinc, which, like magnesium, has an hexagonal 

structure. An added advantage of using this material lay in the 

small number of principal slip systems. 

The first and most obvious problem was to investigate 

whether creep cavitation occurred in high purity zinc and, if so, to 

establish the conditions which governed its occurrence. To 

accomplish this, and to obtain other information about the high—

temperature creep behaviour of zinc, a series of tests on poly— 
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-crystalline specimens, carefully prepared to avoid preferred orien— 

tationl was carried out. 	Specimens were tested at strain rates of 

the order of 1%, 0.1% and 0.01% per hour over a temperature range 

from room temperature to 20000. From these tests, creep stress and 

ductility data were measured; Metallographic studies on sections of 

the specimen were performed subsequent to fracture; in this way, 

evidence of cavitation and related processes was obtained. 

At the time when the experimental programme wasbeing 

planned, the relevance of grain boundary sliding to the cavitation 

process had been postulated, but the experimental evidence was still 

incomplete. Little was known of the mechanisms of the interactions 

occurring between slip and the grain boundary and there were many 

aspects of grain boundary sliding still unresolved or, at best, 

imperfectly understood. 	Here, it seemed, was a field in which 

further investigation was required. However, the best chance of 

making progress towards the solution of these problems appeared to lie 

with experiments carried out on individual boundaries. 	Consequently, 

it was decided to carry out tests in a high temperature range (0.4 to 

0.8 absolute melting point) on zinc bicrystals. 	In order to assist 

the comparison of results, the zinc vies—used for the production of 

the bicrystals was of the same manufacture and batch as that from 

which the polycrystalline specimens were made. 	The bicrystals were 

grown from the melt and consisted of two crystals of controlled 

orientation separated by a macroscopically plane grain boundary. 
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The first series of tests was designed to investigate grain boundary 

sliding processes and to reveal whether cavities could be produced 

in bicrystals by high temperature deformation. 	Investigations 

were carried out over a wide range of stress at temperatures from 

230  to 350°C. 	In most of the experiments, stresses from 0.1 to 

3.8 kemm
2 

were applied in simple shear, but the effect of tensile 

stresses across the boundary was also investigated to a limited 

extent. 	Almost all the experiments were carried out on specimens 

produced from pure zinc. 	Attempts were, however, made to inves-

tigate the effect of alloying and consequently, a few tests were 

performed on bicrystal specimens of zinc doped with 0.1% cadmium 

to form a solid solution. 

Ho cavities were observed in any bicrystal test. 

However, insight, very relevant to the principal aims of the research, 

was obtained about the way in which crystal slip interacts with the 

grain boundary. 	Observations made during the first bicrystal tests 

stimulated a more detailed investigation and, as a result, it was 

demonstrated that very small applied stresses can produce large 

stress concentrations in specific regions of the grain boundary. 

Through these experiments a clearer understanding of the boundary 

sliding process has resulted and information has been obtained 

about a possible mechanism of cavity nucleation which does not 

pre-suppose void nuclei to be present in the material initially. 
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SECTION 4. PREPARATION OF THE MATERIAL. 

4.1. Introduction. 

In order to carry out the programme of tests outlined 

in the previous section, techniques had to be developed for:— 

(a) the preparation of polycrystalline specimens of uniform 

grain size and free from preferred orientation. 

(b) the growth of single and bi—crystals, the single crystals 

being used to provide nuclei or "seeds" for the production 

of bi—crystals. 

The problems associated with the preparation of 

polycrystalline specimens were mainly connected with the planning 

and development of a suitable fabrication programme; theepparatus 

and facilities required for the casting, rolling, and machining, and 

annealing operations were not exceptional. 	In fact, most of them 

were already in existence in the College. 

For the growth of single and bicrystals, however, this 

was not the case. 	Casting techniques had to be developed which 

required the construction of specially designed apparatus. 	In 

addition, a travelling furnace for crystal growing was produced. 

For the experimental programme, bicrystals of controlled orientation 

were required. 	It was, therefore, necessary, not only to manufacture 

moulds suitable for the growth of bicrystals, but also to design and 

fit to the mounds precision devices for holding the seed crystals 
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accurately in the desired orientation. 

The following paragraphs of section 4 describe the 

various techniques employed. 

4.2. The Material. 

All the polycrystal and most of the bicrystal tests 

were carried out on specimens of unalloyed high purity zinc. This 

material was supplied in the form of 2.5 kg. ingots by the SociElier de 

la Vieille Montagne, of Liege, Belgium. The overall purity is stated 

by the manufacturer to be 99.998% and a typical analysis is:— 

Lead 	0.0009% 

Iron 	0.0005% 

Cadmium 0.0003% 

Copper 0.0002% 

Silver Trace 

In addition, a few bicrystal tests were conducted on 

specimens produced from the same zinc, but doped with 0.1% high purity 

cadmium. 

Zinc has a hexagonal structure; the lattice constants 

at 25°C are 	a = 2.6649 
= 1.8563 

4.9468 R 

The melting point of zinc is 419.5°C. 

4.3. Production of Polycrystalline Specimens  

For the polycrystalline tests, flat specimens of gauge 
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length 2" x 	x 3/16" were used. 	Difficulties in obtaining good 

surface finish and the occurrence of shrinkage porosity led to the 

abandonment of early attempts to produce specimens directly by 

casting. 	An alternative method of production by casting, followed 

by rolling and machining was, therefore, developed. 	The metal in 

the "as received" state was first melted in an induction furnace. 

The molten metal was then carefully Poured into a pre-heated, 

colloidal graphite coated, steel die. 	On removal from the die, the 

billet was sectioned and the upper part, which contained the contrac-

tion pipe, was discarded. 

The rolling programme was influenced by three 

considerations7- 

(1) The well-known propensity of cast zinc to cleave, if cold-

rolled directly. 

(2) The desireability of obtaining a final structure significantly 

free from preferred orientation. 

(3) The necessity of controlling grain size. 

Cleavage was avoided by breaking down the cast structure 

hot, prior to cold rolling, whilst a random structure was obtained by 

cross-rolling. 	The desireel grain size resulted from the choice of 

an appropriate amount of cold reduction. 	This was determined by 

experiment. 

The rolling programme finally employed was:- 
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(a) HOT (240°C) - 6 cross-passes, each 0.040". 

(b) COLD - 4 cross-passes, each 0.010" followed by 

2 cross-passes, each 0.005". 

This resulted in the cast billet, initially 0.5" thick, 

being reduced to a thickness of 0.21". 

The rolled material was then fly-cut to a thickness of 

3 16"; specimens were milled from this material to the required profile, 

shown in Fig. 4(i). The specimens, thus produced, were finally 

annealed in argon for twenty-four hours at 300°  + 10°C and were 

furnace cooled. 

Metallographic inspection of specimens produced by 

this method indicated that the metal was free from inclusions and 

that a sensibly even grain size of about 1.5mm. had been achieved. 

A sample was examined by Mr. R.P. Farrar of the Royal School of Mines, 

London, using an X-ray diffractometer. The pole figures thus 

obtained revealed no significant preferred orientation. 

4.4. Manufacture of Single and Bi-Crystals. 

4.4.1. Growth of Single Crystals  

The crystals were grown in dried argon, by a method 

similar to that used by Andrade and Roscoe(72). 	Fig. 4(ii) is 

a photograph of the crystal growing apparatus, which was 

employed, not only for the production of single crystals, but 

also for the bi-crystals. The basis of the method is as follows:- 
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Power from a constant voltage unit is fed, via 

a variac to an electrical resistance furnace. 	The furnace 

is mounted on a trolley which may move freely on rails. 

Parallel to the rail track and concentric with the furnace 

tube, a 30 mm. bore pyrex tube is mounted. 	In this tube 

the appropriate zinc-filled moulds for single or bi-crystal 

growth are positioned. 	During the heating up operation, the 

tube is first evacuated and then flushed with argon. 

Eventually, a zone of metal in the mould is melted. 	Then, as 

the furnace is hauled along the rail track by a small 

synchronous motor, the molten metal zone moves progressively 

along the mould. 	Provided that the distribution of tempera- 

ture gradients is suitable, the solidification proceeds without 

stray nucleation, and the desired single or bi-crystal results. 

It is not proposed to describe in detail the 

crystal growing apparatus; nevertheless, certain features of 

the design are worthy of notes- 

Power Control Unit  

In addition to housing the necessary furnace and 

motor controls, the control unit incorporates a mains-operated 

relay, tripped by a microswitch at the end of the furnace 

track. When the furnace trolley depresses the microswitch, 

the furnace power supply is cut-off and the synchronous 

drive motor stopped. 	The relay circuit, shown in Fig. 4(iii), 
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is designed so that, once the relay is tipped, even 

instantaneously, the power can be restored only by re—setting 

manually the main switch on the control unit. 

Travelling Furnace 

The nichrome furnace coil is tapped and shunted 

to allow the thermal gradients to be adjusted. 	The furnace 

trolley has three wheels, so that kinematic stability is 

always achieved. The two guide wheels, which run on one 

rail, are of "V" section, whilst the wheel which runs on the 

other rail has an "L" section flange. 	In this way, friction 

between trolley and rails is reduced and fluctuations in 

frictional resistance, due to variations in the gauge of the 

rail—track, are minimised. 

Crystal—Growing Enclosure  

A pyrex furnace tube proved adequate for the 

growth of crystals used in this investigation. 	Nevertheless, 

some slight evidence of deformation was sometimes seen in it. 

It is now clear that the operating temperature for the growth 

of zinc crystals represents the upper limit at which pyrex can 

satisfactorily be used, and a quartz tube would be preferable. 

As the vapour pressure of molten zinc is high, 

crystal growing in vacuo leads to serious evaporation from the 
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liquid metal and the subsequent condensation of vapour on the 

cooler parts of the furnace tube. In order to preVent this, 

the furnace is operated with argon at atmospheric pressure. 

The single crystals were grown in the form of 

rods. 	Hencel it was necessary, prior to the growing operation, 

to produce suitable rods of polycrystalline material. This 

was accomplished, as follows:- 

A 5.5 mm. precision bore pyrex tube, about one 

metre long, into which the zinc was to be cast, was prepared 

by coating it with colloidal graphite suspension "DAG 580", 

diluted with two parts of ethyl alcohol, 	Casting was 

performed by lowering one end of the tube into a quartz 

crucible containing molten zinc and, after the tube had been 

pre-heated, the metal was sucked up the tube. 	The apparatus 

is shown diagrammatically in Fig. 4(iv). When solidified, 

the ingot was extracted from the glass tube by the application 

of light pressure. 	The use of DAG coated precision bore tubing 

was necessary, if easy extraction of the cast metal without 

cracking the glass tube were to be accomplished. 	The cast 

rod was then cut into suitable lengths - crystals several 

hundred centimetres long were frequently grown - and one or 

more of these were put into a graphite Boated pyrex tube of 
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internal diameter about 6.5mm.. 	This tube, containing the 

zinc specimens, was then mounted concentrically on Sindanyo 

supports in the pyrex tube of the crystal growing furnace. 

The crystal growing procedure was then carried out. 

The growth of crystals by this technique did 

not prove difficult. The power to the furnace was adjusted to 

be sufficient to melt a zone about 5 cm. long, whilst a furnace 

speed of 2 cm. per hour was satisfactory for the production of 

crystals free from mosaic or lineage structure. The crystals 

were slightly elliptical in section. This shape, the result 

of gravitational forces and surface tension on the liquid metal, 

was produced during the crystal growing process. 

A selection of crystals was grown unneeded by the 

above method; in addition, the seeding of a particular 

orientation was also successfully accomplished. By means of 

a jig, the seed and a length of cast polycrystalline rod were 

held in alignment for butt welding, which was carried out using 

a fine oxy-coalgas flame. The seeded rod was converted into a 

single crystal in the crystal furnace by melting back partway 

into the seed and then growing in the manner previously 

described. 

4.4.2. Production of Bi-Crystals. 

In order to grow a bi-crystal, a single crystal 
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of suitable orientation was selected to serve as seeds. This 

crystal was mounted in plaster of Paris, ao that it could be 

sectioned with the minimum of deformation. 	3cm. lengths of 

crystal were cut with a jeweller's saw, were then extracted 

from the plaster and finally were pickled clean in 75% nitric 

acid. 	After washing, they were assembled in a jig which 

enabled them to be adjusted to the desired orientations. 

This device with the seeds was next secured on the bicrystal 

mould, as shown in Figs. 4 (v) and (vi). 

The orientation jig was machined from stainless 

steel and the bicrystals mould from Sindanyo material. 

The next task was to adjust the seeds to the 

appropriate positions. 	In order to carry this out, it was 

essential to know the initial orientations of the two seeds 

relative to an appropriate direction. These were determined 

by the back-reflection Laue'.A.-ray diffraction technique. 	With 

this knowledge, ritation adjustments to each seed were carried 

out to bring them in to the desired orientation. 	A further 

X-ray check was then made to confirm that the desired 

orientation of each seed had been achieved within + 2 . 

The bicrystal mould was then coated with 

Aquadag colloidal graphite, diluted with three volumes of 

distilled water, so as to facilitate the removal of the bi-crystal 

when grown. In order to dry it out thoroughly, the mould was 
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next baked for several hours in an oven at 60°C. 	Preparations 

were then made for casting the bicrystal material. Zinc - or 

zinc plus the appropriate weight of cadmium, if an alloy 

bicrystal was to be grown - was melted in a silica crucible by 

an electric furnace. 	At the same time, the bicrystal mould 

was pre-heated in an exactly horizontal position to about 

350
o 
- 400

o
C by a moveable electric tube furnace. When the 

metal in the crucible was molten, the pre-heating furnace was 

withdrawn from the mould and the liquid metal cast. The tube 

furnace was then replaced until the molten metal in the mould 

had fused onto the ends of the seeds. To ensure that the 

weld had been made• satisfactorily, a carbon rod was used to 

stir the metal in region of the join. 	After solidification, 

the casting with the seeds attached was removed from the 

mould, fettled with a needle file to eradicate surface defects, 

and finally chemically polished in a 75% solution of nitric 

acid. 	After washing and drying, it was replaced in the mould 

and carefully positioned in the pyrex tube of the crystal 

furnace. The furnace trolley was placed over the mould and 

heating commenced. 	The initial position of the furnace 

trolley relative to the mould was of critical importance, 

because in order to produce a seeded bicrystal, the molten 

zone initially had partly, but not completely, to melt into 

the seeds. 	As for single crystals, growth was usually carried 
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out at a speed of 2cm./hour and in argon at atmospheric 

pressure. 	After growth, the specimen was etched with dilute 

hydrochloric acid or nitric acid to determine whether bicrystal 

growth had successfully been accomplished. 	A check was also 

made by the X—ray method that the component crystals were in 

the desired orientation. 
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SECTION 5. CONSTANT STRAIN-RATE TESTS USING POLYCRYSTALLINE SPECIMENS. 

5.1. Introduction. 

The principal purpose of these tests was to explore 

the creep behaviour of high purity polycrystalline zinc and, in 

particular, to investigate the conditions of temperature and strain 

rate under which intergranular cavitation was found in the material. 

The results of other investigations had revealed that cavitation is 

usually observed at temperatures between about 0.4 and 0.7 of the 

absolute melting point. For zinc, this range extends from room 

temperature up to about 200°C. 	Consequently, the polycrystalline 

tests were restricted to temperatures within these limits. The 

apparatus constructed for the tests was, however, designed to be used 

at temperatures up to 300°C, should subsequent investigations at 

higher temperatures have proved desirable. The incidence of 

cavitation in other materials has been found to vary inversely with 

strain rate. For this reason, strain rate was selected as the second 

variable in these tests. 	The strain rates chosen were as low as 

were commensurate with obtaining a reasonable number of results in 

a limited period with only one or two testing machines. 

The faster tests were carried out on a suitably modified, 

motorised Hounsfield tensometer. For the subsequent tests at the 

slowest strain rate, a testing machine was constructed which was 

designed specifically for the purpose. 	One valuable feature of 

this machine was that, at all test temperatures, the specimen could 
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be observed during teat. 

From the polycrystalline tests, data were obtained which 

related ductility and creep stress to temperature and strain rate. 

In addition, metallographic examination of the specimens enabled the 

extent of the cavitation and the effects of recrystallisation to be 

related to these parameters. 

5.2. Apparatus.. 

5.2.1. Equipment for tests at Fast Creep Rates  

It is not proposed to describe the standard 

features of the Hounsfield tensometer, used in these tests. 

Full information may be obtained from the manufacturer's 

literature. 	The apparatus, as used, is illustrated in Fig. 

5(i)• The motor drive is basically the same as that supplied 

by the manufacturer. The normal motor was, however, replaced 

by a 1 R.P.M. "Drayton" inductor motor; the original pulley 

reduction system from motor to tensometer drive shaft was 

retained. With this arrangement, crosshead speeds equivalent 

to strain rates of 1.3% per hour and 0.17% per hour for a 5 cm. 

gauge length were obtainable. 	Throughout this thesis, these 

rates will be referred to as "Nominal" strain rates. 	These 

strain rates were, however, higher than those achieved in the 

gauge length, mainly because some deformation occurred in parts 

of the specimen away from this region. Measurements on the 
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specimens during test at room temperature and after test at 

higher temperatures showed that average deformation rates 

actually attained in the gauge length were 0.96% and 0.11% 

per hour, respectively. 	For the measurement of stress, 

calibrated beams are supplied for use with the mercury 

capillary indicator system incorporated in the tensometer. 

In order to carry out tests at temperatures above ambient, an 

oven, supplied with the tensometer, was employed. 	It 

consisted of a well—insulated, cylindrical, electrical 

resistance furnace tube, large enough to surround the specimen 

and grips. An aluminium liner was fitted in order to reduce 

thermal gradients. 	To maintain test temperature within + 5C. 

degrees, a Kelvin and Hughes "on—off" type temperature 

controller was used in conjunction with the furnace. 	The 

temperature sensitive element, a chromel—alumel thermocouple, 

was held in contact with the centre of the specimen throughout 

each test. 	For these experiments, special grips suitable 

for use at elevated temperatures were necessary. 	These, in 

basic design; were similar to the standard Hounsfield pattern 

for flat specimens. 	In order that the tensometer crosshead 

and stress measuring equipment should not come into close 

proximity with the furnace, extension rods were incorporated 

into the grips. 	The material used for the grips and extension 

rods was EN 24 steel. 
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5.2.2. Equipment for Tests at Slowest Strain Rate  

The results of the tests carried out with the 

modified Hounsfield machine indicated that further experiments 

at even slower strain rates would be desirable. 	To use the 

Hounsfield for such tests, extensive modification, to the 

motor drive system particularly, would be necessary. 	It was 

decided, therefore, to construct a tensometer, as shown in 

Fig. 5(ii), specifically for the purpose. 	The base unit of 

this apparatus was a testing frame designed by Professor R.W.K. 

Honeycombe of Sheffield University. The main drive shaft in 

the instrument was coupled to the lead screw nut by means of a 

6011 worm reduction gear; the lead screw was a 20 turns per 

inch precision ground thread. 	Thus, 1200 revolutions of the 

drive shaft produced one inch of cross-head movement. 	A final 

strain rate of about 0.01% per hour for a 5 cm. gauge length 

was desired, so further considerable reduction from normal 

motor speeds was necessary. 	To achieve this, three 50:1 

"Holroyd" worm reduction units were coupled in series between 

the motor and the tensometer drive shaft. With this drive 

system, the desired strain rate would be obtained with a motor 

speed of 500 R.P.M. 	However, in order to enable the 

tensometer to be used over a range of strain rates, a variable 

speed motor was considered preferable. 	It was, nevertheless, 

appreciated that such a motor would have to maintain the selected 
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speed for periods of several months at a time in the tests 

contemplated. This requirement was met by the "Mecontrol" 

system, developed by the Medical Engineering Company. 

In this system, half-wave rectified A.C. is fed to a D.C. 

motor. 	The voltage across the armature, being a function 

of motor speed, is balanced against a standard voltage 

and the difference between the two is used to control the 

thyratron, which rectifies and controls the current supplied 

to the motor. 	It was found that, with this servo-system, 

a speed stability of + 2' was obtained over long peripds. 

The useful speed range, with the motor supplied, was from 

250 to 2500 R.P.M. approximately. 

The value of the creep stress was determined 

from the deflection of a calibrated beam. 	An optical 

lever system, Fig. 5(iii), was used to measure this deflection. 

Calibration of the beam presented some dli.fficulties. 	This 

could not be carried out by dead loading the beam directly, 

as the dimensions of the tensometer frame severely limited the 

space in which calibration weights could be hung. 	It was, 

therefore, found necessary to calibrate separately by dead- 
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loading methods a spring of suitable dimensions and modulus. 

The spring extension was measured by a cathetometer. 	The 

calibrated spring, in place of a specimen was then afixed to 

the tensometer. 	By extending the spring a known amount in 

the tensometer, the deflection of the light spot on the scale 

was related to load. The calibration thus obtained is shown in 

Fig. 5(iv). 

In order to carry out tests at temperatures 

greater than ambient, a furnace was constructed. 	Intergranular 

cavitation has been observed to occur in other metals over only 

a limited temperature range. 	The corresponding range in zinc 

would probably have about 200°C as its upper limit. The 

furnace had, therefore, to be designed to operate for long 

periods at temperatures un to and somewhat beyond 200°C. 	It 

appeared unlikely, however, that temperatures in excess of 

300°C would be required. 	This being the case, it was possible 

to design the furnace for use with a controlled atmosphere, if 

necessary, and also with facilities for the observation of the 

specimen under test. 	Fig. 5(v) shows the design adopted. 

Nichrome resistance wire was wound on a transparent (Pyrex) 

tube, the turns being widely spaced (4 mm. approximately). 

The winding was provided with tappings near each end to permit 

the adjustment of the thermal gradients by the use of 

resistance shunts. 	The pyrex tube was placed over a brass 
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tuhe in which a slot had been milled. 	The dimensions of the 

slot were such that the gauge length of the specimen under test 

would be visible through it. 	The ends of the brass tube were 

threaded to take end caps, the joint being sealed with silicone 

rubber gaskets. 	Through "0" ring seals in the end caps, the 

specimen grips would pass. 	Surrounding the heating element an 

aluminium cover with Sindanyo ends was placed. Except for an 

observation well in the cover, which was aligned with the slot 

in the brass tube, the space between the furnaco tube and the 

aluminium cover was filled with asbestos wool. Temperature 

control was provided by a 0-250°C range Kelvin and Hughes 

photo—transistor operated proportional controller, arranged in 

a "high—low" circuit. With this apparatus, short term 

temperature fluctuations were reduced to a small fraction of a 

degree and drift over several months did not exceed + 2 C.degrees. 

As has been mentioned, earlier tests had shown 

that considerable deformation had occurred in parts of specimens 

outside the gauge length. 	In wtrticular, the regions around the 

holes in the specimens were considerably deformed. 	In the 

light of this experience, the grips for use at the lowest strain 

rate were made to a modified design. 	As may be seen in Fig.5 (vi), 

supports for the specimen shoulders were incorporated, as well 

as serrated pressure grips. This design has proved extremely 

successful in limiting most of the creep deformation to the 
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gauge length. 	In addition, holes were drilled in the grips 

to take thermocouples. 	The material used for the grips was 

EN 24 steel. 

5.3. Test Procedure. 

Prior to testing, each polycrystalline specimen was 

given a light chemical polish in 75% nitric acid, after which it was 

carefully washed and dried. 	Gauge marks were then scribed about 

5 cm. apart on one face of the specimen, the gauge length was 

measured with a travelling microscope and the cross—section 

dimensions were measured with a micrometer. 	The specimen was then 

secured in the appropriate clamps. 

For the room temperature tests, the specimen and 

clamp assembly were inserted into whichever testing machine was to 

be employed and straining was commenced. For the tests conducted 

at temperatures higher than room temperature, the specimen had 

first to be heated to and equilibrated at the appropriate temperature. 

The furnace provided for use with the Hounsfield 

machine had no means by which thermal gradients could be adjusted. 

Therefore, it was sufficient to use a single thermocouple, as the 

temperature control element. 	This was efixed centrally to the 

specimen. 	The slow creep—rate tensometer, was equipped with a 

tapped furnace, which enabled the thermal gradients along the 

specimen to be controlled. 	The procedure adopted was as follows:— 
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Prior to test a dummy specimen, drilled with holes 

in its gauge length to take thermocouples, was assembled inside the 

furnace, positioned on the tensometer frame. By adjustment of the 

furnace shunts, the temperature difference betweon 

(a) the gauge marks 

(b) the centre of the gauge length and each 

gauge mark was arranged to be not greater than 0.5 C. degrees at the 

test temperature. When these conditions were satisfactorily achieved, 

the dummy was replaced by the test specimen, which was positioned in 

the furnace so that the complete gauge length was visible through the 

observation port. 	Two couples, one in each grip, were located within 

a millimetre of the gauge marks. After the specimen had equilibriated 

at test temperature, the temperature at each end of the gauge length 

was checked and the drive motor started. 	During the test, one couple 

was used as the temperature control element, whilst the other, by 

providing temperature values for the other end of the gauge length, 

enabled checks on the thermal gradients along the specimen to be made 

at intervals throughout the test. 	In practice, it was found that, 

despite the progressive elongation of the specimen and its consequent 

movement relative to the furnace, the temperature difference between 

the couples did not exceedll C.degrees. 

As a general rule, tests carried out at all strain rates 

were continued to failure of the specimen. 	The Hounsfield apparatus 
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provided test data in a rather different way from the slow creep 

tensometer. 	As is normal in the Hounsfield testing method, an 

autographic record, relating the load instantaneously with crosshead 

movement is obtained. 	In the other case, however, load measurements 

were obtained from the beam deflection, magnified by the optical 

lever system. 	In addition, the true elongation of the specimen was 

directly measureable with the aid of a cathetometer at any time 

during the test, as the complete gauge length was visible through 

the furnace observation port. 	In these tests, therefore, conven— 

tional stress versus elongation data could be obtained. 	The 

observation port also proved useful, in that changes in the surface 

of the specimen could be observed throughout the test. 

After failure had occurred, measurement of the final gauge 

mark separation was carried out with a travelling microscope, thus 

enabling the creep ductility to be calculated. 	The fracture surfaces 

and a longitudinal section about 2.5 cm. long and 0.5 cm. wide were 

removed with a jewellers saw from the gauge length for microscopic 

examination. Because of the gross surface irregularities generated 

during test, direct examination of the specimen rarely,if everrevealed 

cavitation unambiguously. 	The longitudinal section had, therefore, 

to be prepared. 	Initially, wet abrasion on silicon carbide papers 

down to "600" grade was carried out, followed by wheel polishing 

with 1/Ai diamond paste. 	The abrasive polishing was completed by 

1/ 
hand with 4 ,diamond on Selvyt cloth. At this stage microscopic 
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examination for cavities was carried out. 	Where cavitation had 

occurred extensively, holes wore observed at this stage. 	But, 

because a "flowed" layer tends, in soft metals particularly, to be 

produced during mechanical polishing processes, it was believed 

that small cavities could have been obscured. 	Chemical polishing 

was, therefore carried out. 	De Carlots reagent (73)  (one part conc. 

HNO
3 
+ one part 100 volume H

2
0
2 

+ one part ethyl alcohol) was used 

and often successfully produced an excellent surfaoo. However, on 

some occasions extensive pitting resulted. 	Attempts made to 

correlate this pitting with composition of the polish, failed. 

Therefore, because of the danger that pitting might be mistaken for 

cavities produced during the creep test, the use of this reagent was 

discontinued. 	Instead, another polish of composition: 160g.chromic 

acid + 20g. hydrated sodium sulphate, dissolved in 500 mL water, 

was tried. 	This acted much more slowly than De Carlots polish and, 

furthermore, tended to produce severe staining. Finally, a solution 

containinc!, one part nitric acid with one part water was used for the 

rapid removal of scratches and twins produced by the mechanical 

polishing, the chromic acid polish then being used to produce the 

final finish. 	The specimen, thus prepared, was subjected to careful 

microscopic examination for evidence of cavitation any)_ any other 

structural changes. 



-78- 

5.4. Programme of Tests. 

Previous investigations have indicated that, in a 

number of metals, the phenomenon of cavitation was observed over 

only a limited temperature range. 	Also, it had been reported 

that cavitation was most marked at the slowest strain rates. The 

first zinc specimen, designated specimen "Z", was tested under 

conditions. considered most likely to produce cavitation. 	The 

strain rate was the slowest initially available, namely 0.17% per 

hour, and the temperature chosen was 150°C or 0.61 absolute melting 

point. At the time when the test was performed, experiments to 

develop a satisfactory technique of specimen production were not 

complete. 	Consequently, the method of preparation of specimen 

"Z" differed in detail from that employed for the other polycrystalline 

specimens. 	In addition, it was not possible at that early stage for 

the rolling operation to be carried out by the author personally. 

Nevertheless, after the specimen had been annealed in argon for 

eighteen hours at 280°C, the average grain size and the macroscopic 

appearance of the grain structure was typical of all the specimens 

used in these tests. 	In one further respect, the initial test 

differed from those subsequently carried out. 	During this test, 

straining was interrupted at intervals, whilst the specimen was 

cooled and examined. This procedure was not, however, perpetuated 

in the later tests, in all of which straining proceeded without any 

interruption for specimen examination. 
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The testing of specimen Z was followed by a programme 

of tests designed to cover wholly or in part the temperature range 

23°C to 200°C (0.43 to 0.68 of the absolute melting point) at each 

of the available strain rates, thus:— 

Series A 
	— Nominal Strain Rate a 1.3% per hour. 

Specimens were tested at 23
o
, 60

o
, 100

o 
150

o
l and 200°C. 

Series B 
	

- Nominal Strain Rate : 0.17% per hour. 

Specimens were tested at 23°, 60°, 100
o 

150
o
,and 200°C. 

Series C 	— Nominal Strain Rate : 0.01% per hour. 

Specimens were tested at 23
o 

60
o,and 100oC. 

In addition, Specimen D was tested on the Hounsfield 

instrument, operated by hand at a strain rate of about 400c/. per hour. 

5.5. Results. 

5.5.1. Creep Data. 

'The principal creep data as determined from the 

polycrystalline tests is summarised in TABLE 1. 	In addition, 

the variation of ductility with temperature at nominal strain 

rates of 1.3, 0.17 and 0.01% per hour is shown in Fig. 5(vii). 

It is interesting to note that, for the two faster strain rates, 

a distinct minimum in the ductility : temperature relation is 

evident. Furthermore;  the 0.17% per hour curve would seem 



TABLE 1. 

Results of Tests carried out on Polycrystalline Zinc  

Specimen Nominal 
Strain 
Rate %/Hr 

Temperature 
C 

Maximum! Ductility 
Stress 
kg/mm2 

Time to 
Fracture 
Hrs. 

Average 	Remarks 
Strain 
Rate %p.hr. 

Al 1.3 23 5.0 	20 27 0.74 	Cleavage fracture. 

A2 1.3 60 2 3.8 	30 31.5 0.95 
A3 1.3 100 3.3 	25 27 0.93 
A4 1.3 150 1.9 28 29 0.96 	Note the similarity of beha- 

viour of these two specimens. 
A5 	1.3 150 2.1 27 28.5 0.95 

A6 	1.3 200 1.2 38 36.5 1.04 

Bl 	0.17 23 4.2 31.5 275 0.107 

B2 	0.17 60 3.5 29 285 0.102 

B3 	0.17 100 2.7 22 203 0.108 

B4 	0.17 150 1.7 28 226 0.124 

B5 	0.17 200 0.98 Elongation 41% 0.122 Test discontinued after 
after 336 336 Hrs. 

B6 	0.17 200 0.94 Elongation 22% 0.119 Test discontinued after 
after 185 185 Hrs. 

Cl 	0.01 23 	= 3.25 22.5 	2770 .0081 

C2 	0.01 60 	2.05 27.3 	i3160 .0086 

C3 	0.01 100 	1.30 34.3 	i3696 .0093 

D 	400 23 5 Cleavage fracture. 

Z 	0.17 150 1.7 	13 

Grain Size for all specimens:- 1 - 2 mm. 
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to show a more pronounced dip than that for the 1.3% per hour 

tests. From the data obtained up to the present, it is not 

possible to show conclusively the same characteristic for the 

tests conducted at 0.01% per hour. 	These tests do, however, 

demonstrate that ductility increases progressively with 

temperature from 23°C to 100°C. 	In seeking an explanation of 

the effect of strain rate on the relationship between ductility 

and temperature, it is, perhaps, relevant that Greenwood and 

his co—workers found that reduction of strain rate resulted 

in the ductility : temperature curve for magnesium being 

displaced towards the lower temperature region. 	If, as appears 

probable, a similar effect occurs in zinc, the progressive in—

crease of ductility which is observed to occur from 23°C to 100°C 

in tests conducted at 0.01% per hour, may correspond to the 

ductility increases, which at strain rates of 0.17% and 1.3% per 

hour, occur above about 100
o
C and 120

o
C respectively. 

!ale behaviour of specimen Z, tested at 0.17% per 

hour also requires comment. Whilst the maximum stress agreed 

well with that of another specimen subsequently tested at the 

same strain rate and temperature, the ductility was very much 

lower. Attention should be drawn to the fact, previously 

mentioned, that the method of testing used for specimen Z 

differed from that employed for all the other specimens. 

In addition, there existed small but significant metallographic 
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differences between specimen Z and the other specimens, which 

can account for its anomalous creep ductility. 	The descriptiOn 

of the metallography, is, however, reserved for subsequent 

paragraphs. 

5.5.2. Accuracy. 

As has already been stated, temperature control 

for the series A and B tests was not better than + 5 C. degrees 

over this range of temperature fluctuation, a corresponding 

variation in the flow stress of about + 0.1 kg/mm2 may be 

expected. The total error in the value of stress will also 

be influenced by:— 

(a) Inaccuracies in the observed value of load attributable 

to zero errors and calibration errors in the Hounsfield load 

measuring system. 

(b) Errors in the measurement of specimen dimensions. 

(c) Variations in load caused by strain—rate fluctuations. 

These errors are not likely to amount in total 

to more than a fraction of the error caused through temperature 

fluctuations. 

In the case of the series C tests, temperature 

control was more efficient and, even over the long periods 

which each of these tests required, stability within + 2 C. degrees 
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was achieved. This gives rise to a corresponding variation 

in flow stress of about + 0.05 kg/mm2. With the series C 

tests, as in the case of series A and series B, errors in the 

measurements of specimen dimensions and those due to fluctuations 

of strain rate are again likely to be negligible. However, the 

difference between the zero load scale readings taken before and 

after each long term tests indicates that the resulting possible 

error inthe measured value of the stress might be about the same 

magnitude as that arising from temperature fluctuations. 

Consequently, it is considered that the measured value of 

,rirximum stress represents the true value at the chosen control 

temperature to within + 0.1 kg/mm2. 

In assessing the accuracy of the ductility values, 

measuring instrument errors are not likely to play an 

important part. Except in the cases of those specimens which 

fractured by cleavage, the fracture surfaces could not be placed 

in contact over their total area. 	In many cases, indeed, the 

matching was very bad. 	For this reason, it is estimated that 

the gauge length values obtained after fracture were correct 

only to within + 0.5 mm.,which is equivalent to + 1% in ductility 

values. 

The values of average strain rate, shown in 

TABLE 1, will from the same source acquire an error of about one 

part in 25. 	For series B and series C specimens, this is 
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likely to be the major error in this quantity. However, the 

series A tests were of much shorter duration and, because 

failure in one or two experiments occurred during the night, 

the time to fracture was obtained in these cases by careful 

extrapolation methods, which could contribute an additional 

uncertainty of + 1 hour, or + 3%. The maximum uncertainty in 

the average strain rate values calculated for series A specimens 

is, therefore, likely to be 	7%. 

The actual values of strain rate at any instant 

in the test will be dependent upon the rate at which the load 

measuring beam is deflecting. The beam deflection, 8, is 
do 	dL 

proportional to the load, L, and, hence, dt a  dt. 	If other 

losses, such as thoso arising from the bedding-in of the grips, 

are neglected, the instantaneous strain rate 

do 
nominal strain rate - A H.) dt 

nominal strain rate - B 

where A and B are constants. Therefore, at 
dL 

the beginning and end of a test when dt is large, the 

instantaneous strain rate can be markedly different from the 

value averaged over the whole duration of the test. In the 

case of the Hounsfield tensometer, the full-scale load of any beam 

corresponds to a deflection of about 1.25 mm. For a typical 

Lest, the maximum load would be about two-thirds of the full- 

scale value and the corresponding beam deflection would be 0.85 mm., 
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which is equivalent to 1.7% of the gauge length. The beam 

deflection in the series C tests was similar — for example, the 

deflection at maximum load in test C2 was 0.6 mm., or 1.2% of the 

gauge length. 	The importance of appreciating the effects of 

beam deflection is indicated by the behaviour of specimen Al, 

which showed an abnormally low average strain rate. In con—

trast with the behaviour of most specimens, for which the load 

decreased progressively prior to complete fracture, specimen 

Al fractured suddenly by cleavage at a high value of stress. 

Consequently, for this specimen, the period of rapid extension 

at the end of the test was absent. 	This tended to contibute 

to its unusually low average strain rate of 0.74% per hour, 

compared with over 0.9% per hour for the other series A 

specimens. 	If, for the purposes of comparison, an extension 

of 1.7%, corresponding to the beam deflection, be added to the 

ductility of specimen Al, a new average strain rate of 0.80% 

per hour is obtained. Even this value is significantly 

below those cf other specimens in the same series. 	In 

addition, however, an allowance should be made for the fact 

that cleavage fracture surfaces can be matched very nearly 

exactly and, therefore, the measured ductility on such a 

specimen will tend to be less than that of a similar specimen 

with a badly matching fracture. 

Another factor capable of affecting instantaneous 
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strain rate values is the extension of the lead screw under 

load. 	If Young's modulus is taken as 30 x 10
6 

lb./in.
2
, the 

extension of 20 cm. of lead screw on a Hounsfield tensometer 

loaded to 400 lb amounts to about 10
2 
 mm. For the slow strain 

rate machine, the lead screw, whose length is estimated as 15 cm. 

extends a similar distance under the same load. 	In comparison 

with the deflections of the lead measuring beams, these 

extensions are insignificant. 

5.5.3. Reproducibility and Significance. 

In interpreting the results of these creep tests 

and, in particular, the ductility data, it is necessary to bear 

in mind the relatively small number of tests that have so far 

been carried out. 	Consequently, caution must be exercised in 

attributing significance to curves drawn through so few points. 

It is, therefore, re-assuring to find that, in the few instances 

where a check on reproducibility is available, the values for 

the various creep parameters agree well. 	Specimens A4 and A5 

illustrate this. 	These two specimens were taken from two 

different production batches, yet all the parameters, maximum 

stress, ductility, time to fracture, and average strain rate, 

agree within the limits of experimental uncertainty. 	Specimens 

B5 and B6, too, behaved very similarly, although neither of 

these specimens was tested to fracture. 	Perhaps even more 
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important than these adnittedlyfew checks on reproducibility 

is the fact that the results, when considered with the 

metallographic data, do fit into a consistent explicable 

pattern. 

5.5.4. Metallography. 

The primary purpose of examining a section 

prepared from the gauge length of a tested specimen was to 

determine the extent, if any, to which cavitation had occurred. 

Examination cf the fracture faces was also carried out. 

Specimens tested at 1.3% per hour, in general, 

displayed little evidence of grain boundary cavitation. 

Indeed, specimen Al, tested at room temperature, fractured 

suddenly by cleavage, which can account for its relatively 

low ductility. 	A few isolated holes associated with grain 

boundaries were observed in specimen A4 (15030, but these 

were so few in number that very little effect on ductility 

could results from their presence. 	The specimen A6, tested 

0 
at 200 C, proved to be particularly interesting. 	Diamond 

polishing of this specimen revealed the presence of fairly 

extensive cavitation which apparently was associated with grain 

boundaries as the holes tended to delineate a grain—like 

structure. The problem of reconciling appreciable grain 

boundary cavitation with a relatively high ductility was, 
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however, resolved by etching. 	The actual grain structure 

was seen to be quite different from the cavity delineated 

structure. 	This suggests, as is very likely, that extensive 

recrystallisation had occurred, thus producing a new structure, 

the grain boundaries of which were mainly free from voids. 

The grain size varied appreciably from grain to grain, which is 

also indicative in zinc of a recrystallised structure. 	It 

thus appears that at high temperatures, recrystallisation can 

prevent premature failure by cavitation from cylcurring. 

Of the specimens tested at 0.17% per hour, Bl 

and B2, tested at 23°C and 60°C respectively showed no evidence 

of cavitation. 	B3 (100°C) was seen to contain a small number' 

of cavities, mainly at grain corners. 	Rather more, but 

still not extensive, cavitation was found in the specimen 

tested at 150°C. 	A few isolated holes were observed in 

specimen B6 (200°C). 	Thus, it would appear that the forma— 

tion of cavities could be associated in the series B tests 

with the minimum in the ductility temperature curve. 	In 

comparison with specimen B4, specimen Z, tested at 150°C and 

with a strain rate of 0.17% per hour, showed more extensive 

cavitation. 	This specimen was used for the initial test and 

was found to have a ductility of only 13% . Microscopic 

examination revealed the presence of numerous particles a 

few microns in size and it is possible that these, when present 
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eq-mmN 
in the • 	boundaries, acted as void nuclei, thus leading to 

premature failure. Fig. 5(viii) is a micrograph of a section 

taken from thi specimen after fracture. 

At the lowest strain rate, cavitation has been 

unambiguously identified in all the specimens tested. 	In the 

case of C2 (tested at 60°C) and C3 (tested at 100°C), it was 

found to be particularly pronounced. Fig. 5(ix) shows a diamond 

polished section taken from the gauge length of specimen C2. 

Grain boundaries are clearly delineated by the lines of voids. 

Cavities are also clearly visible around the grains in Fig. 5(x), 

a macrograph of the fracture surfaces and adjacent regions taken 

from the same specimen. 	Specimen C3, tested at 100°C, behaved 

somewhat similarly to A6. 	Considerable numbers of large cavities 

were observed on diamond polishing the gauge length section. 

These cavities were sometimes as large as 0.1 mm., but they 

remained isolated, probably because of recrystallisation, evidence 

of which was observed throughout the section. 	The cavities were, 

in some cases, considerably larger than the recrystallised grain 

structure. 	This specimen, therefore, provides further evidence 

that recrystallisation may prevent premature failure which 

frequently follows the growth of cavitationj. 

Structuralfeatures, other than cavity formation, 

were revealed by metallographic examination. Fracture at room 

temperature at tensile testing strain rates is by cleavage. 
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Cleavage fracture, after 20% specimen alongation, also cccurred 

in specimen Al. 	Isolated cleavage cracks were seen elsewhere 

in this specimen after failure. 	Specimen Bl, tested at 0.17% 

per hour showed very little evidence of cleavage and Cl tested at 

the slowest strain rate appeared totally free. With the exception 

of cleavage failure, fracturo in the other specimens was usually 

accompanied by intense local deformation. 	Increase in temper— 

ature and decrease in strain rate both tended to make the 

fracture more clearly intercrystalline. 	Even so, no specimen 

failed in a totally intercrystalline manner, or without extensive 

deformation of the grains adjacent to the fracture surface. 

Twins were observed in most specimens tested at 

1.3% per hour. 	Fig. 5(xi) shows extensive twinning in specimen 

Al, tested at 23°C. 	With a strain rate of 0.17% per hour also, 

extensive twinning was observed at room temperature, but it 

became much loss prevalent at high temperatures. 	For instance, 

the specimen tested at 200°C was free from deformation twins. 

Specimen Cl showed the presence of some twins, but none were 

observed in specimen C2. 	The observations of twinning in 

polycrystalline zinc indicate that its occurrence is correlated 

with the flow stress, since both the extent of twinning and the 

magnitude :sf• the maximum stress vary directly with strain rate 

and invereely with temperature. 

Recrystallisation has already been referred to 
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in connection with void formation in specimens A6 and 

Evidence of recrystallisation at some stage in its develop— 

ment, was, however, observed in mast epecimens. 	Even at room 

temperatures in specimens tested at 1.3% and 0.17% per hour, 

agglomerations of small, new crystals — sometimes referred to as 

crystallites — were observed in the grain boundaries. 	Fig. 5(xi) 

is a polarised light micrograph of specimen Al which clearly 

shows the presence of those crystallites. 	In specimen Cl, 

also tested at room temperature, but with the slowest rate of 

strain, no crystallites were observed, but oven hero grain 

boundary irregularities, or raggedness, had developed. 	This 

irregularity in the grain boundary has, by subsequent work on 

bicrystals, been identified with the formation of a sub—grain 

structure, which proceeds recrystallisation, or may represent 

the initial stages of the process. 	Examination of the other 

specimens has shown that the higher the temperature and the more 

rapid the strain rate, the more advanced was the recrystallisation. 

Specimens tested at 60°C and 100°C showed the presence of 

fewer and larger crystallites than the corresponding specimens 

tested at room temperature. 	It would thus appear that 

recrystallisation proceeds by the preferential growth of some 

nuclei at the expense of others. 	Specimens tested at 150°C at 

1.3% and 0.17% per hour had a completely recrystallised 

structure. Furthermore, new crystallites were observed in 
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the :rain boundaries, thus indicating a repetition of the 

recrystallisation process. 	The grain size of these specimens 

was more varied than initially, which possibly shows that 

abnormal grain growth, or secondary recrystallisation was 

taking place. 	The rapid increase in ductility above 150°C 

is probably associated with the ease ;;ith which recrystallisation 

and other stress relaxing phenomena can occur at these tempera—

tures, thus preventing the building—up of stress concentrations 

which may initiate fracture processes.. 
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SECTION 6. BICRYSTAL EXPERIMENTS. 

6.1. Introduction. 

At the time when the work described in this thesis 

commenced, Greenwood (49) and others (57) had shown that intergranular 

cavitation occurred under conditions which also gave rise to appreciable 

grain boundary sliding. 	In an attempt to explain these results, 

Gifkins X61) hadsuggested a mechanism whereby the interaction of 

crystal slip with the boundary could produce therein an irregularity 

or "jog", which would constitute a cavity nucleus. 	It was postulated 

that boundary displacement could then cause such a nucleus to open up 

to form a visible cavity. 	Some of the difficulties that this hypothe—

sis presented have already been discussed. Hence, in order to obtain 

further information about the relevance of crystal boundary sliding to 

cavity nucleation and growth, a series of tests using bicrystals was 

decided upon. These tests were designed to provide information about 

boundary sliding and related processes over a wide range ef tempera—

ture and stress. Furthermore, by careful observation of the specimens 

during and after test, it was planned to obtain information about the 

structure changes occurring at the boundary and the surrounding regions. 

The results of these studies, it was hoped, might indicate the way in 

which crystal slip and grain boundary sliding are inter—related and 

give some insight into the mechanisms by which cavities are produced. 

6.2. Apparatus.  

In order to carry out bicrystal tests of the kind 
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indicated, it was necessary to produce an apparatus which could be 

used over a temperature range of about 23o  to 350
o
C and in which the 

bicrystal specimen could be subjected to a stress of known magnitude 

and direction. 	It was also desireable to be able, throughbut the 

test, to observe the grain boundary at medium to high magnification. 

Furthermore, in order that controlled atmosphere tests could be 

conducted should the need arise, the specimen chamber would have 

to be efficiently sealed off from the air. 

To satisfy these requirements simultaneously, called 

for careful design. 	In arriving at the final design, shown in 

Fig. 6(1), particular attention was given to the following considera-

tions:- 

Method of Stressing. 

In previous work on bicrystals, by Puttick and King(19) 

among others, specimens had been tested under constant stress. 

In order that the results obtained in this investigation should 

be directly comparable with those of other workers, it was 

decided to carry out these experiments also under constant 

stress, rather than constant strain rate, conditions. 

Therefore, in order that the stress on the specimen should 

remain sensibly constant throughout the test, it was necessary 

to reduce to a minimum the frictional losses in the loading 

system. At the same time, the necessity of maintaining the 

specimen enclosure gastight, made the use of close-fitting, 
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high-friction seals inevitable. 	Consequently, the loading 

device had to be designed to fit inside the gastight part of 

the apparatus. The design adopted is shown diagramatically 

in Fig. 6(ii). The load is applied by tightening the thumbnut 

and thus extending the calibrated spring. 	It is clear that, 

although the spring extension is controlled from outside the 

gas-tight enclosure, the magnitude of the load is at any 

instant measured by the extension of the spring and is in no 

way affected by the friction at the "0" ring seal. Under test 

conditions, the spring extension was measured by reading the 

indicator grid, Fig. 6(iii), through an observation port fitted 

in the loading arm enclosure. 	Spring calibration was carried 

out by dead loading. A number of springs of different moduli 

were calibrated, thus providing the following load ranges:- 

O - 2.5 kg. 

O - 11 kg. 

O - 16 kg. 

The load arm enclosure was designed to enable the loading 

assembly to be quickly removed and replaced. 	Consequently, 

the load range could be changed in a matter of minutes by the 

simple operation of interchanging springs. Earlier investiga-

tions (13'14)  had shown that some grain boundary sliding 

properties are sensitive to the direction of the applied shear 

stress. Furthermore, if grain boundary cavities were, in 
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fact, produced in the manner suggested by Gifkins, the 

opening up of a grain boundary jog to form a cavity would 

depend upon the sense in which the shear couple was applied. 

From these considerations it was clear that the apparatus 

should be constructed to enable the shear couple to be 

imposed in either clockwise or anti—clockwise sense. 	In 

order to provide this facility, two load arm assemblies 

were incorporated in the design, one being situated exactly 

opposite the other. 	One other feature of the loading arm is 

worthy of mention. Each arm was designed to be readily 

removeable from the main apparatus. Thus, by the relatively 

simple process of replacing the existing arms by others of 

different design, experiments could be carried out under 

different stressing conditions — e.g. constant strain rate or 

fatigue tests. 

(ii) 	Furnace Design. 

The requirement that the specimen should be visible 

throughout the test necessitated the provision of an observation 

port usable up to temperatures of 350°C. 	In order to be able 

to observe the grain boundary under tha required magnification 

of 150X, the specimen had to be positioned in the furnace 

below and close to the observation port. 	In an electric 

resistance furnace of conventional design, large thermal 

gradients would exist in such a location. 	It was, therefore, 
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decided. to use a forced convection system, so that the furnace 

enclosure would,to a fair approximation,be at uniform tempera— 

ture. 	Fig. 6(iv) shows details of the method adopted. 	The 

main body of the apparatus, onto which the loading arms were 

Attached, was cast from bronze. 	The furnace tithe of mullite with 

an aluminium liner was located inside the main body, concentric 

with it. 	Inside the furnace tube was mounted the furnace 

elements. 	These consisted of two cylindrical, silica tubes, 

one inside the other. 	On each of these was wourd, in a coarse 

helix, a coiled Nichrome resistance winding. Below the 

furnace elements a motor driven fan and an aluminium gas doflector 

were situated. 	During a test, gas was drawn from the top of 

the furnace down the centre tube and thtts passed over the 

inner furnace winding. 	On reaching the bottom, the gas was 

deflected round and then upwards past the outer furnace 

winding to return again to the top of the furnace. Power was 

supplied from a variac to the two furnace windings. 	The 

distribution of the power between the inner and outer windings 

was controlled by adjusting the shunt rheostat connected across 

each. 	Electical connections between the gastight enclosure 

and the outside of the apparatus for power supplies and thermo—

couples wore made through metal to glass seals, soldered into 

the bottom of the main body of the apparatus. 	In order to 

facilitate maintenance and replacements, the heating element 
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assembly and convection fan were constructed as a single unit. 

To enable repairs to be carried out, therefore, the complete 

circulation furnace unit could readily be withdrawn through 

the bottom of the main apparatus. 	A gas inlet was provided 

in the furnace wall and an outlet in the main body casing. 

(iii) 	Observation of the Specimen. 

The working distance of a typical 15X refracting 

objective is about 2 to 3 mm., which is much too small to 

enable such a lens to be used for the observation of a 

specimen inside a furnace enclosure. 	If a lens of this 

magnification is desireable, one solution is to employ a 

reflecting objective. 	A 15X lens of this type has a 

working distance of 25 mm. With this separation between lens 

and specimen it was possible to provide, in the removeable fur—

nace lid, an observation port composed of two transparent 

silica windows, separated by a gap of several millimetres. 

In practice, the long working distance and the provision of a 

double window observation port made special cooling of lens 

unnecessary, even at the highest test temperatures. 	The 

reflecting objective was mounted in place of the usual 

objective in a Cambridge travelling microscope. 	This was 

positioned rigidly in a substantial frame which also 

supported the main apparatus. The support was designed to 

permit the main apparatus to bo rotated to a limited extent 
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about a vertical axis. 	This enabled the grain boundary trace 

of a specimen under test, as observed through the microscope, 

to be aligned parallel to the travelling microscope traverse 

direction. 	In addition, the supporting framework was desig—

ned to carry a "Shackman" recording camera for use in 

conjunction with the travelling microscope. 	Lack of time 

prevented the use of this facility in the experiments reported 

in this thesis. 	This facility can be used for obtaining 

photomicrographs of a specimen under test conditions. 	Specimen 

illumination was provided by an "Anglepoise" lamp. 	This proved 

generally satisfactory and, in particular, the ease with which 

the angle of illumination could be adjusted enabled a thorough 

examination of the specimen surface to be made very rapidly. 

(iv) 	Cooling and Insulation.  

The centrally mounted furnace tube occupied a relatively 

small volume of the main enclosure. The surrounding gas thus 

acted as an insulating layer. 	The furnace lid, machined 

from a bronze casting, was insulated on the inner side with a 

shaped Sindanyo layer. When the furnace lid was secured in 

position, the top of the furnace tube fitted into a recess 

machined in the Sindanyo insulating sheet, thus providing a 

reasonably good seal between the furnace tube and the main 

enclosure. 	The loading arms were positioned at some distance 
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from the high temperature region of the apparatus and little 

heat was consequently conducted to them. 	In addition, a 

water cooling system was provided. 	Copper tubes through 

which the cooling water circulated were provided:— 

(a) on the fan motor mounting flange, as close as 

possible to the silicone rubber "0" ring seal 

through which the motor shaft entered the 

furnace enclosure. 

(b) on the base of the main enclosure, adjacent to 

the me-cal to glass terminal seals. 

(c) around the load arm enclosures at the ends 

nearer to the furnace. 

(d) around the furnace lid. 

(v) 	Specimen Grips. 

Most of the tests were carried out in pure shear. The 

shear grips used are shown in Fig. 6(v). 	Their size can be 

gauged from comparison with the scale in the photograph. One 

grip was secured rigidly to the main apparatus by stainless 

steel rods whilst the other grip was similarly connected to 

the two loading devices. By tensioning the appropriate spring 

it was possible to apply a shear couple, clockwise er anti— 

clockwise, to a specimen held in the grips. 	The material 

used for the grips was stainless steel and the two main 
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sections of each grip were milled from the solid. Each grip 

was fitted with three adjusting screws. 	In addition, one 	hole 

in each grip was provided to take a thermocouple. 	In one 

grip the hole was drilled so that the couple would be positioned 

within a fraction of a millimetre of the grain boundary under 

test. 	This chromel—alumel couple was used as the control 

element in conjunction with a Kelvin and Hughes photo—transistor 

proportionating temperature controller. 	The thermocouple 

positioned in the other grip was located on the opposite side 

of the specimen and relatively remote from the grain boundary — 

that is, some 4 mm. away. The output from this couple was 

normally fed into a Honeywell strip chart recorder. However, 

by the use of Pye precision switches, either couple could be 

connected to a check potentiometer. 

In addition to tests carried out in shear, two 

experiments were performed in which a tensile component was 

applied perpendicular to the grain boundary plane. For these 

tests, the bicrystal specimen was soft soldered into socket 

grips machined from EN19 steel. For temperature control and 

checking, a thermocouple vas located in each grip close to the 

specimen. 

6.3. Choice of Bicrystal Orientations. 

The general method cf growing bicrystals has been 

described in Section 4. However, in order to produce bicrystals 
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containing a straight, central boundary, it was necessary to satisfy 

certain additional requirements with regard to the orientation of 

the seed crystals. 	Experiments in the growth of bicrystals had 

indicated that macroscopically straight boundaries were most 

frequently obtained when the "c" axes or [0001] directions of the 

component crystals were, to within a few degrees, perpendicular to 

the growth direction. 	In addition, it was found that, in order to 

produce a bicrystal whose boundary plane divided the specimen 

symmetrically in two, the seed crystals had to be positioned such 

that their crystallographic orientations were symmetrically related 

to the macroscopic geometry of the specimen and the thermal growth 

gradients. 	This was achieved by setting the two seed crystals 

initially with the "c" axes approximately normal to the surface of the 

mould and then rotating them about their axes equal amounts in 

opposite senses. 	The boundaries of bicrystals so formed, thus 

bisected the tilt angle, 9, between the (0001) planes in the two 

component crystals. The majority of tests were carried out with 

this type of specimen. 	The tilt angle, 9, chosen was 80°  + 2°. 	The 

crystallographic orientation of the seed crystals was:- 

-A0001 = 88
°  ± 2°,  

A1170 
= 8° 4- 2°, for the <1170> nearest the 

growth direction, 

where 
hkil is the angle between the growth and the 

[hkil] directions. 



-102 — 

A slightly simplified diagram of the crystal geometry of the specimens 

is given in Fig. 6(vi.). 	Pure zinc bicrystals were generally 

employed, but a few tests were carried out on cadmium doped specimens. 

of similar orientation and tilt angle. 	In addition, a small number 

of tests were carried out on pure zinc bicrystals containing random 

grain boundaries. 

6.4. Specimen Preparation. 

The specimens were essentially short lengths of bicrystal, 

as indicated in Fig. 6(vii). 	Typical dimensions are:— 

c, 	about 16 mm. 

a and b, between 2 mm. and 5 mm. 

grain boundary 

C 

F I G. 6(viD 

Specimens with grain boundary areas ( a x b ) from 5 mm.2 to 20 mm.
2 

were employed on various occasions. However, it was found that 

extreme care was necessary to avoid accidental deformation when 

handling the smallest specimens and, for the later tests, specimens 
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with a grain boundary area of about 15 mm.
2 
were used. 

In order to prepare•a specimen, a suitable bi—crystal 

was selected and mounted for cutting in the jig illustrated in Fig. 6 

(viii). 	This was essentially a precision mitre box, with hardened 

guides for a saw—blade. The width of the saw slot was adjustable to 

accommodate different sizes of blades. By means of a jeweller's 

saw used in conjunction with this device, it was possible in about 

five minutes to cut through a section of bicrystal. The sawing 

process caused severo plastic deformation near the saw cuts and 

microscopic examination revealed the presence of recrystallisation 

nuclei and extensive twinning in these regions. Before the bicrystal 

section was ready for testing, therefore, its twinned and deformed 

regions had to be removed. 	This was accomplished by immersing the 

specimen in 75% nitric acid for about a minute. 	At the end of this 

time, the specimen was considerably smaller and extensively pitted. 

At this stage the specimen was abraded on wet silicon carbide papers 

until a good finish was restored. 	This process, naturally, caused 

further deformation to the surface regions of the bicrystal section. 

The deformation was relatively mild, however, and an immersion for a 

few seconds in the nitric acid bath was often sufficient to produce a 

twin—free, chemically polished specimen. 	If examination revealed that 

twins were, nevertheless,still present, further chemical solution, fol— 

lowed by light abrasion and chemical polishing was carried out. 	In 

preparing a specimen by the above method, frequently more than half 
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the original volume was removed. For example, it was found in practice 

that, to produce a specimen with dimension "a!' equal to 4.5 mm., it was 

necessary to start with a biorystal section whose corresponding 

dimension was 7.5 mm. 

Prior to testing, the specimens were sealed in pyrex 

tubes, evacuated to a pressure of about 10-3mm. of mercury. They were 

thon annealed at 3800  + 10°C for sixteen hours. In this wan any 

residual stresses were relaxed and the grain boundary stabilised. 

After being annealed, the specimens were furnace cooled. Fiducial 

marks were then scribed across the grain boundary on one or more of 

the specimen surfaces. This process was carried out by bringing 

the sharpened edge of a razor blade very lightly into contact with 

the specimen. With a little practice, a fine line no more than a 

micron thick could be obtained. The specimens were then ready for 

testing. 

6.5. Test Procedure. 

In order that the load required to produce a particular 

grain boundary stress could be calculated, the boundary dimensions 

were measured with a travelling microscope. If the test were to be 

carried out in tension, the specimen was next soldered into the 

socket grips, then placed in the furnace enclosure and connected to 

the loading springs. For a shear test, however, a different procedure 

was necessary. The adjusting screws on the grips were set for the 



— 105 — 

dimensions of the particular specimen to be tested. In the early 

tests, the setting of the grips was such as to hold the specimen 

gently in contact with the jaws. It became clear, however, after a 

number of tests had been completed, that the operation of tightening 

the specimen in the grips and the subsequent fixing of the specimen 

and grip assembly in testing apparatus was causing appreciable 

deformation to the specimen. In addition, the heating of the 

specimen to test temperature in the apparatus produced further stresses, 

owing to the difference between the thermal expansions of specimen 

and grips. These stresses resulted in migrations and shear displace— 

ments of the grain boundary being seen prior to the application of 

the testing stress. To overcome these effects in subsequent tests, 

the grips were adjusted until the specimen Jelected for test could, 

with the minimum of clearance, be moved freely into and out of the 

grips. Next, the grips were secured in the apparatus, as described 

in a previous paragraph, and only then was the bicrystal specimen 

carefully lowered into position. 

When the specimen had been secured in the testing 

apparatus, the two thermocouples wero located in holes in the grips 

and the enclosure lid was tightened down. The specimen was then 

heated until the approximate temperature of test had been attained. 

The shunts on the inner and outer furnace windings were then 

adjusted to produce the minimum temperature difference between the 

thermocouples. With care this difference could be adjusted to 
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less than one degree at most test temperatures, but at temperatures 

of 300°C and over the lowest obtainable differences between the couples 

was sometimes as much as four degrees. It should be remembered, 

however, that the couples were deliberately positioned to record 

differences in temperature greater than those existing across the 

extremities of the grain boundary. Furthermore, for the tests 

carried out in pure shear, the control couple was positioned very 

close to or actually touching the grain boundary. With the Kelvin 

and Hughes controller, the test temperature, as measured by the 

control thermocouple, was maintained within + 1 C.degree throughout 

the duration of the test. 

When the adjustments to the power supplies had been 

completed and the temperature had stabilised at that chosen for the 

test, the apparatus was aligned so that the grain boundary of the 

specimen lay along the direction of the travelling microscope's 

traverse. The load was then applied and, at intervals, the relative 

displacements of the fiducial marks was measured during the test. 

Provided the fiducial mark was finely and clearly scribed, boundary 

displacements could usually be measured to + 11LA- 	In tests which 

considerable deformation resulted in the fiducial marks becoming bent, 

such accuracy could not, however, be achieved. 

Occasionally during the test a slight adjustment to the 

spring loading thumbnut was necessary in order to maintain the load 

constant. At the end of the test, the load was removed and the furnace 
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gradually allowed to cool. When cold, the specimen was removed from 

the clamps, ready for microscopic examination and, in certain cases, 

subsequent re-testing. 

All bicrystal tests reported in this thesis were 

carried out in air. 	At the temperatures employed, oxidation did not 

impair the accuracy with which the fiducial mark separation was 

measured. 

6.6. Bicrystal Testing. 

The experimental work with bicrystals may be conveniently 

divided into two series of tests. 	The first series constituted a 

general survey of grain boundary sliding in zinc, whilst sorios two 

was designed to investigate more carefully certain effects observed. 

during the course of the initial tests. 

6.6.1. (a) Series One - Test Programme. 

The series one tests comprised thirty-one 

experiments on twenty-eight bicrystal sections. 	Almost all 

the tests were carried out under conditions of pure shear. 	Of 

these, most involved specimens containing a high-angle tilt 

boundary, the crystal geometry of which has already been des-

cribed. A few tests, however, were also carried out on 

specimens containing random boundaries. 

The principal variables in this series of 

experiments were stress and temperature. 	Particular attention 
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was given to investigating the effect on bicrystals of shear 

stresses whose magnitude was similar to the macroscopic 

stresses which, in the polycrystalline tests, had given rise 

to cavitation effects. 	An attempt was also made to determine 

whether the characteristics and extent of boundary sliding was 

dependent upon the slip system geometry of the specimen. 	In 

order to do this, groups of two or more specimens were tested 

at the same temperature and with similar values of boundary 

shear stress, but certain specimens of each group had the stress 

applied in the manner shown in the "Y" position of Fig. 6(ix)a, 

whilst others were stressed as indicated by the "Z" position of 

Fig. 6(ix)1). 	Assuming that a boundary shear stress, CT; 	is 

applied, then if 9 is the tilt angle, as shown in Fig. 6(vi), 

and 	the angle between the operative slip direction and the 

applied stress, the shear component of the applied stress resol—

ved in the slip <1120> direction,Cr, is given by:— 

9, 
cr- 	o—b cos 4) sin /2. 

9  Now, for the specimen tested in the Y position, /2 = 40°  

8°  

Hence, 0 = 0.64 Crib  
9/  

whilst, for the specimen tested in the Z position, /2 = 40° 

= 52°. 



(8)  

(9)  

Specimen 8 retested 
at 100oC. (18)  

(19)  
(20)  

(21)  

(22)  

TABLE 2.  

BICRYSTAL TESTS - SERIES ONE TEST PROGRAMME. 

Material Specimen 
Humber  

Temperature 
C 

Stress kg/mm2 1 
Boundary Shear Component)  

Orientation of Specimen 
Relative to stress direc- 

tion. 
Remarks. 

Zinc 25 

	

0.8 	Y 

	

1.75 
	Y 

	

2.0 
	

Y 

	

3.8 
	

Y 

0.8 

1.25 then 1.4 

2.25 

Z 

Z 

Z 

Zn/0.1%Cd, 	1.5 
1.5 

0.1 
then 1.0 

0.8 

0.8 
2.0 

0.25 then 0.5 

Y 

Zinc 100 
0.5 

Y 

Y 

Y 

Y 

Y 

Z 

Z 

1 
2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16.  

0.8 13'r4 iWa7) Specimen 
ted in Z position: 

Zn/0.1%Cd Y 1.5 

19 Zn/0.1%Cd 200 

20 

0.4 
1.0 

Y 

Y 

18 

1.0 Z 21 

22 

23 
24 

25 

Zinc 
	300 

Zn/0.1%Cd 

Zinc 

Zinc  

0.25 

0.25 
Zero (see "Remarks" 

0.1 	(see "Remarks") 

Y 

Y 
0.2 kg/mm

2applied in 
TENSION 

0.14 kg/mm
2 
 applied in 

TENSION 

(23) 

Boundary plane nor-(24 
mal to tensile stress. 

Boundary plane at (25) 
45 to tensile stress. 

100 

100 Zinc Random Boundary.. 

Stress applied in 

shear. 

0.1 
0.1 

0.1 

26 

27 

28 

29 
30 

31 

0.1 

0.1 

0.1 

Y 

Y 

Y 

100 

0.1 	 Y 

(26)  
(27)  

(28)  

(29) 

22 Specimen retested, 
after removal of 
surface "A". 
	(30) 

30 
Specimen 2Q retested, 
after removal of 
surface "A". 	(31) 

Control specimens (32) 
see results. 

Zinc 

32 	I 	Zinc 	100 

For notes see over. 



TABLE 2 — NOTES  

* 	Figs. 6(ix)a and b define the orientation of the specimen 

relative to the stress direction for positions "Y" and "Z".- 

The stress was applied in shear, parallel to the boundary 

plane, except for specimens 24 and 25. 

N.B. The crystal geometry of all specimens, except those quoted 

as having a "RANDOM BOUNDARY", is shown in Fig. 6(vi). 
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In this case, therefore, or; . 0.04 417-13  and the ratio of cr.: 

for the two specimens, " = 1.6. Hence, if boundary sliding 
Cr- SZ 

were controlled by deformation of the grains, then specimens 

tested in the "Y" position would be expected to behave 

differently from those in the "Z" position. 

In order to investigate the effect of impurity present 

in solid solution, a few specimens were prepared from bicrystals 

doped with 0.1% cadmium. In order that a comparison of behaviour 

under test could readily be made, the crystal geometry of the 

cadmium doped specimens was the same as those produced from pure 

zinc. 

In addition to the tests conducted under pure shear 

conditions, two sections of zinc bicrystal, each containing a high— 

angle tilt boundary, were tested in tension. 	In one specimen the 

boundary plane was initially normal to the applied stress, whilst 

in the other the boundary was at 45°  to the applied stress. 

The test conditions for the specimens comprising the 

SERIES ONE tests are summarised in Table 2. 

6.6.1. (b) Series One — Results. 

The grain boundary displacements which were observed 

in the Series One Tests are summarised in Table 3. The magnitude 

of the boundary displacements should not be considered in 

isolation. During and after these tests, the specimen was 
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examined microscopically and noticeable changes were recorded. 

These observations- have proved valuable in the interpretation 

of the boundary displacement measurements and should, therefore, 

be considered in conjunction with them. Another consideration 

should here be mentioned. 	In section 6.5 it was stated that 

the reproducibility of the results was shown to be appreciably 

affected by accidental deformation of the specimen prior to test 

and also by stresses between specimens and grips generated when 

heating to test temperature. Tests of all specimens subsequent 

to number 21 show an improvement in reproducibility. This 

improvement may be attributed partly to the adoption of techniques 

by which the above mentioned effects were largely avoided. It 

is believed that some of the difficulties of obtaining 

reproducibility in bicrystal tests, reported by other workers, 

may be associated with effects of this kind. The importance of 

avoiding any deformation to the specimen as a result of closely 

fitting grips should be emphasized. 

In the following sections, will be found short notes 

on the more important characteristics of bicrystals, as determined 

from the results of the SERIES ONE TESTS. 

Grain Boundary Displacement Versus time.  

In every specimen for which a measureable boundary 

displacement was observed, there was an overall tendency for the 

rate of displacement to decrease during the coarse of the test, 
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even though shear stress and temperature were maintained 

constant. However, boundary displacement plotted against time 

would seldom, if ever, be a smooth curve, for superimposed 

upon a general tendency for displacement velocity to decrease 

with time, short term fluctuations in velocity were observed. 

In addition, an induction period was observed in a few tests. 

This phenomenon, first reported by Rhines,
(20) may be described 

as the period of time after the application of the stress before 

which measureable displacement occurs. 	In table 4 are listed 

the details of tests in which an induction period of 10 minutes 

or more was unambiguously observed. 

TABLE 4. 

Specimen Temperature Boundary SheRx 
Stress kg/mm 

Specimen— 
Stress 
Orientation 

Induction 
Period 
Hr. 	Min. 

1 25°C 0.8 Y 0 	— 	40 

2 25°C 1.75 Y 0 	— 	15 

5 25°C 0.8 Z 26 	— 	30 

• 
15 100°C 0.25 Z 0 	— 	10 

16 100°C 0.4 Z 1 	— 	05 

— , . 

From these figures, it appears that the induction 

period only occurs at the lower test temperatures. Testing in 
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the "Z" position also seems to increase the chances of an 

induction period being observed. The validity of this latter 

conclusion is not certain, for all the specimens tested in the 

HZ" position showed very small final boundary displacements. 

The Effect of Stress and Temperature. 

The results in Table 3 do not show any clear 

dependence of grain boundary sliding on stress. 	Indeed, the 

overall impression is one of lack of reproducibility. This may 

be attributed partly to the handling and grip difficulties 

discussed previously. 	Nevertheless, it is believed to be 

also associated with the relatively high stresses employed in 

the earlier tests. 	These were deliberately chosen to be 

approximately comparable to the macroscopic stresses operating 

in the polycrystalline tests. 	Stresses of such magnitude, 

however, frequently produced considerable plastic deformation 

when applied to a bicrystal specimen. 	In addition, hetero—

geneous grain boundary displacement frequently was observed — 

that is, the displacements at the various fiducial marks 

varied considerably from one mark to another. In some cases 

this variation between marks was one order or more greater than 

the estimated accuracy of measurement. 	The specimens tested 

at relatively low stresses (e.g. less than 0.2 kemm
2 
at 10000) 

showed very much more homogeneous boundary displacement. 

Examination of the specimens indicated that heterogeneous 
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boundary displacement was generally seen in specimens which 

had deformed plastically and, to a significant extent, 

recrystallised under the application 'f the load. 	It is 

resonable to infer that the occurrence of recrystallisation 

tends to impede grain boundary sliding. Hence, in a bicrystal 

specimen, recrystallisation locally in one part of the boundary 

may prevent this region from sliding and result in plastic 

deformation occurring in the adjacent regions of the component 

crystals. In another part of the boundary, the effect of the 

applied stress may be to cause a rapid boundary displacement, 

before recrystallisation impedes further sliding here also. 

In the light of the results obtained in the Series Two tests, 

it does not now appear unreasonable that the application of a 

shear stress to a bicrystal specimen should give rise to different 

values cf stress in different regions of the boundary. Hence, 

it may be expected that recrystallisation may occur more 

rapidly in one part of the boundary than another and, under 

conditions which lead to rapid deformation changes at the boundary, 

heterogeneous displacements may be observed. 

In specimens 22 and 23, the effect of raising the 

temperature was very evident. Rapid migration of the grain 

boundary, as manifested by local changes in the position of 

the boundary surface trace, was observed immediately the stress 

was applied. Examination of the specimens after test showed 
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that recrystallisation had extended throughout both specimens, 

producing polycrystalline structures with an average grain size 

• of about 0.5 mm. 

Observations of Slip and Zone Shear. 

When the load was applied to a bicrystal specimen, 

slip markings were immediately observed in almost every case. 

These markings corresponded to slip on the basal (0001) planes. 

In a few specimens9  markings were seen which indicated that, 

in some parts of the component crystals near the boundary, 

slip on planes other than (0001) was occurring. Non—basal 

slip is clearly seen in Fig. 6(x). This is a micrograph of 

specimen 8, taken at a magnification of 950 times. The grain 

boundary extends from top to bottom of the photograph on the 

extreme right—hand side. Basal slip markings lie parallel to 

the boundary, whilst non—basal slip can be seen crossing the 

basal slip lines diagonally near the boundary. These non—basal 

markings were visible only on surface "A" of the specimen and, 

consequently, it was not possible to identify with certainty the 

plane on which slip was occurring. However, the angle between 

the two sets of slip markings is consistent with slip having 

taken playa on (102) pyramidal planesl as well as on the 

(0001) basal planes. This agrees well with the findings of 

Bell and Cahn(74) 	who observed slip to occur on the pyramidal 
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planes in zinc single crystals unfavourably orientated for basal 

slip. During the testing of specimens in the Y positionithe 

grain boundary trace on surface A was observed during test to 

become progressively irregular. Notwithstanding this observa—

tion, microscopic examination, after the specimen had been 

mounted, abraded and chemically polished, usually revealed straight 

boundary traces on both surfaces "A" and "B". Small irregularit—

ies were, however, frequently observed on the end surfaces. 

Tests conducted at the lower temperatures tended to produce 

fairly regular zig—zag traces on these surfaces, the amplitude of 

the zig—zags being of the order of one micron. At higher 

temperatures, no regular fluctuations were seen in the boundary, 

but, in this case, the end traces displayed random variations, 

typical of high—temperature migration effects. 

It was not until specimen 10 had been tested that 

the significance of these observations came to be appreciated. 

On specimen 10, no abrasion was carried out and it was only very 

lightly chemically polished. 	Irregularities, far greater than 

any previously seen on the end faces of specimens, were clearly 

revealed in the boundary on surface A. Abrasion and further 

chemical polishing was next carried out and the new surface "A" 

boundary trace was shown to be straight and free from nuclei. 

This somewhat surprising observation led to the conclusion that 

the gross irregularities, observed on surface "A" during test, 
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formed preferentially near this surface of the specimen. 	It 

had also been frequently observed that the movement of the two 

component crystals relative to each other did not always occur 

by means of a simple sliding operation at the grain boundary. 

In many tests, one or more of the fiducial marks showed that 

shearing had occurred in a more complex manner and that 

deformatioa in the regions adjacent to the boundary was also 

taking place. 	This behavThur was identified with the zone 

shear first reported by Rhines and his co—workers
(20) and 

subsequently, observed by others. 	As a result of the testing 

of specimen 10, it was queried whether zone shear was typical 

of the specimen as a whole. 	Could it simply be a manifes— 

tation of the deformation occurring near the specimen surface? 

In order to obtain further information, it was decided next 

to test a specimen in tension. 	A specimen of the same origin 

as specimen 10 was tested in tension with the boundary plane 

normal to the applied stress. 	A tensile stress of 0.2 kemm
2 

at 1000 was applied. The resulting deformation is shown in 

Figs. 6(xi)aand 6(xi)b. 	It is clear from these macrographs 

that extensive deformation by slip has occurred in both 

component crystals on the basal planes not restricted by the 

grain boundary. This is exactly what would be expected to 

happen under the conditions of test. 	From Fig. 6(xi)b, it is 

clear that the grain boundary has inhibited slip to a 
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considerable extent on those planes which meet the boundary 

plane. 	-7hilst some slip is visible on these planesI the 

boundary 4..race is still clearly to be seen on the end 

surface. Examination of surface B also clearly revealed a 

generally unaltered appearance of the boundary. However, 

on surface A, Fig. 6(xi)a, the boundary trace is quite 

unrecognisable and a region of intense deformation, which 

had developed progressively during the test, is seen to have 

extended into the two component crystals. 	It is also 

clearly shown in Fig. 6(xi)b that this intensely deformed 

region is essentially confined near surface A and does not 

extend far down the specimen towards surface B. 	It is, 

perhaps, not surprising that the grain boundary should be 

capable of supporting the appliod stress without sustaining 

noticeable deformation over much of its area. What is 

particularly worthy cf note, however, is that a very large 

stress concentration - analagous to that associated with a 

sharp notch - must have existed on surface A where the boundary 

plane and the slip plane coincide. 

The results of this test, therefore, support the 

conclusions drawn from test 10, namely, that a relatively 

localised region at the grain boundary on one surface of the 

specimen can be caused to deform grossly, as a result of slip 

processes in the component crystals. That the localised 
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deformation might not be a property of the surface itself, 

but might more probably be explained in terms of the slip 

geometry of the specimen, was a possibility which required ' 

further investigation. Test 29, therefore, was carried out in 

simple shear at 100°C with a boundary shear stress of 0.1 kg/m2. 

At the end of 207 hours, boundary displacement velocity had been 

almost zero for a considerable length of time. The specimen 

was then carefully examined on all surfaces. The top or "A" 

surface boundary trace showed clear evidence of sub—grain 

formation and the generation of irregularities. 	In addition, 

heavy basal slip markingp were observed. The boundary 

traces on the ends of the specimen were mainly straight, but under 

high—power were shown to contain some relatively small 

fluctuations, whilst the bottom or "B" surface appeared quite 

straight and only very faint slip markings were seen. About 

0.3 mm. wore then removed from surface "A" by light abrasion 

followed by chemical polishing. The boundary trace on the 

surface "A" was seen to be straight and, onee more, free from 

irregularities. 	The specimen was then retested with the same 

stress as befcre, the load being adjusted to compensate for 

the reduced boundary area. The rate of boundary displacement 

again occurred rapidly at first, then gradually decreased. 

In fact, the specimen behaved very similarly to the original 

specimen. 	After twenty—two hours, the test was discontinued 
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and the specimen examined. Again surface "A" showed 

irregularities, whilst surface "B" was sensibly straight. 

Once more the deformed layer was removed from surface "A"; 

again the specimen was retested and again the previous beha—

viour was reproduced. Tests 26, 27 and 28 were then carried 

out on bicrystals containing a random boundary. With these 

specimens, the slip geometry was such that the results could 

not be so unambiguously interpreted as those from the tilt 

boundary tests. However, they behaved in a manner consistent 

with the theories deduced from the earlier tests. 	In one 

specimen in particular, the boundary traces on three of the 

four specimen faces had irregularities in them after test, 

whilst the fourth was relatively unaltered. Again the changes 

in the boundary configuration observed to occur during test 

were shown by subsequent removal of the surfaces to be 

essentially localised there. 	Specimen 25, tested in tension, 

showed a behaviour generally similar to the earlier specimen 

tested in a similar manner. 

The Effect of Cadmium Additicn on the Boundary Sliding Properties  

of Zinc. 

The effect of impurity addition was investigated 

by testing specimens 8, 9, 18, 19, 20, 21 and 23, which 

contained 0.1% cadmium. 	The tests produced some evidence 

that cadmium in solid solution tends to impede grain boundary 
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sliding. 	However, the evidence is not conclusive, especially 

when it is considered that all the tests were carried out 

under conditions of stress and temperature likely, for reasons 

previously discussed, to produce rapid changes in the region of 

the boundary. 	It is clear, in view of the results of subsequent 

tests which shrwed the importance of the interaction of slip 

with the grain boundary, that a more thorough investigation of 

the effect of impurity is called for. 

The Effect of Altering the Orientation of the Specimen relative  

to the Stress Direction. 

Similarly, the results of testing specimens in 

the "Z" position were not wholly conclusive. 	Too few tests 

were conducted and even those were carried out before the 

significance of the effects of crystal slip on grain boundary 

sliding had been demonstrated by tests 10, 29, 30 and 31. 	The 

specimens tested in the "Z" position generally displayed very 

little evidence of boundary sliding. Whether this was because 

the boundary itself is intrinsically more resistant to shear 

in certain directions than in others, or whether boundary 

displacement is related to the shear component resolved in the 

slip direction could not be decided. 	The results are, however, 

sufficiently promising and interesting to be worthy of more 

detailed investigation at some future date. 
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Specimen 
Number 

-nab 

Temperature oc  Stress0  
kg/mm 

Duration 
Hr. 	Min. 

Final Boundary 10-4cm. 
Dis.placement + 

19 200 0.4 	Y 0 	10 0 
20 1.0 	Y 0 	10 

21 1.0 	Z 0 	3 

22 300 0.25 Y 1 

23 0.25 Y 1 	10 18 

24 100 Zero 48 
25 0.1 17 	0 

26 100 0.1 22 	30 8 
27 0.1 48 	0 9 
28 0.1 24 	0 9 

29 100 0.1 	Y 207 	0 31 
30 0.1 	Y 22 	0 11 
31 0.1 	Y 17 	0 15 

L 
32 100 0.1 	Y 1 1 

"4. 
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Wfr  

1 	'Cidmium doped specimen, recrystallised. (23) 
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Grossly deformed on application of load. (20)  
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TABLE 3 - NOTES  

* Stress values represent the boundary shear component. 

In most cases (i.e. where the stress was applied in shear 

parallel to the boundary plane) the boundary shear component 

equalled the applied stress. 

The symbol "Y" or "Z" after the stress value indicates the 

orientation of the specimen relative to the stress direction, 

see Fig. 6(vi). 

+ The boundary displacements cf specimens tested in the 

"Y" position were measured on surface "A" [Fig. 6(ix)a], with 

the exception of specimen 32, where the quoted displacement 

represents that on surface B. 
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Cavitation. 

The choice of these stress and temperature 

conditions was made in the hope that the testing would result 

in the relatively rapid generation of grain boundary voids or 

cavities. 	The polycrystalline tests shcwed that cavitation 

was found in some specimens subjected to a macroscopic stress 

of about 2 kg/m
2 

at around 100
o
C. However, nc cavities 

were produced in bicrystal specimens under these or any of the 

other test conditions. 	In this context, it should, however, 

be mentioned that the tests were not continued as long as the 

polycrystalline experiments, in which extensive cavitation was 

observed. 	It may he necessary to carry out long term bicrystal 

experiments, if it is desired specially tc study cavity 

formation. 

6.6.2. (a) Series Two — Test Programme. 

When the results of the first test series were 

examined, it was clear that the experiments had unambiguously 

indicated the importance of interaction between crystal slip 

and grain boundary sliding. In particular, it had been shown 

that high local stresses could occur near the surface of a 

bicrystal specimen and that the location of these stresses was 

related to the spacial relationship between the slip planes, 

the boundary plane and the specimen surface. No evidence of 
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grain boundary cavities had been obtained from the series one 

tests, but the fact that high stress concentrations might 

locally occur could be very relevant to an understanding of 

cavity nucleation. 	It was, therefore, decided to investigate 

this aspect of grain boundary behaviour more closely. 

For the SERIES TWO tests all the specimens were 

cut from one bicrystal containing a tilt boundary of the same 

orientation as had been previously used. The specimens were 

prepared from the cut sections int as nearly as possible, an 

identical manner, by the method described in Section 6.4. 	The 

testing was carried out under simple shear conditions with the 

specimens in the "Y" position, relative to the direction of the 

applied stress. 	Because the first test series had shown that 

tests carried out at relatively high stresses were unlikely to 

produce results capable of being interpreted easily, the range of 

stress and temperature covered in the second test series was 

such as to produce slower and less severe deformation to the 

specimen. 	In these tests fiducial marks were scribed on 

surfaces "A" and "B", for, whilst only one surface could be 

observed during a test, the final displacement of marks on the 

opposite surface could be measured at the conclusion of each 

test sequence. 

The method of testing adopted for these 

experiments was as follows:— 
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Each specimen was tested under the selected 

conditions of stress and temperature until the initially rapid 

boundary sliding velocity had decreased almost to zero. The 

spedimen was then slowly cooled, removed from the apparatus 

and subjected to a detailed metallographic examination. 	Then, 

in order to investigate the influence of surface deformation on 

grain boundary sliding, it was usual to remove about 0.2 mm. 

of material from the appropriate surface; then to retest 

under the same conditions of stress and temperature as before. 

In all the testing operations care was taken to apply the shear 

couple in the same sense, namely, anti-clockwise relative to 

surface A. 

The details of test conditions and sequences 

are summarised in Table 5. 



TABLE 

TEST PROGRAMME. 

SERIES TWO BICRYSTAL TESTS. 

All tests were carried out in simple shear on specimens orientated in the "Y" position, as shown in Fig.6(ix). 

Pure zinc bicrystal specimens with 80°  tilt boundary were used for the tests in this series. 

Specimen Test 
Sequence 

Tempera- 
ture 	C 

Shear 
stress 
kg/mm2 

Surface ob- 
served during 
test. 

Surface from 
which material 
was removed 
prior to test. 

Thickness of 
material (mm) 
removed. 

Remarks. 

a 1 100 0.05 A - - 
a 2 100 0.05 A A 0.27 
a 3 100 0.06 A - - al was retested with a 20% 

increase in stress. 
b 1 200 0.025 A - - 
b 2 200 0.025 A A 0.33 

c 1 200 0.05 A - - 
c 2 200 0.05 A A 0.20 

d 1 200 0.1 A - - 
d 2 200 0.1 A A 0.30 

e 1 100 0.25 A - - . 
e 2 100 0.25 A A 1.04 

f 1 25 0.25 A - - 

g 1 300 0.015 A - - 
g 2 300 0.015 A A 0.56 

h 1 300 0.015 B - - 
h 2 300 0.015 B - - hl retested without surface 

removal. 
h 3 300 0.015 B B 0.30 



6.6.2. (b) Series Two - Results. 

The arithmetic mean of the fiducial mark 

displacements plotted against time for each complete 

experiment are shown in Figs. 6(xii)a to 6(xii)h, whilst the 

initial test sequences for the specimens are plotted, all on 

the same scale, in Fig. 6(xiii). 	Details of the mean displace- 

ments at the end of each test sequence for the "A" e,.nd "B" 

surfaces are tabulated in Table 6. 

Examination of all the series two specimens after 

test establishes very clearly the effect first observed during 

the series one tests, namely, that intense local deformation 

occurs near the grain boundary at the junction between the free 

slipping planes in the component crystals and those slip planes 

impeded by the grain boundary - that is, surface "A" in the 

bicrystals used for these tests. 	Figs. 6(xiv)a and 6(xiv)b are 

micrographs of the two surfaces of specimen "b", as observed at 

the end of test sequence one. 	Basal slip is clearly seen on 

surface "A", as is the deformation and distortion to the boundary 

trace. The angular nuclei seen emenating from the grain 

boundary have the appearance of twins. Faint traces of what is 

probably pyramidal slip is to be observed near the tip of one 

such nucleus. Whilst some of the markings must be scratches, 

there is also evidence in the micrograph cf sub-grain boundaries. 

These also are frequently observed in the boundary region of 
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surface "A" after the completion of a test sequence. 	In 

contrast, the boundary trace on surface "B" is straight and has 

an appearance similar to that before testing. 	Only the faintest 

evidence of slip is discernible, whilst twins and sub grain 

boundaries are absent, By removing about 0.3 mm. from surface 

"A", it was possible in most specimens to show that the 

deformation in regionsnear the grain boundary was localised near 

that surface. By removing the surface to that extent, the 

boundary trace was seen to be similar to that of surface "B". 

This general behaviour was typical of all specimens tested, 

except that at 300 C few twins were observed. 	At this 

temperature an extremely irregular boundary trace seemed to 

have resulted mainly from large scale migration effects. 

Metallograohic examination of the specimens after test also 

revealed that the so—called "Zone shear" could be explained in 

terms of the surface deformation effect. 	The fiducial mark 

separations on surface "A" were mostly not sharp at the grain 

boundary, whilst those on surface "B" generally indicated that 

the deformation, which had occurred during the test, was 

localised at the boundary plane. 	Occasionally, however, on 

surface B evidence of local, small scale boundary migration 

was observed, particularly at the higher test temperatures. 

In addition to metallographic evidence, the fiducial mark 

displacement: time curves show that these effects are general 
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in the range of stress and temperature employed for the tests. 

From these graphsl it can be seen that the removal of a 

fraction of a millimetre, in most cases, was sufficient to 

restore to surface "A" the properties which obtained at the 

beginning of the test. However, when relatively large shear 

stresses were employed, the deformed layer extended more 

deeply into the specimen and a thicker layer had to be removed. 

Specimen "d", tested at 0.1 kgimm
2 
at 200

o
C, showed that the 

removal of 0.3 mm. of the surface thickness was insufficient 

to restore the surface to the virgin condition. Nevertheless, 

the displacements time curve does demonstrate a rate of 

displacement, on retesting, initially faster than that at the 

end of the first test sequence. 	In order to check that the 

initially rapid displacements observed on retesting were 

genuinely associated with the removal of surface deformation 

and not attributable to the possibility that the re—applied 

stress was greater than that initially employed, specimen "a" 

was subjected at the end of a test sequence to a stress increase 

of 20%. This was considered to be several times greater than 

the experimental uncertainty limits for the stress. The result 

clearly shows that no rapid increase in boundary displacement 

can be attributed to this cause. As a further check, however, 

a control experiment was carried out on specimen "h".(This was 

stressed with surface "B" visible during test and Fig. 6(xii)h 
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indicates that the general tendency for displacement velocity to 

decrease as the test progresses is applicable to this surface 

also). 	After sequence 1, the specimen was removed from the 

furnace enclosure for examination and then retested without 

any alterations having been made either to surface "A" or 

surface "B". No large increase in boundary displacement 

occurred during the twenty-five hours of this test sequence. 

At the end of this period 0.3 mm. was removed from surface "B" 

and the specimen was. then retested under the same conditions 

as previously. 	In the subsequent three hours, no further 

displacement took place on either surface. The results of 

this test, taken in conjunction with the results of tests on 

specimen "g", provide evidence, additional to that obtained 

from metalloraphic examination, that surface "A" behaves quite 

differently from surface9Pand that surface "A" is not influenced 

by changes in surface "B". 

Consideration of the displacements measured at the 

end of the initial sequence of each test indicates that surface 

"B" displacement is much more temperature dependent than surface 

tl All 	At the lower test temperatures, displacement on surface 

"B" is zero or a few microns only. 	At 200°C it is still 

smaller than that on surface "A", but at 300°C it is considerably 

larger. The difference in temperature dependence between 

displacements as measured on the two surfaces clearly requires 
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closer investigation. However, if the deformation and locking 

produced near surface "A" is closely associated with slip 

processes, then it would not be unreasonable to find that it 

was less temperature sensitive than the behaviour of surface 

"B" in which, as metallographic evidence suggests, slip may 

play a loss important role. The removal of the deformed layer 

from surface "A", in most specimens, does not usually allow 

surface "B" to displace further on the re—application of the 

stress. 	Clearly, then, the deformation on surface "A" cannot 

be solely responsible for the overall boundary hardening. 

However, that it does have some influence, at high temperatures 

at least, is shown by sequence 2 on specimon "g", where further 

appreciable displacement on surface "B" was observed to take 

place after the deformed layer at surface "A" had been removed. 

The progressive hardening effects over the whole boundary plane 

may be associated with slip deformation, for some, even if only 

slight, evidence of slip was seen on surface "B" of the specimens 

after the completion of a test sequence. 	In addition, the 

effect of small amounts of slip on those basal planes impeded 

by the boundary plane was manifest in the adjustments and 

small scale irregularities, previously mentioned, which, after 

test, were seen on the end surfaces of some specimens. Unlike 

the much grosser effects on surface "A", these penetrated 

deeply into the specimens and, consequently, were visible after 
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chemical polishing. Furthermore, whilst chemical polishing could 

remove almost entirely the evidence .of deformation seen on 

surface "k", it w,.s frequently found that traces of sub-grain 

formation penetrated more deeply into the specimen. 	These 

two effects could both produce hardening effects, which, whilst 

being initially unimportant compared with the hardening asso-

ciated with the severe deformation at surface "A", would, 

nevertheless, lead to a slow but progressive increase in 

boundary shear resistance'. 
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SECTION 7. 	DISCUSSION. 

7.1. Steady—State Creep in Polycrystalline Zinc. 

For many metals, the activation energy for steady— 

state creep has been found to correspond closely with that of 

(75)

self— 

diffusion 	This has led to a general acceptance of the idea, 

first postulated by Mott 
(76), 

 that high temperature creep is 

controlled by the rate at which dislocations can climb out of their 

slip planes in order to overcome obstacles. 	Another characteristic 

of creep is that the deformation rate is markedly stress sensitive. 

Dorn and his co—workers (77)  have shown that the steady—state creep 

behaviour of a number of metals may he expressed by an equation of 

the forms— 
—̀ ART 

. A n
e 

where € is the steady—state creep rate 

O r is the tensile stress 

Q is the activation energy for creep 

T is the absolute temperature 

R is the gas constant 

A, n are constants. 

Weertman 
(78) 

 has developed Eott's original idea and has proposed 

a detailed model for creep in face—centred cubic metals. 	In this 

model, the creep rate is limited by the rate at which glide disloca—

tions can climb around barriers in the form of Lomer—Cottrell 

sessile dislocations (79). 	Weertman's treatment leads to a power 
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law stress dependence for the creep rate and, therefore, is in 

accord with creep data obtained experimentally by Dorn (77).  

However, as McLean (48) has pointed out, data which satisfies 

equation (1) frequently equally well fits a relationship in which 

the creep stress modifies the activation energy, as in equation 

(2):- 

& .,.. Be . (2) 

where B and C are constants and the other 

symbols as previously defined. 

In an attempt to distinguish between the two equations, 

McLean and Hale (80) have recently collated the creep data for a wide 

range of pure metals (and a brass). For comparison purposes they 

have "normalised" the stress by dividing it by the shear modulus, 

G. 	If, then, an equation of the form:- 

= 7 A(-) 
07 n

e 
 -9/RT 	

(3) 
CS" 

is obeyed, a plot of log10  G against logioL.  + 9/2.3RT should give 

a straight line. 	Fig. 7(i) below illustrates McLean and Hale's 

graph. 

fQ - Ccri 
- 	RT 
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It can be seen that for the lower stresses and higher temperatures, 

the power law stress relationship is reasonably well obeyed. 	In 

addition, the experimental points for the different materials do, in 

general, lie close together, thus providing an indication that, for 

a given value of G 
, 

— the creep process is the same in every case. G 

In obtaining the curves shown in Fig. 7(1), McLean and Hale used 

the accepted values of activation energy for self—diffusion. 	In the 

case of copper the activation energies for self—diffusion and creep 

differ significantly. For example, Feltham and Meakin (81)  have 

recently obtained values of between 27 and 33 Kcals./mole for the 

creep activation energy of high purity copper, whilst, for self— 

(82 — 85) diffusion in copper, various workers 	have put the 

Symbol 

'444 2C°  
Symbol 
Mew grid 
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activation energy between 45 and 61 Kcals./mole. 	The creep value 

has been used to plot the points on the graph in Fig. 7(1) and it 

is seen that, whilst the power law stress dependence is followed, the 

points lie well away from those of other metals. 	However, when the 

self-diffusion activation energy is used, the results for copper are 

in closer agreement with those of other materials. 

For polycrystalline zinc, the activation energy for 

self-diffusion, QD, has been evaluated at 23 Kcals./mole (86). 	Two 

88) 
determinations (87, 

	
of the creep activation energy, QC, agree 

reasonably well with this, but a third (89) the most recent, produ- 

ced a value of only 12 Kcals./mole. 	In this work, the activation 

energy was determined from the change in creep rate resulting from 

a change in temperature. 	Dorn (75) has suggested that the values 

obtained from the earlier investigations are to be preferred and that 

Cottrell and Aytekin (89)  were in error because the steady state 

creep rates that they measured probably represented values for two 

different structural conditions. 

As a result of the constant strain rate tests on 

polycrystalline zinc, reported in Section Five of this thesis, load 

versus temperature data were obtained from which it is possible to 

deduce the form of the stress dependence of the creep rate and also 

a creep activation energy. 	In these tests, the load was observed 

to rise rapidly at first to a maximum and then, for a relatively long 

period, to show only a slight, gradual decline, attributable to the 

progressive reduction in specimen area as creep deformation proceeded. 
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This period, when the stress remained approximately constant, may be 

identified with the secondary or steady—state stage in the more usual 

constant stress type of creep test. 	Furthermore, the maximum stress 

quoted in T.ABLE ONE can be considered to be the stress, or 	required 

to produce steady—state creep under the particular conditions of 

temperature and strain rate at which the experiment was performed. 

Now, if equation (3) is representative of the creep process, the 

, 
experimental points on a graph of log10 0  . T  should, for a given 

strain rate, lie on a straight line. 	From Fig. 7(ii), it is 

immediately evident that this law cannot apply to zinc tested at 1% 

and 0.1% per hour, although at the slower strain rate the three 

results obtained more nearly approach linearity. 

s the creep behaviour of zinc clearly does not satisfy 

equation (3), the most likely alternative might be thought to be 

equation (2). 	Now, this equation may be rewritten in the forms- 

6" 	C 
2 .3RT log10  ( 	) 

If this law is applicable, plots of ors T at constant strain rate 

should be linear. 	Fig. 7(iii) shows that, over the temperature and 

stress range explored in the zinc polycrystalline experiments, a 

relationship of this form seems to fit reasonably well. By 

extrapolation, the value of the zero intercept for the three straight 

lines is 10.9, 10.2 and 10.7 Kg/mm
2 

giving a mean value of 10.6 

Kg/mm2  for Q/C. 
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If equation (2) is now treated for data obtained at the 

same temperature but with different values of 	, then  

.3RT (Q - C 0-2). 

a:1 

2.3RT 	
c) 

1 	2 ' 	
from which values log10 L

2 

of C, the activation volume, may be obtained. 

Values afcr and 6r2 have been taken from Fig.7(iii), 

and with the other relevant data are tabulated in TABLE G. 

(Kg/mm2) 

cr
.]. 
- 0-

2 l 
T (°K) 

1o610 
7.7  6.--
2 

2.3RT 	81 
C . ,..._

i- 	
log

10 s-cr2 

1.64 296 2.0 1.66 x 103 

1.82 333 2.1 1.77 x 103  

2.04 373 2.0 1.69 x 103 

I 

The average value of C is 1.71 x 103 cal.mm
2 
per mole. 

Kg. 	This value of C is equivalent to 7.3 x 102 cm3/mole or about 

10
-21 

cm
3
/atom. 	And from the determined values of Q/C and C, an 

activation energy for creep = 18.1 Kcals./mole, equivalent to 

0.79 eV, is obtained. 

It has already been shown that zinc is an exception 

to the power law stress dependence of the creep rate. 	In order to 

show that many pure metals, not only followed such a law, but 

and 

• 
• • 

• 1  
1°610 1 = 1°C10B  2.3RT (Q C C

l) 

1 
1°8.10 	2 = 1"10B  2 
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equally did not obey a law represented by equation (2) McLean and 

Hale plotted, for a number of metals, —▪ a4fainst log 8▪ + 	 GT 	2.3RT 

( again using a "normalised" stress) and obtained marked deviations 

from linearity, especially at high temperatures and low stresses. 

Fig. 7(iv) illustrates that a reasonable approach to linearity is 

obtained when the same parameters are plotted for zinc, taking 

G = 3.5 x 103  Kg/mm2 and Q = 18 Kcals./mole. 	Hence, it is 

confirmed, on the basis that 

(i) the activation enthalpy for zinc is significantly dependent 

upon 6' 

(ii) QC  is considerably smaller than the activation energy for 

self-diffusion, 

that the mechanism of creep in zinc is markedly different from that of 

many other metals, tested under similar conditions of temperature 

and strain rate. 	It is relevant, at this juncture, to point out 

that Cottrell and Aytekin (89), as a result of their constant stress 

creep tests on zinc, also obtained a creep equation in which the 

activation enthalpy was stress sensitive. 	Furthermore, their value 

of Q for polycrystalline zinc was only 12 Kcals./mole, compared 

with the 28 - 30 Kcals./mole, which they obtained from creep tests 

on zinc single crystals. 	Hence, it is clear that the presence of 

grain boundaries must profoundly influence the creep behaviour of 

this material. 

For the above mentioned reasons, the creep characteris- 

tics of polycrystalline zinc are not reconcilable with the predictions 
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(78) made by Weertman 	on the basis of a dislocation climb model in 

which the principal obstacles to free dislocation movement in pure 

metals are assumed to be Lomer-Cottrell (79)  sessile dislocations - 

these latter are produced as a result of the interaction of extended 

dislocations on intersecting slip planes. 	A somewhat different 

model proposed by Weertman 
(90 

specifically to explain creep in 

structures containing only one slip system also cannot apply to zinc, 

for this model also leads to a power law stress dependence of the 

creep rate and fails to account for any difference in creep activation 

energy between single crystals and polycrystalline material. 

An alternative theory of high tenlperature creep has 

been proposed by Mott,
(91)

. 	On this model the rate governing process 

is the stress assisted movement of jogs formed when two screw 

dislocations intersect. 	After intersection, further dislocation 

movement entails the production of vacancies and interstitials; the 

former, on average, being the more likely, as the energy of formation 

of vacancies is less than that of interstitials. 	The work done 

when a stre.s, Cr 	causes a dislocation and jog to move one atomic 

spacing is 67b
2
A. , where b is the Burgers vector and N. the average 

jog separation. 	However, the dislocation will immediately fall back 

and absorb the vacancy unless the vacancy migrates away immediately 

after it is produced. 	The energy associated with the formation and 

migration of the vacancy is QD, the activation energy for self 

difftssion. 	Thus, as Mott (91) has shown, the creep rate which results 

from such a process, will be given bys- 
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b 
 e

_ (Q 
)\b26-   ) 
RT . 	(4) 

where Yo  is of the order of the Debye frequency 

and k is the slip line separation. 

This equation is of the same form as that obtained experimentally 

for zinc. 	However, the value of 18 Kcals/mole which is the activation 

energy derived experimentally is less than the value for self— 

diffusion. 	This apparent discrepancy between experiment and theory 

may be resolved by a suggestion of Seeger (92) . 	He has criticised 

the simple picture of jog. movement which generates point defects by 

showing that a jog on a dislocation line may move fairly readily 

sideways alon[,. the line. 	This implies that the act of moving a 

dislocation line containing a jog should have an activation energy only 

that of vacancy formation, 01, given by 

QM 

where 0
1 
 is the activation energy of vacancy 

1 

migration. 

Values of 9F  and (4,1  have been determined for a few 

metals and 9F/Qm  is usually between unity and two. 	If this ratio 

applies also to zinc, then the measured activation energy for creep, 

and `QC  ,should be between 3 Cottrell and Aytekints value is about 

ic whilst that determined in the present experiments approximates to 

2QP  
It would thus appear that this model is consistent with the 

3 
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experimental results, as far as they go. 	It is still necessary 

however, to look a little more closely into the means whereby the 

jogs are generated. 	As zinc deforms principally by basal slip 

up to temperatures of about 250
o 
  C, it might be thought that jogs 

cannot easily be produced from the intersection of dislocations on 

different slip systems. 	However, it is clear from metallographic 

examination of both polycrystals and hicrystals that the presence of 

a grain boundary presents a barrier to basal slip which leads to 

slip occurring on non—basal planes. 	In a previous section, it was 

) reported that slip, probably on the 0_1223 pyramidal Planes, was 

observed near the grain boundary in a bicrystal specimen, which had 

been tested in an orientation extremely fabourable for basal slip. 

If, then, non—basal slip can occur under these conditions, it is not 

unreasonable to postulate that jogs may be formed, as a general 

rule, in those regions of zinc crystals which are relatively near 

the grain boundaries. 	It is quite evident that the mechanism of 

jog formation is only likely to operate under the complex stressing 

conditions which are found near a grain boundary. 	Consequently, 

it is to be expected that a different creep controlling mechanism 

should operate in tests on single crystals. 	As has previously been 

indicated, this prediction is in accord with the experimental results 

obtained by Cottrell and Aytokin (89)  

There is yet another possible explanation for the 

low creep activation energy of polycrystalline zinc. 	In a recent 

(81) 
paper, Feltham and Meakin 	have proposed a model in which 
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vacancies can be supplied to jrgs in edge dislocations held up a 

lattice obstacles. 	The availability of vacancies at these jogs 

facilitates climb. 	This hypothesis was proposed to explain some 

results that had been obtained on copper, which appeared to show a 

creep rate stress dependence similar to that of zinc. 	McLean and 

) 
Hale 

(80 
 have since demonstrated that Feltham and Meakin's 

experimental results do, in fact, quite well satisfy the more 

usual power law stress dependence. 	If, then, it is not certain 

that their hypothesis is appropriate to copper, certain features 

of it may, nevertheless, be applied to zinc. 	In this metal, edge 

dislocations may move relatively freely on [0001] planes until, 

on approaching the grain boundary, they become jogged through inter- 

action with dislocations acting on pyramidal planes. 	The jogged 

dislocations are then obstructed by the grain boundary until a supply 

of vacancies from the boundary enables climb to occur. 	In this case, 

the activation energy observed during creep should be that for grain 

boundary self-diffusion. 	The only value of this which has been 

determined for zinc is 14.3 Kcals./mole.(93) This agrees closely 

with the creep activation energy determined by Cottrell and Aytekin 

and is also in reasonable agreement with the 18 Kcals/mole obtained 

from the present experiments. 

It has been suggested that either of the above men-

tioned mechanisms is capable of explaining the creep behaviour of 

polycrystalline zinc. 	However, there is one further requirement 

of any creep model, namely, that the creep limiting process should 
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not preclude the grain boundary contribution to total elongation from 

reaching high values. 	It will be remembered that Rachinger 
(28)

has 

shown that interior grains of polcrystalline aluminium deform almost 

entirely by grain boundary deformation, whilst IdcLean and Farmer (31)  

and Couling and Roberts (30)  have demonstrated that in hexagonal 

materials the grain boundary contribution may greatly exceed that 

from crystal deformation. 	Neither of the two creep models suggested 

above are logically inconsistent with these results. 	In Mott's model 

it would be necessary for grain boundary displacement in the steady-

state creep stage to be controlled by the rate at which jogged 

dislocations arrived at the boundary. 	In the alternative model, 

the rate of boundary sliding might depend upon the rate of vacancy 

diffusion from the boundary. 	It is conceivable that this vacancy 

flux could assist the removal of obstacles impeding further sliding, 

To summarise - two models are proposei by which the 

results of creep experiments carried out on polycrystalline zinc may 

be explained. 	The first, which in its original form was suggested 

by Mott, has for its creep limiting process the stress assisted 

movement of jogged screw dislocations. 	It is suggested that the 

activation energy for this mechanism is the energy of vacancy forma-

tion. The second model involves the climb of jogged edge disloca-

tions which are obstructed by the grain boundary. The climb process 

is assisted by vacancies supplied to the jogs from the grain boundary. 

Hence, the activation energy is that for boundary self-diffusion. 

Both these models are consistent with the anomalous creep behaviour 
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of zinc. At the present time there exists no evidence to enable 

distinctions to be made between the two possibilities. 	In either, 

however; the grain boundary plays a significant part in influencing 

the creep characteristics of polycrystalline zinc. 

7.2. Grain Boundary Sliding. 

The observations made during the bicrystal tests have 

shown that:— 

(i) the application of a very small stress (about twice the 

critical shear stress for basal slip) is capable of producing 

a large stress concentration in certain parts of the grain 

boundary. This results in gross deformation occurring 

around the region of the stress concentration, with the 

production of sub—grain boundaries, some of which extend 

away from the crystal boundary into the adjacent grains; 

others form a network of small grains, or crystallites, close 

to the original boundary. These latter, under suitable 

conditions of stress and temperature, develop and grow, 

eventually leading to recrystallisation which extends 

progressively from the boundary into the neighbouring grains. 

Also to be found in the area surrounding the stress concen—

tration is evidence of pyramidal slip and acicular grains, 

which are probably twins. 

(ii) the place in the grain boundary, where the stress concentra—

tion occurs, is located on the specimen surface where the 
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freely slipping basal planes adjoin those impeded by the 

grain boundary. In the case of the bicrystals containing 

a high-angle tilt boundary,.. as used in most of the tests, 

the location of the stress concentration lies along the 

grain boundary trace on surface A [Fig. 6(vi)]. In the 

general case of a specimen composed of two randomly orienta-

ted crystals, stress concentrations may be expected at two 

points in the boundary, namely, where, the basal planes of 

each crystal intanect the boundary plane and the specimen 

surface. The extent of the region of severe deformation 

which results increases with the applied stress, the 

temperature and the duration of the test. Under the 

conditions used in the Series 2 tests, the deformation at 

the boundary extended from the specimen surface to a depth 

of about 0.1 to 0.3mm. 

(iii) Uhen a layer is removed from surf ace A of the bicrystal, the 

deformation at the boundary is removed with it. Hence, as 

progressively more material is dissolved away, the irregular-

ities in the boundary trace on surface A become less 

pronounced until, eventually, the boundary appears quite 

straight again - as it was prior to testing. If the 

specimen is now re-tested under similar conditions as before, 

localised intense deformation again occurs at the boundary 

on surface A, with the formatisn of sub-structures similar 

to those previously observed. However, if prior to 
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retesting, the same volume of metal were removed from 

surface B, instead of surface A, the re-application of the 

stress does not lead. to any further rapid changes in the 

specimen. 

(iv) In addition to the localised and very severe deformation 

described above, there is also evidence that relatively small 

amounts of slip occur in other parts of specimens where the 

basal planes are obstructed by the grain boundary. The 

interaction of basal slip on these planes with the grain 

boundary probably accounts for the formation of small-scale 

"zig-zag" irregularities, observed at the lower test temperatures 

in the boundary traces on the specimen end-faces (at right 

angles to surfaces A and B). Although this effect does not 

produce any drastic deformation, it muld, nevertheless, appear 

from the series 2 tests, that a small but real increase in 

boundary shear resistance results from it. Furthermore, 

because this deformation extends over the whole boundary area, 

the hardening of the boundary from this cause is not recoverable 

by the removal of any surface layer from the specimen. 

In the following paragraphs, the implications cf the 

results of the bicrystal tests to the creep process will be discussed. 

At the same time, it will be shown that several of the most important 

properties of grain boundary sliding can be explained by considering 

the way in which crystal slip interacts with the grain boundary. 
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Zone Shear and Heterogeneous Boundary Displacement. 

(20r":' Rhines, Bond and Kissel 	ziTas first to report that, 

in some bicrystal tests, the shear displaoement extended over a relat— 

ively wide zone on either side of the grain boundary. 	Since- then, 

some workers have confirmed this effect, whilst others have reported 

sharp disPlacements, which were confined to the boundary plane. In 

the present bicrystal tests, fiducial scratches on surface A displayed 

zone shear, whilst those on surface B displaced sharply at the grain 

boundary. 	It may be inferred that zone shear represents a manifes— 

tation of the severe plastic deformation, resulting from the large stress 

concentration in that part of the boundary near Surface A. Where 

such stress concentration is absent, sharp displacement of fiducial 

marks is observed. 	It should be remembered, however, that most of 

the hicrystals employed for this investigation possessed a high degree 

of symmetry. 	If this were not the case, the concentration of stress 

muld, as has previously been indicated, be localised at two specific 

points on the boundary's surface trace. 	Marks adjacent to these 

regions of stress concentration would be expected to demonstrate zone 

shear, whilst others — even if on the same face of the specimen — 

could, if relatively remote from the highly stressed area, displace 

sharply. It has been reported by Puttiok and King (19)  and others 

(14, 20, 25) 
that the magnitude of the boundary displacement varies 

from place to place on a specimen's surface. 	In three of these 

20) 19, investigations (14, 
	

zone shear also is specifically reported. 

This result is not, in general, difficult to understand once it has 
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been established that the so-called "boundary" displacement in 

different regions arises as a result of different deformation 

mechanisms. In other words, there would not seem to be any obvious 

reason why the displacements at marks in a region of zone shear 

should precisely correspond to those where the displacement is confined 

to the boundary plane. 

Boundary Hardening under Constant Stress Conditions. 

That grain boundary shear resistance progressively 

increases with time has been shown to apply without exception.to 

all the bicrystal experiments that have been carried out to date. 

(13, 19, 20, 21, 22, 25, 97) In general terms, it has been attributed 

by Puttick and King (19)  to the generation of boundary irregularities. 

However, it was formerly difficult to understand how a sliding process 

could be responsible for the generation of large scale irregularities; 

on the contrary, such a process might reasonably be expected to smooth 

out any existing impediments to further displacement. 7ieinberg (13)  

has attributed the increase in boundary shear resistance to "work-

hardening", but annealing his aluminium specimens at temperatures up 

to 600°C did not remove the hardening. Furthermore, in another 

investigation, for which tin bicrystals were used (14)  , it was shown 

that the phenomenon of boundary hardening occurred within a few 

degrees of the melting point. 	Consequently, it is difficult to 

accept an explanation of these effects in terms of a mechanism, 

similar to that which is responsible for work-hardening in single 
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crystals. Mullendore and Grant (37) have recently shown that 

serrations in the boundary are formed during the creep of some 

aluminium alloys. 	In explaining the effect, they suggest that 

the complex system of stresses, which must result when shear occurs 

at any slightly irregular surface, produces different rates of 

migration in different parts of the boundary. Hence, if any 

minute irregularities are initially present, sliding will cause 

them to grow. 

However, from the experiments carried out on zinc 

bicrystals, it appears that the progressive increase in boundary 

shear resistance results from the interaction of crystal slip with 

the boundary. 

One effect of such interaction is to produce severe 

deformation localised near the specimen surface. 	In this deformed 

region, boundary irregularities - that is, sub-grains and twins - are 

generated. 	These irregularities must offer increased resistance to 

further shear displacement, not only because cf the obvicus difficulty 

of producing sliding at a non-planar surface, but also because 

coherent and low-angle boundaries, to which types belong twin and 

sub-grain interfaces, inherently possess high shear resistance (13, 14, 

25)
. 	The formation of twins in the deformed region provides some 

information about the magnitude of the stresses which operate there. 

Bell and Cahn (74)  have shown that the stress required to nucleate 

twins approaches the theoretical value of 100 Kg/m
2
, whilst Price(94) 

has recently shown that twins in thin films of zinc nucleate at 

stresses of about 50 Kg/m
2
. 	If this lower figure is accepted, it 
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, 
means that an applied stress of as little as 0.015 Kgimm

2 
 is concentrated 

over 3000 times at the grain boundary. Furthermore, pyramidal slip — 

the critical shear stress for which has been shown to be about 1.5 Kg/mm 2 

— has been seen near the boundary in specimens favourably orientated for 

basal slip. 	This constitutes confirmatory evidence that the stress 

concentration arises out of the obstruction of the basal planes by the 

grain boundary. 	Beyond this, however, the explanation of the 

distribution of stress at the boundary remains obscure. 	It might be 

thought that the observations can be explained on the basis that, at 

the boundary, the piling up of dislocations should produce stress 

concentrations. 	As Cottrell (95)  has shown9  the stress concentration 

factor equals the number of dislocations in the pile—up. 	This latter 

is proportional to the length of the slip plane. 	Hence, it would be 

expected that the stress concentration should be greatest at surface A, 

where the longest of the basal planes obstructed by the boundary is 

situated, and that it should decrease progressively to unity at surface 

B. 	A gradual decrease in stress along the boundary is not, however, 

in keeping with the observed behaviour. 	Reference to Figs. 6(xi)a and 

b clearly shows that the severely deformed region is localised in the 

immediate vicinity of surface A, whilst the extent of slip displacements 

on the other (0001) planes impeded by the boundary appear relatively 

and fairly uniformly slight. 

In addition to the deformation which occurs near 

Surface A, the formation of relatively small irregularities in parts 

of the bcundary away from the site of the main stress concentration 
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has been shown to contribute in some degree to the hardening of 

the boundary. 	At room temperature, these irregularities, which 

are observable on the end faces of sheared bicrystals, take the 

form of "zig-zags" of amplitude about one micron. 	A possible 

explanation may be that the force exerted by dislocations piled 

up against the boundary causes local boundary migration. At the 

lower test temperatures, the boundary mobility will be low and the 

extent of migration small. 	The zig-zag structure can be explained 

by the fact that slip in the two component crystals tends to cause 

boundary migration in opposite directions. 	Support for this hypo- 

thesis is found in the observation that the frequency of the "zig-zags" 

corresponds approximately to the slip band spacing. At higher 

temperatures (>10000), when the boundary may be expected to be able 

to migrate more readily under stress, the boundary trace does not 

present a regular zig-zag appearance. Under these conditions, 

the boundary is not, however, straight, but the re-adjustments that 

have occurred in its configuration during test are less angular and 

less regular than the "zig-zags" observed at lower temperatures. 

It should be emphasised that all the boundary irregularities 

observed on the end faces of the specimen are slight in comparison 

with those near surface A. 

To sum up, all the evidence available at the 

present time indicates that the changes in boundary structure 

which result in the progressive increse of boundary. shear regis-.  

tance under load originate from the same basic process, namely, 



- 150 - 

the interaction of slip with the boundary. 	Furthermore, the fact that 

different deformation effects are observed at different parts of the 

boundary may be ey....plained in terms of a heterogeneous distribution of 

stress acting across the boundary plane. 

The Boundary Displacement Versus Time Relationship. 

The rate of the boundary hardening is quantitatively 

revealed in the displacement : time curve. 	For this reason, the 

law relating boundary displacement to time deserves more detailed 

study. 	Equations (5) and (6) represent the two most likely forms 

of the relationship, where 6 is the boundary displacement and t, the 

time. 	A, B and C are constants. 

8 . Atn  where 0 < n < 1 	. 	(5) 

B - ln- t 	 . 	(6) 

If equation (5) is valid, a plot of log 8 : log t should give a 

straight line, whilst for equation (6) to apply, S : log t should be 

linear. 	Analysis of the data obtained from the Series 2 bicrystal 

tests indicates that 8 does not depend logarithmically upon t. 

The power law relationship seems to represent the behaviour of the 

specimens reasonably satisfactorily, but the index "n" is not the 

same for all specimens. 	A systematic variation in "n" is, however, 

found, in that it tends to be relatively small for those specimens 

which showed an initially rapid displacement. 	In ether words, the 

rate of hardening is greatest when the conditions of stress and 

temperature are such as to produce initially rapid displacement. 
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This evidence adds strength to similar conclusions drawn from the 

metallographic evidence, for it is under conditions of relatively 

large stress and high temperature that boundary irregularities are 

formed most rapidly. The values of "n"'extend over the range 1/4  to 

1 
n. This represents a very low value of the power law index compared 

with that of other metals (see Section 2). 	In particular, the author 

has previously found a t2  law to apply when carrying out similar 

experiments on tin bicrystals 
(14)

. 	Very little agreement has in the 

past been found between the values of "n" obtained in different 

investigations. 	It can, however, be stated that grain boundary sliding 
1 

in bicrystals does not, in general, follow Andrade's t /3 law for 

transient creep in polycrystal3. 	If the power law index provides a 

measure of the extent to which boundary hardening occurs relative to 

a process tending to produce boundary displacement, it is not, in 

qualitative terms, surprising that different values of "n" are found 

in materials with different structures. 	The rapid boundary hardening 

in the early stages of creep in zirl., may reflect the fact that zinc 

single crystals work-harden slowly. This may mean that, as a 

consequence of the slow increase in resistance to slip on the basal 

planes, the interaction of slip processes with the grain boundary may 

be relatively uninhibited by work-hardening which occurs in the grain 

interiors. 	This suggestion is consistent with the observations cf the 

complex changes which occur near the boundPory in zing. 	It may also 

explain why, in hexagonal metals, recrystallisation is seen to 

initiate at the boundaries and to extend progressively into the 
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crystals. 	In cubic materials, where, multiple slip and, hence, rapid 

work—hardening can occur in parts of the grains remote from the 

boundaries, recrystallisation may be expected. to be loss markedly a 

boundary phenomenon. 	Gifkins 
(96) 

 has, in fact, found this to be 

the case for lead, whore, it is reported, recrystallisation nucleates 

homogeneously throughout the grains. One prediction may be made on the 

basis of the proposed model — if boundary displacement in the early 

stages of creep is a function of the shear stress acting on the 

boundary plane and, at the same time,a function of a slip controlled 

hardening process, the observed displacement : time relationship should 

bn sensitive to the orientation of the slip direction relative to the 

applied stress. 	In other words, the value of the power law index may 

vary with the orientation of the component crystals in relation to the 

grain boundary. 	Clearly these experiments shtuld be carried out if the 

ideas formulated above are to be tested and developed. 

The Temperature Dependence of Grain Boundary Sliding. 

The metallographic evidence obtained in the bicrystal 

tests has indicated that grain boundary sliding is profoundly influenced 

by alterations in grain boundary structure, which, in turn, are 

connected with the interaction of basal slip with the boundary itself. 

Further information about these processes may be obtained by 

investigating the temperature dependence of grain boundary displacement 

and, in particular, by deriving an activation energy. There are 

serious difficulties in doing this, however. 

One difficulty arises from the fact that the relationship 
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between displacement and time cannot be represented by a smooth 

curve, for, whilst there is a general tendency for displacement 

velocity to decrease with increasing time, there is, superimposed 

upon this, an irregular velocity fluctuation. 	That such fluctuations 

are real has been confirmed by several investigations (see Section 2). 

The existence of these fluctuations must inevitably limit the precision 

of any determination of activation energy obtained. 	A more serious 

difficulty arises out of the fact that the displacement : time curves 

are generally non—linear. 	In order to obtain an activation energy, 

the following methods have previously been employed:— 

(i) by considering the boundary displacement which occurs in 

an arbitrarily chosen time 

(ii) by considering the time taken to produce an arbitrary 

displacement. 

In justification of these somewhat arbitrary methods, it should be 

pointed gut that, within n't too broad limits, the activation energies 

derived by choosing different values of the arbitrary parameter have 

been found to be self consistent. 

The magnitude of the boundary displacement depends not 

only upon temperature, but is also stress sensitive. 	In deriving 

an activation energy for sliding, therefore, the value of the stress 

must be taken into account. 	This can be done, either by determining 

the law relating displacement with stress at constant temperature, or 

by considering only those experiments carried out at the same stress. 

Unfortunately, insufficient results were obtained to enable the stress 
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dependence of boundary displacement to be determined. 	The Series 1 

tests revealed that a high value of shear stress very rapidly produced 

structural changes in the boundary. 	Thst is to say, the shear stress 

not only assists boundary displacement, but also boundary locking. 	In 

the Series 2 tests, lower stresses were employed in order that both 

shearing and hardening processes should take place sufficiently slowly 

to enable the early stages of boundary hardening to be studied. 	From 

the results, as shown in Figs. 6(xii)a to 6(xii)h, it is clear that 

the shear displacement which occurs over, say, the first twenty-five 

hours of test is less than linearly dependent upon the magnitude of the 

applied stress. 	This relative insensitivity to stress i understan- 

dable if, as has been suggeTtel, the boundary displacement during the 

transient creep period represents the result of a competition between 

hardening and shearing processes, both of which are stress sensitive. 

In view oz the above considerations, lot it be assumed 

that, at a constant shear strews, the boundary displacement, 8, .as a 

function time, t, and. temperature, T, is given bye- 

6 . A e - 	t
n 	

• 	(7) 

Then for two specimens tested at the same stress and for the same 

time, 
81 	- Q 	

(
1 
	

1 
1 2.3R 	T

2 
- 1,  ) 1°gio(7)   where Q is the 

activation energy. 

from specimens a and c - measurements made on surface A 

017 = 0.05 Kg/mm
2 

T
a = 373°K, To = 473°K 

for t = 25 hours 

	

	 8a = 7•31-'L, 8c = 32µ 

= 5.2 Kcals/mole. 
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for t = 5 hours 	 8a 	Sc  = 20.5/LL  

= 4.3 Kcals/mole  

fcr t . 3 hours 

	

	 8a  =4.9'L Sc  = 

Q = 4.5 Kcals/mole, 

from specimens d and 29 (series 1) - measurements made on surface A 

0— 	= 0.1 Kg/mm
2 T

29 
= 373°K Td 

= 473°K 

t = 5 hours 	 529  = 11.5u- 8,1  = 32/1,k, 

Q = 3.6 Kcals/mole  

from specimens e and f - measurements made on surface A 

Cr 	. 0.1 Kg/mm
2 T

f 
 = 298°K T

e 
= 373°K 

for t = 5 hours 

	

	 8f  = 4.1/A- 80  = 26 . 3/A, 

Q = 5.6 Kcals/mole  

from specimens a and c - measurements made on surface B 

0- 	= 0.06 Kg/mm2 Ta  = 373°K Tc  = 473°K 

t = 25 hours 

	

	
6a =4.7 	Sc = 11.7/A., 

Q = 3.3 Kcals/mole  

From the foregoing elementary treatment, it is evident 

that the temperature dependenc,e of boundary displacement is such as to 

produce a remarkably small activation energy. 	Furthermore, for 

arbitrarily chosen values of t between 3 and 25 hours, no significant 

trends in activation energy values are obtained. 

As is so often the case, the interpreation of activation 

energy data in terms of physical mechanisms is difficult to justify. 
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This is especially so in the case of grin boundary sliding when the 

overall measured displ%cements hove been shown to be, in all 

probability, the result of complicated processes and heterogeneous 

stress distribution. 	Nevertheless, it is suggested that the tempera—

ture dependence of grain boundary sliding may be understood on the 

basis of the model previously suggested, namely that the observed 

behaviour represents the result of the concurrent operation of two 

basic processes:— 

(i) a tendency for two juxtaposed crystals to slide on the 

application of a shear stress across their common boundary. 

(ii) an increase in boundary shear resistance which results when 

crystal slip interacts with the boundary, thus producing 

irregularities in it. 

Both these Processes may be expected to be stress anl 

temperature sensitive and, over a limited temperature range, they may 

each tend to balance against the other, thus giving rise to the 

observed small temperature dependence. 	It is noteworthy that there 

appears to be no correlation between the activation energy for the 

boundary sliding process and those of volume or grain boundary self—

diffusion (23 Kcals/mole and 14.3 Kcals/mole, respectively). 

Furthermore, there exists a marked difference between the temperature 

dependence obtained from the present experiments and that reported 

by Adsit and Brittain (97)9 who found an activation energy of 13.8 

Kcals/mole for boundary sliding in zinc bicrystals. 	The lack of 

agreement can probably be explained on the basis that in the two 



— 157 — 

investigations different stages of grain boundary creep were examined. 

In particular, Adsit and Brittain's value was derived from experiments 

which lasted 200 hours. The evidence of their displacement : time 

curves supports the contention that, for much of this period, steady— 

state conditions prevailed. 	It is, therefore, not surprising that 

the activation energy obtained from their results should agree 

reasonably well with values for steady—state creep in polycrystalline 

zinc. 	In fact, such a correlation can be interpreted as support 

for the idea that steady—state creep is intimately associated with 

grain boundary processes. 	However, in the present tests, much 

shorter test periods were employed and the boundary processes then 

occurring may be most nearly equivalent to the primary or transient 

creep stage in a conventional creep test. 	The identity must not be 

pressed, for, it will be remembered, the displacement : time 
1 

relationship bears little likeness to the Andrade t /3 law. 

One other possible explanation of the very small 

temperature dependence observed in the present experiments presents 

itself. 	It is tempting to associate the boundary sliding process 

8) 
with basal slip, which Gilman ( '0 has shown to have similarly low 

activation energy. Furthermore, Mullendore and Grant (99)  have 

recently suggested that boundary displacement may represent the un—

resolved component of shear which results when slip crosses from one 

crystal to another of different orientation. 	Such an explanation 

certainly appears to be consistent with some of the results of the 

experiments reported herein. 	It cannot, however, be accepted 
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unreservedly at the present time, for it has been shown by Rachinger (28) 

that, for the interior grains of polycrystalline aluminium, the 

boundary sliding contribution to the total creep deformation is as 

high as 95%, whilst Couling and Roberts 
(30)  and McLean and Farmer (31)  

have demonstrated that grain boundary sliding plays a much greater 

part than crystal deformation in the creep of polycrystalline hexagonal 

metals. These results are difficult to explain on Mullendore and 

Grants hypothesis, for whilst it is just conceivable that two adjacent 

grains in a polycrystalline aggregate may be orientated se that almost 

all the slip component in one crystal manifests itself as boundary 

displacement, this situation must be extremely unusual. Certainly, 

the maximum boundary contribution to be expected if boundary sliding 

occurred by such a mechanism would be much less than that found 

experimentally to be the case. 

7.3. Intergranular Cavitation. 

The problems of intergranular cavitation have already 

been discussed in Section 2 of this thesis. 	They are conveniently 

classified into two sections:— 

(i) Nucleation 

(ii) Growth 

The problem cf nucleation ip probably the more 

difficult to solve. Cottrell 
(56)  has drawn attention to the 

necessity of reaching a stress of about E/10, where E is Young's 

Modulus, if cohesion is to be broken and a crack nucleated. This 
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represents a very large stress and it is difficult to understand how 

such a stress can be achieved under the low stress conditions typical 

of high temperature creep. 	It was this over—riding difficulty which 

led Cottrell 
(56)  to postulate the existence of nuclei in the form of 

"non—wetting" inclusions, probably oxide particles, at the boundaries 

of which cohesion could readily be broken. Whilst this mechanism of 

void nucleation may play an important part in void formation in 

commercial materials, it is not easily acceptable in explaining the 

cavitation which, under certain conditions, has been shown to occur in 

polycrystalline high—purity zinc. 

It is believed that the results of the bicrystal tests 

provide some information about possible alternative nucleation mechan— 

isms. 	It has been seen that stress concentrations may occur in the 

grain boundaries as a result of the restricting action of the boundary 

on crystallographic slip. Furthermore, a stress concentration factor 

of about 3000 times may be achieved over a small region in the vicinity 

of the boundary. 	If E is taken to be about 10
12 

dynes/cm
2 
for zinc, 

E/10 = 1011  dynes/cm2, which is equivalent to 103  Kg/mm2. 	On the 

basis of a stress concentration factor of 3 x 103r  an applied stress 

. of 0.3 Kg/mm
2 
could cause spontaneous loss of cohesion. 	It should be 

noted that this figure is of smaller magnitude than the creep stresses 

acting in the polycrystalline tests which showed cavitation. 	The 

result, however, of such enormous stresses acting at the boundary must 

be, in the first instance, to produce rapid and very severe plastic 

deformation. This is observed as the effect known as "Zone shear", 
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At the present time the mechanism of ductile fracture is still far 

) 
from being understood. Evidence, cited by Cottrell (100 suggests 

that in some commercial purity materials ductile fracture nucleates 

at inclusions. However, it is still far from certain that second-

phase particles are always necessary when cohesion locally is lost. 

Indeed, the older idea that fracture occurs when ductile material is 

3ufficiently work-hardened has not been conclusively disproved. 	At 

the present time, it remains reasonable to postulate that loss of 

cohesion may occur at the boundary when the severe plastic deformation 

in the region of the stress concentration reaches a certain critical 

value. 	It would, therefore, not seem necessary to have to resort to 

nucleation at impurity particles to explain cavitation in high purity 

zinc. 

In this context, it should also be pointed out that 

Hull and Rimmer (59) have produced evidence that the shear component 

of an applied stress directly influences cavity nucleation, or, in 

other words, cavity nuclei appear to form during test. 	This, in 

itself, is suggestive of a stress assisted nucleating process, rather 

than a fixed number of void nuclei being present in the metal initially. 

Observational evidence that stress may produce voids has been provided 

by Mullendore and Grant (37),  who found voids to be associated with the 

peaks of the grain boundary serrations, generated during the creep of 

an Al-Mg alloy. 

If cavity nucleation is associated with very large stresses 

and localised severe deformation at the boundaries, recovery under high 
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temperature conditions may be expected. 	Recrystallisation has, 

indeedl frequently been observed and there is no reason to doubt that 

this process may, under favourable conditions, prevent void formation in 

high purity zinc by relaxing boundary stress concentrations before 

they reach the value at which cohesion may be lost. Furthermore, 

it is of particular interest that, in certain of the polycrystalline 

tests, a cavitated structure was observed even when the ductility 

of the specimen was large. 	That cavitation did. not lead to a 

reduced ductility- was attributed to the effect of recrystallisation 

isolating existing cavities in the interiors of the recryEtallised 

grains. 	It is, unfortunatelyidifficult to conclude with any 

certainty from the few specimens in which this effect was observed, 

whether it was the nucleation or the cavity growth process that was 

stopped when recrystallisation occurred. 

Before leaving the sul,ject of cavity nucleation, mention 

should be made of possibilities, other than the mechanism of ductile 

fracture, which have been shown to produce cracks in zinc. Bell and 

( 
Cahn 

101)
have demonstrated that cracks may be formed in zinc at the 

intersection of deformation twins. 	Although, no such intersections 

were observed in the bicrystal tests, the nucleation of twins at the 

boundary indicates that such a mechanism could conceivably operate. 

) 
In addition, Gilman 

(102 
 has shown that in zinc, which slips and 

cleaves on the same plane, the discontinuity of displacement which 

occurs when slip crosses a tilt-boundary, can initiate a crack on 

the basal plane. 	Such cracks are, of course, different in shape 
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to spherical voids, but provided that, once formed, the cracks do 

not propagate rapidly, it is to be expected that, on surface energy 

considerations alone, the crack should tend to assume a spherical 

shape. Furthermore, in view of the localised region of stress at 

the boundary, there should be little tendency for the crack to 

propagate far into the crystal. 

Cavitation in zinc follows a pattern, the general 

features of which are similar to those of other metals, and, in 

particular, to magnesium and "MAGFOX" alloy. The general 

characteristics of intergranular cavitation have led to the specula— 

tion that vacancies may be responsible for void growth. 	Greenwood (65)  

first proposed the role of vacancies in cavitation and the idea has, 

in various forms, been favoured since, 	Several different possibili—

ties have been reviewed in Section 2 and, in particular, the idea that 

the growth of cavities could result from vacancies produced by plastic 

strain was shown to be unlikely. 	The grounds for this conclusion 

were, firstly, that diffusion through the grains would not be 

sufficiently rapid and secondly, the number of vacancies produced 

was likely to be too small.. 	It is difficult to present a 

quantitative conclusion on this subject, because of the possibility of 

a large total error resulting from the uncertainties and approxima— 

tions in the proof. 	However, one aspect of the above argument 

must be modified in the light of the information obtained from the 

present investigation. 	That rapid and very extensive deformation 

can take place in the immediate vicinity of the boundary indicates 
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that locally a much larger vacancy concentration than otherwise would 

be expected will occur in the very regions where voids nucleate. 

Consequently, the diffusion paths to void nuclei will be short and 

the rates of diffusion will be high. 	In other words, the effect of 

the deformation is to produce ideal conditions under which vacancies 

may contribute to the growth of void nuclei. Mention has already been 

made of certain specimens in which voids were observed in the grain 

interiors of a completely recrystallised structure. 	The ductility 

of these specimens was high and metallographic evidence suggested 

that recrystallisation had isolated the voids which previously had 

been situated along grain boundaries. Whilst these observations 

are capable of being interpreted in several ways, they are consis—

tent with the idea that not only is a boundary essential for cavity 

nucleation, but also to cavity growth. 	One reason for the importance 

of the boundary to cavity growth mechanisms may be that boundary diffu—

sion is necessary to transport he vacancies sufficiently rapidly to 

the void nuclei. 	The other possibility, which should not be over— 

looked, is that the importance of the boundary to cavity growth may 

result from a rate of vacancy production near the boundary which is 

many times greater than that in the crystal interiors. 

7.4. Summary.  

It is becoming increasingly evident that it is an 

oversimplification to regard the relative displacement of crystals, 

which occurs under high temperature creep conditions near the grain 
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boundary, as being attributable to a quasi—viscous property of the 

boundary itself. 	The bicrystal tests have shown Ihat the interaction 

of slip with the boundary is responsible for grain boundary hardening 

under load. 	Great care should be taken when attempting to apply the 

results of bicrystal experiments to polycrystalline material. 

Nevertheless, it will be surprising if boundary hardening does not 

influence the transient stage of creep in polycrystalline material. 

This would be expeoted particularly to apply to hexagonal metals, where 

work-hardening associated with.  slip on more than one system rarely 

occurs except in the immediate vicinity of the crystal boundaries. 

The results of the polycrystalline tests have indicated 

that the boundary is cicsely bound up with either of the two 

mechanisms which, it is suggested, may control steady—state creep in 

zinc. 	In the one, the creep rate is limited by the rate at which 

jogs in dislocations can be moved. 	The formation of these jogs is 

only possible in any number close to the boundary where free basal 

slip is obstructed and slip on more than one system has to occur. 

The alternative model relies upon rate of climb of jogged dislocations 

obstructed at the boundary to limit the creep rate. 	If either model 

is shown to have any real validity, theait would no longer be 

meaningful to ask whether crystallographic slip controls creep or 

if the properties of the grain boundary constitute the dominant 

factor. 

Finally, as a result of the detailed observations of 

the interaction of crystal slip with the boundary, it has been 
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possible to suggest methods of void nucleation applicable to high— 

purity single—phase hexagonal metals. The role of the grain 

boundary in cavity growth has also been discussed. 
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