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ABSTRACT

‘Creep'tests were carried 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 changes in it
the dislocation density after testing were observed. - The change in
dislocation density for a given strain was found to depend on the density

of grown-in dislocations. The  effect of the non-basal dislocations in con-
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trolling the yield stress of a crystal was confirmed, while the density of
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basal dislocations was found to hgve no direct influence on this stress.

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

primary étage,.followed by suﬁsequent recovery.
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The number of active slip planes in a specimen was found to be
directly proportional to the applied stress in the test range. - This i

relationship offered an explanation of the effect of a stress increase on

deformation processes not thermally activated.
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ABSTRACT

‘Creep tests were carried 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 changes in

the dislocation density after testing were observed. The change in

dislocation density for a given strain was found to depend on the-density

of grown-in dislocations. The effect of the non-basal dislocations in con-
trolling the yield stress of a crystal was confirméd, while the density of

basal dislocations was found to hqve 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. - This
relationship offered an explanation of the effect of a stress increase on

deformation processes not thermally activated.
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Chapter 1
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 polycrystalline mat-
erials attempts have been made to characterize the process by generalized
equations or time laws, In a review of these laws, Cottrell (1952-1953)
found that many of the experimental creep curves could be fitt;ed by the
equation :
y -
¥ = at
where Y ‘= sgtrain rate
t time
Qv = constant for a single test
U= constant for a single test
It was found that QU , YU varied from specimen to specimen. Consequently

many attempts were made to evaluate the dependence of Q. and VU on the

~applied stress and temperature. The investigators determined three dist-
inct regions of femperature:
ti) low temperature ( 0 { T ¢ 0.25Tm ) where N = l.
(2) intermediate temperature (0.25T,<T <05 Ty, ) where OKn(|
(3) high temperature ( 0.5Tm< T« Ty, ) Wwhere n = 0.
The three regions thus termed logarithmic creep, parabolic creep, and steady-
state creep, respectively are summarized by Conrad (1961). The first work’
dealing with the forms of the creep curves lead to the well known exhaustion

theory of creep proposed by Kauzmann (see also Cottrell (1953)) and used




abstract concepts in order to explain the temperature and stress-dependence
of Q. and N, . This theory, and the formal. theories to follow, were based
on the idea that thermal fluctuations aid the applied stress to cause flow
in overcoming internal barriers.

The first theory of work-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 theory by
proposing that the strain hardening could be accounted for by the internal
stress field of the generated dislocationms.

Most of the present theories lead to an equation of the type:
¥y =c(T, o-)exp—[_‘i“g_f_)_:\
KT.

where T = temperature

o

|

applied resolved shear stress
K = Boltzmann's comstant

LL&BG§== activation energy associated with the flow.

. The matﬂematical forms of the strain-rate equations for‘tﬁe various
theories differ essenti#lly in the relation between the activation energy and
the applied stress and temperature. Schoeck (1961), Conrad (1961) and Friedel
(1964) have made éomprehensive evaluatioms 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 paraméters involved in the basic strain-rate equation for

slip on one plane, separately, viz:




where N

—

v

b

Johnston and Gilman (1959) measured dislocation velocities dizr-

total length of moving dislocation line per unit volume

it

average velocity of the moving dislocations

magnitude of the Burgers vector of the mobile dislocations.

ectly in Lithium fluoride by using an etch pit technique. Since then,
dislocation velocities have been measured in several other crystals (see
alsoc Adams et al (1965b)). However, the proportion of dislocation loops
that are mobile in a cryetal'undergoi;g deformation has not been determined
as yet experimentally in bulk specimens.

The present experimental investigation is an attempt to examine by
using an etch pit technique, the re-arrangement and multiplication of dis-
locations during the creep of 99.999 per cenf pure zinc single crystals with
different values of grown-in dislocation densities. The aim of this work

is to provide further knowledge toward an understanding of the mode of work-

hardening in pure zinc crystals.
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Chapter II

EXPERIMENTAL TECHNIQUES

a} Specimen Preparation

The test specimens were made from HP grade zinc of 99.999 per
cent purity, obtained from COMINCO LIMITED, Trail, B.C. According to
the supplier, iron (0.0003 per cent) and lead (6.0001 per cent) were the
ma jox impurities.

Single crystals of dimeﬁsioﬁs 6.00" x 0.55" x 0.55" were prepared
by seeded growth in a graphite mould placed inside a horizontal travelling
furnace. The furnace moved at a ‘rate of 5 cm/hr. The basal plane of each
crystal was parallel to the growth-direction within + 0.5° and at an anglé
of 45 + 0.5° to the vertical walls of: the mould, while the <1210 2 basal
slip diregtion was perpendicular to the growth direction within + 1° (see
Figure 1). | |
h The first third 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 uéing an:acid-cutting machine; the cutting
edge was a cotton thread wet with 16N nitric acid. These cutting oper-
ations resulted in surfaces with irregulafities less than 2 x 10'3 inch
in heigﬁt. -

The loading surfaces of the specimens were the two piénes of the
crystal parallel to the verticél walls of ;he graphite mould. By proper
machining of the mould, it was possible to obtain these surfaces parallel

to within 0.1°.




The cut surfaces of each specimen were chemically polished on a
slowly turning lucite disk covered with a thin film of 6N nitric acid.
The polishing operation removéd'approximately 4 x 10'3 inch of material
from each face and left thém paraliel to within 1°. During the polishing
the remaining fouf surfaces were masked with tape'to retain a2 flat surface.
The exystallographic orientation of the test specimens is shown
in Figure 2.
The maximum possible basa; resolved shear stress uncertainly resul-

uncertanty

ting from the uncevtainties in the angles @ 6, was less than one per

12 "2

cent .

b) Test Equipment

1. Creep Furnace.

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

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

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

. The compressive load tr#tn is ;11ustrated in Figure 3. ~ Calibrated
weights Vefe plﬁced on the flat;ﬁpper surface of the loading rod. - - The load
' was transﬁitted to the test specimen th:ough the siliéon carbide upper push
rod and tungsten platen. Thus the tot&l load supported by the specimen during
creep testing consisted of the upperiload train plus calibrated weights, less
any frictional losses. These losses were determined by measuring deflections
under loading of a calibrated spring placed between the two platens. Thev

frictional losses proved negligible.




To insert a test epeciﬁen into the furnace, the sliding plate
was removed and the lower push fo;a.extracted from the furnace through
the bottom,

- The specimen was placed between marked lines on the lower tung-
sten platen and the lower push iod w@s then re-inserted into the furnace.
To prepare the load for the commencement of a test, the upper loading
fixture was lowered to the level of the specimen's upper surface, and
fixed there by the léad-applicatién &evice (Figure 4). Thereupon the
clamping screw was released to'ﬁllow the load to rest wbolly on the test

gpecimen,

2, Strain Measuring Device.
A Starrett Model No. 25-231 dial gauge sensitive to 2.5 x 107
inches and connected to a 1:2 lever arm was used to measure vertical dis-

placements of the loading rod. . This unit provided a displacement sensi-

tivity of 1.3 x 10~ inches.

3. Temperature Control Circuit.

A teuperature control urit was employed which maintained the spec-
imen temperature within + 2% of any set-point temperature.

A general schematic of the temperature control system is shown in
Figure 5.

The chromel-alumel thermocouple located at the specimen's surface
transmitted a millivolt signal; proporticnal to the specimen.temperature,

which actuated the pen in the Honeywell Electronik 15 strip chart recorder.

et



The 200 /\ retransmitting slidewire attached to the pen drive system was
wired between two dropping resigtors across a 40 volt power supply. A
process varlable voltage sigral PV, proportional to the thermocouple signal,
was therefore available for the control system from the wiper on this slide-
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 10, equivalent to
0 to 108 per cent of scale on tﬁe strip chart recorder.

The controller was a three-mode Honmeywell Electro-0-Volt Model which
compared the SP, PV signals to ﬁroducé a difference or the error signal SP,

millivokts
PV, in milliemps.
| This signal actuated the silicon controlled rectifier power module
ator, which controlled the power to the heating element. Using this system
it was possible to maintain steady-state temperatures with a fluctuation of
less than + 2°. |
in order to measure any temperature variation around the periphery
" of the test specimen, six chromel-alumel thermo-couples with 2 x 1073 inch
flattened beads were located at‘gqual intervals around the specimen. - The
thermocouples were connected to a Honeywell 12-channel Electronik recorder
and the temperature of each thermocouple was recorded every 9 seconds. Témp-

eratures were measured to the nearest 2.5°C. No variation in temperature

around the specimen could be detected during any test,




c) Test Procedures

L R 1. Annealing of Test Specimens.
Prior to testing, all test specimens were annealed at 36090 for

8 hours in a purified mnitrogen atmosphere.

2. Observafion of Dislocationms.
Dislocation etch pits on both (ldiO)* prism planes of each test
specimen were counted before and after the creep test. A minimum of 6
gl N } photomicrographs was taken from each p1$ne and a qualitative description
S B of the numSet and distribution éf iow-angle boundaries was made. In add-
| ition, following the photography'after the creep test, each specimen was
it A : cleaved on the basal plané. This was done by éooling the crystal to the
temperature of liquid air at a‘rate of about 4°¢c per minute and thereupon
cleaving it with a razor blade tapped lightly ﬁith a hammer. At least
SRR : f seven photomicrographs were taken of each cleaved éurface.'
Ji | J‘ ; To reveal dislocation etchipits on (1dib) surféceq, an etch pit
| technique;‘developed by Brandt eﬁ al (1963) was fquhd suitable. Mercury,
in the form of.g Hg ( NO3 )2 solution, was introduced'to'the pplished

B . | specimen surface, where it concentrated at the individual dislocation centres

to produce etch pits,

- Etch pits on the (0001) basal plane were revealed by an etchant
developed by Rosenbaum and saffren (1961) and Rosenbaum (1961). Of the
severai'ééééisie etchants which revealed.pits, the one used in thése experi-
ments was 48 per cent HBr in ethanol.  This etchant produced hexagongl
pits with sides parallel to the <TZTO> directions (see Figure ‘9).

* One plane is actually (1010) .




"The dislocation density on each surface was calculated by counting

etch pits oﬁ the photomicrographs. On the photomicrographs of the (IOIO)
surfaces before testing and of the (0001) planes, 511 the etch pits were coun-
ted. -For thg (ldiO) surfaces after the creep test, etdﬁ pits were counted
inside a one;centimeter square placed on each picture. At least twenty-five
of these tabulations were made from each photomicrograph{

The specimens were etched immediately after anneéling and the first
set of (10i0) plane photomicrographs was taken. The crystals were then placed
in a vacuum of 2.3 x 10-5 mm.Hg. at room temperature for twelve hours to remove
from the surface as much ;f the etchant as possible.’ Subsequent repolishing
of about four minutes reproduced highly reflective (16T0) planes. Great care
was taken in handling the specimens during these operations so as to aﬁoid the
introduction of new dislocationsbinto them. After creep testing, the (1010)

surfaces were re-etched,

3. Alignment of Test Fixture.

Although the loading apparatus (Figure 3) was not self-aligning, it
was possible to maintain the two tungsten platens parallel to within 1 x 10-4c41
inch and the load axes of upper and bottom test sections coincident to 0.5 x |
10"4 inch. | o ) s

Each specimen was tested for loading surfaces parallel to within

1 x 10"4 inch. Crystals which did not meet this specification were not used.




4, - The Creep Test,

Tests were conducted in a purified nitrogen atmosphere. - The

test specimen was placed in the furnace between.alignment lines on the
lower platen, whereupon it was heated to test temperature at the rate
of about 2.5?0 per minute. . The specimen was held at‘thg test temper-
ature for one hour before application of the load. - The upper loading
fixture was then lowered to the specimen surface, ﬁhiist the operation
was viewed through a 10X magnifying glass placed in a furnace viewing
port. Following the creep test, the specimen was cooled at the rate

of about 2.5°C per minute to room temperature.

T
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Chapter III

EXPERIMENTAL RESULTS

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

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

Average etch pit counts of each specimen on both (10T0) surfaces before the

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

TABLE 1

Average Etch Pit Counts on (10T0) Surfaces Before Test and on (N001) Basal

Specimen
1c-3
2C-3
2C-4
3¢-2
3C~3
3C~4
4c-3

4e-4

The dislocation etch pits on (1dT0) planes were quite uniformly distri-

buted over the surface (see Figures 6, 7, 8).

Plane After Test.

Average Dislocation
Density on (1010)
Surfaces Before Test

(cm-z) x 10

2.6
1.9
4,5
2.5
1.5
1.5
1.7

1!6

Average Dislocation
Density on (0001)
Surfaces After Test
-2
(cm)

¥

5.6 + 0.5 x 10

1.0 + 0.4 x 10°

1.1 +0.3 x 10

I+

1.8 + 0.6 x 10

I+

5

2,3 +£0.7 x 10

I+

0.6 x 10°

5

1.8

i+

1.6

I+

0.6 x 190

1.4 + 0.5 x 10°




Substructure consisted of low-angle tilt boundaries perpendicular
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-angle bound-
aries could not generally be traced from one (1010) surface to the opposite
face of a test specimen. -However, the density of random dislocations was
always similar on both (L010) 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 clusters of non-basal
forest‘dislocations were observed separated Sy areas of relatively 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 resolved 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:

{ (2"/3&))2- Sin% Go}yz — cosB,

COS/\Q

Y(t)=

) = AO(W wsho{ | — (W)) -y /

L P




resolved shear stress on basal plane at tine,'t

resolved shear strain on basal plane at time,*:

initial length of specimen

length of specimen at time,{j

applied load

initial cross-sectional area of test specimen

initial angle between load axis and normal to glide plane

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.




Specimen

1¢-3
2¢-3
2C-4
3c-2
3c-3
3G-4
4C~3

4C=4

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

Initial
Resolved

Shear
Stress

(psi)

15.66
22.54
29.91
28.30
37.43
39.88
29.97

34.93

Final
Resolved

Shear

Stress
(psi)

15.63

22.42

.29.67
28.17

37.33

39.57
29.81

34 .47

Percent
Decrease in
" "Resolved

Shear
Stress
(per cent)

0,19
0.54
0.81
0.46
0.27
0.78
0.54

1.33

TABLE 1I

Instantaneous

Plastic
Strain
in-

in x-103
0.7 + 0.1
3.0 + 0.2
4.8 + 0.2
1.2 +0.2
0.2 +0.1

6.8 + 0.2

2.8 +0.2

7.4 + 0.2

in

in

Final
Strain

x 10°

2.47
7.63
11,78
7.17
4.33
11.00
7.97

19.92

Temperature




¢) The Creeg,Egperiment
1. -General. Nature of the Creep Curve.

Curves of basal resolved shear strain versus time obtained for the
eight test specimens are plotted in Figures 10 to 14,  These creep curves
show all the same general form; e.g. instantaneoua plastic strain followed
by a decreasing creep rate referred to as the primary stage. After a period
of the primary creep, the creep rate in two cases (1C-3 and 3C-3) decreased
abruptly: to zero, Finally, the strain increased and the creep continued.

This final stage 1s referred to as terminal creep, The creep test
for specimen 3C-3 was terminated in the reglon between the primary and term-

inal creep stage,

2. Dislocation Configuration after Creep.
-81x distinct features become evident from the photomicrographs of

Figures 15 to 19, taken after the creep test:

(i) An increase in random dislocation density from the unstrained state.

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

(1ii) Areas of negligible dislocation density between some low~angle boundw
aries.

@iv) "Active" slip planes, or single planes of basal dislocations, which
always extended to at least one specimen edg>, but often propagated

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

(v) Polygonization of the random dislocatioms.

(vi) An increase in the number of active slip planes with applied stress.




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 low-angle
boundary. The {0001) basal plane ﬁas etched and a large cluster of nom-
basal forest dislocations was revealed near the (ldTO) plane, at the point!
of the sub-boundary (see Figure 20).

Pile-ups at individual low-angle boundaries did not in general ext-
end the distance between adjacent boundaries. The fact that pile-ups con-
sisted of botb dislocations in the active slip planes and the random matrix,
indicated that glip 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 Figuré
{18b) were obsexrved. In these areas of low dislocation density, traces of
the active planes were often non-existent, although the same slip plane
appeared active on both sides of these low density regiong.

An attempt was made to trace the active‘slip planes from one (1010)
surface to another, Thus a tested specimen was cleaved into two sections
along the basal plane, and the (16?0) planes of both sections were etched.
It appeared that, in each section, some active slip planes extended across
the specimen.

Specimen 3C-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 <1210> direction on the (10i0) surface.




;? d) Dislocation Density Changes

The results of dislocation depnsity measurementa sve summarized in

Table IIT.

TABLE 11X

Summary of Average Etch Pit Counts on (1630) Planes

Dislocation Deunsity on Change in
{ 1010 ) Planes Dislocation Final Resolved

Specimen Before Test After Test Density Shear Strain

(cmnz)x .10"5 (cm-z) X 10'6 (cmfz)x '.L‘(l“6 %% " 103
1C-3 2.6 1.6 + 0.2 1.3 + 0.3 2,47
26-3 1.9 2.2 + 0.2 2.0 + 0.2 7.63
204 4.5 2.9 + 0.2 2.4 % 0.3 11.78
3G-2 2.5 2.4 +0.2 2.1 + 0.3 7.1
3C-3 1.5 1.8 + 0.2 1.6 0.3 &.33
3C-4 1.5 2.5 + 0.1 2.3 x0.2 | 11.00
463 1.7 2.3 + 0.2 2.1 + 0.3 7.97
4G4 1.6 2.9 + 0.1 2.7 + 0.2 19.92

The change in dislocation density on (1010) planes versus final
resolved shear strain is 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 room temperature are included for comparison on the same graph. It should
be noted that the crystallographic orientation with respect to the load a#is |

of the test specimens employed here was the same as that used by Adams et al.




A curve of the form

Cy

dislocation density change, cm‘2
resolved shear strain, in/in.
0.3%

.37 % 10°

could be fitted te the test points for the specimens tested at 150°C.
Specimens 2C-3, 30~2 and 4C-3 were strained to approximately the same
final strain, but with widely different resolved shear stresses (Table

If}. It is noticed that within experimental error the changes in dis-

location deusities were equal.




e) Stress Dependence of the Number of '"Active" Slip Planes

The results of measurements of the number of active slip planes

at various resolved shear stresses are summarized in Table IV.

TABLE 1V

Dependence of the Number of Active Slip Planes on Applied Resolved

Shear Stress.

Number of Active
Slip Planes per Applied Resolved
Inc¢h in <0001>2 Shear Stress
Specimen Direction x 10~ (psi).
1C-2% + 23.12
1c-3 * 15.66
2c-1 -+ 22,547
2C-2 + 29.91
3c-2 28.30
3c~3 ' 37.43
3Cc-4 * 39.88
3C-5 29.97

3c-6 34.93

% 1C-2 strained to 3.0l x 10'3(33)
(in)

The measurements shown in Table IV are also plotted in Figure 22,
The obtained data points can be fitted by a straight line to give a relation

of the form

N = Io-K | 3)




where

number of active slip planes per inch in <0001 ) direction

constant o2 0.94

(o} applied resolved shear stress
1
K

constant 7.25

One data point, however, for the specimen 3C-3 did not fall near
the experimental curve. This can be attributed to the fact that all of the
active slip planes had not sufficiently expanded across the crystal and there-
fore the photomicrographs failed to reveal all of them.

The number of active slip planes for a given applied resolved shear
stress is seen from Figure (22) to be independent of temperature. The data
points of specimens 2C-4 and 4C-4 which were tested at 100°¢C and 14000 résp-
ectively fell on the same straight line as the points for the 150°C tests.

In addition, the N versus o relation appeared to be independent
of the resolved shear strain. Specimens 1C-2, 2C-3 deformed under approx-
imately the same load, but the final resolved shear strains were 3.0l x 10-3~
~and 7.17 x 10-3 respectively. Data points for both specimens fell on the

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

and 4C-=3.




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 room temperature.




Chapter 1V
’ DISCUSSION

a) Validity of the Etch Pit Technique for Characterizing Plastic

Deformation

Since 1956, many studies have been made of the increase in the
crystalline
dislocation density with plastic deformation of different exystllime solids,
Experiments have been carried out on single and polycrystalline materizals
using x-ray diffraction, transmission and replica electron-microscopy, and
etch pit techniques. Frequently it was found that the average dislocztion
density increased in form of:

. s
ii'_ fp=Ct

constant
constant

-2
grown-in dislocation density, cm

dislocation density at strain

longitudinal strain, in/in.

Reid et al (1965), in a summary of the differences in the constant
C for all known experiments on polycrystals and single crystals oriemted for
multiple slip, found that the values of C generally lay between 0.5 and 2.0

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




they stated that the magnitude of C depended on the grain size of the poly-
crystalline materials and was decreasing with increasing grain size. This
implied that individual dislocatiorms could move greater distances through

the lattice at larger grain sizes.

Reid et al found a correlation between f?_ and the value of clf AE,

in the early stages of deformation, (5 per cent longitudinal strain for all

the cases studied). Hence from the experiwmental data they concluded that:

&Pfge. -2 X per centdl = value averaged over 3 per cent
longitudinal strain.

constant
Using the value of 't = 1, they found that:

X SR N
50bx K B

average distance moved by dislocations
Burgers vectox of mobile dislocations

fraction of the dislocations generated by deformation that
were mobile.

In the case of L =2,




These relations implied that the average distance moved by the mobile dis-

locations was proportional to V«lf@ s

In the present results it was found that the change in dislocation
density for a given 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 by Adams
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 following causes:
1) The present results were creep tests while the tests of Adams et al

were strain rate tests with considerably faster strain rates(é0.00lf

inﬁthinute)and shear stresses increasing with strain.

The present tests were conducted at 150°C while thoss of Adams et al

were at room temperature.

The density of non-basal forest dislocation of test specimens in the

present experiment was considerably in excess of that of the 99.999

per cent pﬁre specimens used by Adams et al.

The average density of etch pits on (ldiO) surfaces of samples in

the present tests was more than twice that of Adams et al.

Cause (i) could be eliminated for the following reasons: Specimens
2c-1, 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 at average strain rates
that varied by about a factor of 53 (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




3C-2), The final dislocation densities agreed within experimental error.
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 strain rate for atrain rates of 0.6 x 10-5 sec-l

and 1.2 x 10-4 sec-l.

-The effect of temperaturé, however, could not be estimated from the
present tests, as sufficient data for creep tests in the range 23°¢ to 150%
were not obtained.

- The effect of the non-basal forest dislocation could be determined
by the measurements of Adams et al in Figure (21). 'Their central data point,
representing 1 per cent strain on a specimen with a forest densitonf about
9 x 104 cm.-2 » correlated reasonably well with the two data points which
represented specimens with forest densities of about 104 cm-Z‘ It would

seem that, for their case, the change in basal dislocation density for 4

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

Alsc, the data points of the present tests represent specimens with forest

densities varying from about 6 x 104 to 2 x 105

cnf2, but no systematic
_variation in basal dislocation density change with forest density, for a
given strain, could be found.

- The fourth possible cause for the apparent discrepancy in results
is the effect of the number of grown-in dislocations in each test specimen.
Livingston (1962) carried out temsile tests on copper crystals oriented
for <110) (111) single slip, at a strain rate of 0.001 in/in per minute.
The initial dislocation densities of his specimens ranged from 104 to

105 cufz. He found the dislocation density-strain relation not to be




single-valued, and concluded that the dislocation density in deformed copper

single crystals was more closely correlated with stress than strain. Since
Livingston did not specify the Qensity of grown-in dislocations in indiv-
idual samples employed in his tests, it was not possiblé to determine any
systematic change of the [&P . versus B’ curve for increasing values of
initial dislocation densities. The fact that the density of grown-in dis-
locations varied by a factor of 10 in Livingston's specimens may, however,
be intimately connected with the fact that he could not closely correlate
ZSF and K .

Levinstein and Robinson (1963) conducted incremental shear tests on

silver single crystals on the <i01) (111) system at room temperature. - They

obtained a relation between Af\ and X of the form:

A‘O:: CX @)

C = Constant
for 2 specimens.
The first crystal had an iﬁ-grown dislocation demsity of about
1 x 108 cm'z, while C was approximately 9.8 3’109 for this sample. - The
second specimen had an initial dislocation density of about 5 x 106 cnfz s

while (: Qas 2 % 108. Levinstein and Robinson concluded from cbserv-

ations of the dislbcation'arrangement.after shear deformation, that in the

sample having the lowér initial dislocation density, the mean free path of




the dislocatiomswas increased. This was in qualitative agreement with the
results of Reid et al (1965) for slip in polycrystals and single crystals
oriented for multiple slip.

To determine if a correlation between JPAQ and £ existed for
monocrystals oriented for single slip in the early stages of deformation,
linear average values of d%ie were plotted versus e) from the etch pit
measurements of Levinstein and Robinson, Adams et al (1965a) and the present

author,

In addition, a value of dP/de. versus O was determined for the

etch pit measurements made by Hordon (1962) on tensile specimens of copper
oriented for single slip.

A value of df/da versus e ‘was also plotted for the transmission
electron-microscopic dislocation density measurements made by Hirsch and Lally
(1965) on magnesium single crystals. deformed in easy glide. It was necessary
to choose linear average values 6f dp/de_ for E £ 0.5 per cent in order to
include the measurements of Hordon. These results are plotted in Figure
(23).

It :Lé seen that C/ increases monotonically for single crystals

in single slip. - The data points follow a curve of the form:

constant

= 0,5




If the relation postulated in equation (8) is indeed a ''real"
one for single slip in monocrystals, it would imply that the glissile dis-
locations themselves are responsible for the formation of new ones during
easy glide. This would be in accord with the results of Johnston and
Gilman (1959) who observed the fqrmation of many new loops on the expansion
of a glide dislocation loop by an applied stress.

Although it did not seem that equation (8) was temperature-dependent
in the range 23° to 150°C or dependent on forest density, results from other

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

in this respect.

b) Correlation between Initial Dislocation Densities and the Yield Stress

Gilman (1956), conducting tensile strain-rate tests on 99.999 per
cent pure zinc single crystals oriented for basal slip, demonstrated that
the initial resolved shear stress was about 15 psi and changed only slightly
with strain-rate and temperature in the range of 0.3 x 10-5 to 10 x 10-5
in/in per second and 182° to 407°% ,'respectively. In compression strain-
rate tests (0.001 in/in per minute) at room temperature oﬁ 99.999 per cent
pure zinc cfystals oriented for basal slip, Adams et al (1965a) found the
critical resolved shear stress to be about 15 psi.

This suggests that the factor determining the critical resolved
shear stress in the temperature region of about 23° to 400°C is athermal.

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

determined in the tests of Adams et al (d‘%15£18'7 psi/per cent strain),

it could be concluded that resolved shear stresses of the order of 20 psi




plastic
for the present creep tests would cause instantaneous piatic strains of

the order of 0.5 per cent. As can be seen in Table II, this did not occur.
Adams et al (1965a) found an increase in the critical resolved 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 cut across an attractive forest was practically indepzndent of
temﬁerature.

The present results 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

5 2 2 5 -2

densities were about 1.1 x 10° cm °, 1.6 x 10° cn” , and 1.8 x 10" cm

2

respectively (Tables I and II).

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

forest densify, 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 sfress, it
is possible fo interpret the above results. For the same applied resolved
shear stress, a larger instantaneous plastic deformation implies that the
yield stress is loﬁer. - Thus the ;esults agree qualitatively with Saada's
model. Similar comparisons of specimens 3C-3 and 4C-3, as well as 3C-3

and 3C-4 yield the same qualitative results.




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 barallel 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,
specimen 2C-4 had an initial basal dislocation density almost 52 times greater

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

the instantaneous plastic strain of the former was more than 1% times greater

than that of the latter.  Therefore, it seems improbable that the interaction
of basal dislocations is directly responsible for the magnitude of the yield
stress in zinc.

It is difficult to understand physically a model of the yield stress
based golely on 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 ofithe.basal dislocatiqns 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.




c) Characteristics of Work Hardening

The creep curves of the 8 test specimens all 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:

Y =Y, +8thykt

Plastic strain at time ¢
Initial plastic strain
Constant
Constant
= Time »
for temperatures below 120°%c.
B and K .were temperature and stress-dependent and varied from
crystal to crystai.
Applied shear stresses in their tests varied between 60 and 90 psi.
The primary region extended for periods of time from 104 to 105 seconds,
while average primary and steady-state creep rates were greater than 10‘4
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 slip continued on the glide planes throughout the test.




The average strain rates observed for the primary stage of creep
in the present experiments were of the same order of magnitude as those
found in the iritial stages of transient creep of the specimens of Cottrell
and Aytekin with resolved shear stresses of about 6C psi.

Following the initial primary stage of creep in the present test
specimens, the creep rate was found to be much lower than that observed by
Cottrell and Aytekin.

- 81ifkin and Kauzmann (1952) studied the transient creep of 99.999
per cent pure zinc crystals in temsion at room temperature and at average
strain rates of the same order of magnitude of those in the present tests.
They found a creep rate, after instantaneous plastic strain, to be of the

form:

_—y
X = O./t (10}

!
i

where '
{

!
congtant for a specific set of test conditions
]
constant for a given test, but varies from experiment to

experiment.

[}

O
1V

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

tude as those employed in the present experiment. Slifkin and Kauzmann
found that as long as the speciﬁen deformation occurred by transient creep,
annealing after each test permitted many runs to be made on a single crystal

with no apparent change in the constants of the creep equation.




"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 stress~induced
sources such as the Frank-Read type, then the decrease in creep rate with
time would be caused by fhe 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 to 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 joge on basal dislocations would exert a back stress
on the dislocation sources and cause & decrease in the rate of deformation.

The photomicrographs of the test specimens used in the present
experiment revealed three marked differences between the dislocation struc-
ture of specimen 3C-3, strained only into tbe primary stage, and that of the
~other specimens?

(i) ‘-not all of the active slip planes in specimen 3C-3 were well-
developed.

(ii) pile-ups at low angle boundaries consisted both of dislocations
on the active planes plus 1;rge numbers of polygonized disloc-
atiohs between the active planes on all specimens except 3¢c-3.
For this crystal, pile-ups were composed of dislocations on the

active planes but few pile-ups of polygonized dislocations were

seen,



(iii) large areas between pile-ups that were relatively free of dis-

locations were found on all specimens except 3C-3.

It would be premature, on the basis of the limited results of this
experiment, to draw definite conclusions as tc the rate of propagation of
the active glip planes across the crystal and its effect on the form of the
creep curve, -However, if slip in the primary stage is controlled by the
speed at which these lines are formed, then the abrupt drop in the creep
rate after the primary region could be explained as follows. The initial
dislocations emitted by the surface sources travel considerable distances
across 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 is 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
across the (1630) 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 the
matrix, separate from forces exerted by the dislocations in the active planes,
became rate-controlling.

It was noted previously that 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

shear stress in the direction of the Burgers vector parallel to the (1010)



prism planes was the greatest, most qf the etch pits on the prism surfaces
would be primarily of edge character. It is possible that on expansion

of the active planes across the test specimen, random dislocations from the
matrix become 'attached" tc dislocatiomsin 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) observed mechanical polygon-
ization of basal dislocations on bending of 99.999 per cent pure zinc crys-
tals.

The large areas of relatively low dislocation density found between
sub-boundaries on specimens strained intc the final stage of creep in addition
to the pile-ups of both random dislocations and those in the active planes

‘indicate that the sub-boundaries (or large clusters of non-basal dislocations
which possibly are responsible for thailr formation during crystal growth) are
strong barriers to dislocation motion and therefore are responsible for work-

hardening of the crystal. - This has been indicated before for zinc (Adams

et al (1965a)).

d) Distribution of the Active Siip Planes

When the experimental curve of Figure 22 is extrapolated to the
point where | N =0. , it is found that the applied stress at this
point is aboutl7.5 psi. If the straight-line relationship is valid, mo
active slip planes should be formed for applied stresses below zbout 7.5
psi. This implies that Eelow this level, no appreciable redistribution

or increase of dislocation density would occur. Adams et al (1965b) found




that stress pulses of magnitude less than 7 psi produced no increase of

dislocation density, although they observed occasional local rearrange-
ment of dislocations. They observed pile-ups of dislocations for stress
pulses of umgnituae greater than 7 psi.

Basinski and Basinski (1964) observed glide bands, or regioms of
low dislocation density, between deformation bands in tensile testing of
copper single crystals strained in stage i. The glide bands were parallel
to the primary slip plame. - They observed that at lower strains, the bands
contained etch pits in single file. They 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

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

c ., are constants
N = number of bands per cm.
a = applied shear stress.

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

the present tests.



It 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 is
temperature independent. If this is indeed the case, and if it is confirmed
that the primary stage of creep is controlled by the slip in the active planes,

then:

o<
1}

strain rate'

applied resolved shear stress

~4 9
] ]

temperature.

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

independent of temperature. .Conrad and Robertson (1957) (1958) found tbat

(DInB’ was temperature-independent in the range of 78° to 364°C
o

for creep of magnesium single crystals in temsion. . Conrad et al (1961)

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

model.

Cottrell and Aytekin (1950) found that:
(Dlnj’
00 o o
was independent of temperature in the range 23" to 128 C for creep of zinc

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 thermally activated. A model
for the deformation based partially 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 :

AP= C 50.39

This relation appeared to be independent of the resolved shear

stress during 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,

-fhe critical resolved shear stress of the test specimens was shown
qualitatively to depend on the density of forest dislocatioms.

.:The.number of active slip planes, or single rows of dislocations
that stretched across the prism surfaces, was found to be directly propor-

tional to the applied stress, satisfying the experimental equation:

N=Ic—-K




This relation was independent of strain and temperature in the range 100°

to 150°. . The stress below which no active planes should appear was in

quantitative agreement with previous results obtained by pulse-loading of
pure zinc crystals. The fact that the number of active slip planes was
strongly dependent on the applied stress was offered as a possible explan-
ation of the change in creep rate associated with a variation in applied
stress for deformation processes not thermally activated.

The appearance of large areas of low -dislocation densities between
pile-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 internal stress fields associated with these pile-ups.




POLYCRYSTALL I NE
* METAL

SEED

- SCALE: 1/2"= 1"

(A) ARRANGEMENT FOR CRYSTAL PREPARATION FROM A SEED

,"§~‘~"“‘- GROWTH DIRECTION

<1210>

' SCALE: APPROX.FULL SIZE
(B) CRYSTAL ORIENTATION WITH RESPECT TO GROWTH DIRECTION

FIG. 1



Load Axis

(0001) Basal
Plane

(1010) Prism Plane

Uncertainty in Crystallographic Orientation

Angle Nominal Value Uncertainty
135° 10
e:l.
o) + 40
0, 0 i1



WEIGHT PAN \

AANMNANTY

R C00L ING
| WATER [N —*

7

15.78"

TUNGSTEN
PLATENS

- 43 -

1~ BALL BUSHING

N N

|

i“\'/././././-/‘ COOLING

N —* WATER OUT

F 7 7 2.7 2 Z.)

11

[~ UPPER PUSH ROD

>~ LOWER PUSH ROD

SLIDING PLATE

SRR

M b

AR\ WA N

i

LA

N

N

'CROSS-SECTION OF
LOADING APPARATUS

SCALE: I/2" =.t"
Fl1G6.3




WEIGHT PAN

DIAL GAUGE INDICATOR
SENSITIVE TO 0.000025" \\

.|:2 LEV;R AMM-:\*\{\ .
o
E— {or
' f T\Enl |
LOAD APPLICATION nsvnce-/’// C1D::J-J
J::L Gl v J F[:]—. ,[:]
| | ! '
Lo
] B
//

FURNACE FRAME

{.OAD APPLICATION
AND '

STRAIN-MEASURING APPARATUS

FIG. &4

SCALE: 1/2" = |"

- -




- 45 -

Strip Chart
Recording Potentiometer

Q==
Chromel-
Alumel

Thermocouple

—ANN\— Retransmitting
Ry Slidewire

2.

r.—_/\ii’—jﬁ
Specimen

0444 Temperature | ,
R3 Set-Point ;

R4T‘
~ANN—

3-Mode
| Controller
40 Volt Regulated
Power Supply
SCR Power » 240 Volts
Controller 15 KVA
| Input
Power to
Graphite Heating
Element

Temperature Control Circuit

Figure 5. q



(a) Specimen iC-3 112.5X (10'«,1:"0)

(b) Specimen 2C-3 100X
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Figure 6.
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Low-angle Tilt Boundary

(a) Specimen 3C-2 100X (10-1-0)

— <1710 >

(b) Specimen 3C-3 100X

Typical Areas on the (1010) Prism Planes of
Annealed, Untested Specimens.

Figure 17.
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(a) Specimen 1C-3 100X

(b) Specimen 3C-2 75X

Non-Basal Dislocations Exposed as Hexagon:!
Etch Pits on the Basal Plane. After Testing.
Oblique Illumination,

j Figure 9.
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Figure 16.
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Figure 17.



Y

IR,

N

(a) Specimen 3C-4. Opposite Face of _
Figure 17 X100 (1010)

TP I

£

s

(b) Specimen 3C-4, Opposite Face of
Figure 17 X100

Areas on the (10—1-0) Prism Plane of a Specimen
After Creep Testing.

Figure 18.
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(2) Specimen 4C-4 100X (1010}
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After Creep Testing.

Figure 19.
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Figure 20.
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