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ABSTQACT 

'Creep tests were carried out on compression test , specimens of 

99.999 per cent pure zinc single crystals oriented for batal slip. 

Measurements of initial dislocation, densities 'were made and changes in 

the dislocation density after testing were observed. , The change in 

dislocation density for a given strain was found to de pend on the density ..... " 

of grown-in dislocations. Theo, effect of the non-bas~l dislocations in con-

trolling the yield stress of a crystal was confirmed, while theodensity of 

basal dislocations was found to have no,direct influence on this stress. 

A marked decrease in the creep rate was observed after an initial 

primary stage, followed by subsequent recovery. 

The number of active slip planes in a specimen was found to be 

directly proportional to the applied stress in the test range. oThis 

relationship offered anexplanation of theeffect of a stress increase on 

deformation processes not thermally activated. 
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ABSTRACT 

'Creep tests were earried out on compression test specimens of 

99.999 per cent pure zinc single crystals ,oriented for basal slip. 

Measurements of initial dislocation densities were'made and cbanges in 

the dislocation,density after testing were observed. The cbange in 

dislocation density for a given strain was found to de pend on tbedensity 

of grown-in dislocations. The"effect of the non-basal dislocations in con­

trolling tbe yield stress of a crystal was confirmed, wbile tbe'density of 

basal dislocations was found to bave no direct influence on tbis stress. 

A marked decrease in tbe creep rate was observed after an initial 

primary stage, followed by subsequent recovery. 

The number of active slip planes in a specimen was found to be 

directly proportional to tbe applied stress in tbe test range. ' This 

relationsbip offered anexplanation of tbeeffect of a stress increase on 

deformation processes not tbermally activated. 
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Chapter l 

INTRODUCTION 

Creep is defined as the time-dependent deformation of materials 

that occurs under constant stress and temperature. In the earliest 

investigations of this phenomenon in both single and po1ycrysta11ine mat-

eria1s attempts have been made to characterize the process by genera1ized 

equations or time 1aws. In a review of these 1aws, Cottre11 (1952-1953) 

found that many of the experimenta1 creep curves cou1d be fitted by the 

equation : 

· t rv O=Q,.-
where y = strain rate 

t = time 

~ = constant for a single test 

~= con~tant for a single test 

It was found that ~, nv varied from specimen to specimen. Consequent1y 

many attempts were made to eva1uate the dependence of ~ and ~ on the 

app1ied stress and temperature. The ~nvestigators determined three dist-

inct regions of temperature: 

(1) 10w temperature ( 0 < T < O.2.STm) where ~ = \. 

(2) intermediate temperature (O.25Tm < T <0.5 Tm ) where 0<n,<1 

(3) high temperature (O.ST"", < T < Tm ) where n... = O. 

The three regions thus termed 10garithmic creep, parabolic creep, and steady-

state creep, respective1y are summarized by Conrad (1961). The first work 

dea1ing with the forma of the creep curves 1ead to the we11 known exhaustion 

theory of creepproposed by Kauzmann (see also Cottre11 (1953» and used 
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abstract concepts in order to exp1ain the tempe rature and stress-dependence 

of a. and ~ • This theory, and the forma1 theories tO'follow, were based 

on the idea that thermal fluctuations aid the app1ied stress to cause f10w 

in overcoming interna1 barriers. 

The first theory of wJrk-hardening based on dislocations is due to 

Taylor (1934). He postulated that dislocations were constantly being created 

while the substance was undergoing deformation and that they moved a certain 

distance before they were arrested. Mott (1952) extended this the ory by 

proposing that the strain hardening could be accounted for by the internal 

stress field of the generated dislocations. 

where 

Most of the present theories 1ead to an equation of the type: 

'Ï' = C ( T, cr) ex? _ [ lA-~ ~ 0-) ] 

li = temperature 

cr = app1ied resolved shear stress 

k = Boltzmann 's constant 

Ll(-r,~) = activation energy associated with the flow. 

The mathematical forma of. the strain-rate equations for the various 

thebries differ essentia11y in the relation between the activation energy and 

the applied stress and temperature. Schoeck (1961), Conrad (1961) and Friedel 

(1964) have made comprehensive evaluatio~of the theories applicable at various 

stress and temperature levels. 

Another approach to the understanding of work-hardening and creep has 

been to consider the parameters invo1ved in the basic strain-rate equation for 

slip on one plane, separate1y, viz: 

-_._ .. _.- -_ ........... __ ._ .. _._._---
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~ = total length of moving dislocation line per unit volume 

~ = average velocity of the moving dislocations 

b = magnitude of the Burgers vector of the mobile dislocations. 

Johnston and Gilman (1959) measured dislocation velocities dir~ 

ectly in Lithium fluoride by using an etch pit technique. Since then, 

dislocation velocities have been measured in several other crystals (see 

also Adams et al (l965b». However, the proportion of dislocation loops 

that are mobile in a crystalundergoing deformation has not been determined 

as yet experimentally in bulk specimens. 

The present experimentalinvestigation is an attempt to examine by 

using an et~h pit technique, the re-arrangement and multiplication of dis­

locations during the creep of 99.999 per cent pure zinc single crystals with 

different values of grown-in dislocation densities. The aim of this work 

ia to provide further knowledge toward an underatanding of the mode of work­

hardening in pure zinc crystals. 

.' .......... _-.. _._ ....... ~,_ .. _--_ .. ".~,_. __ ' 



·- 4·-

Chapter II 
EXPERIMENTAL TECHNIQUES 

a) Specimen Preparation 

The test specimens weremad.e from HP grade zinc of 99.999 per 

cent purity, obtained from COMINCO LIMITED, Trail, B.e. According ta 

the supplier, iron (0.0003 per cent) and lead (0.0001 per cent) were the 

major impurities. 

Single crystals of dimensions 6.00" x 0.55" le 0.55" were prepared 

by seeded growth in a graphite mould placed inside a horizontal travelling 

furnace. The furnace moved ata 'rate of 5 cm/hr. The basal plane of each 

o crystal was paraUel to the growth--direction within .:!: 0.5 and at an angle 

o - -of 45.:!: 0.5 to the vertical walts of. the mould, while the < 1210> basal 

o slip direction was perpendicular to the growth direction within.:!: 1 (see 

Figure 1). 

The firstthird of each crystal was used for the purpose of test 

specimens. This part (approximately 2 ins. length) of the crystal was 

sawed into 0.56 inch sections using an acid-cutting machine; the eutting 

edge was a cotton thread wet with l6Nnitric acid. These cutting oper­

ations resulted in surfaces with irregularities less than 2 x 10.3 inch 

in height. 

The loading surfaces of ~he specimens were the two planes of the 

crystal parallel to the vertical walls of the graphite mould. By proper 

machining of the mould, it was possible to obtain these surfaces parallel 

. 0 
to within 0.1 • 
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The cut 6urfaces of eaeh specimen were chemically polished on a 

slowly turning lucite disk covered with a th in film of 6N nitric acid. 

. -3 The polishing operation removedappro~imately 4 x 10 inch of ~terial 

fromeach face and left them parallel to within 10 • During the polishing 

the remaining four surfaces were ~sked with cape to retain a f1at· surface. 

The c~ystal10graphic orientation of the test specimens 18 shown 

in Figure 2 .• 

The maximum possible basal reso1ved shear stress uncerta1n1y resul­
un cel"-t.a In.ty 

ting fram the uaQ81'taiatbs in the angles el' e2 was 1ees than one pel" 

cent. 

b) Test Equipment 

1. Creep Furnace. 

Creep tests were carried-out in a high temperature furnace employe 

ing graphite rods as heating resistors. A complete description of the creep 

furnace is given by Axelrad (1962), (1965). 

The compressive 10ad train 1e 11lustrated in Figure 3. Ca1ibrated 

weights were placed on the flatl upper surface of the loading rod. . The load 

was transmitted to the test specimen thx-ougb. the silicon carbide upper push 

rod and tungsten platen. Thus the total load supported by the specimen during 

creep testing consisted of the upper load train plus calibrated weig~tB, 1ees 

any frictiona1 10sses. These losses were determined by measuring deflections 

under 10ading of a calibrated spring p1aced between the two p1atens. The 

frictiona1 losses proved n~gligible. 

,"'. 
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To 1nsert a test specime,ti ~nto tbe furnace" the sUding plate 

was removed and the lower push roaa,extracted from the furnaee througb 

tbe bot tom. 

, The specimen was placed between marked lines on the lower tung­

sten platen and the lower push rod was tben re-inserted into the furnace. 

To prepare the load for the commencement of a test, the upper loading 

fixture wes lowered to the levei of tbe specimen's upper surface, and 

fixed there by the. load-application device (Figure 4). Thereupon the 

clamping serew was released to allow the load to rest wholly on the test 

specimen. 

2. Strain Measuring Deviee. 

-5 A Starrett Model No. 25-231 dia1 gauge sensitive to 2.5 x 10 

inches and connected to a 1:2 lever arm was used to measure vertical dis-

placements of the loading rod. ,This,unit provided adisplaeement senBi~ 

tivityof 1.3 x 10-5 inches. 

3. Temperature Control Circuit. 

A teuperature control unit wes employed wbicb maintained tbe spec-

o imen temperature within ! 2 C of, any' set-point temperature. 

A generel scbematic of the temperature control system is shown in 

Figure 5. 

The chromel-alumel tbermocouple located at tbe specimen's surface 

transmitted a millivolt signal, proporti,onal ta tbe specimen temperature, 

whtch actuated tbe pen in the Honeywell Electronik 15 strip chart recorder. 

~ .. ~ 
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The 2001\ retransmitting slidewire attached ta th~ pen drive system was 

wired between two dropping resistors across a 4C volt power supply. A 

process variable voltage signal PV, proportional ta the thermocouple signal, 

was therefore available for the control system fram the wiper on this sl!de. 

wire. 

For the automatic control of the furnace temperature, a "set point" 

signal, SP, against which a process variable signal, PV, could be compared, 

was provided to the controller by means of a 10 turn set point potentiometer. 

The set point was adjusted on a dial calibrated from 0 to.lO, equivalent to 

o to 101 per cent of scale on the s~rip chart record~r. 

The ~ontroller was a three-méde Honeywell Electro-O-Voit Model which 

compared the SP, PV signals to produce a difference or the error signal SP, 
millivolts 

PV, in a~lli? pc. 

This signal actuated the silicon controlled rectifier power modula 

ator, which controlled the power to the heatin~_ .element. Using this system 

it was possible to maintain steady-state temperatures witb a fluctuation of 

o Iess than .:t 2 C. 

In order to measure any tempe rature variation around the periphery 

-3 of the test specimen, six cbro~l-a.lumel thermo'-couples with 2 x 10 inch 

flattened beads were Iocated at-equal intervais around the specimen. . The 

thermocouples were connected to a Honeywel1 I2-channel Electronik recorder 

and the temperature of each thermocouple was recorded every 9 seconds. Temp-

eratures were measured to the nearest 2.SoC. No variation in temperature 

around the specimen could be detected during any test. 
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c) Test Procedures 

le Annealing of Test Specimens. 

Prior to testing, a11 testspecimene were annea1ed at 3600C for 

8 hou~a in a purified nitrogen atmosphere. 

2. Observation of Dislocations. 

Dislocation etch pits' on both (1010)* prism planes of each test 

specimen were counted before and after the creep test. A minimum of 6 

photomicrographs was taken from eacb plane and a qualitative description 

of the number and distributio~ of 10w-ang1e boundaries was made. In add­

ition, fo110wing the photographyafter the ~reep test, each specimen was 

c1eaved on the basal plane. This was done by coo1ing the crystal to the 

o temperature of 1iquid air at a rate of about 4 C per minute and thereupon 

c:1eaviI\g it with a razor blade tapped .light1y with a hannne.r. At 1east 

seven photomicrographs were takeu o,f each cleaved surface. ' 

To revea1 dislocation etchpits on (1010) surfaces, an etch pit 

technique,'developed by Brandt. et al (1963) was found suitab1e. Mercury, 

in the form of.a Hg ( N03 )2 solution, was introduced,to'the polished 

specimen surface~ where it concentrated at the individua1 dislocation centres 

to produce etch pits • 

. Etch pits on the (0001) basal plane were revea1ed by an etchant 

deve10ped by Rosenbaum and Saffren (1961) and Rosenbaum (1961). Of the 

severa! poss:;"b1e etchants. which revea1ed pits, the one used in these experi-

ments was 48 per cent HBr in ethano1. This etchant produced hexagonal 

pits wi,th sides para11e1 to the <1210) directions (see Figure 9). 

* One plane is actua11y (LOlO). 
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. The dislocation density on each surface was calcu1ated by counting 

etch pits on the photomdcrographs. On the photomdcrographs of the (10ïO) 

surfaces before testing and of the (0001) planes, a11 the·etch pits were coun-

ted. . For the (10ïO) surfa~es after the creep test, etch pits were counted 

inside a one-centimeter square placed on each picture. At 1east twenty-five 

of these tabulations were made from each photomdcrograph. 

The specimens were etched immediate1y after annea1ing and the first 

set of (1010) plane photomicrographs was taken. The crystals were then p1aced 

-5 in a vacuum of 2.3 x 10 mm.Hg. at room temperature for twe1ve hours to remove 

from the surface as mach of the etchant as possible. Subsequent repo1ishing 

of about four minutes reproduced high1y ref1ective (1010) planes. Great care 

was taken in handling the specimens during these operations so as to avoid the 

introduction of new dislocations iuto them. After creep.testing, the (10ïO) 

surfaces were r~-etcbed~ 

3. A1ignment of Test l!'ixture. 

A1thougJ:l the 10ading apparatus (Figure 3) was n,ot se1f-aligning, it 

. -4 was possible to maintain the two tungsten platens paraUel to within 1 x 10 ":;. 

inch and tbe 10ad axes of upper and bottom test sections çoincident'to 0.5 x 

10-4 incb. 

Bacb specimen was tested for 10ading surfaces para11e1 to within 

1 x 10-4 inch. Crysta1s wbicb did not meet this specification were not used. 
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4. The Creep Test. 

Tests were conducted in a purified nitrogen atmosphere. . The 

test specimen was placed in the furnace betweenalignment lines on the 

lower platen, whereupon it was heated to test temperature·at the· rate 

o of about 2.5 C per minute. . The specimen was held at the test temper-

ature for one hour before application of the load.. The upper loading 

fixture was then lowered to the specimen surface, whilst the operation 

was viewed through a 10X magnifying glass placed in a furnace viewing 

port. Fol1owing the creep test, the specimen was cooled at the rate 

o of about 2.5 C per minute to room temperature. 

, .!.~. 

,o ••• ,. 

\.i.:. 
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Chapter III 
EXPERIMENTAL RESULTS 

a) Etch Pit Densities before Test and Distribution of Forest Dislocations 

The results of a study of eight test specimens are reported here. 

Average etch pit counts of each specimen on both (lOïO) surfaces before the 

creep test, and basal plane after the test are tabulated in Table 1. 

TABLE 1 

Average Etch Pit Counts on (lOïO) Surfaces Before Test and on (0001) Basal 

Plane After Test. 

Average Dislocat~on Average Dislocation 
Density on (1010) Density on (0001) 
Surfaces Before Test Surfaces After Test 

Specimen -2 5 (cm ) x 10 (cm) -2 

lC-3 2.6 5.4 ,:!: 0.5 x 104 

2C-3 1.9 1.0 ± 0.4 x 105 

2C-4 4.5 1.1 ,:!: 0.3 x 105 

3C-2 2.5 1.8,:!:0.6x 105 

3C-3 1.5 2.3 .:!: 0.7 x 105 

3C-4 1.5 1.8 ± 0.6 x 105 

4C-3 1.7 1.6 .:!: 0.6 x 105 

4C-4 1.6 1.4 .:!: 0.5 x 105 

The dislocation etch pits on (lOiO) planes were quite uniformly distri~ 

buted over the surface (see Figures 6, 7, 8). 
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Substructure consisted of low-angle tilt boundaries perpendicu1ar 

to the basal plane. These were spaced, on the average, about 0.02 inch 

apart and often were more than 0.2 inch in height. The low-ang1e bound~ 

aries cou1d not generally be traced from one (lôïO) surface to the opposite 

face of a test specimen. ·However, the density of random dislocations was 

a1ways similar on both (lOïO) faces. 

Dislocation patterns on the (0001) basal plane, however, were not 

reproducible from specimen to specimen. Etch pit densities on the basal 

surfaces, exposed after creep testing, varied. Large c1usters of non-basal 

forest dislocations were observed separated by areas of re1atively low den-

sity (Figure 9b). Etch pit densities varied by up to 100 per cent over 

different areas of one specimen. 

b) Decrease in Resolved Shear Stress in Constant Load Tests 

The creep tests were carried out under constant load and as each 

test specimen was compressed, the resolved shear stress on the basal plane 

decreased. The resolve~ shear stress and shear strain were then calculated 

from the applied load and deflection by the relations given by Bowen and 

Christian.(1965) for the case of compression in single slip: 

(1) 

... 
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resolved shear stress on basal 

resolved shear strain on basal 

initial length of specimen 

length of specimen at time, t; 

L = applied load 

plane at time, t 
plane at Ume, t 

~o = initial cross-sectional area of test specimen 

eo = initial angle between load axis and normal ta glide plane 

~o = initial angle between load axis and slip direction 

The initial and final values of resolved shear stress are given in 

Table II. It may be noted from the Table, that the decrease in stress for 

all tests was less than 1.4 per cent. 
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TABLE II 

Summary of Initial and Final Test Conditions for the Eight Test Specimens 

Initial Final Percent Instantaneous Final Test Test 

Resolved Resolved Decrease in Plastic Strain Duration Temperature 

Shear Shear 
--- -Reso1ved Strain ~x 103 (min) (oC) 

Stress Stress Shear in-- - 3 in 

Specimen (psi) (psi) Stress 
-x 10 in 

(per cent) 

lC-3 15.66 15.63 0.19 0.7.±0.1 2.47 101 150 

2C-3 22.54 22.42 0.54 3.0 .± 0.2 7.63 41 150 
t-< 

2C-4 29.91 .29.67 0.81 4.8 .:!:. 0.2 11.78 69 100 ~ 

3C-2 28.30 28.17 0.46 1.-2 .± 0.2 7.17 135 150 

3e-3 37.43 37.33 0.27 0.2 + 0.1 4.33 35 150 

3C-4 39.88 39.57 0.78 6.8 + 0.2 11.00 40 150 

4C-3 29.97 29.81 0.54 2.8 .:!:: 0.2 7.97 26 150 

4C-4 34.93 34.47 1.33 7.4±0.2 19.92 83 140 
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c) The Creep Experiment 

1,. General· Nature of the Creep Curve. 

Curves of basal resolved shear strain versus time obta1ned for th~ 

eight test specimens are plotted in Figures 10 to 14. These creep cur.ves 

show all the same general form; e.g. instantaneoU8 plastic strain foll~wed 

by a decreasing creep rate referred ta as the primary stage. After a period 

of the primary creep, the creep rate in two cases (lC-3 and 3C~3) decreased 

abruptly: to zero, FinallYl the strain increased and the creep continued. 

This final stage 1a referred to as terminal creep. '!he creep test 

for specimen 3C-3 was terminated in the region between the primary and term~ 

inal creep stage. 

2. Dislocation Configuration after Creep . 

. Six distinct reatures become evident from tbe photomic:r:ographs of 

Figures 15 to 19, taken after the creep test: 

(i) 

(U) 

(iH) 

An increase in random dislocation density from the unstrained state. 

Large pile-ups of dislocations at low-angle tilt boundaries. 

Areas of negligible dislocation density between some low .. angle boundw 

aries. 

(iv) "Active" slip planes, or single planes of basal dislocations, which 

(v) 

(vi) 

always extended to at least one apecimen edgc~ but often propagated 

across the (1010) plane from a loading surface to a free surface. 

Polygonization of the random dislocations. 

An increase 1n the number of active slip planes with applied stress. 

. i 

, : 

, ",.~ 
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It appeared that the low-angle boundaries were effective barriers 

to dislocation motion, An experiment was conducted in which a tested spec~ 

imen was cleaved on the basal plane at a point which bisected a law-angle 

boundary. The (0001) basal plane was etched and a large cluster of non~ 

basal forest dislocations was revealed near the (lOïO) plane, at tht point 1 

of the sub-boundary (see Figure 20). 

Pile-ups st individual low-angle boundaries did not in ge~eral ezt~ 

end the distance between adjacent boundaries. The fact that pile-ups con~ 

sisted of both dislocations in the active slip planes and the randQID matrix, 

indicated that slip was not concentrated in the active planes only, but 

rather that dislocations were mobile both in the active planes and matrix. 

In each specimen several areas similar to that shown in Figure 

(18b) were ohserved. In these areas of low dislocation density, traces of 

the active planes were often non-existent, although the same slip plane 

appe~dactive on both sides of these low density regio~. 

An attempt was made ta trace the active slip planes from one (lOïO) 

surface to another. thus a tested specimen was cleaved into two sections 

along the basal plane, and the (1010) planes of bothsections were etched. 

It appeared that, in each section, some active slip planesextended acros·s 

the specimen. 

Specimen ~C-3 was strained only to the end of the primary creep 

region. Its photomicrographs then revealed that about 10 per cent of the 

visible active slip planes had not propagated to a considerable length in 

the <ï2iO) direction on the (lOïO) surface. 



- 17 ~ 

d) Dislocation Density Changes 

The results of dislocation dsnsity messurementa Bre ~ummari~ed in 

Table III. 

TABLE III 

Summary of Average Etch Pit Counts on (lOïO) Planes 

Dislocation Density on Change in 
~ loïo ~ Planes Dislocation Final Resolved 

Specimen Before Test After Test Density Shear Strain 
~2 -5 -2 ~6 (cm-2)x lO~6 in 103 (cm )x 10 (cm ) x 10 x 

in 

lC .. 3 2.6 1.6 :.t 0.2 1..3 .± 0.3 2.41 

2C~3 1.9 2.2 .±: 0.2 2.0 ! 0.2 7.63 

2C-4 4.5 2.9 .:!: 0.2 2.4 .± 0.3 11..75 

3C·2 2.5 2.4 .:t 0.2 2.1 .:!:: 0.3 7.li' 

)C·3 1.5 1.8.:!:O.2 1.6 ;!: 0.3 4.33 

3C-4 1.5 2.5 + 0.1 2.3 .± 0.2 11.00 

4C~3 1.7 2.3 ;t 0.2 2.1 1: 0.3 7.97 

4C-4 1.6 2.9 .! 0.1 2.7 .! 0.2 19~92 

The change in dislocation density on (10ïO) planes versus final 

resolved shear strain la plotted in Figure 21. Measurements of Adams et 

al (1965a) of strain-rate tests for basal slip in 99.999 per cent pure zinc 

at t'oom temperature are included for comparison on the same graph. lt should 

be noted that the crystallographic orientation with respect to the load axis 

of the test specimens employed here was the same &s that usea by Adams et al. 
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A cu~ve Qf the fûrm 

whel':e 

-2 ,.. dis location density change, cm 

reso1.v~d shea.r strain" in/in. 

IV '., 0.39 

C .- 1~37 x 107 

could he fitted te;. the test pointa for the specimens tested st: IS0oC. 

Specimens 2C-3, 3C-2 and 4C-3 were strained to approximately the same 

final strain,t but with widely different resolved sbear stresses (Table 

II). It is noticed that within ell:perimental er:t"or the changes i'n dis-

location densities were equ~ü. 

(2) 
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e) Stress Dependence of the Number of "Active" Slip Planes 

The results of measurements of the number of active slip planes 

at variou8 resolved shear stresses are summarized in Table IV. 

TABLE IV 

Dependence of the Number of Active Slip Planes on Applied Resolved 

Shear Stress. 

Number of Active 
Slip Planes per 
Inch in <0001~ 

Specimen Direction x 10-2 

lC-2* 15 .:!: 1 

lC-3 7 + 1 

2C-l 14 .:!: 1 

2C-2 21 + 1 

3C~2 21 .:!: 3 

3C-3 22 + 2 

3C-4 31 .± 2 

3C-5 20 + 2 

3C-6 25 + 2 

* 1C-2 strained to 3.01 x 10-3~) strain. 
(in) 

AppUed Res 01 ved 
Shear Stress 

(psi) • 

23.12 

15.66 

22.54-./'" 

29.91 

28.30 

37.43 

39.88 

29.97 

34.93 

The measurements shown in Table IV are also plotted in Figure 22. 

The obtained data points can be fitted by a straight Une to give a relation 

of the form 

N = Icr-k (3) 
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where 

N number of active slip planes per inch in <0001 '> direction 

aï app1ied reso1ved shear stress 

1 constant 0.94 

k = constant 7.25 

One data point, however, for the specimen 3C-3 did not fall near 

the experimenta1 curve. This can be attributed to the fact that all of the 

active slip planes had not sufficient1y expanded aeross the. crystal and tbere-

fore the photomicrographs fai1ed to revea1 al1 of them. 

The number of active slip planes for a given app1ied resolved shear 

stress is seen from Figure (22) to be independent of temperature. The data 

o a. points of specimens 2C-4 and 4C-4 which were tested at 100 C and 140 C resp-

ective1y fe11 on the same straight 1ine as the points for the 1500 C tests. 

In addition, the N versus cr relation appeared to be independent 

of the reso1ved shear strain. Specimens 1C-2, 2C-3 deformed under approx-

imate1y the same load, but the final reso1ved shear strains were 3.01 x 10-3 

-3 and 7.17 x 10 respective1y. Data points for both specimens fe1l on the 

experimenta1 curve. A similar interpretation is suggested for specimens 2C-4 

and 4C-3. 
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f) Dislocation Relaxation 

The extent of dislocation relaxation during the period between test 

termination and subsequent etching was not determined.However, one tested 

specimen was re-etched two days after the creep test. No change in disloc­

ation configuration was seen. Thus the dislocation relaxation appeared to 

be negligible once the tested specimen was at roomtemperature. 
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Chapter IV 

DISCUSSION 

a) Validity of the Etch Pit Technique for Characterizing Plastic: 

Deformation 

Since 1956, many studies have been made of the increase in the 
crys-t.all Ine 

dislocation density with plastic deformation of d~fferent e~:stlline solid~. 

Experimenta have been carried out on single and polycrysta11~ne materials 

using x-ray diffraction, transmission and repliea electron~microscopy, and 

etch pit techniques. Frequently it was found that the average disloc.ation 

density increased in form of: 

(4) 

where 

C = constant 

ri; = constant 

fI'; grown-in dislocation density, -2 
= cm 

f = dislocation density at strain 

"" longitudinal strain, in/in. e. = 

Reid et al (1965), in a summary of the differences in the constant 

C for al1 known experiments on polycrystals and single crystala oriented for 

multiple slip, found that the values of C general1y Lay between 0.5 and 2.0 

and did not appear to be sensitive to strain rate or temperature. However, 

,:.", 
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the y stated that the magnitude of C depended on the grain aize of the poly. 

crystalline materiala and was decreasing with increasing grain size. This 

implied that individual dislocations could move greater distance$ through 

the lattic.e st larger grain si~es. 

Reid et al found a correlation 'between e, and the value of dr ,{,e. 

in the early stages of deformatioD t (5 per cent longitudinal strain for all 

the cases studied). Renee from the experimental data they concluded that: 

where 

dp 
de 

= 
-2 cm x 

-1 
per cent = value averaged aver 5 per cent 

longitudinal strain. 

\( = constant 

'Using the value of \1.- = 1 , the.y found that: 

'"w'Uere 

cl: .­
b 

average distance moved by dislocations 

Burgers vecto~ of mobile dislocations 

0( ::: fraction of the dislocations generated hy detormation that 
were mobile. 

ln the case of n., = 2 1 

cL=-..;...·-
25 bo( k 

(5) 

(6) 
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These relations impl1ed that the average distance moved by the mobile dis­

locations was proportional to ytV~ 

In the present results it was found that the change in dislocation 

dens1ty for a gtven strain exceeded that reported by Adams et al (1965a) by 

a considerable amount for strains of the order of 0.1 'to 2.0 per cent (Figure 

21). As the crystals used in the present experiment and those used hy Ad~ms 

et al were similarly prepared and had identical crystallographic orientations 

with respect to the compression load axis> it was felt that the marked differ-

ence in results could be attributed to one or more of the fol1owing causes: 

(i) 

(1i) 

(Ui) 

the present results were ~reep tests while the tests of Adams et al 

were strain ratE'. tests with consideX'ably' faster strain rates CO.001~' 

inlin/minute)and shear stresses increasing with strain, 

o The present tests were conducted at 150 C while tho~of Adams et al 

were at room temperature, 

The densl,ty of non .. basal forest dislocation of t.est specimens in the 

present experiment wes considerably in excess of that of the 99.999 

percent pure specimens used by Adams ~t al. 

(iv) The average density of etch pit a on (lOïO) surfaces of samples in 

the present tests was more than tw~ce that of Adams et al. 

Cause (i) could be eliminated for the following reasons: Specimens 

2C-l, 3C-2, and 3C-5 were compressed to about the same strain but under res-

olved shear stresses that differed by 50 per cent and st average strain rates 

that varied by aoout a factor of 5 (from an average rate of about 0.03 per cent 

per minute for specimen 3C-5 to about 0.005 per cent per minute for specimen 
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The final dislocation densit1es agreed within experimental errer. 

In addition,' Hordon (1962), performing tensile strain-rate tests on copper 

oriented for single slip, found that the change in dislocation density with 

strain was insensitive to strainrate for 8train rates of 0.6 x 10-5 sec-1 

-4 -1 and 1.2 x 10 sec • 

the effect of temperature, hewever, could not be estimated trom the 

present tests, as sufficient data tor creep tests in tbe range 23°C to 150°C 

were not obtained. 

, The effect of the llon-basal 'forest dialocation could be determined 

by the measurements of Adams et al in Figure (21).Their central data point, 

represellting l per cent strain on a specimen witb a forest density of about 

9 x 104 cm-2 ~' correlated reasonahly weil with the two data points which 

1.0
4 cm-2 represented specimens with furest densities of about lt would 

seem that, for their case, the change tu basal dislocation density for a 

given strain did not vary very strongly, if at all, with the forest density. 

Alse, the data puints of the present tests represent specimens with forest 

4 5 -2 densities varying from about 6 x 10 to 2 x 10 cm , but no systematic 

variation in basal dislocation density'change with forest density, for a 

given strain, cou1d be found. 

The fourth possible cause for the apparent discr.epancy in results 

1s the effect of the number of grown-in dislocations in each test specimen. 

Livingston (1962) carried out tensi1e tests on copper crystals oriented 

for <UO) (111) single slip, at a strain rate of 0.001 in/in per minute. 

The initial dislocation densities of his specimens ranged from 10
4 

to 

-2 cm He found the dislocation density-strain relation not to be 
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singIewva1ued, and conc1uded that the dislocation density in deformed copper 

single crystals was more closely correlated with stress than strain. Since 

Livingston did not specify the ~ensity of grown-in dislocations in indiv­

idual samp1es employed in his tests, it was not possible ta determine any 

systematic change Qf the Llp versus curve for increasing values of 

initial dislocation densities. Thefact that the density of grown-in dis~ 

locations varied by a factor of 10 in Livingston's specimens may, however~ 

be intimate1y conn~cted with the fact that he cou1d not closely corre1ate 

.6f and ~ 
Levinstein and Robinson (1963} conducted incremental shear tests on 

silver single crystals on the <iOi) (IiI) system st room temperature. They 

abtained a relation between Âf and y of the forro~ 

Ap= Ct (7) 

where 

C = Constant 

for 2 specimens. 

The first crystal had an in-grown dislocation density of about 

1 x 108 cm-2, while C was approximately 9.8 x 109 for this samp1e. . The 

1 1 i d i f about 5 X 106 cm-2 second specimen had an initia dis ocat on ens ty 0 

while C 8 was 2 x 10 • Levinstein and Robinson concluded from observ-

ations of the dis10cationarrangement.after shear deformation~ that in the 

samp1e having the lower initial dislocation density, the mean free pa th of 

.,' 

;":. 
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the dis1ocatioœwas increased. This was in qualitative agreement with the 

resu1ts of Reid et al (1965) for slip in po1ycrysta1s and single crysta1s 

oriented for multiple slip. 

To de termine if a correlation between dp,lct'è. and fo existed for 

monocrysta1s oriented for single slip in the ear1y stages of deformation, 

linear average values of dptd~ were plotted versus Po from the etch pit 

measurements of Levinstein and Robinson, Adams et al (1965a) and the present 

author. 

In addition, a value of ~P/df.. versus • Pc. was determined for the 

etch pit measurements made by Hordon (1962) on tensi1e specimens of copper 

oriented for single slip. 

A value of df ~f,. versus e 'waa a1so p10tted for the transmission 

e1ectron-microscopic dislocation density measurements made by Hirsch and Lally 

(1965) on magnesium single crysta1s deformed in easy glide. It was necessary 

to choose linear average values of dp Id e. for f' 0.5 per cent in order to 

inc1ude the measurements of Hordon. These results are plotted in Figure 

(23) • 

It 1s seen that c' increases monotonica1ly for single crystals 

deformed in single slip. The data points fol1ow a curve of the form: 

c' = ± ::::. kO/'V 
dE. 10 

(8) 

where 

K = constant 

~ c:: 0.5 
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If the relation postulated in equation (8) is indeed a "real" 

one for single slip in monocrystals, it wou1d imply that the glissi1e dis-

locations themselves are responsib1e for the formation of new ones during 

easy glide. This would be in accord with the resu1ts of Johnston and 

Gi1man (1959) who observed the formation of Many new 100ps on the expansion 

of a glide dislocation loop by an app1ied stress. 

A1though it did not seem that equation (8) was temperature-dependent 

o 0 in the range 23 to 150 C or dependent on forest density, resu1ts from other 

experiments would have to be tabulated before any conclusions cou1d be reached 

in this respect. 

b) Correlation between Initiàl Dislocation Densities and the Yie1d Stress 

Gilman (1956), conducting t~nsi1e strain-rate tests on 99.999 per 

cent pure zinc single crysta1s oriented for basal slip, demonstrated that 

the initial reso1ved shear stress was àbout 15 psi and changed on1y slightly 

with strain-rate and temperature in ,the range of 0.3 x 10-5 to 10 x 10-5 

/
00 in in per second and 182 to 407 C , respectively. In compression strain-

rate tests (0.001 in/in per minu~'e) at room temperature on 99.999 per cent 

pure zinc crystals oriented for basal slip, Adams et al (1965a) found the 

critical resolved shear stress to be about 15 psi. 

This suggests that the factordetermining the critical reso1ved 

shear stress in the temperature region of about 230 to 4000C is athermal. 

On the basis of the above, and of the low work hardening rate 

determined in the tests of Adams et al (d~Ai~~8.7 pSi/per cent strain), 

it could be conc1uded that resolved shear stresses of the order of 20 psi 
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plastic 
for the present creep tests would cause instantaneous rI ti: strains of 

the order of 0.5 per cent. As can be seen in T&ble, II, th1.s did not occur. 

Adams et al (1965a) found an increase in the critical reso1ved shear stress 

for basal glide with an, increased density of non-basal forest dislocations 

in 99.999 per cent pure zinc. They interpreted the forest effect by means 

of the interaction of basal and forest dislocations to produce attractive 

and repulsive junctions (Saada (1960». In this model, the critical res-

olved shear stress increased with the square root of the forest density. 

Friedel (1963) showed, however, that the stress required for a glide dis-

location to eut across an attractive forest was practically indep~ndent of 

tempe rature • 

The present re,sults were interpreted qualitatively in terms of 

junction reactions. Test specimens 2C-4, 4C-3, and 3C-2 were tested 

with approximately the same resolved shear stresses, but their average forest 

densities were about '105 cm-2 
1.1 x 

5 -2 5 -2 1.6 x 10 cm , and 1.8 x 10 cm , 

respectively (Tables 1 and II). 

From Table II, it 1s seen that specimen 2C-4, with the smallest 

forest density, had the greatest instantaneous plastic strain, while specimen 

2C-3, with the largest forest density, underwent the smallest instantaneous 

plastic deformation. Assuming, for the present, that the density of basal 

dislocations was not responsible for the magnitude of the yield stress, it 

is possible to interpret the above resu1ts. For the same applied resolved 

shear stress, a larger instantaneous plastic deformation implies that the 

yield stress is lower. ,Thus the resu1ts agree qualitatively with Saada's 

model. Similar comparisons of specimens 3C-3 and 4C-3, as well as 3C-3 

and 3C-4 yieldthe same qualitative results. 
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Seeger (1957) proposed in his work-hardening model that the critical 

resolved shear stress of a crystal oriented for easy glide was determined by 

the interaction of the stress fields of parallel glide dislocations. The yield 

or critical stress was that stress which permitted glide dislocations to over-

come the opposing action of the stress fields of their parallel neighbours. 

He determined that the yield stress was proportional to the square root of the 

density of the grown-in glide dislocations. 

In the present tests, no correlation could be found between the den-

sity of grown-in basal dislocations and initial plastic strain. In fact, 

3 
specimen 2C-4 had an initial basal dislocation density almost * times greater 

than that of specimen 4C-3, but as noted above, under the same applied stresses, 

1 the instantaneous plastic strain of the former was more th~n 12 times greater 

than that of the latter. Therefore, it seems improbable that the interaction 

of basal dislocations is directly responsible for the magnitude of tbe yield 

st.ress in zinc. 

It is difficult to understand physically a model of the yield stress 

based ~olely ori interaction between glide dislocations. Although the disloc-

ations may exert forces on each other opposing the applied stress field, Seeger's 

theory does not explain any collective resistance of the basal dislocations to 

the applied stress. The glide dislocations may be held in equilibrium with 

respect to one another, but the theory does not provide an explanation why the 

body of dislocations does not move en masse through the lattice. . However, it 

is plausible that, for a given forest dislocation density, a larger number of 

basal dislocations would increase the resistance to yield. 
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c) Characteristics of Work Hardening 

The creep curves of the 8 test specimens aIl exhibited the same 

abrupt decrease in creep rate following the initial primary stage •. Cottrell 

and Aytekin (1950) conducted constant stress creep tests on tensile specimens 

of spectroscopically pure zinc crystallographically oriented for basal slip. 

They observed a transient stage which gradually changed to steady-state creep. 

Their experimental curves correlated,well with Andrade's creep equation: 

where 

~ = Plastic strain at time t 

~o = Initial plastic strain 

B = Constant 

K = 

t = 

Constant 

Time 

for temperatures below l20
0
C. 

Band K.. were temperature and stress-dependent and varied from 

crystal to crystal. 

(9) 

Applied shear stresses in their tests varied between 60 and 90 psi. 

4 5 
The primary region extended for 'periods of time from 10 to 10 seconds, 

. h -4 while average primary and steady-state creep rates were greater t an 10 

in/in per minute and 10-5 in/in per minute respectively. Cottrell and 

Aytekin observed slip bands at various stages of creep and found that they 

became more prominent as flow progressed. They concluded that the process 

of ~lip continued on the glide planes throughout the test. 

Î 
i 
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The average strain rates observed for the prima~y stage of creep 

in the present experiments were of the Rame order of magnitude as those 

found in the initial stages of transient creep of the specimens of Cottrell 

and Aytekin with resolved shear stresses of about 60 psi. 

Following the initial primary stage of creep in the present test. 

specimens, the creep rate was found to be mucb lower than that observed by 

Cottrell and Aytekin • 

. Slifkin and Kauzmann (1952) studied the transient creep of 99.999 

per cent pure zinc crystals in tension at room temperature and at averag~ 

strain rates of the same order of magnitude of those in the present teatB. 

They found a creep rate, after instantaneous plastic strain.. to be of the 

form: 

where 
i 
1 

.~ ~ co~tant for a specifie set of test conditions 
i 

~ = co~stant for a given test, but varies from experiment to 
experiment. 

The resolved shear stresses used in their teata were of the same magni~ 

(10) 

tude as those employed in the present experiment. Slifkin and Kauzmann 

found that as long as the specimen deformation occurred by transient creep, 

annealing after each test permitted Many runs to be made on a dngle crystal 

with no apparent change in the constants of the creep equation. 
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. This meant that the changes taking place in the crystal during 

transient creep were not permanent. They considered that if transient 

creep was caused by the movement of dislocations produced by atreGs-induced 

sources such as the Frank-Read type, then tbe decrease in creep rate with 

time would be caused by the blocking of these sources. If transient creep 

involved the destruction of dislocation sources, then new ones would have 

to be produced on each anneal and it would be difficult ta account for the 

good reproducibility of creep curves from the same specimen, Slifkin and 

Kauzmann believed that the instantaneous plastic strain was the result of 

unimpeded operation of the dislocation sources activated by the applied 

stress. 'As deformation proceeded~ the accumulation of dislocations and 

vacancies produced from jogs on basal dislocations would exert a back stress 

on the dislocation sources and cause a decrease in the rate of deformation. 

The photomicrographs of the test specimens used. in the present 

experiment revealed tbree marked differences between the dislocation struc­

ture of specimen 3e-J, strained only into the primary stage, and that of the 

other specimens~ 

(i) not all of the active slip planes in specimen 3e-3 were well~ 

developed. 

(U) pi1e-ups at low angle boundaries consisted bath of dislocations 

on the active planes plus large numbers of polygonized disloc­

ations between the active planes on a1l specimens except 3e-3. 

For tbis crystal, pi1e-ups were composed of dislocations on the 

active planes but few pile-ups of polygonized dislocations were 

seen. 
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large areas between pile-ups tbat were relatively free of di8~ 

locations were found on a11 specimens except le-3. 

It wou1d be premature, on the basis of the limited results of this 

experiment, to drawdefinite conclusions as to the rate of propagation of 

the active slip planes across the crystal and it6 effect on the form of the 

creep curve. 'However, if slip in the primary stage 1a controlled by the 

speed at which these lines are formed, then the abrupt drop in the creep 

rate after tbe primary region could be explained as follows. The initial 

dislocations emitted by the surface sources travel considerable distances 

acrOS6 the crystal' and many escape at the opposite face. As deformation 

continues, new dislocations are piled up at barriers and exert back stresses 

on the source,' Eventually the extent of the back stress ia such that the 

surface source can emit no further dislocations, and deformation on the slip 

plane stops, If the barriers to dislocation motion are evenly distributed 

aeross the (lOïO) surface, then deformation will stop on many of the active 

planes at about the same time. 

,Creep could continue in the specimen if dislocations in the active 

planes were annihilated by some thermal process, thus releasing the back 

stresses on the surface sources and/or if movement of dislocations in tbe 

matrix, separate from forces exerted by the dislocations in tbe active planes, 

became rate-controlling. 

It was noted previously tbat some active planes could be traced 

from one prism plane to another. ,This implied that the grown-in disloc­

ation loops expanded across the crystal during deformation. As the resolved 

sbear stress in the direction of the Burgers vector parallel to the (1010) 
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prism planes was the greatest, most of the etch pits on the prism surfaces 

would be primarily of edge character. lt is possihle that on expans:f.on 

of the active planes across the test specimen, random dislocations from the 

matrix hecome "attached" te dislocat:lon:! in the active planes because of 

attractive. interaction of their stress fields, thereby reducing the elastic 

energy of the lattice. This would lead to mechanical polygonization of the 

random dislocations. Sinha and Beck (1961) ohserved mechanieal polygon­

ization of basal dislocations on bending of 99.999 per cent pure dnc cry8~ 

taIs. 

The large areas of relatively low d:lslecation density found between 

sub .. boundaries on specimens atrained. into the final stage of creep .in addition 

to the pile-ups of both random dislocations and those in the active planes 

indicate that the Bub-boundaries (or large clustera of non-basal dislocations 

which p08sibly are responsible for th~ir formation during crystal growth) are 

strong barriers to dislocation motion and therefore are responsible for work w 

hardening of tbe crystal. . Thia has been indicated befere for zinc (Adams 

et al (1965a». 

d) Distribution of the Active Slip Planes 

Whèn the experimental curve of Figure 22 is extrapolated ta the 

point where N = Q. it is found that the applied stress at this 

point i5 about 7.5 psi. If thé straight-line relationship ia valid, no 

active slip planee should be formed for applied stresses below e:bout 7.5 

psi. This implies that below this level, no appreciable redistribution 

or increase of dislocation density would occur. Adams et al (1965b) found 
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that stress pulses of magnitude less than 7 psi produced no increase of 

dislocation density, although they observed occasi~nal local rearrange-

ment of dislocations. They observed pile-ups of dislocations for stress 

pulses of magnitude greater than 7 psi. 

Basinski and Basinski (1964) observed glide bands, or regions of 

low dislocation density, between deformation bands in tensile testing of 

copper single crystals strained in stage 1. The glide bands were parallel 

to the primary slip plane. . They observed that at lower strains, the bands 

contained etch pits in single file. ·Tbey found that the spacing between the 

glide bands decreased with increasing strain (or stress, as tests were of the 

'. ' : , ~.' 

strain-rate type). Basinski and Basinski then determined a relation between 

tbe spacing of the glide bands and the flow stress of the form: 

(11) 

".":.:'.'.:. 

where 
, :; 

r rv are constants ..., 
) 

N . - number of bands per cm • 

a- "" applied shear stress. 

theBe bands seem similar in character to the active slip planes observed in 

the present tests. 
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lt is a well-known fact that an increase or decrease in the applied 

stress in a creep test on single or polycrystalline materials is responsible 

for an acceleration or slowdown of the creep rate (Conrad (1961». 

On the basis of the data from the present results it would seem that 

the relation between the number of active slip planes and applied stress 1s 

temperature independent. If th1s 18 indeed the case, and if it is confirmed 

that the primary stage of creep 1s controlled by the slip in the active planes, 

then: 

(di) _ = Const. 
ocr T (12) 

where . 
'0 = strain rate 

<T = applied resolved shear stress 

T = temperature. 

or the change of strain rate to the applied resolved shear stress would be 

inde pendent of temperature •. Conrad and Robertson (1957) (1958) found that 

(Ùlni) was temperature-independent in the range of 78
0 

to 364
0

C 
7)0- T 

for creep of Magnesium single crystals in tension •. Conrad et al (1961) 

explained this in terms of a modification to Seeger's dislocation-intersection 

model. 

CottreU and Aytekin (1950) found that: 

(
0 ln r) 

7>0- T 0 0 
temperature in the range 23 to 128 C for creep of zinc was independent of 

single crystals in tension. 
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Adams et al (1965a) have proposed that the mechanism for basal 

slip in zinc at room temperature is not therma11y activated. A model 

for the deformation based partial1y on the fact that the number of active 

slip planes (or·sources) increases with applied stress could explain the 

stress-dependence of the creep rate in terms of the mobile dislocations 

made available through sources activated by a stress increase • 
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Chapter V. 

SUMMARY AND CONCLUSIONS 

Changes in basal direction density during compression creep tests 

of 99.999 per cent pure zinc single crystals have been experimentally meas­

ured.The change in density could be approximated by 

This relation appeared to be independent of the resolved shear 

stress du ring creep and the average creep rate. The value of the constant 

C was found to be extremely sensitive to the density of grown-in basal dis­

locations of the test specimens. The temperature-dependence of the empir­

ical equation was not determined. 

An abrupt decrease in the creep rate after an initial primary stage 

was observed for all tested specimens. ·However, sufficient data was not 

available to reliably report its cause • 

. The critical resolved shear stress of the test specimens was shown 

qualitatively to depend on the density of forest dislocations • 

. The number of active slip planes, or single rows of dislocations 

that stretched across the priam surfaces, was found to be directly propor­

tional to the applied stress, satisfying the experimental equation: 

N:la--k 
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This relation was inde pendent of strain and temperature in the range 1000 

to 150
0

• The stress be10w which no active planes shou1d appear was in 

quantitative agreement with previous resu1ts obtained by pu1se-10ading of 

pure zinc crysta1s. The fact that the number of active slip planes was 

strong1y dependenton the app1ied stress was offered as a possible explan-

ation of the change in creep rate associated with a variation in app1ied 

stress for deformation processes not thermal1y activated. 

The appearance of large areas of lowdislocation densities between 

pi1e-ups at sub-boundaries in specimens strained to the final stage of creep 

suggested a work-hardening model for'deformation of zinc on the basal system 

based on the interna1 stress fields associated with these pile-ups. 
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