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ABSTRACT

The strain rate sensitivity factor i3 one of the important para-
metors associated with Basinski's approach to the study of strain hard-
ening in plastically deformed mch!é. This thesis describes the design
and construction of an apparatus to atudy the strain rate sensitivity
factor in single crystal wire specimens of copper by incremental creep
experirenis,

A number of initial experiments were carried out over a wide
range of stress, strain rate and temperature in order to evaluate the
performance of the apparatus and to gain initial information on the
variation of the strain rate sensitivity factor with these parameters.

In particular the strain rate sensitivity factor was studied as & function
of applied strese, temperature and impurity concentration for aingle
crystals of pure copper and copper-silver alloys up to 0.3 at.% con-

ceatratiza,
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CHAPTER 1
INTRODUCTION
1. Hardening in Metal Single Crystals
When & metal single crystal is deformed at a constant temperature
and a constant strain rate, the relationghip between the moasured re-
solved shear stress {flow stress), and the applisd zesolvsd shear strain

is in general of the form shown graphically in Figure 1. This curve is
d T
de
is known as the strain hardening coefficient. According to Seeger (1956)

known as the stress-strain curve, and the slope at any point & =

the stress strain curve consiste of the following regions: OA, the elastic
region; AB, a transition region in which the behaviour is partly elastic
and partly plastic in nature; BC, stage I of plastic deformation known as
the easy glide region; CD, a second transition region; DE, stage Il of
plastic deformation known as the linear hardening region; and EF, stage
I of p!utic deformation. The three stages of plastic deformation may
be classified by their strain hardening coefficlents; stage !is character-
ized by a low value, stage II by a much lazger value, usually a factor
five to ten times larger than in stage I, and stage III by 2 value which de-
creases with increasing strain,

The plastic deformation of crystals has been studied for many

years, but for the most part this work was purely emperical, or based
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on the principles of cryim geometry, Schemid and Boas (1935) in their
text on plasticity of crystals cover this fleld in great detafl and include a
very comprehensive bibliography oa the subject up t0 1935, Another clas-
sic work in the field is the paper by Andrade and Roscoe (2935) on glide in
metal single crystals. The basic geometry of crystal deformation dis -
cussed in these two works hstm valid,

The increase in streagth (lacr&ue in the flow stress) of metals
with plastic deformation is known as straih or work hardening, Over the
past ten yeass considerable attention has beea kivu to the atuﬁy of strain
hardening in terms of dislocation theory.®¢ Theoretical work has beea
carried out ca this problem by Friedel (1955), Mott {1952, 1953), Seeger
(1956, 1957), and Seeger ot al (1957). This recent work has beea based
to a great exteat on the original ld;aa of Taylor (1934) who produced the
first detailed theory of strain hardening, Basically, these theories as-
sume that for the most part strais hardening ia dus to the long-zange
elastic interactions between parallel dislocations accumulating in the lat-
tice during deformation.

However it has been suggested by Mott {see Cottrell and $tckes.
1955} that Y ¢he feaportant elastic fozces cna glide diglocation ars tﬁnse
from its immediate neighbours rather than the long.range stresgses from

* Details of dislocation theory may be found in such texts as Cottrell
{1953) and Read (1953).
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Piled up groups, for then the elastic forces and the forest forces acting
on the dislocation can both be ascribed to the same thing, the presence
of nearby dislocations”. Basingki (1959) further states that {f the con-
stancy of the flow stress ratlo observed hy Cottrell and Stokes (1955),
and others is to be explained then ™ the impozrtant elastic forces must
be restricted to those dislocations which can act as short-range ob-
stacies, 1.e, the dislocations thrsading the glide plane',
l.1 Basinski's Approach to the Study of Strain Hardenin

Basingki's {1959) approach to the study of strain hardening has
been to consider that the motion of glide dislocations are impeded by ob-
stacles withia the crystal lattice, to design experiments to determine
what particular obstacles are active in the different stages of deforma-
tion, and to gain information on the form and magnitude of the forces
associated with the different dislocation-obstacle interaetions, as well
as the activation distance or range of the cbstacle. Rather then asgume
ing a definite form for any dislocation-obstacle interaction he has de-
veloped a general expression from which the activation energy required
to overcome the obstacles, the form of the interaction force versus dis-
tance curve, the maximum force and the activation distance may be cal-
culated from experimentaily determined quantities.

Starting with the Wyatt Creep Theory (Wyatt {1953)) Baasinski has

developed the fallowina =xpression for the activation energy:



(4 Ka |
vear B,
&
The factors K, Kp, K3 and Kg ars aives 23 follows:
. (Sr/ur
(T “

.~Kz-= QUG:///%//QT) , o

o 4325) .

. Yy |
ad K, (. e R (=)

where G, //. and € represent flow stress, elastic modulus and strain
rate, G'-} m/u,. and G; and U, are the flow strees and elastic modu.
lus at & temperature T aud absolute gere respecuvely.,&, is the Boltsman

constaat, and ( )é and ( indicate that the particular

,T
bracketed quantity was determined:for a constant strain rate, or constant
temperature reapoctively. Factors Eyo K; and K3 may be evaluated
from the results of mechanical tests, and factor R4 may be determined
{rom the werk sf Sossion and aaffney (1955) using the equation of Foreman
(1955),

Basinski {1959) has studied the variation of the factors E; and K,
(strain rate sensitivity) as a function of temperature and siress for single

crystals of pure copper, aluminum and siiver in stage It deformation
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where he considers the obstacles to be the forest disiocations.

1.2 Scope of the Present Work :
This thesis is munymcemdﬂthmdwciopmmoumm

and procedures for the measurement of the strain rate sensitivity factor,

Ky = —(gg"')Y mpxuuedofomuoahmmymeum
(=2

Basically this factor may be determined by a aumbey of mathods includ.
ing constant strain rate experiments, transient cresp experiments, and
stress relaxation experiments, '

Basinski's studies to date have mainly concentrated o= behavicus
lntheunwhudnhgrezionaudﬁer&hwrkhehubandmtmt
strain rate experiments most convenient, This experimaental procedure
involves carrying out constant strain zate exporiments in which abrupt
changes in the strain rate are introduced and the corrasponding change
in flow stress chserved, Figure 2 illustrates such s condition, a cmse
in strain vate from €; 1€, in the linear hardening region resulting
in & change in the flow stzess of q—n. When a similar expesiment is
conducted in the easy glide zegion the resulting change in flow stress T,
is considerably smaller and as a result accurate determinations of Kj
are difficuilt,

Under such conditions incremental transient creep experiments
similar to those described by Wyatt {1953) and Conred- {1958) present 2
considerable advantage, This method involves carrying out transfest



RESOLVED SHEAR STRESS

| >
RESOLVED SHEAR STRAIN

FIGURE 2* -DIAGRAM ILLUSTRATING THE CHANGE OF
FLOW STRESS AS A RESULT OF A UNIT.
STRAIN RATE CHANGE IN STAGE I &II

* Figure numbers are discontinuous at this point. The next figure
number will be 16. ‘



8‘
L 4 L J

crecp exparimeats in which abrupt changes in the applied strees azs made
and the resulting varistion ia the otrain versus time curves observed,
Pmm-m”ﬁhgmtmutmﬂmmwMoo!
&mmmm-muuemummm»hmmug
stress, then the method s capable of mmmacmeumllum far
more accurately than the constant strain rate method, A fasther advaatage
ofmnmomnnhmaetmtmmdthmymdo region in
mmynpodmmuu&crumedudua‘rumnuduiubhhm
oalynmnehuzuhﬂwtmidsttuainerduhmhmwm
wcnwlmnths‘emglﬂcrm mwmwm«ahm
thesis for the determination of the strain rate sensitivity factors for pure
copper aad coppez-silver alloy single crystals at temperatures from IN0°
to 78°K,

® Page numbers are discontinuous at this poiat. The next page number
will be 56,
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CHAPTER 11
DESIGN, CONSTRUCTION, AND CALIBRATION oF .
THE APPARATUS FOR SHEASURZMENT OF
TRANSIENT CREEP

!, Discussion of Puvhulz Used Apparatus

The study of the phenomena of cresp bas been undertaken for o

. number of years, and during that time & aumber of diffepes: types of
apparates have beca developed for cbeorving it experimentally in the
laboratory, Aadrade and Chalmers (1932) have descrided an apparatus
for measuring creep on which ths majority of later ones have been pat-
terned, Basically this apparatus was designsd to perform the following
functions. (s} to apply s constant stress to the teet specimen, which
®as in the form of a fine wire, sud (5) to measure the vartation of
length of the wirs as a function of time,

The part of the apparatus which applied the etress to the speci.-
mea was of such 2 design that the stress remained conatant althoogh the
cross sectional area of the spocimen decreased with elengation. To ace
complish this, the load was spplied to the specimen vin 2 specially oon-
toured beam, now known s the 'Chalmer's Beam System', This system
wmaintained the tensile stress to within 15 for extensions uwpto 30%, In
the Andzade and Chalmors apparatss the creep strain was zocorded

3 Page and figure numbers are discontinuous at this point,
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phohzn,ueauybyalmubumhuksuadmbuhglmm
paper, which was zohudbyasmhtmu motor. The apparatus was
capable of measuring strains of 5 = 18”2, These workers cenducted ex.
periments in the temporature rangs of 273°K to 373°K. Thess tomper-
stares were obtained with baths of ice watsr and thermostatically control.
led oil,

Wyatt (1953) developed a creep maching using pasumatic lcading
and continuscus strain zecording. The pnsumatic loading feature resulted
in & machine with 3 small inertia, ﬁ.waolho@hgmmmy
0.6K3. thﬂt&hmc&evuanmﬂommmﬂmmw
part of the cresp curve (transient creep) whers the strain rates changed
nyidlyndvhnthooﬂecuoimmmdnbrtmmmqm.
Wyatt states that the load could be measured to ¢ 0.1% of the maximum

capacity of the maching which was 22,5 KB' The orzoz in constaacy of the

spplied tensile stress with specimen elongation was quoted as being approxi-
mately ¢ 0.5%. Wyatt also statss that theze uas in inherent ervor of $15 gm,
in the applied load due o friction and other factors. This would introduce

a large error when small stresses were required, The specimen extens.

ion in Wyatt's apparatus was recorded by projecting a graticule attached

to the specimen loading frame onto the lens of a rotating drum camera.

o5
With tais apparatus the strain could bo measured to a sensitivity of 2 2 10~
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Wyatt carried out experiments a¢ a number of different tomperatures
between 77°K and 413°K, These temperatures were obtained using dif.
ferent constant temperimze baths and thermostaticly cmned ofl.

A recent paper by Conrad (1958) describes a machine for meas.
nﬂng creep of copper single crystals, The loading was accomplighed
using a modified form of the Chalmer's beam system. The loading tech-
n,lqu'e appeared to be extremely crude and consisted of adding kuown
amounts of lead shot to a loading pan, The strain was measured with a
clip-om-type resistence strain gauge transducer mounted externally to the
specimen, The cutput of the tranaducer was recorded electronically and
a sensitivity of 2.7 x 10™° strain is quoted, The low temperatures uged
by Conrad in his experiments were obtained using 2 nitrogen vapour spray
unit (probably similar to the nitrogen vapour cryostat described later in
this thesis), Temperatures wero maintained constant to € 1°K and were
uniform to 1. 5°K over the 10 cm. gauge length of the specimen, -

There have been many papers, too numerous to mention, published
recently describing apparatus for the measurement of steady-state creep.
Here the standard Chalmer's beam loading system is normally employed, -
and creep strains sinece they are slow, are obgerved using a sensitive
cathetometer.

The creep machine developed at the University of Cttawa has been
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a combination of many of the features of the machines just described,
However since the research prodlem was. of a different We than that for
which these machines were designed, a number of speeial feaﬁrcu were
added. The loading system used incorporates a Chalmer's beam, but it
was constructed to be of low mass in order to reduce the et‘{ect of inertia
at rapidly changbg stzain rates, The loads were applied maaumy up to
the initiztion of eagy glide, but after that they were applied automatieally
_atafixed rate. The creep straing were recorded clectr_onlcauf. and since
tbe strain transducer employed cnly an .opﬁcal coupling to the gpecimen it
did not mndify the true behaviour of the specimen. |

Due to the fact that many of the component parts of the apparatus
ware not available commercially the majority of the apparatus ;uvaq ¢on-
structed in the Physics Department wozk shops, It is suggeated that further
modification in the design of the apparatﬁa could be introduced to s’iﬁzpﬂfy
its construction and operation.
2, Design and Construction of the P:esent Apparatus

Most of the apparatus canstmcw& to measure creep degeribed in
the literature to date has been -de.signed to measure steady-state creep or
the gross features of transient creep, In conmtrast the apparatus described
in this thesis was designed to be (a) extremely seusitive, strains of

5% 10’6 being easily cbsarvable on a specimen witha 10 em, gauge length,
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{b) capable of recording very rapid strain rates, op to 10 sac K (c)
capable of maintaining the regolved ghear stren on ﬁw gllde plane to

within 1% over a range of cryatal extention up to 15%, and (d} capable af

making very rapid and accuute chugea in the applied load. !u:m&es .

were provided for increaslng or decrming the appued load by approxi
mately 3tol7gramsina time interval of less than 0.3 gec withaut
producing impact stresses ia the upecimen.

Basically the apparatns consists of three major systems, which
will be described in detafl in the following isec",‘t!}ona. ‘These are the load.
ing system, the strain measuring gystém; and the temperature cont?ouing
and meﬁanrﬂng system. Figure 16 shows a block diégra,m illustrating the
general form of the apparatus. Plate I shows 2 side '»"iew bf. the completed
apparatus,

2.1, The Lcadigg_&iyatem

To gain the high accuracy required in the loading system, and ag
well to have a relatively simple and inexpensive un_it the Chalmer's bsam
system was used. However, special care was taken to construct the beams
with the lowest possible mass, and to provide them with a low friction
bearing, The crystal specimen (within the specimen yoke) is held between
2 bottom fixed ‘ring-joint!, and a top ‘zing-joint! which is connected through

a pull-red and loading tape to the front contour of the Chalmer's beam,
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A Side View of the Complc ec. Creep Apparatus.
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The beam ftself is piveted ca a stecl/ agste dearing, and 10ads ave
applied to & loading pan suspended from & second tape attached to the ey
contour of the beam, Applying dead loads fn the form of weights to the
loadiag pen thus inczcases the tensile stress oa the test specimen, The
leading systsm consiots basically of four major uaits namelyt the mouni~
ag frame, the Chalmer's beam, the specimen yoke, 2ad the lsad appile
cation system,
Zelole The Mounting Frame

The Chaimer’'s beam systom and specimen yoke were mounted on
s heavy steel plate (8% x 5-1/4" x 3/ 4 thick) which was supported cn top
of faur stasl posts (20" loag = 1-1/ 4" diameter) sttached to a stsel bottem
piate (13® = 13" x i thick), The botiom plate itself was ses on adjustable
lovelling scrows, which rested on sackets attached to two etesl U~ baams,
which were themaelves t18d to a concrets biock pillar which formed pazt
of tho anti-vibratien toutting system to de described later (ses Section
2eée)s

Some parts of the laading system, in particular the load paz
arrester and lucrementsl load applicsiss wars =et attached to this frame, .
but were tied to a sepazate frame which was boited to the floor fn oxder ‘
to redsce the sffect of vibration on the appazatus. The constructles of the

mountisg {rame is shown clsarly in Flate L




2.1+2. The Chalmesr's Bsam

s mentiones carlier in this chapter sndrade and Chalmers have
described in an early psper (indrade aad Chalmaers (1932) a device for
maintaining 8 conatani isusile atress, independent of deformation, on a
polycrystaling wire specimen during plastic flow, This Mco has be-
come known as the 'Chalmer's beam system® and has been smployed in
many modified forms since that time, Figure 17 fllastrates the basic
theory of the beam system. The beam, which consists of a plate pivoted
at P, is constructed with a special front and rear contour. Flexible tapes
are fagtened at Fl and F, and are allowed to hang down along the contouzrs,

Equating moments on either side of the beam gives,

TR =ELE) (s)
whcuP‘isthaloadaypucdtommm. Pchmwmuedtoﬂw
spocimen, andf)(4)* andf, (3)are the lengths of the front and rear lovad
arms, which are themselves some fanction of the asgular rotation (£) of
the beam, Normally4)(4)=£)(a constant), and the contour is thus a radius

about the pivot poiat P,
For convience let Pc P‘ when the beam is horizontal {p=0)s

and therefore leﬂ £ . For all other positions of the beam however
¥ 2 () indicates that £ is 3 function ofs .
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FIGURE I7 - DIAGRAM ILLUSTRATING THE THEORY
OF THE CHALMERS BEAM SYSTEM:
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(z must decrease with increasingd-tharefors,

A8) =300 4]+ (23
Since the tfont contour is & radius, ndb‘*ﬂﬂu clongation of the specimen,
theaAfis related to the rotation A9 of the beam byAX £, 44, Therefore

euation (36) mey be writtsn as,

£ /AZ) =//A[) A (8%
/s mentioned previously these beams wors originally designed
to malatain the tonsih:b stress cmunt {a polycrystaline wire Wimus
where the cross-sectional area decreased with extension. / beam of this
type was designed for the creep apparatus and in this mn&/&) is a decraas~
ing fonction for increasing % . In this case the change in the cross-sec-

tional area of the specimen related to the change in the length by the re-

/42,; A 4 . | -
4, 2 +4L ° ) \

where J) is the original length, A L the extension, and A and 4, are the

lationship

cross-sectional areas before and after extension. This relatioaskip is

based on the assumption that during extsnsion the volume of the specimen
remains constant. Nc& to maintain the tensils stress constant during de«

formation will require that the length of the lever arm,fzdcctmc in the
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same manner as the cross-aectional area decreases, therefore,

* ﬁ(A£)=/é’f;L . (40

Ia the case ol single crystal specimens it is the resolved shear
stress ia the glide direction, oa the glide ph.ne. which must be held con-
stant during crystal extemsion, It has been uhon proaviously (Andrade and Ros-
toe:(1937 )) that this resolved shear stress increases with specimen ex-

tension as follows,

(11

/ —ocm )

where / is the resolved shear stress after an elongation Al }'Uo is the

initial resolved shear stress, Z_is the initial specimen length and A is the
initial angle betwaen the tensile axis and the glide direction, If the resolved
shear stress is to remaln constant during deformation it will be necessary
for the length of the laver arm,@ ts decrease in the same manner as the

resolved shear stress would aormally increase. There!ora. ‘
) — L Zoen?
/(AL) = »aL 2 , ¢12)
/) — An A
For polycrystzlline specimens the form of the factor /éfbl)depoads

only on the original length of the specimen, however for single crystal speci- |

mens/zﬂbé) also dspends on A , one of the crystal orfentation anecles, It
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was determined that in order to cover the orientation range from A = 33°
to 50° with a maximum davutlon of less than 1% in the resolved shear
stress a sct of elghs beams \_‘designed !orthe orientations 33°, 35°, 37°,
39, 41°, 44°, 47°, md 50° would be required. For convenience mh.
beam was designed to allow 12% extension, with an ovorl;p:’m"‘th:e range
of the next beam aftor 5% extension. Tadle 1 lists the values of R, for ‘
different specimen ?xtm_iau (and 'mvrunmng beam rotation) for the
different inftial values of ) listed above, as well as the values for the poly.
crystal case,

The beams were first cut roughly from a sheet of ;/ 4 inch thick
24-S aluminum as shown in Plate il They were drilled with a set of lo-
cating holes and mounted on a special machining block (see Plate I} which
allowsd the beams to be firmly clamped during the machining operation. |
This machining block was set in a dividing head and the contours were
"roughly® cut using a vertical milling machine, After making the caleul.
ated cuts at cach half degree interval tho space between cuts 'were caze-
fully evened out using a band file while checking the contour contisuously
with a dial gauge., The finished beams were checked against the deaign
figures and were found to be aceurate to at least ¢ 0,0002". The com.
pletely machined beams weighed aégruximately 150 grams without the

attachments, Some of the completed beams are shown in Plate Il include
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(b) Completéd Beams, One With Mounting Attachments.

PLATE II :

iChaimerz'e Beam/
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ing ene fitted with its mounting attachments. Only one set of thess

attachments were made and these were fastened temporarily to the parti.

cular beam in use,

These attachmants consisted of a steel knife edge (the top half

e e e 7 Y

of the beam balance bearing), an adjustable mirror (part of the strain
measuring system which will he described later), a tape clamp at the top
of the front and rear beam contour, 224 & set of course and fine adjust-
ments {or positioning the centre of gravity (C.G.) of the beam both hori.
rontally and vertically. Plate IlI shows a front and side view of the beam
located in posaition on the mounting frame,

The beam bearing® consists of a steel knife edge approximately
40 mm long attached to the beam, and on an agate bearing attached to the
bearing support on the mounting frame. The agate bearing was ground !
optically flat in the centre part where it came in contact with the steel 4‘
knife edge. The complete bearing was designed for a maximem load of

3K g with a minimum of friction.

The adjustments for the centre of gravity (C.G.) of the beam are
extremely fmportant, If the weights applied to the loading pan (plus the
weight of the pan, loading tapes etc.) are to be an accurate measure of ‘
the total applied load then there must be no restoring torzue (due to gravity)

* The bearings were supplied and mousnted by the George Westphal Co. of
Canada, Ltd., Torento, Ontaric,

el
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(a) Side View.

PLATE IR

Photographs of 'Chalmey’s Beam® with
Attachments, in Position on the Mount-
ing Frame.




(a} Side View.

(b) Front View.

Photographs of 'Chalmer's Beam' with

ttachments, it 'osi:icn oa the Mount-

TN e
iro Frame.




(a) Side View. {b) Front View.

Photograpas of 'Chalmer's Beam' with
ttachments, io 'osiiicm on the Mount-

inrs Frame.
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on the beam itself. The absence of a restoring torque is possible enly
when the C.G. of the beam and its attachments Me at the balance point of
the beam, To adjust the C.G. of tho beam to this point a set of coﬁu
and fine adjustments are provided, To balance the beam the loading pan
and loading tapes are first removed. The two course adjustments which
lie beiow the level of the kaife edge at the front and back of the beam were
adjusted so that the C,G, lies vertically slightly below the knife edge and
horisontally approximately at the knife edge. The fine horizontal adjuste
ment was next set so that the beam was balanced horizontally. The beam
should now oscillate !reely. The vertical position of the centre el gravity
was then 2djusted upwards by zaising the vertical fine adjustment until

the beam just ceased to oscillate freely, It was necessary then to further
adfust the flne hori:ontal balance weight in order to obtain perfect hori-
zontal balance, With carefal manipulation of the two fine adjustments a
point will be reached where the beam will be practically free of restor).ng
toryues and will sit almost undisturbed at any angular position. The beam
is now said to be balanced or 'dead!. ~ rough check on the behavicur of
the nolyerystal beam after balancing showed it to be sensitive to leads of
less than 10 mg and to exhibit a restoring torque cf approximately 200 mg.‘
Since the smallest incremental loads used will probably be of the order of

5 gm this means a maximum error of 4% due to the restoring torgue on the

LACe W VT e

The adjustment of the C. G. of the beam wag extremely delicate snd lals
value repressats the minimum restoring torque which could be obtained,
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beam and a negligible effect due to bearing friction.

The steel tapes connected from the beam to the specimen pull.rod
and the loading pan were cut 0.15" wide from 0.001" thick steel shim
stock. These were attached to the beam by the two taps clamps at the top
of the front and rear beam contours. The tape clamps consisted of a flat
plate approximately 1/4" long x 1/8" x 1/16" and two #4:40 set screws
in a U-clamp. Tightening up the set screws caused the tape to be held
rigidly between the platé and the beam contour. No slippags bas been ob-
served with this arrangement with loads as high as 2 kg on the tapes.
Since the tapes used have an extremely low mass per unit length their
effect on the C.G. of the beam is very small and may be neglected.

In oxder to prevent the bsam rotating accidently a beam arresting
device which hold the beam steady in the horisontal position was attached
to the side of the beam-bearing platform.

2,1.3, The Specimen Yoke

The main !ancﬂon of the specimen yoke is to provide a support
for the lower end of the taat speciman. Figure 18 fllustrates the design ‘
of the speciman yoke. The lower section of the yoke is constructed from
& length of hard brass rod approximately 6" long and 3/4" in diameter.
This rod was drilled-out over most of its leagth to an LD, of 1/2" and

the front and rear of the tube opened-up over all but a short section at the
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FIGURE 18 - DIAGRAM ILLUSTRATING THE DESIGN OF THE SPECIMEN
YOKE AND ITS RELATIONSHIP TO OTHER PARTS OF THE

LOADING SYSTEM:
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top and the bettem, The bottom end was drilled and tapped to take an
adjustable carriage which contains the lower specimen grip. Thas upper
end of the brass tube was prass-fitted into a plece of bakelite tuds, which
itself was press-fitted iato a drass flange wﬁeh bolts to the lower surface
of the top plate of the mouzting frame. This bakelite insert serves as &
thermal {asulator between the leading frame aad the lower part of the yoke
which {s subjected to tsmparatures down to approximataly 80°K,

The yoke is also provided with a mounting strip for attaching two
thermocoupies for the measurement of specimen temapsrature. Further de-
tails on this are given in the section dealing with temperaturs contre] and
measurgment, ‘

In operation a2 tensile stross is applied to the speciman via the
specimen losding tape and spacimen pull-rod. The specimen pull-rod is
constructed from a length of 1/ 8" diameter brass rod which'projects:

through the top plate of the mounting frame into the spscimen yoks. The |
upper cad of the rod was silver soldered into 2 larges brass rod which ‘
forms a clamp for attachment to the loading tape. The lower ead of the yod

was silvar soldered {ato ths upper specimes grip. To prevent damage o

the specimon during the adjustment of the beam system and when inserting

a new test specimen a specimen rod clamp was located above the yoks en

upper surface of the top plate of the mounting frame. Figure 12 {llustzates

yrovib B
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the relationship of the test specimen to the yoke, specimen pull-rod, and
loading tape.
2.1.4. The Load Application System

As do-cl;ihd previously tke iest specimen is loaded using a
Chalmer's beam oynem.v ’.%’elgm‘ applied to & loading pan suspended from
one side of the boam result in the application of a tensile load to the npid-
men which is held between 2 fixed lower grip and an upper grip attached
through the specimen pull-od to the other side of the Chalmer's beam,
There are two types of loudlng employed during 2 test, namely: a primary
loading where relatively large loads are applied.. manually, and a sscondazy
losding where relatively small loads are applied sutomatically as a fixed
rate. Primary loadiag is employed in order to detsrmine the approximate
10ad required to give an observable strain rate under a particalar set of
temperaturs and strain conditions, and aiso in order to provide large ex-
tensions of the test specimen when required, Socouluy 'ludhz is employsd
where incremental and dacromcam loading smﬂu are being made, Cone. ‘
siderable experimental study was required to devalop the fins lozding system
and to determine its optimum 'opouuug conditions, A brief outline of these
studies will be given in section 2.5 of this chaptsr. Figure 19 filustrates
the details of the 1oad application system fiaally developed and it method

of attachment to the Chalmer's beam, Plate IV shows a photograph of the
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Photograph Showin : [ etails of

the Load Application System.







- corupletsd systom,

The primary and secondary leads are applied to separate loading
pans attached te the pan cradle which transfers this load through & coupling
arrangement consisting of a loading ook, a length of flexibls braided wire
and an adjugtable swival to the loading tape tisd to the rur contour of the
Chalmer’s beam. This coupling arrangement allows the loading cradle to
be self-aligning, and makes it possible to adjust the pan cradie so that the
secondary loading mtﬁ. which is suspended betwagn the two arms of
the cradle, s fres of the cradle at all times.

Direetly below the bottom loading pan (primary) is.machod the
damping rod which carries a set of fins on its lower end, These fias are
fally immersed i a bath of #30 SAE ofl. This arrangement forms the paa
damper which assists in preventing oscillations developing in the loading
system dus to its large damping cosfficient in the horizontal plane, The
damping system also has a small vertical damping cosfficient which pre-
veats impact stressed belng produced in the specimen when the secondary
loads ars applied rapidly.

8o that all or part of the applied 1oaé may be removed from the
loading tape during changes in temperature, adjustment of the test speci-
mes ete. a 1oad arrester arrangement was provided. This is in the form

of an adjustable lever arm with an attached forked 1ift at sne end, When
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the lovez Is ralied by the attached adjusting screw, the forked end iifts
mmuotmmmcmoammmuuun-
movas the 1sad fisw the deam syeiem,

The primary welghts, wt&chnqttml!»%“mmq;
pliod sunaally. T2 large welghts {106 gme and up) 826 appiled saly aftex
fiest pastially azvesting the loadiag pen cradle, The smaller waights sve
um.nymnuwwuumwmumwammmm
wdgmnamudc:dhmhﬁbmhm This e=oidod sppears
hwnmmmumm«numdmmunmlm-
tact with the spevatars flagers.

Ths secondary welghts, vﬂchuzymwmylhu
gret mmw'wzwhm.rm:tnemnwm
{s required during increraental sad decremantal loading sxporiments, The
secondavy wolghts eouhleh.mdi atesl spheres {ball daarings) with &
siightly flatteusd bettom: anMothnﬂhsoﬁumwmm
come in costact with the loading Pas. Those weights are lowered mechants
emy;uﬂudubiyaanmmuunudhénwhm%. This ‘
system was designed ac tbas four separate wolghts ceuld do raised or
lowered independeatly. The operaticn of 1o system Is beot desceibed by
refsyencs io ﬂ.snn 20, Whea the molor tasnd caunterclochvise e

wisding drem unwinds o attached losding =ire, #hch {s attacked by 3 clip
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to the guide rod, and provided the rod clamp screw is seleased, this will

allow the spring to pull the rod forward at a rate determined by the rate

of unwinding of the drum, A fine linen thread tisd to the front end of the

rod passes through a2 series of metal eyslets and over the froat pulley,

and the weight attached to & hook at the lower and of this thread is lowered,

S TRt It TR Al ot o T S

To remove the weights the motor diraction is reversed, and when the load
has baen lifted off the pan, the rod clamp screw is tightened to hold the rod
fixed in this position, The four separate weights may de lowered in s¢-
quence by attaching the lowering clip to each rod in turn and lowering the
weight ag reguired,

The load units themselves consist of two parts, t-h‘loa.dhg weight
which is formed from a small steel ball bearing and an accessory weight to
which the loading weight is attached by a short length of very fine cotton
thread. The purpose of this accessory weight, which ftself is ot sllowed . ‘
to come in contact with the loading pan, is to insure that all tension s re-
moved from the cotlon thread supporting the Xoadidg weight whea thic weight
comes in contact with the loading pan. s a result, the value of the applied |
1oad was very accurately reproducable within approximately + 30 mg. The
loading units were made easily removable and amnumber were made up with
loading weights of approximately 3,7, 8.6, and 16,7 gm.

/. namber of experiments were conducted with this loading system
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to determine the optimum rate for applying or remeving the losds (des-
cribed in detafl later in the thesis). It was finally decided to use a décp
rate of approximately 6,3 mm/ sec which insured that the loads were fully
applied within 0.3 sec and fully removed within 0.4 sec. No impact
loading was observed, and the maximum time for stabilization® of the
loading system was 1.4 sec.
2.2, The Strain Measuremeat System
A number of types of extensometers (devices for measuring ex.
tension) have been developed for the measurement of small strains.
%mongst these are systems incorporating electrical devices, whose outpats
may be easily racorded (such as linear differsntial transformers, resist-
ance strain gauges, and capacitance type gauges), as well as numerous
optical systams.
In this particular application the electrical extensometers were

all rajected since they tead to induce undesirable loading of the specimen. ‘
-~ number of cptical methods have besn used in the past but these either em«
ployed manual observation, which would not be fast enough for transient
creep studies, or photographic recording, which was not considered con-
¢ Slight elastic oscillations wers found $o be produced by the rapid ap-

plication of the secondary loads, these oscillations were normslly damped

out very rapidly.
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the output of which was measured and recorded electronically. In this
way the extensometer itself caused no loading of the test specimen,

The system for measaring and recording the ontput of the optical
extensometer is normally referred to as a ‘photoelectric ﬁouo;np servo
system'. Considerable detail of a theoretical and practical natare is
available on the general design and operation of such systems (see Porter
(1950}, and Thaler and Brown (1953)), unfortunately advantsge was ﬁot
taken of thh literature urtil late in the project and as a result the develop-
ment of the servo system was more or less emyirical.v A recent paper by
Bowman and Macurdy (1959) describes an excellent (although more invol-
ved) system vhich they have used for recording the motion of the beams of
high-precision balances. Their system {s gencrally the same as the one
described in this thesis but contains extra circuits to allow the observation
of a very rapidly moving light beam. Unfortunately this paper was not pub~
lished at the time when the creep apparatu' was being developed. '

The system was designed to fulfill the following requirements;
(a) to be isolated from any physical contact with the test specimen itself;
{b) to be extremely sensitive and highly stable over the test period and;

(c) to be capable of responding to very rapid changes in strain rate, The
apparatus to be described has been found to fulfill these requirements ex-

tremely well.
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Ths strain measurement system is as follows: a shaped light
spot is reflectsd from the surface of a mirror which is attached to the
Chalmez's bsam at the beam balance, point in such & way that the reflecting
surface lies in a plane which pagses through the balance point, Ths position
of the reflected apot {s detected by a split photoconductive cell, remote
from the beam, which positions itself by ar associated sezvo system, so
that the reflected spot always falls svenly oa both halves of the cell. This
is called the balance position. The motion of the photoconductive cell (photo-
cell) rejuired to keep the photocell in the dalance position is plotted en an
attached recorder as a function of time, Since the degres of rotation of the
Chalmer's Yeam is directly proportional to the elongation of the specimen it
was possible to calibrate the recorder directly in terms of specimen strafn,
The apparatus was constructed so that oa high sensitivity an inch on the re-
corder chart paper corresponded to a strain of w" or 0.01% on 8 specimen
with 2 10 cm. gauge length, Figure 21 shows an outline of the strain measure~
ment system, Flate V shows a rear view of the strain measuring system. ‘
On top of the mounting frame at the right hazd side of the photograph can be
seen the Chalmer's beam. The extensometer mirror is located on the far -
side of the beam. In the top left hand corner is the recorder and the verti-
cal screw system which carries the photoconductive cell, In the lower

left hand corner can be seen the electronics associated with the servo posit-
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ioaing system.
2.2.1, Ths Optical Secticn

The optical section consists of thres paris as illustrated in
Pigere 22, Theso ave the optical traasducer, the light scurce and spot
shaper,, and the position detector:.

Ths optical transducer is mersly a small froat surface mirror
attached to the Chalmer's bsam at its pivot peint, Since the froat con.
tour of the beam is & radius about the pivot point then the degres of
rotation of the beam and hence the rotation of the mirror s directly pro-
portional to the specimen eloagation. mmmh Figare 22 shows the
geometric arrangemeat, . light beam originating at P is normally re-
flected along OS . When the beam rotates Wumu/ radisns,
due to the specimen elongation, then the light bsam will be reflected along
0S,, where thq angles;o, is « radlans. From the geomatry of the system
it may be shown that 0/=/7-d .
Now / - ‘;Z 5 w3

/

um./s is the angle of rotation of the beam (s2d mirroz) in radians, Alis

the specimen eclongation, nd;(,hlhudluc!fhl:mmcm.

Also As:qd:z%« P @4
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; where A {s the scale defloction (&—S,) at a distance A from the mirror

(distance from mirror to photecell). Now the seasitivity of the transducer

/ét is defined as,

- 5 '

3 Y, 1

L and substituting equations (13) and (14) iato (15) gives:

1 ,ét = 24 (16) -
<

In this amunu(; = 2.5 inches Mz = 27,9 inches, this gives a cal-
culated value lor,é t“ 22,2, A series of tests were carried out on the
transducer and it was found to be extremsly linsar, and to have a sensit-
ivity factor of 22.1.

The light source and spot shaper was constructed from a Tinsley I
type 4745 galvanormeter projector. The normal body and lens arrange-
meat of the projector was retained but a special lamp mounting arrange-
ment was added so that a highor wattage bulb could be used, and as well,
& spot shaper was addad to the front of the projector. The special lamp

mounting allowed connections to be permanently soldered to the bulb to

oliminate the problem of the bulb instability dus to poor base connections,
which are often found when using high powered bulbs with a spring type -

socket, . Westinghous #1134 bulb, rated at 6-8 volts, was used and this
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:

was operated from a gix velt storage battery, The battery scurce pre-

B L T o L S P e A
T E R SR A .
" S T .

I  :

ventsd any modulation of the light which might develop from using an AC
lamp supply.
- The spot shaper consisted of 2 brass cap which was fitted over

the projector lens tube. The eand of this cap centained an adjustable slit-

opeaing formed from a set of vazer blade edges. This arrangement pro-
duced a well defined rectangular light spot which was sharply focused on

SR ey Tyt o onic |ty e e VIR SR LS i ey

the unrﬁ;u of the photocell by a lens placed approximately one inch in
front of the transducer mirror, It was found that a slit opening of 1/ 16" \.
x 3/4", which resulted in 2 spot 1/8" wide extending fully ucrois the
surface of the photocoil. gave the optimum sensitivity and stability.

The positien of the reflected light spot was detected by a split
photocell mounted at the end of a horizontal light shield tube. This photo-
coll forms part of a servo balancing system which adjuste the vartical pos-
ition of the photocell so that both halves of tha cell receive the same daﬁru
of fllumination,

The compfote ofnlc section was enclosed on all sides and on top by ‘
a light shisld to reduce the effect of room illm'nmdon. this shisld conoisted ‘ ﬁi.
of & tentest box whose interior was painted dead blick,

2.2,2, The Servo Balancing and Recozding Section

Figure 23 show a block dlagram of the sezvo balancing and recording
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section, The aplit photoconductive cell consists of two resistances which
are extremely light sensitive and these form two arms of an AC Wheat-
stone bridge, The other two arms are located in the bridge unit itsclf.
When light from the optical transducer falls equally on both halves of the
photocell the bridge is balanced. If {due to specimen elongation) the light
beam shifts, then the light will fall unequally on the two halves of the pheto~
cell causing an unbalance in the bridge circuit. The unbalance voltage pro-
duced at the output of the bridge is amplified by a servo amplifier and the
output of the amplifier energizes the servo motor, and drives the photocell

positioner. This repositions the photocell to a new position then the bridge

" is again balanced. During the measurement of creep this balancing process

takes place continuously, The photocell positioner i{s alsc mechanically
coupl ¢ to the pen drive on the drum recorder through a quick change gear
box which functiors as a gensitivity control for the recorder.

The electronic circult of the balancing and recording section is
shown in Figure 24. It consists of the photoconductive cell, the 4C hridge
circuit, the coupling unit, the serve amplifier, the control unit, and the
servo motor,

The photoconductive cell used in the apparatus was a iype C5-~9,
semiconductor photoconductive c=ll manufactured by Canadian Semicon-

ductors Reg'd, Montreal, The two light sensitive sections of the cell are
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in the form of a grid network separated by the photesensitive material,
These grids are moulded {n clear plastic oz the end surface of an octal
tube base and the electrical connections are made to the cell grids via the
socket pins. Plate VI shows a photograph of one of these cells,

According to the manufactarer these cells may oparats at volt-
ages up to 120 AC or DC. They have a dark resistance of up to 2000
megohms and a rosistence of as low as 2000 ohms when {lluminated with
50 foot candles. Each section of the particular cell used in the apparatus
was found to have a dark resistence of approximately five megohms, when
in position under the light shield with normal room light outside the shield,
and a resistance of approximately 50,000 ohme under full {llumination with
o rectangular shaped light spot of the optimum size.

Considerable investigation {which will not be presented in this
thesis) was conducted to determine the optimum operating voltage, light
opot shape and dimensions, 224 lizht intensity for the best sensitivity and
stability, In the final form of the apparatus each section of the cell was
operated at approximately 40 volts .C. It was found that & rectangular
spot approximately 1/8" x 1-1/4" (with the length of the spot parallel to
the gzids of the photocell) gave the beat results, I aeneral it was found
that the more intense the light the greater the sensitivity. The upper limit

belng determined by the noise level of the coll which was found to increase
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Photograph of the Type Cs-9 Semi-con-

ductor, Photoconductive Cell Used in the

Strain Measurement System.




Photograph of the Type "o-9 Semi-con-
ductor, Photoconductive Cell Used in the
Strain Measurement System.




- 08 -

with increasing illumination.

.n /.C Wheatstone bridge (see Laws (1938) and Owen (1950)) was
constructed with the split photoconductive cell forming two external arms
(see Figure 24), The two internal bridge arms consisted of a fixed arm
((.,). and a balancing arm ( f,) in the form of a decade resistance box.
The balancing arm was adjusted to obtain the {nitial condition of the bridge.
. simple Wagner-Earthing system (see Owen (1950 and Wolff (1959)) con-~
sisting of Cl’ C, and R3 was also included in the bridge circuit in :n of.
fort to eliminate the stray capacitances. The switch SV -4 mokes it pos«~
sible to abserve the degree of either the geaeral bridge balance (position
1) or the W agner-earthing system balance (position 2). In operation the
bridge is first roughly balanced using Rl (5w -4 in position 1), then the
viagner-earth is “alanced (3% -4 in position 2), by adjusting R 3,md Cl
acd © 2 Switch Si/ o ie provided 30 that thé variable capacitor (Cl and

CZ) may be applied to either side of the bridge as rejuired. Finally the

tridge balance is readjusted and the \agner-earth balance is checked and

adjusted if necessary.

Power is supplied to the bridge circuit from the 110 volt ..C Lines
through a good juality, shiclded, step-down tran:i.ymer which was mountsd
g sow:e distance (approxlinately four feet) from the high-gain circuits to pre-

vent atray pick-up. It was found that an upplied bridge voltage of approxi~
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mately 80 volts gave excellent results,

The bridge unbalance voltage was coupled to the servo amplifier
by & coupling unit consisting of & highly shielded transformer. This trans-
former assists in matching the low impedence output of the bridge into
the amplifier. The bridge and coupling unit were located on one large
rack panel, but were separately shielded from each other and from out-
side fields by enclosures constructad of §16 gauge sheet steel.

The unbalance signal obtained from the bridge was ampliii-d by
a three stage amplifier, consisting of a tuned voltage amplifier driving
an untuned voltage amplifier which in turn drives an untuned power ampli-
fier. The 60 ¢/ s output of the servo amplifier drives the control winding
of an ..C serve motor. The field winding of the motor i3 driven directly
from the liv ', 60 ¢/ ¢ malns,

The aecvo smplifier used (see Figure 24} was 8 modification of
the standurd Leeds and Northrup balancing awmplifier with the foput filter
and chopper circuits omitted, In particular the foliowing modifications

were made; (a) the first stage was converted to a tuned amplifier with

ite rescnant frequency at 60 ¢/ 5, in order to reject 60 ¢/ 8 harmonics,

{b) the overzall amplification of the cizcult was rc.cced by eliminating the
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¥ third voltage amplifier stage (second half of 65L7 tube), (c) the power

supply ripple voltage, as observed on the plate of the 616, was greatly
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reduced by replacing the first filter resistor by a filter choke, (d) & hum
balancing system was added to the 6. 3 volt heater circuit in order to bal-

ance the heaters with respect to ground, (e) particular care was taken {n
the mounting of transformers and signal 1eads in the high grain circuits to
prevent 60 ¢/ s pleck up, and () particular care was taken to ensure that a
good ground was obtained and that no ground loops existed.

These modifications mentioned all assisted in raising the overall
signal-to-inoise ratlo of the measurement system. One of the mo:t jm-
portant modifications was the addition of the tuned amplifier input stage.
Initial experiments had shown that the photoconductive cells used in the
apparatus tended to increase the harmonic content of the bridge unbalance
voltage, preventing a perfect balance. Large porcentages of 120 and 180
¢/ s were observed at the servo motor and this appeared to make the motor
slugglsh and erratic.

A parallel tuned circult consisting of (23 and Ll' with a resonant

fro,uency of enproximately 60 ¢/ s was placed in the plate circuit of the

amplifier input tube (65Q17). With all modifications completed the ampli
fier was checked and found to have a mazimum gain of approximately 54

db at 60 ¢/ » with a harmonic suppression of 10/ 129 ¢f 5.

An cscilloscope output was provided at the plate of the output

tube (61.6) so that the output signal of the amplifier could be carefully
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observed whes initially balancing the bridge circuits.

A coatrol uait, located at the recorder, was connsctod between
the output of the sezvo amplifier and the servo motor (see Figure 24).
This unit serves a aumber of purposes, namoly} (a) switch 8W-7 pro-
vides an on-off control for the servo motor, (1) switch SW-8 connects
the sexvo motor as either a servo motor (for aormal balancisg operation)
oy as & normai motor (for positioning of the phstocell carriage), (c)
switch 5W-10 ie a reversing switch to control the direction of rotation of
the motor, (d) switch 5W-9 and four microswitch type limit switches
(1ocated at the top and bottem of the photocell drive screw, and at efther
end of the pen drive track respectively) in series with s relay and a 12
volt battery form s civeuit which automatically shuts-off the power to the
sezvo motor field coil, prevaating damage to the precision mechkanical
parts, in case cf an overload. lso connected to the comtrol unit is 2
0-150 volt C meter which indicates the output levol of the sezve ampli-
flor and sorves as a balance indicator.

The servo motor ysed was a Brown-Honeywall type 362479-1 with
the following operating characteristicst torque {at maximum power
output) - 20 inch-ounces, atall torque - 28-lach cunces, apeed {at maxi-
mum power output) 97 rpm. This motor wae further goarad down by 3

ratio of 5/ 1 with an antibacklash reduction gearing unit located betwesn
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the servo motor and the photocell positioner. This provided more avail-
able torque and as a result a faster and more positive balancing action.

The servo moter, through the set of reduction gears, drives a

it o A R RS T T

screw which positions the photocell cerriage. The mechanical arrange-
ment for this {s illustrated in Figure 25. Plat: VIl shows two views of the
completed servo balancing and recording system. The photecell carriage
consists of a block'of magnesium, 2" x1-3/4" x 1-1/2" with & central
vertical brass insert, precision threaded for the 5/ 8:11 precision-cut
drive screw. The ftoat of the carriage {s machined tn take an octal tude
socket, in which the photocell is mounted, and a light-shleld tube, Mag-

nesium was used as much as possible for all parts assoclated with the

o S R SR B S e M PRI SR R VARG N R IR R

photocell carriage to reduce to & minimum any loading on the precision
scrow,
| Ths screw itself was carefully lathe-cut from tool stesl and fit.

ted to the threaded insert in the photocell carsiags., This was necessary

since it fs important that any backlash in the mechanical parts of the bal-
2 ancing system be kept to a miniroum, 51l moving mechenical parts from -
| the servo motor o the recorder pea drive were fastoned together with \
shaft pins since set-screws were found $o give erratic rogulto,

Three special spring devices were also incorporated to reduce

backlash and play in the balancing system, These are {(see Figure 25) the

Briecn
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shaft spring, the screw spriag, and the carriage spring. The shaft
spriag was in the form of a split spring cup washer which preveated verti-

cal play in the drive screw. The screw spring was designed to keep &

o

compressive stress oa the drive screw threads independeat of whether
the carriage was moviag up or dowa. Finally the carriage spring was
designed to preveat the carriage from rotating in the horizoatal plans,
siace this would canse a shift in the balance pesition if the light spet was
not perfectly maiform, The addition of these three devices was found to

almast completely eliminate backlash ia the system, The maximum back-

B
&
]
"l‘lj
£

lash was determined experimeatally to be equivaleat to a strain of 0.5 x

10°%,

The drive screw, basides positicning the photocell carriage, alse
operates the recorder pen drive via a seasitivity coatrol in the form of &

two-ratio qeick-change gear box. The gear box was designed to provide

a nsutral position for readjusting the pen carriage as well as two sensiti-

vity ratios, 1/1 and 1/10. Ths design of the gearing and clutch arrange-

ment is {llustrated in Figure 26. Plate VII shows the layout of the sen- \

T L H

sitivity coatrol in the final apparatus, Basically the gear box consists of A

two gear paths, a direct and a reduction one, which may be selected by & '

clutch arrangement. Referring to Figure 25 and 26, the photacell drive

screw is connected to the iaput shaft of the sensitivity control, and the
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shaft spring, the screw spring, and the carriage spring. The shaft
spring was in the form of a split spring cup washar which prevented verti-
cal play in the drive acrew. The screw spring was designed to keep a
compressive stress on the drive screw threads independent of whether

the carriage was moving up or dewa, Finally the carriage spring was
designed to prevest the carriage from rotating in the horizeantal plans,
since this would cause a shift in the balance pasition if the imz spot was
not perfectly uaiform, The addition of these three devices was found to
almest completely eliminate backlash in the system. The maximum back-
lash was determined experimentally to be sjuivalent to a strain of 0.5 x
10°°,

The drive screw, besides positioning the photocell carriage, also
operates the recorder pem drive vis a seasitivity coatrol in the form of 2
two-ratio quick-change gear box. The gear box was designod to provide
a neutral position for readjusting the pen carriage as well as two sensiti-
vity ratios, 1/1 and 1/10. The design of the gearing and clutch arrange-
ment s fllustrated in Figure 26. Plate VIl shows the layout of the sen-
sitivity control In the finel apparatus. Basically the gear box consiets of
two gear paths, a dizect and a reduction one, which may be selected by 2
clutch arrangement. Referring to Figure 25 and 26, tuo photocell drive

screw is connected to the input shaft of the sensitivity control, and the
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upper part of this shafk is splinod into & double sliding clutck, With the
sliding clateh in the upper centact position (as shown in Figure 26) the In- 4
put shaft motion is transfeyrved directly to the top clutch plato and to the
output shaft, which drives the pen drive drum. This s the 1/1 sensit. |
ivity position, which resulte in one inch of the chart paper belng oy uiv.
slont 1o & strain of 10°%, With the sliding clutch in the lower contact pes- j
{tion the inpu: shaft motien is coupled vis the bottom clutch plate through
the goar train (1,2, 3,4) snd hence o the outpat shaft. This gear train in- o
troduces 2 gear reduction of ten, This is the 1/ 10 sensitivity position, |
which results {n one inch of the chart pipn being equivalens to s strain of )
. 1f the slidiag clutch is positioned between the spper and lower clutch
plates {uot touching eithor) it is in the neutral position whick is used for
adjusting the pen position or isolating the sezve balsace system from the
recordar. The geazs used wara standard brass gears manufactured by the |
Bostou Gear Company.

The clutch was switched into ite threo positions through & meéch-
anical liakage system. The sliding clutch contains & set of two rings be~
tween which & forked clutch shift arm rides op two ball bearing races. |

Coupled to this horizontal shift arm is a verticel linkage which is cennseted

to a shifting lever and positioning plate on the base of the recorder framae,

Spriag #1 holds the sliding clutch firmly againat the bottorn ciutch plats
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when the system is in the 1/ 10 sensitivity position. When it is in the
1/1 sensitivity position spring #2 is in tension and this holds the sliding
clutch firmly against the top clutch plate.

Considerable difficulty was encountered in obtaining the correct .
clutch plate facing materials, Initially gasket rubber was tried, but al-
though it prevented actual clutch slippage it resulted in a highly elastic
coupling, This rubber clutch facing was later replaced with a combin-
ation of one face thin gasket cork, and the other #100 emery paper. This .
combination gave a positive coupling within a rotation equivalent to 0.5 x |
10-5 strain on the recorder;

Figure 25B ahowo: the drrangement of the recorder pen drive,

The drive cord finally selected was bron=e woven radio dial cable, It

combines a high degree of flexibility with a minimum of elasticity. The

slack was taken out of the pen drive arrangement by a spring-loaded pul-

ley which insured positive pen positioning.

= Considerable effort was spent in obtaining a suitable marking

device. Pencil lead, ink pens and ball point pene were tried, A high quality "3

ball point pen refiil (Paper-Mate, Detergent Type) was finally selected and
this has proven very successful. The pen itself was mounted on a short
arm which pivots from the pen carriage, This arm was loaded with a

dead weight of approximately 30 grams to ensure that the pen gives a heavy
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tracing on the graph paper.

The graph paper, in the form of a single sheet (20" x 10-1/2")
was attached by masking tape to a large brass drum which was turned at
a constant fixed rate by a slow apeed synchronous motor. The motor
speed is such that 1.8 inches of chart paper is eguivalent to one minute.
This speed was (ouad in gensral to be most suitable, although a guick
change gear arrangement with three spesds would provide greater floxi-
bility. L
2,3, The Temperature Control and Measurement System |

The creep apparatus described in this thesis was designed to de
capable of operating over the temperature range 80 - 300°K, Two simple
methods have been used to obtain temperatures throughout this range,
namely; the use of constant temperature baths, and ths nitrogen vapour
cryostat, The former will be described {irst along with dotails of the temp-
erature measurement system, which is common to both methods,

2.3.1. The Fixed Temperaturc Bath

. pumber of fixed temperature baths have been used in the past to

obtain constant low temperatures, Table 11 liste a number of these baths

elong with their temparature, \

DT
. n




e R U B e

B g o

- 110 -

TABLE II

Fixed Temperature Baths

Type of Bath Fixed Temperature °K
Point 3
Ice-water M. P, 273
Ice-calcium chloride - 225 ;
Acetone-CO, (souia) ; 200 g
Ethyl Alcohol - CO, (solid) | Sub. P. 196 a
Ethyl Alcohol - (solid-liguid) F.P, 158
Liquid Oxygen B.P, 90.2
Liquid Nitrogen B.P. 78
M.P. - Melting peint; F.P. - Freezing point; Sub. P. Sublizatlon
point

In this technique the particular bath contained in a dewar is brought in con-

tact with either the specimen ( and specimen yoke) directly, or with a cop-

per shield which in some experiments completely encloses the specimen

trated in Figure 27. The bath was tall ° “

and yoke. This arrangement is illus

enough so that the yoke was fmmersed up to bakelite insulator. The open

space around the top of the dewar was loosely pluged with cotton wool to

reduce the effect of room temperature.

% The bath providcs a convenient temperatars point, hut it has hren favnd

difficult to proparc and as a result it was not used in the following
experiment,
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The temperature was measured at a aumber of locations, Two
copper-constanian thermocouples (1 and 2) project from a piastic otrip
acrewed to the cut-out rear section of tlu‘ specimen yoke, The tips of the
thermocouples were positioned within 0.2 cm, {rom the surface of the test
specimen at a distance of 1.0 cm. from either end of the specimen, Whas
using the copper yoke shield theas two thermoceuples indicate the temper- I
ature near the surface of the test specimen, and also the temperaturs
gradient along an 8.0 cm. gauge length. A third thermocouple (3) was lo- |~

catad outside the shield to measure the bath temperature itself. Each of

the three thermocouples were coanscted in series with a companion ther-
mocoupls located in an ice bath, which serves as an accurate temporature
reference point, The particular thermocouple to be observed was selected
by a set of copper knife switches, and ite output voltage .as measured

using & standard Leeds and Northrup portable poteatiometer. All thres

" 2
(\2
i
]
3

"

3
&
3
e
?2
b4
i
=
3
%
4
3

[4
1
By

thermocouples were initially calibrated against a resistance thermometer

which ig also suspended in the bath dewar {ses raguve «7). The resistance

thezmometer was observed with a standard DC Wheatstone bridge. With

these calibrated ther:nocouples tie temperatures may be read to & sensit-

1°K at liquid nitsogen (T8°K).

vity of & 1/ 2°K and an accuracy of wih

Leasonable stability has been obtained using a nurcber of thesse

bathe with the exception of the acetone - COZ( solid) mixture which appeared
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to exhibit 1arge tempezature fluctuations over a period of time. In those
cases whare it was not convenient for the bath ingredients to come in dir-
ect contact with the specimen and specimen yoke, and where as a result the
copper yoke shield was used, difficulty was found in obtaining rapid temper-
ature equilibrium at the specimen. The time required for the specimen to
attain the bath temperature, with a low temperature gradiant along its
length, was speeded up conaiderably by eirculating helium gas (or arzgon gas
at bath teroperatures above lijuid pitrogen) up through the yokse shield,
Temperatare gradients of less than 0.01°K/ cm. were observad in a Hquid
nitrogen bath using the yoke shield, and with only a very l_ught flow of liel~
jum gas,

2.3.2, The Nitrogen Vapour Cryostai

snother simple method of attaining low temperatures is by tha use
of a nitrogen vapour cryostat. In this techniyue lquid nitrogen is boiled in
& dewar by an immersed electric heater (50 éhmc. 10 watt wire wound re«
sistor). This boiling produces & vapour pressure ~hich forces the cold
vapour through an insulated rubber tube to a coil of copper tubing wound
about a copper yoke shield, This cools the shield and eventually the enclaqed
yoke and specimen. A sacend slectric heater is attached to the lowas ond of
this shield fur raieing its temperature if pecessary. Figure 28 fllustrates

the nitrogen vapour cryoatat and the assoclated system.
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A number of experiments have boen conducted using this apparatus.
For each particular experimental avsangoment (longth of rudbor tube, qual-
ity of insulation eic! there is an equilidbrivm temperature corresponding to
each valug of power auppiied (o the nitrogen bath heater. It is caly nec-
useary then te set the auyreat ta tha nitvogen heater (o a predetermined value
and wail for equilibrism te be altained, Unfortunately this methed suffers
from a number of disadvantages, firet the time 0 got frem sne equillbrium
tomperaturs ts ansther (say 50 degrees lower) is normally of the order of
40 to 63 coinutes which is rather long for certaln purpeses. Scemdly it bs
asrmally convenient to bell aitrogen from the large transportation dewers,
which are in direct contact with the floer, and it has been found that after
the rubbar comnecting tabe becesaes frozen it allsws many of the floor vib.
rations ts be tranamitied divectly to the cresp mackine inhiditing ite eper-
ation, This second disadvantage has bosn parily eliminated by mounting s
smaller dewar directly os tho astivibratisa frame of the spparatus, This

azrangement appears to function relativaly free of vibratien but it wust be

fro uently zefilled with liguid nitrogea on 2 long cux, at the lower tomper-
atures,

Vihen using the nitzogea vapour czyostat the opscimen temperature

is measurad {as In the case of the fimed bath method) by thd two yoke ther-

moceuplos {1 and 2). Similarily, in ordsr te veduce temperature gradients,
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halium or argon gas was civculated insids the yoke shicld threugh a sep-
avate ges inlet tube at the bottem of the shisld,
2.4, The ;ati-VibFalies System

After the apperatus was completed and initial tests were rua it
was found that building vidvatisas cansed excessive impact losding of the
test specimen and sissils Sehavissr iz ihs balancing system, due te the
fact that those vibratisns woro being transmitied to the mosating frame of
the apparatus, To eliminate this problem rejuized o complote remounting
of the cveep machine, Three separste: mounting uaits were rejuired as
{llustrated in Figure 29.

Mouating unit #1 supperted the specimen leading frame and Mght
source. It was comstructed of six cencroate blaeks (sppreximataly 50 1be
each) comented tagethoy, two blocks wide by thyoe high. These concrels
blecks rested on four lsemould stacks one at each covaar. The lsomould
stachs comaisted of five shaets of somould rubber 1-1/4" n1-1/4" s1/4¢
fatescpaced with aheets of sluminum 1.1/4" xt-1/¢" x1/16", This
arrangement rested o & steal plats 16" » 16" 3 1/ 2" which in tarn rosted
o & stach of thrse chests of tentest 14+ 3 16" = 1/2". The lsomould
stacks thomselvas wors designed to bsar 50 psi each.

Meunting unit §2 was rigid, welded, ongle iron frame bolted dir-

ectly to tas floor. This unit supporisd the {ncvemantal leadling aystem and
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the loading pan arrester,

Mounting unit #3, which supported the serve balanging and re-
cording aystem, consisted of three concrete block pillare, two blocks wide
by three high. Tkase were éomum together and the bottom ones were
cemented to the floer. A frame to support the balancing and recording
system was canstructed from angle iron and fastened to the concrete blocks
by & set of bolts comented into them,

Vhen the anti-vibration system was completed it was found to
eliminate all but the very hoavy floor vibrations, which are apparently
produced by heavy trucks and busses oporating on the nearvy amm'. Am
a result experiments could be carried ous at all times with exception of
peak traffic hours when large aumbers of busses pass very close to the
building,

2450 A Study of the Operation of the Cresp ..pparatus

The behaviour of the completed apparatus was invastigated to

determine its typical operating characteristics, The dats was obtained after
8 two month program of testing and modification of the originsl apparatus,
The details of these studies will not be given, but the operating character-
istics of the final apparatus will be listed, The effect of the rate of in-
cremental loading was investigated in detail, these tests will be briefly des-

crived,

ti:
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2.9.1 Oggr_a_u_n_l Charactszistice
(s) Sensitivity - The strain measuzement systém was capable

of indicating strains, as small 0.5% 10'5 in & specimen with a 10 cm.

geuge length, Two seasitivity ranges wers provided, the 1/1 raage, where

one inch on the recorder chart corresponded to a strain of 10". and a

1/10 range, where one iach on the recorder chart corzesponded to a strain

ot 1673,
) Linearity - The maximum pon-linearity of the straia meas-

uring and recording system was less them 5%.
(c) Stability - The short term instability at the Jlowast strain

rates was loss tien 0.5 x 10"5 straip units, The long term instability

-5
(over periods of hours) was less then 2x 10" etrain units per hour.

{d) Rgroducthmg - By introducing an electrical unbalance in

the strain messuring cizcuit it was posaible to maessure the reproducibility

-5
of the system, A maximum eror of 1 x10 ~ strain units was obssrved.

{e) Rasponse Time - The maximum tiwne for full scale geflaction

of the recozder pen (10" strain units) was found to be 3 seconds.

ratus - The elastic diatortion of

() Elastc Distortion of ~ppa

the combined Chalmez's beam, specimen loading tap2 asd pull rod, epeci-

aen grips, ant speclnen yrke was found to range from 0.8t 1.1l % 10°3

strain units per ten gram increass in load, at room temperature, The
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higher value being obtained for the case where the initial specimen load
was the weight of the loading pan only approximately 150 grams, the lower
value was for an initial load of approximately 650 grams.

2.5.2. Effect of Rate of Loading

The rate at which the incremental loads were added or removed
was considered to be of particular importance, and as a result, a series ', :
of tests were carried out to study the problem. Basically these experi-
ments consisted of applying different sized loads at various rates to the sec-
ondary load pan, and observing the variation of load with time using an
electric load cell placed between the loading pan yoke and the Chalm‘er's
beam.

A miniature proving-ring-type load cell was constructed to ob-
aerve the small load changes (maximum load applied 28.5 gms). This
load cell consisted of a 3/ 8" length of German silver tubing, with an
0.800" O.D. and a wall thigkness of 0,008", A set of specimen grips

were fastened with machine scrows to opposite sides of the ring for

mounting purposes.

Four Philips type PR-9814 resistance strain gauges were attached

to the ring with Philips type PR 9244/ 00 quick setting cement. The strain

gauges were mounted around the circumference of the ring, two inside

and two outside, and were wired in the form of a complete four arm bridge
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circuit. After allowing one hour for the cement to set, the cell was cyc-
led ten times from sero to 200 gms. After this cycling the sero point
was found to nmdn stable.

During the tests the load cell was comnected to a Brush BL.-320
universal bridge and amplifier® and the variation of load were recorded
on a Brush BL-202 recorder®at a chart speed of 25 mm./sec. The
sensitivity of the measuring system was approximately five grams per
scale division,

The loads in the form of steel ball bearings ware lowered by a
fine thread which was unwound from a drum by an adjustable speed
motor, Loading rates ranging from 2 to 50 mm./ sec were tried using a
20.5 gm load. Figure 30 illustrates a typical incremental loading curve
and illustrates its important features. The incremental load AL was
lowered at a rate R and was fully applied at the point B in & time T,.
Over the next period of time T, & decaying elastic oacillation of maxi-
mum magnitude 1 osc. took place which completely died-out by the
point C. It is interesting to note that there was no impact loading ob- 1 ‘,
served when the pan damping arrangement (described previously) wao

used, Apparently this damping arrangement has a sufficiently large

vertical viscous component to prevent impact loading. On removal of | " ‘k‘

the pan damper, impact effects were observed,

;iif{‘;‘:'l B Rk e e e e b e e SR T r s s A B Do .«véf_‘f; _:( :?;‘L,‘;._ _ \ , :';‘;"#_\‘ :

% Supplied by the Physics Sectlon, Physical Metallurgy Division, Mines
Branch, Department of Mines and Technical Surveys, Ottawa.
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Table Il shows the results for a number of experiments. Con-
sidering all factors it was decided to use a standard loading rate of 6.3
mm. / sec.

TABLE I11

The Effect of Different Rate of Loading on the
Loading Parameters Tl' Tz and Loac.

Re L Ty Losc.| T2 - |
mm/ sec. gms. sec. gms. | sec. v
ol
6.3 8.6 0.3 <5 |<1.4
13 28.5 0.2 5 1.6
23 28,5 0.05 10 2.1
36 28.5% 0. 025 16 3.6
45 28.5 < 0,025 15 V4.0

& The different factors are defined earlier in the text,

2.5.3 Typical Experimental Curves

Figure 30A illustrates actual sections of incremental transient e 1

creep curves recorded by the apparatus. The respective sensitivity and
chart speed are indicated on each curve. The upper curve illustrates the
behaviour of a specimen (14G-1) undergoing casy glide at a temperature

of 78°K. The initial section oi the curve (4B) represents an applied load

of 520 grams (resolved shear stress 650 gm/ mm?). Load changes were
made at points B, C, and D of 4 3. 72, - 3.72, and ¢ 3,72 grams re-

spectively, The corresponding strain rate change at point B {s approxi-
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mately 2 x 10'6/ sec to 10'5/ sec. The high sensitivity, stability, and e
freedom from transient phenomena of the apparatus is obvious from this |

curve,

The lower curve illustrates the behaviour of a specimen (14E-1)
undergoing easy glide at a temperature of 300°K, The initial section of
the curve (EF) represents an applied load of 500 grams (resolved shear
stress approximately 630 gm/ mm2), A load change of 10 grams was
made at point F, This curve was recorded at a sensitivity of 1/10 that of -
the upper curve, If should be noted that at this sensitivity there is a com- hi

plete absence of instability, the curves appearing as perfectly smooth lines.
The behaviour illustrated by these curves are typical and indicate

that the apparatus is suitable for carrying out the proposed experimental

studies.

2.6. Brief Description of a Typical Creep Experiment

The steps followed in a typical creep experiment are listed below.

(1) All electronic circuits are allowed to warm up at least 24 »
hours before a test. Under normal conditions the electronic circuits o

remain on permanently. e

(2) The Chalmer's beam is levelled, the loading pan arrested, : “
the specimen pull-rod clamped and the gpecimen inserted into the speci- o
men grips. An empty dewar is ugually placed around the specimen yoke o
to isolate the specimen from the effects of zoomn temperature fluctuations, °

(3) The light spot lamp is turned on, and transducer mirror
(mounted on the Chalmer's beam) is adjusted to reflect the light gpot onto
the center of the photocell, which has been lowered to its bottom position, B



Sl

- 126 -

(4) The cover is placed over the optical aystem. By alternately
adjusting the bridge section, and Wagner earthing section, a good balance
may be obtained. An oscilloscope attached to the output of the servo am-
plifier serves as a balance {ndicator. With half the maximum amplifier
gain a good balance results in a maximum unbalance voltage of about 10-
15 volts on the control winding of the serve motor.

(5) The light cover is temporary removed, the specimen pull-
rod unclamped, and the cover rsplaced. The chart pen {5 seroed with the
sensitivity control in its neutral position, and the sensitivity control is
then set to the 1/1 sensitivity position.

(6) With no additienal loads on the primary loading pan, the load
pan arrester is gently released (this applies a load of approximately 150
grams to the specimen), and the pen deflection noted on the recorder.
Small loads (10 and 20 gms) are manually applied to the primary loading
pan until a substantial transient creep curve is observed. The load re-
quired to produce the first creep is recorded.

(7) Once the load has been increased to the point where creep
takes place, a series of incremental loadings and ualoadings are perform-
ed using the incremental loading system,. The primary load is increased
snd the incremental 1oadings repested. In this way a number of transient
creep curves are obtained for a series of increasing applied loads.

(8) A number of the experiments involved alternate deformation
at room and liquid nitrogen temperature. In these cases the procedure is
as follows; first a series of incremental loadings are made ata particular
appliad load, at room temperature. The load e increased to a higher
value and a second series of incremental loadings made at the same tem-
perature. The specimen is then immersed in liquid nitrogen, It is nec-
cssary to increase the applied load at the lower temperature to initiate
creep, and then a sories of incremental losdings are performed, The
primary load is reduced to the carzlier room temperature value, the lquid
nitrogen is removed, and the specimen allowed to warm up to room tem-
perature, Once there, the tests are continued following a similar cycle,

(9) After sufficient experiments are carried out the recorder
charts are anslyzed and the strain rate sensitivity (Kg) and the work hard-
ening coefficient (&) are determined following the procedure outlined in
the following chapter.




- 127 -

CHAPTER 111

PREPARATION OF TEST SPECIMENS

1. Easy Glide and the Problem of Specimen Orientation
Garstone et al (1956) and Sesger (1956) have.shown that the pre-

sence and extent of easy glide in single crystals of the face-centered
cubic metals appear to be dependent on the crystallographic orientation
of the test apecimen, Their experiments indicate that there exists oanly
a small region of the orientation triangle where the easy glide is unper-
turbed (independent of orleatation). Garstone et al (1956) after experi-
mental studies on aluminium and copper state that " the occurrence of
casy glide depanded markedly on the orientation of the crystal, ---c~-c-
in particular, crystals near the (100) and (111) poles and on the (100) -
(111) boundary gave no region of exsy glide and showed marked strain
hardening (stage II) from the beginning of the deformation”. Accord-
ingly Figure 30B illustrates the region of the orientation triangle where
unperturbed easy glide is most probable.

After a review of the literature it was decided that it would be
difficult to grow single crystais with prefarred orientations restricted
to the region assoclated with unperturbed eaey glide, 1t was decided
therefore to grow a sufficiently large number of crystals and to selact

from this group those which were most suitable.
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2. Materials

Three lots of high purity, oxygen free copper, labelled A-1, A-2
and A-3, ware obtained from the American Smelting and Refining Company
(ASRC). The spectrographic analysis of all three lots of this copper quo-
ted by the company is given in Table 1V,

A partial, independent, spectrographic analysis® was carried out
on lot A-] of the ASRC material as received, and the results are also
listed in Table IV, Although both analysis indicate very low impurity con-
centrations thers i considerable diffsrence in the two analyses. It is
suggested that the ono supplied by the company is the moze reliable,
since accurate standards for pure copper were not available at Cttawa, A
check was made on the amount of dissolved oxygen and hydrogen in the
ASCR copper®® and this data is included ia Table IV. A plece of high
purity (99. 999%) copper was also obtained from A.D. MacKay Inc., label-
led M, but this was found to obtain at least 0,026 wt, % of oxygen and
could thus not be used for preparation of low impurity alloys.

High purity gold and silver weze obtained in te form of drawn
wire 1/ 100 inch in diameter from A.D, MacKay Inc. The purity of both

metals was liated as 99, 95% by the supplier.

@ Spectrographic Laboratory reports 58.388 and 59-22, Mines Branch
Department of Mines and Technical Surveys, Ottawa, November 1958
and February 1959.

%8 Determined from vacuum fusion gas analysis, Mines Branch, Depart-

ment of Mines and Technical Surveys, Ottawa, December, 1958,

vl
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TABLE IV

Weight Percentage of Impurities in High Purity
Conor Uted to Puﬂu Teast Sgecimm

Typse ﬂwught i;ircongo
of A.S.R.C, Ottawa
Analysis - Elements Analysis Analysis
Spectrographic Fe 0. 00007 0. 006
Analysis 8d 0. 0001 -
Pb 0. 0001 0. 005
Sa 0. 0001 -
N‘ oo ooo‘ hd
Bi 0. 00001 -
Ag 0. 00003 -
As 0. 0002 -
Ce 0. 00005 -
St 0. 00001 0. 005
Te 0. 0002 -
Vacuum Fusion H, - 0. 00005
Gas Analysis 0, . 0.00005-0, 0003

Considerable experimental work, using the constant strain rate
method, has been reported recently by Garstone and Honeycombe (1956)
on copper-gold and copper-silver alloy single crystals. It was con-
sidered advantageous fto use similar alloys {n the present work, The
two alloys were prepared in a sories of concentrations ranging from
0.05 to 1.0 atomic percent, (Duetoa lack of time it was not possible
to carry out deformation experiments on the copper-gold alloys, how-

ever details of their alloy concentration and residual resistance ratio
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have been included for possible future uss), The waights of solute and
solvent required for the different alloys are listed in Table V.,

TABLE V

Details of Alloy Constitution

Solvent Weights
Sample Lot impurity Grams ‘ o
Number Alloy] Number| at.% | Solvent| Solute Remarks B
i Cu-Au] Al 0.05 26,270 | 0,0440 -
2 Cu-Au A-l 0. lo 260 930 0. 0848 Spoued ¥
2A Cu-Au A~} 0.10 33,137} 0.1058 - .
3 Cu-Au| A-2 0.30 | 34,028} 0,3085 . g
4 Cu-Au| A-2 0.70 | 33.553 | 0.7224 . 3
5 Cu-Ag A.) 0. 05 26.290 | 0,.0240 -
6 Cu.2g A-] ¢.10 25,723 ] 0,0240 Spoiled 3
6A Cu- A“ A"l 00 lo 3:. 532 0. 0589 - o
7 Cu-Ag A-l 0.3 31.570 | 0.1680 - f"
8 C‘A‘.EAg .A.-_2. 0. 70 330 456 0. 3“0 - ‘;‘;'
7 9 Cu-~Au A2 1.00 33,053 | 1,0340 -
R 10 Cu-Ag M 1.00 33.820 | 0.5463 -
= 11 Cu-Au . 3.00 | 27.000]2,5933 Not Prepared
12 Cu-ag| - 3,00 |27.000|1.4187 | Not Prepared
13 Pura | A-l 0. 00 . . -
14 Pure | A-3 0,00 . - -

3, Preparation of Alloy Ingots

All alloy samples were prepared using & chill-casting vacuum in-

duction furnace* (for detalls see Craw and Henry (1956)). Chill casting

# Metallurgical Chemistry Section, Division of Applied Chemistry,
National Research Council, Ottawa, Canada.

Zﬁ;x!f L
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prevents segregation and using this techel ue homogenaous ingots may
be prepazed. The use of induction heuting provides twe sdvantsges,
pamaelyj that the constituents of o melt may be brought to the melting po!tt
in & short time (order of twe or three minutes) which 1o of particelar fm- g
portance if one of the conatitutents is volatile, ard also that rapid stirring |
{s {nduced in the melt which further assures the {formatien of o Momegea-
eous imgot, - |
Rasiaslly the procedurs was as follows: the weighed solvent and \
solute for a particular alloy wers fivst cleaned, the copper {in the form of
a length of rod approximately 1,25 long by 0,25" dlameter) was etched
{n ?:6/ 50 dflute nitric acid for one to tvwe winutes, washed in dlatilled water,
rhnqo i ethyl alcohol, vinsed in ether and Qnslly placed on a clean kle-
anex and dryed completely using a hair dryer. Throughout this thesis this
procadure will be referred to 29 the 'standard cleaning procedure's The
solute in the forrs of short Jengths of wire {7.0! inch ia dlametey) ~as
cleaned in o similar manner, The solvent and solute matals were then

placed in a silics melting crucible which was first cleaned fallowing the

standur procedure. The crucible was placed inside the induction heating
.

coll, and the furnace sealed and pur:ped down to spproximately §x 10"

mim hg. (this rejuires approximately one hour). 7ith the vacuws gystem

still operating the induction heator was turned an and the constitetants
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brought to the melting point (spproximately tﬁo to thres minutes), The
crucible was then tilted and the molten material chill-cast &b a water
cooled, split copper mould, ‘} 1
The furuace was then opened and the ingot removed from the .‘
mould. The top and bottom sections of the lngot were often found to be
irregulsr in shape and were cut-off using & jswelers saw. These end
plsces were sent for spectrographic analysis. The remaining center ‘;.;‘ ;1,;
place of the casting (approximately 1-1 /4" long by 3/ 8" diametez) was

machined on & lathe iato a cylinder approximately 1" long by 5/ 16" diae

moeter.
4, Prepuration of Folycrystal Wire Samples
The machined iogots were clasned using the standard procedure

(described previously) to remove any surface impurities introduced during
the machining. They wers then owagked* into rods (approximately 6" long
by 1/8" in diameter). ofter this Gegree of deformation the rods were

again cleaned (using (ue standard procedure), placed in i mm LD, pyrex

tubes, ond alternatively evacuated (approximately .01 mm, hg) and flushad
with argon thzes or four times. Fiaally the tubes were gvacuated to . 01 ,

mu. hg, filled to 1/ 2 atmosphere with argon, and sealed off. The sealed {,)

tubes were annealed for 24 hours at 500°C and then air yueached, '1as :Z‘:
Departmant of Mines and o

¢ Metzl Forming Section, Mines Branch,
Technical Hurveys, Ottawa.
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asnealed rods were thea draw* (o o diameter of 0. 04 inches for pro-
paration of single crystal test specimens, . mumber of pleces of pure
copper weredurther drawa tc a diameter of 0, 62 inchos for tho prepar-
atien of polycrystal test specimens,

sfter the drawing process the wire must be clsaned, Previous
studies Ly Heary (1959) have shown that the drawing aperation used ¢ dees
sot add mers then oas part per million metallic jmpurity to the wire, How.
ever the lubricants used in the drawing process are difficult © remeve
and a strict procedure must be fellowed if proper cleaning of the wize s
to be accomplished, The procedure developed was & modification of that
used by Haeary (1929) ané is as follows: the wize was flzet ent in 14¥
lengihs (size rayuired tu fit aingle crystal mould)e These lengths wore
soaked in benzene for 15 mintes then wiped with kiseasx taoue. .:iter-
nate soaking in beniene und wiping with {resh dry Mlssnen wis vontinued
uatil no grease appearad on the dry kicenexn wipsr, The wire wase then
rinsed in ethey, rinsed in distilled water, gnd then given s gtasdazd
cleaning. -1 wices of gach alloy were then placed in o pyrex tubs, pampad
down to O, 01 mm by, flushed with argon, evacuated and flushed four tmes,

finally purnped down to 0,01 i Bg, and 1/ 2 stiwasphers of argon added,

this grm:edun will be referzed to s8 argon ﬂunhing. The tube was then
¥ Metal Forming Jection, Mines Rranch, Departmant of Mines and

Technical suzveye, Lthawd.
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sealed-off. The wires were annealed for 24 hours at 500°C then air
juenched to room temperature.

5. Preparation of Single Crystal V/ires :f l,

Single crystal wires were prepared from the annealed poly-
crystalline wire, The preparation of metal single csystals is at present
somewhat of an art and therefore considerable detail will be given in this
thesis on the particular maethod used, -

5.1,  The Single Crystal Mould

‘Fror preparation of single crystals the polycrystal wire must be
placed in a split graphite mould, as shown in Figure 31, This mould con-
sists of two lengthe of 5/16" dlameter high purity spectrographic graphite
rod milled to form twe halves of a cylindrical split mould, A0.01" deep ‘ f
groove was then milled down the center of the flat inside surface of sach
half to within 1/ 4" of the bottors. The two halves were then held togsthes
while a 0, 037" dlameter 6rill was run down the center, using the milling
grooves for aliznment, The regult is a split mould with a inside diamseter

of approximately 0.037" and an inside length of 11,75", The mould is

held together during the crystal growing operation by a set of five tight
fitting graphite rings also illustratad in Figure 31, Plate VIII shows two
such moulds, one assembled and the other dismantled, The tightne.. of

fit of the wire in the mould determines to a large extent the succeas of the
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FL 13Vl

Photograzh Showing Censtruction
and Assembly of Split Gughlu
Moulds for Growing Slnglo Cgm\l

Wires.



FL 13 VIii

Photogmgh Showiny Ccastruction
and Assembly of Split Gnghm
Moulds for Growing Single Cs_zstal
Wires.
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crystal growth, 7ith too locse a fit the result will be many short pleces
of single crystal rather then a continuous wire, with too tight a fit the
mould will be open at the sides end molten metal will tend to flow out dur-
ing melting. A number of experiments ware conducted to study this be-
haviour and {t was finally decided that for bast success the polycrystal
wires should be insarted in the open would and that the wires should be
oversize to the extent that when the two halves of the mould are assembled
a apace of approximately 0. 005" exiats hetween the inner faces of the mould,
This provides for complete {itling of the mould after melting, and as a re-
sult single crystal wires the full length of the would were grown with only
a2 very slight outflow of copper slong the inner mould faces.

t.2., [Initial Preparation

: fter annealing the polycrystal wires were elongated approximately
¢4 by pulling one end with & pair of pliers while the other end was clamped
in @ vice. This straightens the wire so that it will e2sily fit into the single
crystal mould, The ends of the wire are deformed during this proceas and
these deformed regions were cut-off with a pair of sharp cuiting pliers and
then rounded-off with flne amoery paper. To obtaln the correct fit the poly-
crystal wires were etched down ia size wsing 50/ 50 nitric acid, contained
In 2 vertical test tubc slightly longer then the wire {approximately 16 ine

ches}. . fter each paricd of etching lapproxircately 1| minute) the wires
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were washed in distilled water and rinsed in athel aicobei {sach of which
was contained in a long vertical test tube). The wire wae then triod in tdo
mould and if the {it was not satisfactory the proceas was repeated, When
the fit was successful the graphite rings were slippéd over the mould,

5,3, The Furnace Tubse

Once the mould was loaded it was lowersd into the furnace tube,
which was & -guart: tast tube (approximately 29" long by 3/ 4" inside dia-
maeter) with a ;uartz ground-glass joiat and valve arrangement to allow
the tube to ba evacuated and cealed off after the mould was inserted.

Figure 32 shows the detalls of this furnace tube.

5,4, The Out-ﬁaainiproccduu

The furnace tube, containing the mould, was placed ina spacial
cut-gasing furnace {with & heated area atout 18" lony) with coly the ground

glass joint protruding from the top of the furnace. The tubs was pumped

dows ta 0,061 mro. hg and then leaving the vaceum aystem connected, the
& terperature of the out-gasing furnace was allowed to rise to an equilibrium
temperature of approximately 5508 C over a period of one hour. To prevent

the vacuum groase in the yround-glass joint from melting an electric fan w

wes used to cool the joint, The vacuum systém wis allowed to puinp for
another 1/ 2 hour, aftc: which time the furnace tube was asgon firshed (as

described previously), 40 em, hg of argon added, and then isolated from
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the vacuum system. Details of the cut-gas furnace and the associated
vacuvm system are shown in Figure 33. Flate IX shows the completed
unit,

5.5, Design of the Crystal Growing Furnace

Single crystals were prepared by passing the polycrystal sample
(held in the graphite mould within the furnace tube) through a sharp tempere
ature gradient vectical furnace at 4 rate of four to ten cms. per hour. The
method used is & nodification of that due to .:ndrade and Roscoe (1937).
Their work, along with a recent paper by Goss (1 953) indicate that the
thermal conductivities of the solid ard molten metal, the rate of growth,
and the degree of stressed growth (vertical or horizontal growth) all effest
the ;uality and orientation of the sinyle crystal.

There appears to he considerable {nforination available on the
growth of single crystals of such mptmle as hismuth, cadimum, indium
lead, and zinc but very little is available on the growth of small diameter
copper single crystals. «ccording to Basinski (1959) there appesrs to be
no prefesred orientation for copper single crystals grown {xorm the melt,

.. there appsared little chance of an accurate theoretical deter- <
mination of the optimur: rate of growth, and temperature gradieat re uired
for the growth of copper single crystals the system was designed with the

optimuim characteristics setermined by ..ndrade and Roscoe (1937) for
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cedimem. These were a temperature gradieat in the furnace at the
point of selidification of 17 to 25°C/ cm. and a velocity of growih of 3 to
5 cm./hr, Figure 34 fllustrates the design of the furaace and the system
for lowering the sample threugh it. Plate X shows a view of the completed
uait.

Figure 34B illustrates the construction of the furnace itself. A
helix of chromel- A formed from a length of wire 26-1/ Z fest long (#20
B and S, 0,635 ohma/ ft,) was wound en the center 8" of a 12" loag Nor-
ton corrugated type furnace core. The helix was spread out mere at the
center of the furnoce core in order to preveat over-heating in this regien.
The winding was fastened to the core with Sternson #30 high temperature
cement and allowed to set for six hours. The furaace core with its at-
tached heater was thea set in an aluminium cam, 10 h diameter and 8"
long, with 1/4" thick transite end pleces. This allowed the 2" sections
of the core not covered by the heater winding to project out either ead.
The space between the furnace cere and the aluminium can was filled with
powdered asbestos. The electrical leads were brought out by way of two
steel machine screws through the bottom transite plate,  chromel-alumel
thermocouple was suspended within the furnace core to give a rough in- <

dication of the temperature.

The furnace was mounted on an angle iron rack as illustrated in

I — Ep— By |
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Front View of the Out-Gas Fu.1ace and the
Associated Vacuum System. (Che Crystsal
Grow Furnace can be seen 0 the left of

the b'uph).

PLATE X

Photograph of ths Compleied Crystal CGrowing
Suum.




Front View of the Out-Gas Fu. iace and the
Assoclated Vacuum System.  “he Crystal
Growing Furnace can be seen o the left of
the Photograph).

PLATE X

Photograph of the Completed Crystal Growing
System.
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Figure 34.. The furnace tube (centaining the atagle crystal meuld ete)
was lowered through the furnace by a cradle and cable arrangement.
The cable (#30 nichrome wirs) was slowly unweund from a drum drivea
by a Haydon, 1/ 90 RPM, sychronous motor. A system of adjustable
pulleys allowed the furnace tubs to bs aligned coaxially with the furaace
core. The furnace tube passed through a water cooled cefl and heat re-
flector located immediately above the top opening of the furnace. This
was found necessary to preveat the vacuum grease in the farnacse tube
ground.joint from melting. Plate X1 shows a closs-up of the furnace,
and the cooling ring and heat reflector. The furaace tube is also visidle
partly inserted in the furnace. |

Figure 34C shows the electrical csntrol cireuit for the crystal
growing system, Under high temperature opsrating conditions power {s
supplied from the misias throuzh a Sola voltage regulating transformer
to an 8 amp variac {V.1.). Ths output of this variac is applisd to the
furnace winding through a mercury type relay (RL.1) and a 8-10 amp
meter. This variac allows the maximum temperature of the furnace te
be adjusted to the rejuired value. ¥hen the lower section of furnace
tube, containing the crystal mould passes through the furnace, the bot-
tom end enters the catch tube and depresses a microswitch (SW4) mounted

insice. This causes switch SV 4 to shift from position 1 to 2, cutting-out

N
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Close-Up of Single Crystal

Furnace.
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variac V.1, stopping the lowering motor, and connecting variac V.2 to the
furnace winding. The output of variac V.2 is adjusted so that the furnace
temperatere on stand-by operation never goes below 600-700°C. With
switch SW. 3 in position 1 the furnace is in standby condition, and in pos-
ition 2 it is in the high temperature condition without the facility for auto-
matic switching to the atandby condition. For single runs the automatic
switching is used, but when a series of runs are to be made ona continuous
basis, it is desireable to keep the furnace operating at the high tomperatare
continwously since a number of hours are rejuired to attain equilibrium at
the high temperature.

It is very important that the furnace temperature not be allowed to
fall too low between single crystal runs, and that the furnace not be oper-
ated at the high temperature any longer then necessary. This is dus to the
fact that the furnace was required to operate at a tempserature very near the
limit of the chromel-A wire used in the heating element and secondly
the thermal sheck of cooling and heating between the maximum temperature
and that of the room could cause mechanical failure of the furnace core.

A standasd procedure was developed for bringing the temperature of the

furaace up to the maximum temperature. This consisted of increasing the
furnace current from 3 amps (standby) to a maximum current (I max) in

steps of 1.5 amps. The current was left for 1/ 2 hour at each of the inter- ‘

mediate points. It was found that the maximum curreat must be applied for
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a numbey of hours before & temperature equilibrium is reached, Figure
35 shows the variation of tomperaturs at a constant eurrent of 6. 6 amps
over a period of appreximataly eight houvs, after the farnace had hoes at
this curreat for six hours previcus. Over the {inal seven hour period the
temperature lacrease was linsar with time at & zate of sppreximately
1.3°C/ hour. The temperatave was measased by == awaaged tharmoceuple
lecated at the maximums tmoumnowuhmmo. Duriag e
test an empty furnace tube was inserted in the furnase, such that it prejected
out both ends, te simulate conditions duriag acteal op;nm. |

The following precedure was followed ea all successive occasionss

(a) When net in use furnsce was left at a current of 3.0 amps
( 600-700°C).

(d) Heating up consisted of raising the curreat in steps of 1.5
amps up te | max, leaviag the current for a peried of 1/ 2 hour at sach
of the intermediate steps.

{c) To schieve thermal equilibrium the curreat was left at 1
max. for 6 hours befere crystal growth started,

(d) Cooling dewn consisted of reveraing stops (b), adjusting the

cerrent dowa to 3.0 amps. ‘

Figure 36 shows a series of graphs, for diffevent mazimem cug-

reats, of temperaturs versus distance for the completed furnace. In all
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FIGURE 36- VARIATION OF TEMPERATURE FOR DIFFERENT
POSITIONS WITHIN THE FURNACE AND FOR
DIFFERENT MAXIMUM CURRENTS:
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cases the temperature was measured by a chremel-alumsl thermoeceuple
embedded in 8 3/16" dlameter graphite ved {the same oo was used for the
single crystal meulde) and located within ens of the standard faraace tubes,
This whele arrangement was allowed to slowly pass (10 cm/ hour) through
the furnace, and the temperature measured at Jiffevent positions. Table
V1 liste values of manimsum currest (I maz.). the reiulting manimam temp-
erature (T max.), the temperature gradisnt (G), and the length of furnace
with temperature ever the melting point of copper (¥)«

TABLE V1

m Characteristics of Cnctnl CGrowing Furnace

I max, T max. L« ) 4

amps *C *C/ cea, cm,
6.0 1110 . 6
6.4 1150 25 ' 10
6. 9e 1200 40.509% -

. Oﬂymtuﬂuuh-.

o5 Egtimated from general shape of other curves.

N

5.6, Crystal Growiag Procedure

Once the mould and furaace tube wers out-gased and filled with
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argon (as described earlier) the furnace tube was placed ia the drepping
cradle and allowed to pass threugh the furaece at a rate of appronimately
4-10 cm./hr. This requires a time of approzimately 10-4 hours. The
furnace tube was then raised quickly through the fornace, removed from
the cradle, and allswed to ceel te rosm temperature. After it was com-
pletely cooled the tube was opened and the mould removed. It was nec-
sssary to exercise great care when epeniag the meuld, since the copper
sometiraes had a teadency to stick to both sections of the mould., The cry-
stal was carefully ot“utoimo’uudo!mul!mﬂdmu&h
vore (5 ram.) glass tube which was then corxed at boih eads. These tubes
were labelled as to sample sumber with attacksd adhesive tape tage and
stored horizentally in & coerragated yack to prevest rolling.
5.7, Cutting of Test and X-Ray Specimens

After & aumber of samples had been prepared, test specimens
(spproximately 1-1/4" loag) and x-vay specimens (spproximately 1/ 4"
leng) wers cut from the single crystal wires and stored in glass tudes.
The arrangement of cuttiag aad labelling the samples is fliustrated in
Figure 37. The crystals were cut using & special acid saw desigaed te re-
duce to a minimum any bending of the cryatal during the catting eparatien.
Figare 38 illustrates the basic operation of the acid saw and Plate XII ‘

shows a photograph of the cempleted unit, The cutting process ie based
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CRYSTAL WIRE

(END VIEW) N\

e IDLER
No 50 COTTON THREAD —> ’ PULLEY
MOTOR
SUPPLY —__DRIVEN
SPOOL TAKE-UP
SPOOL

NITRIC ACID
50/50 1

GLASS ROD———/

P ACID

TANK

FIGURE 38- DIAGRAM ILLUSTRATING THE BASIC
OPERATION OF THE ACID SAW-
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PL TE XII

Photograph of Ac:d Saw for
Cutth;lsﬁllo Crystal Wires.
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on the action of an acid soaked thread travelling across the crystal at a
relatively slow rate. Most acid saws for this purpose use a continuous
loop of thread, but in the case of fine wire crystals the tension in the loop
necessary to turn it was found sufficient to cause bending of the crystal.

It was therefore decided to use the arrangement {llustrated in Figure 38.
Here thread is unwound from a supply spool, passed through an acid tank,
over the crystal and then wound on a take-up spool which is driven by an
electric motor. With this arrangement very little tension is devsloped in
the tread, only that rejuired to uawind the supply spool. Number 50 cotten
thread was used with an 80/ 20 concentrated nitric acid cutting solution and
a linear thread speed of approximately 12 in./ min,

6. Measurement of Single Crystal Orientations
The orientations of the single crystal wires with respect to the wire

axis (tensile axis) were determined uvslng x-rays and a rotating crystal
camera®. Standard techniques for determining the orientation of single
crystals are available in other publications (see for example Barrett (1943),
Buerger (1942) and Schmid add Boas (1950)), in particular the method and
analysis described by Schmid and Boas (1950) was employed. Onlya few
comments will be made on the technigue as applied specifically to fine

A

single crystal wires. —
% X-ray Laboratory, Metal Physics Section, Mines Branch, Department of
Mines and Technical Surveys, Ottawa, Canada,
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The small x-ray specimen (appronimately 1/ 4" leag), previonsly .
cut from the single crystal wire, was carefully removed frem the glass
st rage tube using tweesers and pt;ud in & beaker of 50/ 50 aitric acid for
2 minutes. Tap water was geatly ﬂnﬁhd inte the buhr .hr 1 winste, the
specimen was then remeved and allowed o dry ou a filter paper. The
specimen was mounted in plastivinc on the goniemeter of the x-zay camers,
and standard procedure applied from thez en. Great care was r&;t_trod ia
cleaning and mounting of the crystals te prevent bending, which, if it
occurred would serisusly complicats the analysis of the x-ray photograph.

In all cases cobelt K,/ radiation v wsed (A =179 A)en
Nferd Industrial G-type film, with an exposure time of 45 minutes, and with
the crystal rotating at 1 rpm. In mest cases as filter was smuployed so thal
the K 8 reflections were also visible on the film, but to & much lesser
degree. /n exposure was made with a polycrystal copper specimen using
an {ron filter, tuuumumx/,. reflections, and this was used to index
the spots on the other siagle crystal photographs.

Table VII lists the different specimens prepared, the rate of
crystal growth and the orientation angles of their tensile axes, Figure 39
shows these orientations pletied in the standard trisngle of the steriographic

N

projection,
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TABLE VI
Orientation Angles (A and 1) for Single Crystal 8 eas

Specimen R A y' s
Type -t
Nember | com./he | dogross degress
134.} _ Pare Cu IL 10 40 ~ 27
138-1 # “ - 1 32
13C~1 # » 4 48 47
13C-2 . " 4 48 L 34
13D-1 woow 4 33 27
14K-2 o 4 48 48
14F-2 " oon 4 M 35
14G-1 " = 4 54 51
14M-1 " o 4 35 b}
14K-2 " n 4 35 3
(A1 Cu-Ag 10 43 X R
6(A)B-2 Alloy 10 'Y 2
™1 n n 10 43 43
m-.2 now 10 43 43

R - rate of crystal growth,
™ - angle betwasa tensils axis and the glide direction.,
X- angles between tensils axis and the giids plane.

7. Cleaning and Mounting of Tinished Test Specimens . ‘
The test specimens pravieusly cut te leagth, ware stored in glass

tubes until they were ready for testing. At that time the particular speci-
men was withdrawn by remeviag the plugs frem beth ends of the slerage

tebe and gently pushing the crystal out oate & plastic 1V-bleck' saddle, |




- 160 -

shown inPlats XIII. While located in the saddle the crystal was given the
standard cleaning (as described previously) by dipping the saddle in dishes
of the necessary fluids and finally drying with an electric hair dryer.

The specimen was then placed in a pyrex tude, argen flushed, aad annsaled
for 24 hours at 500°C in 1/ 2 atmesphere of argen. :After the annealing,
the specimen was sllewed te slowly ¢osl (o reons tempezature.

A specimen mounting unit was constructed for the purpess of
attaching the spacimen and grips, snd for supperting the specimen while it
was being mounted in the creep apparatas. Plate XIV is a phetegraph of
this unit dismantled showing the mounting frame, the brass 'V-bleck', the
mounting jig and seme specimen end-grips. The purpese of the meunting
frame was to clamp the mounting jig in a fixed pesitien, and to support and
adjust the position of the specimaa (which itself {s supperted on the brass

‘'"Y.block') relative to the mounting jig. The moeunting jig ceasists of two
chucks in which the spscimen end-grips are clamped, aad which may be
sdjusted in the horizontal plane. The mounting jig was designed to be re-
moved from the mountiag frame, and te fit into positioa is the yoke of the
cresp apparatus to allow a relatively strain-free transfor of the specimen,
The end-grips consist of short leagths of brass red drilled in ons end to
accommodate the test specimen (approximately 0,.005" 1.D, sversise) with

a steel ring silver soldered into the other end for attachment to the creep ‘
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apparatus,

To mount the specimen it was first siid from the plastic saddle
into the brass 'V-block', the 'V-black’ was placed in positica on the
mounting frame, the mouating Jig clamped in position and the end-grips
clamped into the jig chucks. The specimen was carefully aligned by ad-
justing the vertical position of the 'V-block' and the end grips pla-»d over
the ends of the specimen leaving an ﬁpoud gauge length of approximately
10,4 cms. The chucks were then clamped in position. Plate XV shows
the mountiang unit at this stage. The end grips were attached to the apeci-
men by first geatly heating the ring-end of the grips with a fine oxyo-ace«
telene flame to the melting point of solder, great care being token to en-
surs the flame Jdoes not contact the crystal, Then fine diamaeter resin
flux solder (Ersin-60/ 40 type) was allowed to flow around the and of the
grip and gpecimen. Finally the g:ip «wvas heated gently (at the ring end)
until the solder flowed well into the space batween the spécimaen and the
grip, leaving o suzplug at the end of the grip of approximately 2 mam. This
resulted in a firal specimen gage length of 10 cms.

The mounting jig was removed from the mounting frame by first
carfully lowering and removing the 'V-block’, then uaclamping the jig
itaelf. The jig was placed in position in the yoke of the creep apparatus

and the upper and lower end-grips engaged with the set of loading hooks on
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PLATE XIV

Specimen MountiBgL Unit Dismantled,
Showing Component Parts.

PLATE XV

Specimen Mounting Jig Assembled, Ready
for Soldering-On of End Grips.
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PLATE XIV

Specimer Mounting Unit Dismantlea,
Showing Component Parts.
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the creep apparatus. To release the specimen the end grips ware first
released from the chucks and then the chuchs themselves were brought
together. The jig was then withdrawn leaving the specimen ready for
testing.

8, Checking Homogensity and Impurity Cencentration of ..lleys

~1though the alloys were carefully prapared it was considered
necessary to check on their homogeneity, and impurity concentration, at
various stages of apecimen preparation, fter the alloy ingots were pre-
pared, the irregular pleces were removed from the top and bottom of sach
for spectrographic analysis. -8 menticue”! previcusly, due to the lack of
good copﬁer spectrographic standards, the spectrographic data must be
considered only relative. However this should still sllow a determination
the homogeneity of the solute in the ingot to be made. The average de-
viation between the analysis of the top and bottom samples was less then
8%, six of the alloys showing no deviation at all, It was felt thersfore,
considering the accuracy of the spectrographic analysis, that the alloy
ingots were homogenasocus,

ftor the ingots had been drawn into wire it was decided to make
an accurate detormination of the impurity concentration using the residual
resistance ratio method. In this technijue the resistance of a speciman

in tae form of a thin tape (approximately 1/ 1000 = 1/8" x 2" long)



'165-

rolled Irofn the alloy wire and annealed for 24 hours at 500°C im argon
«ag measured at room tamperature ((er) and at lijuid helium temper-
atare ( )(9“ -2) using an apparatus standard in this laboratory. The impuzity
concentzation in solid solution in the alloy is given by a function of the
ratio lesl.z/:(g,—. Pure copper should exhibit a 1. value, in the range of
10'3. avalueof 1.7 % 103 was found for Sample 14, Figure 40 and 41

show the resistance ratio function® &u/ Kar plotted agusinst the percent
/ -(e#.z/ fg;j
atomic concentration of silver and gold impurity which were put in the

original alloy ingot melts. Also shown on these graphs is the irmpurity
concentration obtained from » spectrographic analysis. The deviatioas of
the spectrographic data is obvious. The results for the copper-gold slloys
fit a straight line sxtremely well, in the case of the cogpor-suvor alloys
the fit is not as good but the deviation {s less then 15%, These results in-
dicate that the alloys still have the rejuired impurity concentration, and
the curves should now provide a scais by which the impurity concentration
of the alloy single crystals may be determined.

When single crystals are grown from the melt there tends to be
an impurity gradient betwesen the melted and the unmelted material, The ‘S‘
impurity coancentration of the melted -one rises and 'sweeps’ a percentage

* This function is necessary to obtain a linear plot, since 6,,;/40” rdwiatoa
{rom linearity at the higher values of impurity (> 0.: at%)e
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of the impurity atoms along with it, as it moves along the specimen®.
Therefore tho impurity concentration of the single qrylm may be lower
than the alloy wire from which it was grown. It was therefore consid.
ered necessary to check the impurity concentration of sach -hglo cTys-
tal. Since it would be vary difficult to measure the resistance ratic on
the specimen before the cresp test without damaging it, the alternate
procedure of measuring the residual resistance ratio after fho creep

test was adopted. In this case the residual resistance specimens were

~ prepared by rolling the single crystal wires into thin tapes, after the

deformation experiments had been carried out, and preparing and test-
ing them in the same manner as the polycrystalline wire samples de-
scribed eariler. |

Studies made on a number of single snd polycrystal specimene
have ohowx; that single crystals grown from I polycrystal anqy have an
average residual resistance ratio much higher than the original, as
well as a variation in this property along their length. ]

The residual resistance ratio values obtained for two copper-
silver alloy single crystals were found to be four or five tlméa as large
as the values detezmined originally on the polycrystalline alloy material.
The original values for polycrystal specimen 6(A)B-1 (0.1 at. % silver)
and 7B4+1(0. 3 at. % silver) were approximately 11 x 10-3 and 20 x 10-3

~Lavaas tha valuaa for the single crystals were approximately 65x10°3

IVARW S VWSW wEew ¥ www s T

% Observed in some metals but not all.
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and 94 x 10°3 respectively. This increase cannot be explained by an an-
nealing or other comtamination effect since differcnces between poly-

crystal and singlo crystal specimens of pure copper have never exceoded
10x10°3,

The residual resistance ratio was also measured st a number
of points along the lengih of the two alloy single crystal samples (6(A)B-1
and 7B-1). In both cases a variation was noted. Sample 6(A)B-1 showed
a value of 49 x 10°3 at the lower end increasing continuously up to
76:x 10" at the upper end. Sample 7B-1 showed a value of 85 x 103
at the lower end increasing continuously up to 109x10-3 at the upper end,

As mentioned earlier in this section the residual resistance
ratio values do not appseer to represent the alloy conceatration directly
but are related to it in some manner. It does appsar however that a
very definite relationship does exist since the variation of the residual
resistance ratio follows the same trend as would be expected for the
variation of impurity concentration. This behaviour can not be further
discussed with the small amount of data available. Unfortunately it
makes it impossible to use the original residual resistance ratio versus
alloy concentration curves for determining the alloy concentration of the
single crystai test specimens. Instead test specimens will be referred
to in terms of their nominal alloy concentration and/ or their measured

residual resistance ratio values.
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CHAPTER IV

RESULTS AND GONGLUS!ONS

1. Introduction

Tests were conducted on a numbay of copper and copper-silver
alloy uhgllo crystal specimens using the completed apparatus. These
tests were useful for two wmu-n. first they provided experimental
data by which the actual operation of the apparatus could be judged, and
secondly the data obtained enabled s preliminary determination to ba
made of the strain rate seasitivity factor (k,) and the strain havrdening
coeflicient (@) for pure copper and some copper-silver alloys using the
incremental transient creop method. Data was obtained {llustrating the
varistion of Ky with applied stress, tempersture, and {mpurity concen-
tration over a limited range of these v::‘.;‘#!ess
2. Anslysis of Experimental Dats

The incremental loading method is {llustrated in Figure 41A. The
tempersture of the specimen o held constant, and the applied stress on
the specimen is increased until it begine to show prono.mcod croep (point
A) and a transient creep curve (A-C) is produced. A small addition is
then made to the applied load (point C(D)) which generates a new transient
creep curve (D-F), At a later point (point F(G)) the same process may

be repesated, The important factors involved are the following:
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T -~ the specimen temperaturs,
T - the initial applied stress,
AT . the incremental stress (applied at the poiat D),
é.‘t—éa « the strain rates (slope of the cresp curve) at
the point D, just before and just after the stress
change. (é 2 was defined as the maximum
 strain rate regardiess of whether it was the initial
or the final).
AC - the strain which occurs betwesa two points of
equal strain rate (some convenient value éa,)
on the initial and final creep curves.
Similar dats may be obtained by making small decreases in the applied
stress. In fact a method of cyclic incremental loading, where the in-
cromental load was alternately applied and removed, was employed with
success during some of the experiments. There appeared to be some dif-
ference in the vesults depending on whether thore was an increase or de-
crease in the applied load. This point will bo discussed later in the thesis.
The values of é. . é& and A@ could be determined directly
from the transient creep curves, however the accurucy of the results
would be extremely low, Instead the method of 'graphical differentiation’
described by Sherby et al (1955) was employed, This consists of plotting

the logarithm of the strain rate as a function of the specimen strain.
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The resulting curve for an incremental loading experiment {s shown in
Figure 41B. It is made up of two straight lines, section A-B befors the
load change and E.F after {t. The points showa were ebtained by mea-
suring the slope of the transient cresp curve at the respective values of
strain. The vertical line MN (€= €,) represcuts the strain at which the
incremental load was applied. As it is difficult to measure the strain
rate near the point of load change an extrapolation must be made, As
shown (see Figure 413) the line AB was extrapolated and intersected
line MN at C, and the line EF was extrapolated and intersected line
MN lt.D. These two intersections ave the required values of strain
rate é, , and é,_ rnpoctively. The value of A€ (=G,-€)) for a strain
rate of é“_h found from the intersection of ABC and FED with the hori-
sontal line WX (été‘!.

It should be noted that the original experimental data (stresses
and strains) are in tensile form. This data must be converted to its re-
aolved form (see Appendix I), in terms of the crynul‘ orientation, in all
cages except where it appears in ratios like A:' .E’: o etc,

!
The strain rate sensitivity factor (Ks) was determined from the

experimental values of T, 7 AT, e. p using the formula:

fa 'll'(?-)(ﬂ,a(él/e")) e
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whaere all factors have been defined previously.

The strain bardening coefficient 0 (the slope of the stress-sivain

curve) was aleo dotermined from the creep data using the formula:

B = 247 > (18)

(&-S)a
where all the factors have been previously defined, This factor was use-
ful as an indication of whether the specimen was deforming in the easy
glide region (8 < 2000 gm/ mm?) or in the linear &Mmhl region
(2000 < ¢ < 15,000 gm/ mm?),

The calculated values of K3 and -6~ along with other associated
data were tabulated for the individual test specimens in Appendix IL
Where s group of tests gave very similar results an average value and
standard deviation was determined.
3. Experimental Results

Values of the atrain rate sensitivity (K3) and the strain hazrdening ‘
cocfficient (0) were determined {see Appendix II) for a polycrystal spoci-
men of pure copper and for single crystals of pure copper and copper-
silver alloys. These factors were det smined for temperatures ranging

from 300 to 78°K. and over a stresa range up to approximately

2000 g/ mm®,
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3.1 Consistancy of Results
At each value of applied stress a number of incremental loddings

were made, and the avenjo value of Ky and its standard deviation de-
termined for this stress. It was found that the percent standard devia-
tion varied {from 5% to 20% of the msan, with incﬁuiﬂg values of K.
Using the constant strain rate technigue (on Basinski's Apparatus at the
National Research Council) percent standard deviations of 9% were cb-
served. The larger deviations obtained using the transient cr;op method
were thought to be due to (a) the error involved ia the graphical method
of reducing the creep data, (b) the difficulty in accurately applying or
removing the secondary loads, and (c) the presence of electrical and
mechanical noise.
3.2 Effect of the Magnitude of the Secondary Load

The magnitude of the incremental or decremsental secondary loads
apparently does not influence the experimentally determined values of
Ky. Secondary loads ranging from approximately 4 to 17 gms appear
to give very similar results. In some cases (single crystais in the easy
.glide region) & atrain rate change of 105 no-® sec™t 10107} sec))

produced by a 16. 63 gm load change guve approximately the same regult

as & strain rate change of 102 due to a emaller load change.
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3.3 Effect of the Sign of the Secondary Load
Slightly different valuas of K3 were obtained, for any particular

specimen, depending on whether the secondary load was added or removed,
In many cases (but not always) the value was less when the 10ad was re-
moved. A similar situation was observed ueing the constant strain rate
method. Lower values of K3 being obtained when the strain rate was
reduced (resulting in s decrease in flow stress).
3.4 Comparison of Results from Transient Creep, Constant

Strain Rate, Stress Relamation Experiments

A number of workers have published experimental values of K,

L Duew——e  bmpmee e LoD

obtained from either transient creep or constant strain rate experiments.
It has been assumed, but nover shown, that the results obtained by the
two methods were similar. Since facilities were available to carsy out
both types of tests as well as stress relazation tests, it was decided to
conduct » short study to compare the values of K3 obtained by the throe
methods. This study consisted of & series of experiments on a copper

single crystal specimen* (14H-2) in the following order: a) transient

creep, b) constant strain rate, c) stress relaxation, and d) transient

creep. The constant strain rate and strees relaxation experiments were

« High purity, oxygen free copper, for details on compoasition and
orientation see previous chepter. This specimen apparently did
not exhibit any easy glide deformation due to its particular
orientation.
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carried out on Basinski's apparatus at thu National Research Council,

Figure 42 shows the results of this series of tests (see also Tadble XI,

Appendix IT). The values of Ky obtained were as follows: iaitial creep

test - K, A 1.1, constant strain rate test - K3 2 1.14, stress relaxa- 1

tion test - Ky = 1,47, final creep test - Ky = 0, 93.
The constant strain rate and strass relaxation results appear

consistent with the initial and final creep results, although the value

obtained by the stress relaxation method appears to be on the high side, ;

The difference botwe.en the results obtained from the initial and final |

creep experiments is probably due to the fact that K3 was & decreasing

function of stress in the range investigated, Therefore within the limi-

tations of this set of experiments it appsars that comparable values of

K, may be obtained using transient creep, constant strain rate, and

stress relaxation methode,

3.5. Varfation of K3 with Stress

The variation of K3 with stress was investigated for three group3

of specimens,

Group I consisted of two copper single specimens, 14H-2% and 14F-2¢,
The orientation of thege crystals fell very near the (100) - (111) line in
the orientation triangle and as expected they showed no obvious easy

glide region. The values of € ranged from 6000-20, 000 g/mm? in-

» High purity, oxygen free copper, for details of orientation, and
residual resistance ratio see Tables IV and VIII respectively,
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dicating the specimens were in stage I deformation., Experiments con-
ducted at 295°K (see Tables XI and X1I) indicate that in the stress range
of approximately 300-1300 e/ mm2, K, wass decreasing function of
applied stzess (see Figures 42 and 43). Values of K, varied from 1.5
(at 200 g/ mm?) to 0.8 (at 1300 g/ mm?) with & pezcent standard devia-
tion of 10-15%.

Growp I consisted of four copper single crystals; 13C-1¢ 13C-29,
14E-1* and 14C-1% whose orieatations wers in or very aear the rogion )
of unperturbed giide, The values of © raaged from 1000} 2000 g/ mm®
for specimens 14E-1 end 14G-1. Experiments conducted at tempera-
tazes from 295 - 80°K (see Tables XIII to XVI) tndicated that K3 was

a decreasing function of stress over the range 200 to 1200 g/ mm® (see
Figures 45 to 47) Values of Ky for 295°K varied from 1.7 down to 1.3
over this stzess range. At 80°K the variation was sven more pro-
mcul. Ky varying from 5.2 down to 1.7 over approximately the same
stress range. The data exhibited & percent standard deviation frem 15.
30%. It should be noted that the apparent {ncresse of Ky with stress for
specimen 13C-2 (Figure 45) at 80°K is probably dus to experimental
error, and the fact that the behaviour was not studied over a wider range

of stress:

e High purity, oxygen free copper, for details of orientation aad
residual resistance ratio ses Tables IV and VIl respectively.
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The observed values of Ky are higher than quoted by Basinski
(1959) for deformation in the linear hardeaing region but this would be
expected since KXy appoars tobea decreasing function of stress beth
in the easy glide and the early stages of the linear hardening region.

The behaviour of specimen 14G-1 at 295°K is of particular in-
terest since it exhibits a very high initiel value of Ky which decreases
with stress, goes to an sppareat misimum and then levels off to & rela-
tively constant value. Similar behaviour has been observed by Basinski
(1960) and he suggested that such behaviour might be asseciated wita de-

formation in the knee region (transition region between elastic and

- plastic regions) of the stress-strain curve, An attempt to reconstruct

the stress-strain curve for specimen 14G-1 was not successful but
curves wore available for specimens 13C-1 and 13C-2 and thess are
shown in Figures 48 and 49 aloag with the assbvciated values of K.
The re=sits for specimen 13C-1 indicate that early in the transition
rogion Kys 1.5, as the stress-strain curve bends over Ky rises to
a maximum of 1.7, snd then slowly falle to an approximately conatant
vaiue of 1.5 in the easy glide region. No values of K3 in the knee-
region were available for specimen 13C-Z.

Theae results suggest that Ks {ncreases during the transition

region, reaches s maximum as the stress-atrain curve bends overy, and

P elnd i
it G
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then decreasss with continued deformation through the aasy glide region e
and iato the linear hardening region.
Greuwp Ill  consisted of two copper-silver alloy single crystals, 6(A)B-1*
and 78-14 whose orientations were within the region of unperturbed
glide. Both specimens exhibited a very extended region of easy giide.

It should be noted that tke iaitial resclved shear stress for easy glide was
considerably higher for the allay -mlmﬁs. (6(A)B-1, 725 gm/ mm?;
7B-1, 750 gm/ mm?) than those for pure copper studied in Group Iand  ,.-. i
11. Experiments conductsd at temperaturcs from 300 - 76°K are ﬁe-
sented in Tables XVII and XVIIl of Appendix II and ihe variation of Ky
with stress is shown in Figures 50 and 51.

For specimen 6(A)B-1, K3 at room ternperature (300°K) ap-

T i v ety b e s = e Lt

pears to bo approximately independent of stress in the range 750-135¢

N sy

g/ mm2. At 78°K the data 1s limited but average values of Ky appear

R e e TR i
Ikt wadiereegio

to decreass with appiied strese from 9.7 to 8.7 in the range 1150-1500

g/ mme.
For specimen 7B-1 at zoom temperature the average values of
K; appear to decrease with applied stress from 7.3 to 4. 7 in the range

750-950 g/ wm?. This rapid initial decraase in Ky is very similar to

¢ Nominal slloy concentration 0.1 at. % silver,

+ Nominal alloy concsatration 0.3 at. % silver.
Detatls of orientation snd residual resistance
ratio for both specimens are given {n Tables 1V

and VIII respectively.
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that observed in the pure copper specimen 14G-1 and is probably sieail-
arly asscciated with the inception of easy glide. I the range 950-1550

g/ mm? K3 appears to be appreximately independent of stress. At 78°K,
Ky appears to bea decreasing function of stress although the large de-
viations in the results make an accurate determination difficult. The
standard deviation in :he results for the alloys vary from 15-25%. There
also appears to be a more pronounced difference ia the values of Ky de-
termined by loading and unloading experiments than was observed with
the pure copper specimens.

The results for Group I, 1I and III iadicats in general that for
temperatures in the range 300 to 78°K, K3 isa decreasing function of
stress. The rate of decrease with stress appears greater for the lower
temperatures. This is in agreement with the results of Basinski {1960),
and Adams and Cottrell (1955) on copperx using the constant strain rate
method, and the work of Conrad (1956) on copper using the transient

creep method. \

3.6. Variation of K3 with Temperature

Only a limited amount of data on the temperature dependence of
K, was obtained. Figure 52 shows the variation of K3 with tempera-
ture from room temperature (295°K) down to 78°K for a copper single

crystal {14G-1) in the easy glide region. The values of K3 used here
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were ascociaied with changes in strain rate in the range of 10-4 sec’! o

lo-].*

sec”l,  Alee plotted on the same graph are data obtained by
Basinski (1939) frem a aumber of experiments on similar copper single
crystals in thc llacar hardening region using the constant strain rate
method. These later values of Ky were associated with changes in strain
rate in the range of 10°3 sec’! 01075 eec”!®, nts interesting to aete
that the results for the two cases appear to be identical altheugh the two
sets of experiments were conducted in different regiona of the stress-

strain curve.

3.7. Variation of K3 with Nominal Alloy
Concentration and Residual Resistance Ratio

To illustrate the variation of K, with impurity concentration
average values of Ky, (if,) were calculated for the linear regions of the
K3 versus stress curves for room temperature (295°K) and for 80°K,
These data are listed in Table VIII along with the nominal alloy concen-
tration, the residual resistance ratio sad other related factors. Figure
53 {llustrates the variation of _K-.s with the reaidusl resistance, and with
the nominal alloy concentration. The value of 'l_{-3 increases with both

the residual resistance ratiz and the nominal alloy concantration although

 Basinski (1959) has shown that !{g i{s independent of the strain rate
over the range 10-3 sec~! to 10° sec”! using the constant strain
rate method.
%¢ Experiments have shown that the values of Ky:are sasentially in-
dependent of the ?-ochtad change in strain rate in the range
10°1 sec~! 0 10° aec'l using the transient creep method (see

chapter IV, section 3. 2.)

.
A
o3
l

[N

T et

e e el e aacal s amo A e e




- 194

-gewypoade (mehiokjod — ++
‘uoyBex opyiB Aswe ou poyjqyyxe uawidsdse +
‘polrionn $199)
JO I9qWIDY Oy} S} D PUT UORINFAGD PIRpuUWis oY) 8§ g ‘onjes aBeioae ayy £} V7 930Qm

‘D) € + v wa0j ey Uy B vEp SY |, ..nua Ajyjapijsuee 9jex Uperys e8vzear oq) sojcudp— m.m.' "

‘Me562 = 1 30} supBeq opyi® Laws yoyys ¢ e9013s oYy FSouGp — I D

(91) 1L°1F20°11 | (09) 2ZS°1%€0°S 05L v |'BV %°I® € °0 1-€L
(91) z0°1¥2z*6 | (L1) 9y-o¥ci’e 7y 69 |Bvaawro | t-alvde
(o1) o1°0%16°¢ (o1l 12°0¥%62°1 002 & eang 1-O%1
(S1) GZ°1¥6»°Y (s1) #2°0%09°1 bog 9 eang -3l
(»1) 16°0F0¥°Y {02) of°0¥25°1 o¥E 12 oxng Z-D¢1
(€2) r6°0¥Fzc ¢ | (1€) 8Z°0¥8s°1 081 6 eang 1-9¢€1
- (¢1) 07°0¥26°0 + - 2ang 2-d¥1
- (LZ) z€°0¥sZ°1 + P aIng Z-H¥1
- (p) 21°0708° + ¥ dIng I~Hp!
il — 5% | O om,..emmm.m ¥+ 8 1 eing T-(2)d ¥l
- - NES\”»& MO— x ﬁoﬁd.sﬂouﬁou J90qLanp
lL_3.08 = M52 =~ x| opey
€ ssueysisayy  Aanduwg
o, X 25

| Tenpeey [EUjuION udwydeds

stniskxy e1Bujg Xoy|v JeA(js-1eddo) puv
Ieddon 10] OJITy 8SUTBISeY [¥NPJSVY PUT UO[TIUBIUDS AJjindwy [RURuON Of

7h) spun Asvy 103 ssexys renyuy pue (E31) Aranisueg syvy ureayg ofwson:; ayy jo diysucpe(ey

mIA ITEVY




,)xIOS

-19;’,-

|

14-0
| | | [ I
- Vo
120 I~ ' S ,// t"‘
7 )
7/ Y
{0-0 I— ,/ 104
/ -+ o
4 1
4 |
. ’/_'_ |
80 T =~ 80 K ,'// aﬂ
7/
V4
R
//’ ——
/7
60— ,/ J— 6.‘
-— . V4
// : /,I
I, o ”
e T~ 295°K e
Q . - ad
40| |-~ o7 — e
] -7 1
A //’,I
Li g 10
o l | l l | , (
0 20 40 60 . 80 100 '
2 ..
RESIDUAL RESISTANCE RATIO x 10 IN(

FIGURE 53 — VARIATION OF AVERAGE BTih
WITH RESIDUAL RESISTANCE:F
CONCENTRATION .



I
100

3
« 1O

90 i i

- _
, RO — .
T = 807K P
L ' ”6/’
o e 4
: 7’
i ’
| /
: /
‘ ?
 9Q — /
(4
A
i’l
¥ . T
&0~
g o
| T~ 295°K | _--
: Jl, - -
-4 ’,’
"Oﬁ- ’/"’
P d
P
//
Ve
20 =7
| ¥4
0. I | I
0] O-1 02 0-3

NOMINAL ALLOY CONCENTRATION At % Ag

AVERAGE BTN . RATE SENSITIVITY (K3)

RESISTANCE RATIO AND  NOMINAL ALLOY



-196 -

the curves are of a different form. E, appears to increase linearly with
the residual resistance ratio after an initial curved region. The varia- S
tion of f, with nomisal alloy coancentration appears to be concave down-
ward. The region studied is not large enough to make any predictions

for larger alloy concentrations.

3.8. Variation of U & and Extent of Easy Glide
20.2 with Resistance Ratio®

The initial stress for easy glide ( U ) is listed in Table VIIL

Figure 54 shows the variation of Uz with residual resistance ratio®.
A plot of this property ( Ug ) against the nominal alloy concentration
had no apparent meaning. The data is limited but it appears that de
is an increasing function of the residual resistance ratio®. This is in
agreement with the observations of other workers, €.§. Garstone and
Honeycombe (1956).

The extont of the esasy glide region was also increased with alloy-

ing such that the load capacity of the machine was exceeded for the two

alloy specimens without noticsable deviation from sasy glide behaviour.

This behaviour is in agreement with the observations of Schroder (1959)

on coppez-arsenic single crystals.

* Residual resistance ratio is being utilized here as a meagure of
impurity concentration.
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4. Conclusioas

The apparatus developed for the study of the strain rats sensitivity
(K3) of single crystal wire specimens using the incremental transient
crecp method was found to perform in a satisfactory manner since the
values determined using this apparatus compared closely with those ob-
tained from constant strain rate and stress relazatioa experiments. Al-
though the apparatus was reasonably sasy and convenient te operate it
could be further improved by using an electronic strain recording system
coupled to the photocell drive screw (Figure 25) rather than the mech-
anical one employed. This would provide a range of convenient strain
sensitivities and would make it possible to examine any region of the
strain-time curve at high aoiultivity. The dovelopment of an improved
loading device in which loading weights could be more easily bandled
and which allowed a greater range of loads is suggested. Finally the
design of & l\;ltibh cryostat would be required if the variation of K3
with temperature were to be studied in detsil, or if temperatures below
78°K were contemplated.

Although the prime purpose of this thesis was to develop 2 suit-
able apparatus, a short series of experiments, which were carried out
mainly to check the operation of the apparatus, have indicated the
foliowing: a) KS remains relatively constant or decreases only slightly

throughout most of the easy glide region and into the early stages of the
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linear hardening region; b) there is some evidence that Ky has a re-
latively high value in the knee region of ths stress-strain curve which
decresses as sasy glide is initiated; c) the variation of Ky with temp- d
erature in the range 78-300°K appears similar in both the easy glide
and linear hardening region; d) Ky appears to increase with impurity
concentration (based on residual resistance ratio values). These con-
clusions are based on a relatively few specimens and considerably more
experiments will be required to substantiate the results. Future work
should include a more detailed study of the variation of Ky in the knee

region, and the variation of K with impurity concentration.
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APPENDIX 1
Mechanics of Crystal Deformation
Following Schmid and Boas (1935) the relationship which exists
between the axial extension of a single crystal specimen and its orien-

tation is as follows:
L _ dmdo _ X

420—*4‘:"9)/ oo Xs 4 (19)
and é: :2'0 —-/=¢-/ 3

where ,& and j, are the length of the specimen before and after ex-
tension, & is the axial strain, and Aoand )X and 2, snd Y, are
the orientation angle® before and after extension.

When dealing with single crystals the axial stress and the axial
strain are no longer basic quantities and these must be replaced by the
re=slved shear stress and the resolved shear strain. The ;aluo of re-
solved shear strain € corresponding to an axial strain & is given as

follows:

- ! 2 21 = cod (20)
€= tor Xo ,ﬁ-—M Ao /‘o J

where d=/+€ and all othez factors have been defined previously.

For all positions of the glide elements a small change in the axial

strain A€ will resuit in a cHange Ae in the resolved shear strain

& A {s the angle between the tensile (wire) axis and the glide direction,
% is the angle between the tensile {wire) axis and the glide plane.

SRy mr&%&’M
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given by the following equation (determined by differentiation of
oquation (29 ;

Ae
A€= .
—Ssre Xo €07 Ay (20
The resolved shear stress Q7 is defined as the component

of the shear stress on the slip plane which lies in the glide direction.
The equation relating the resolved shear stress to the applied axial

load is as follows:

G/ = b("""ﬁ‘zxo /\ LTI A, s (22)

where U is the resolved shear stress, L 1s the applied axial

load, A is the original cross-sectional area of the specimen, and
Xo and )s-, were defined previously. It is important to note that
for a fixed applied load L the resolved shear stress varies with
cos )\, (since X, and A are constant) whick itself varies with
extension.
The experiments described in thie thesis were carried out
on an apparatus in which the resolved shear stress was held con-

stant over a wide range of specimen extension at a value given by:

T3 = L(Mo:od Ao) N (23}

where all factors have been defined previously.
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APPENDIX 11

Tables of E&ﬂmum Data
This appendix consists of & series of Tables listing the experi-

mental results for individual test specimens. Values of the strain
rate sensitivity (Ks). and the strain hardeaning coefficient (6) are

given aleng with other experimental parameters.

TABLE IX

rimental Data for S men 14P(1)-1
Pure Copper Polycrystal)

Sheet |Event 1 | TR AL T K3 Tg y © i
gme mm? gms 'K - - mmé ..

A 1 688 3340 +8.6 |299 |(0.74) | -

3 676.7 | 3364 +16.7 299 1.19 1. 32_'_0_0.18 -

3 693.4 | 3¢67 |#28.5 299 | 1.45 J -

B 1 728 3640 +8.7 | 299 0.93 - -

C 2 880. 6 | 4403 8.7 81 4.92 - -

* Symbols used in all tables are as follows:

L is total applied lcad, <rR {s the corresponding resolved shear
stress, A 1L is the incremental oT decrementsl load, T is the
specimen temperature, K3 is the strain rate sensitivity and

ﬁ3 is the average values for a particular stress OF temperature
range, and O is the strain hardening coefficient.
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T .BLE X

Experime: al Data for Specimen 14H-1 a
(Pure Copper Single Crystal) :

= —

. L R AL T K, K, R
] véRn

gms | g/mmi] gme *w - . ?/mmz

A : ‘=8 %4 | +8.6 | 294 | o0.68 . 2, 550

2 466.6] 289 | +8.55|29¢ | 0.71]00.7140,06 {8,150

3 475.2] 295 | #8.357{294 | 0.79 8, 550

4 483.7] 300 ]+16.65|294 | o.64 17, 000

B 1 531.8] 330 | +6.6 | 294 | 0.89 - 8, 450

* Symbols used in all tables are as follows:

L {s ¢20a] applied load, G-i! is the corresponding resolved shear
stress, & L is the incremental or decremental load, T is the
spscimen temperature, K; is the rtrain rate sensitivity and

K is the average value for a particular stress or tempsrature
range, and S is the strain hardening coefficient.

~
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TABLE X

Experimental Data for Specimen 14H-1
(Pure Copper Single Crystal)

T ——
. . L R AL T K, K, -
oot vent
gms | g/mmd] gme | °x - . ?/,,,mz

A T 2=8 R4 | 48.6 [294 | O.68 : 1,550

2 466.6] 289 | +8.55]29¢ | 0,71} 0.714Q,06 (s, 150

3 475.2] 295 +8.57 1294 .79 8, 550

4 483.7] 300 }(+16.65) 294 0. 64 {7, 000

B 1 531.8; 330 3.6 | 294 0.89 - 8, 450
* Symbols used in all tables are as follows:

L is total applied load, G—il is the corresponding resolved shear
sirese, O L 1s the incremental or decremental load, T is the
specimen temperature, x3 is the strain rats aensitivity and

§3 is the average value for a particuiar stress or temperature
range, and .©- is the strair hardening coefficient.
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