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ABSTRACT

Whiskers were grown by the hydrogen reduction,ofvcupric-chloride.
Tensile tests were performed on the whiskers,some of which were longEenough'
to divide into two or three parts. After the whisker yielded ("primary tests')

they were retested ("secondary tests") after removal of the deformed region.

In order to see if‘length-ﬁad any effect on yield-stress, a norm-
alizing prdceedure was establishéd to convert the yield stress measufed at
. any diameter 'd to an -equivalent Whiéker with d = 10 n. No. observable length.
dependence of yield stress was found for either. primary teéts or -secondary

_tests.

The‘diameter»dependence of yield stress was found to depend on

the type of tests. For primary tests, the'yield stréss was inversely

proportional to dl'6

2.
tO'd-'5

5 while»fbr-secondary tests, inversely proportional
A.diéloéation mechanism to éxpﬁain this was proposed in terms of
only a part‘of the .cross-sectional area'(afsmall'anﬁular~ring at the periphery
of the whisker) taking part in the deformation. This mechanism was suitable

only if the whiskers were assumed to be-initislly free of dislocations.

-A decrease in the value of Youhg's Modulus of about 30% from

the normal values .was observed for whiskers subjected to a secondary test.
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- INTRODUCTION

1. General

One éf the scientific problems that has puzzled investigators for
almost half a century is the discrepancy between the actual and the theoret-
ical strengths of solids. As yet, because of the nature of the binding fofces
in metals, the theoreticél strength of metal crystalé has not been accurately
calculated. However, various estimates of the‘theoreﬁical shear stress Nﬁtb:
required to nucleate slip in the absence of Qislocations have been madel.

Mackenzie2

arrived at a value of’\ﬁth as G/30 where G is the elastic shear
modulus in the shear direction. Also, by Means of bubble raft studies, Bragg

and Lomer3 tended to confirm that the theoretical shear strehgth of perfect

metal crystals is about G/30. In practice, bulk single crystals exhibit only

a fraction of their ideal strengths deforming at stresses of less than lO'uG.

t

This large gap between the real and the ideal seemed to suggest that the

theoretical strengths were too high.

It was not until 1952 that Herring and GaltlL finally resolved this

problem. ~The&’found that tiny filémentary growths or ”whiskérs" of tin had
strengths of that predicted by theory. These whiskers were about 2 microns (p)
in diameter and a few millimeters (mm) in. length. From simple bend tests

they found that these whiskers could withstand an élastic strain as ﬁigh as 2%,

while:in bulk tin, flow began at strains lower than 0.01%.

Since then, many people have entered the field of whisker research.
Many important contributions havé been made in the field of crystal growth
and in the study of the solid state as certain measurements can be made that

are otherwise imppssible with bulk crystals.



2. . Previous Work

a. Strength of Whiskers

In determining the strength of whiskers, tensile tests are more
.sgitable than bending tests. The disadvantage of a bénding test is that the
stress is nonuniform both.across and aiong;the whisker. Special techniques
~ for the tensile testing»of whiskers have been devised by Gyulais, and Eisﬁer6,
and Breﬁner7, Gyulai. tested sodium .chloride whiskers and he reported a maximum
strength of llOKg/mmg. Eisper found a maximum stréﬁéfh of 390 Kg/mm2 for:
silicon whiskers. This strength is about 2% of the Young's Modulus for the

<:lil:> direction.

Tensile tests were performed by Brenner on whiskers o% iron,
copper and silver. The maximum.strengths of the whiskers and their -sizes
are giveﬁ;in Table I where(3f max ;quals the maximum stress the whisker
sustained before fracture pr-yield occured and\qglnax equals the calculated

resolved shear stress.

TABLE I

Tensile Strength of Whiskers

Bulk crystals

1 2 3 4 6
Ultimate tensile
d Omax Tmax Teritioal " strength
Material (u) (kg/mm?} (kg/mm?) (kg/mm?) - (kg/mm?)
Fe 1.60 1340 364 4.5 16-23°
Cu 1.25 300 82 0.10b 12.9-35.0b
Ag 380 176 72 0.06b

Reproduced from Reference 7.
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Compared with the reported strengths of bulk crystals 8’9‘(columns 5 and 6),
thevyield pointvshear strengths of the whiskers are 80 to lEOQ times greater
than thoég of the large crystals; The rgtios between thé tensile strengths
(columns 3 and 6) were lower. Brenner also found, as Table IT shows, that

the highest shear strengths of the whiskers were either close to or above

TABLE II

Shear Strength of Whiskers

— i

1 2 3 4 S 6
: Tmasx Tth
Whisker Slip s (estimated)
Whiskers  axes system G(kg/mm?) G G
Fe 111 (110) [111 6100 0.060 0.033-0.19
Cu 111 (111) [101] = 3700 0.022 0.033-0.13
Ag 100 (111) [101 2300 0.031 0.033-0.13

Reproduced from(Referende 7ﬁ

the estimaté‘of the theoretical strength of perfect crystals. To account for

this high strength of whiskers, Galt and Herring*

have formulated two theories.
One is that whiskers are free of dislocations. The other theory postulates
.that whiskers contain only a few dislocations and these are insufficient to

cause multiplication.

b. Elastic Behaviour of Whiskers

The most outstanding charactéristic of whiskers is their elastic be-
héviour. Thé tensile stress-strain curves of a variety of whiskers have been
determined.» Brenner/ investigated the stress-strain behaviour of éopper, iron
and silver whiskers while Colemah, Price and Cabreral® performed stress-strain

tests on cadmium and zinc whiskers. Evans, Marsh and Gordontt found stress-



T

strain curves for sodium and potassium chloride whiskers. The stress-strain
curves for silicon whiskers were obtained from bending tests conducted by
Pearson, Read and Feldmanl?. The whiskers listed -in Table IIT, except for

some of the whiskers grown by precipitation, exhibit a maximum elastic strain

TABLE TIT

Maximum Elastic Strains of Whiskers

= Mux.
Material r:l:nsl.ic Mt:th.od of Method of
strain testing growth
(l%; ) .

Fe 1.9 Tension Halide reduction
Cn o8 Tension Halide reduction
Ay 4.0 Tension Halide reduction
Ni IR Tension Halide reduction
Si - 2.0 Tension Halide reduction
Zn 2.0 Tension Vapor condensation
NaCil 24 Tension Precipitation
S10. 5.2 Tension Vapor condensation
AlLOy 1.0 Tension Vapor condensation
MoO, 1.0 Tension Vapor condensation
[ 2.0 Tension Vapor condensation
Sn 2w Bending Growth from solid
Ge 18 Bending Halide reduction
Zny 1.5 Bending
7nS 1.5 Bending Vapor condensation
LiF . 3 Bending . Cleavage
MgSQO, - 7TH.O T

h%\'d mquinonc’, ete. > 2 Precipitation

Reproduced from Reference 29:
\ ;

of at least 0.01, which is 100 to 1000 times greater than that of annealed
bulk crystals. The elastic part of the stress-strain curves are reversible
for fast strain-rates, but for slow strain rates ;CabreralOJl3 reported that

for some zinc whiskers the strain was not reversible.

" Brenner! observed large deviations from Hooke's Law for iron whiskers
‘but not for copper whiskers. The true étress-étrain curves of tWo iron
whiskers are shown in.Fig. i. Hooke's Law wés obeyed up to about 2% but beyond
that, Young% Modulus, E, was no longer a constant. E was calculted from the

initial slopes of the stress-strain curves. For one whisker this was close to
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Figure 1. Stress-strain Curves of Iron and Copper
: R Whiskers Pulled in Tension.
Reproduced from Reference 1k.
the value for a <{100> direction. E was close to the value for a <111>

direction for the other whisker. The orientation of the whisker appears to

have little effect on the elastic behaviour.

Coleman et allo tested zinc and cadmium whiskers in the diameter

rénge of 1-10p. In all cases the initial elastic sﬁrain was alwaysviineaf
and reached values of 1-2%. The critical shear stress waé several hundred
times that observed in macroscopic crystals. They also found. that the
calculated moduli were consistently lower than the accebted values by a

factor of about 0.7.

In a later paper, Cabrera and Price 13 observed that the elastic
cunve exhibited a deviation from linearity which was detectable at about 0.4%
‘strain. The amount of .this deviation at 1% strain varied between 0.02% '

and 0.12% strain. This implied the presence and motion of dislocations.
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These whiskers also exhibited creep when subjected to a high stress
for several hours. Theyvfound that after creep at a constant stress, the
"deviation from linearity was consilderably reduced and that there was no

change in the initial slope (Fig. 2).

To explain these resulﬁs, they postulated. a dislocation network
containing Frank-Read sources. Under a suitable stress, disliocation loéps
will be generated. This will result in lérge elasti; strains provided the
~surface is a’strong enough obstacle to hold the dislocatigns inside. Upon
removal of this applied stress, most of the loops‘will pqllapse into thé
source. In the case of a large crystal, the Frank-Read-source could be-faf'
from the surface. Then the surface could not pfévent slip at low_stresses

since a large enough pilé-up of dislocations could be formed to multiply the

applied stress at the head of the pile-up ﬁd'éﬁﬁéﬁgaﬁﬁdﬁéCéééaryu%5ﬁbreak

~ through the barrier. However, in order to-produce slip in avsmall,crystal,
the applied stress would have to be increased considerably. If it is assﬁmed‘
that dﬁring creepbthe high stress déstroys the sourées 1eavihg 6nly é cerfaini
number of loops already created, then the elastic stress-strain-curve should

show & smaller deviation from linearity, but the same slope. This is what was

observed by Cebrera and Price.

¢. Plastic Behaviour of Whiskers

When thévelastic limit of a whisker is exceeded, eilther ffacture
~or plastic deformation occurs. BrennerlLL has found that in the case of thin
~ copper and iron whiskers, fracture.will occur with very little biastic_de—
formatibniif their elastic 1limit is very high. One reason is that, fbllowiﬁg\
a large elastic étrain, the plastic strain, rate is ext;emély highf In the '

" case of ductile whiskers, Brennerld observed that.their stress-strain curves,
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(2) Elastic behaviour of a typical whisker up
to 0.81% strain before creep.

(b) Creep strain as a function of time at a constant
stress of about 4.5 x 10 dyne/cmg.

(c¢) Elastic behaviour after creep. The deviation
. from linearity begins at strains much higher
" than it did before creep. The yield point
is increased at least 50%.
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as shown in Fig.'3,vare'characterized by an extremely sharp yield point and

an extensive "easy glide" region (a - b). The "easy glide" region was Tollowed

by a work-hardening region (b - c).

Deformation in the "easy glide" region occurred by the propagétipn
of Lﬁders_bands shown in Fig. L. After yielding, one or more small deform-
ation zones were obéérved. Upon reloading,vthe slipped region travelled along
the whisker until thé ends of the whisker were reached;- The small, con;tant
stféss necessary to propagate this slipped region is called the flow stressitafl.
Ratios between the yield stress ny and the flow stress;(jifl as high as 80 ' v
to 1 were measured by Brenner. Upon further reloading, work hardéniﬁg occurréd.
In explaining these results, Brenner showed that‘the'sharp;yield point cannot
be due to dislocation pinning by impurities as postulated by Cottrelll; He
concluded that slip in whiskers was initiated either by the aétivation of

very small dislocation sources already present in the system or by means of

some other unknown mechanism. In a later revaluation, Brennerl* explains that



Figure 4. Propagation of a Luders Band in a Copper
Whisker, Mag. 80 X.
Reproduced from Reference 1k.
the flat part of the stress-strain curve is not primarily to "easy glide" but
rather is due to the fact that a certain stress is necessary to propagate the
front of the Luders band. Brenner compared the flow stress to the shear

stresses that produce equivalent amounts of deformation, as in the Luders

bands, rather than to the critical shear stress of bulk crystals.

Coleman et all® found that for zinc and cadmium whiskers, yielding
occurred at a particular region of the whisker. The propagation of Luders
bands at a flow stress 30 times smaller than the yield stress was observed.
They felt that this formation of slip bands eliminated any possibility of

the whisker being a nearly perfect crystal.

Pricel6 deformed zinc whiskers in tension inside an electron micro-
scope and studied the motion of individual dislocations. The whiskers were
found to be initially free of dislocations and possessed sharp yield points

whose values were determined by stress concentrations at large surface steps
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ér at the grips. After a very small amdunt of plastic strain, Price found
dislocations in a narrow zone a few microns wide. The zone extended all tﬂe
way across the crystal. These dislocations were essentially of two types:
(i) long dislocations which were easily immobilized by obstacles, and (ii)
short screw dislocations some of which broke up into:long narrow loops which
then split up into circular loops. With further strain the density of dis-
" locations in this narrow zone increased and a large number of loops was
produced. These loops blocked the motion of the long dislocations which in
turn acted as obstacles to thé glide of' the screw dislocations. .When the
density of the loops was very high, allAthe dislocations became entangled.
This resulted in further glide occurring at the edges of this deformed region
where only a few loops were present. Thus the width of the deformed region
wes increased. The propagation of a deformation front which was optically

‘observed as a Liders band was the result of this process.

d. Size Effects in Whiskers

" In 192k, Taylorl7 reported that the tensile stréngths of very fine
wires.of antimony were between 18.0 to 22.0 Kg/mmg. This compared to a tensile
strength of l.leKg/me for bulk antimonyl8. This was the first report of
~variations in the properties of crystals with diameter. These variations have

been termed "size effects".

The strengths of whiskers as a function of size have been deter-
mined for sodium chloride whiskers by Gyulai5 and by Brenner7 for copper
and iron whiskers (Fig. 5). Brenner found, despite a high scatter, that the
strength of a copper or iron whisker was inverselyvﬁroportional to the

diameter.
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In contradiction to Brenner, Eder and Meyerl9-found a relationship
between yield stress’Tfo and diameter as shown in Fig. 6. These measured
values of ’Tﬂo lay within a scattered region whose boundaries showed a l/d2
relation. It ié interesting to note that all Brenners measurements lie

completely outside the scatteréd‘region of their measurements. Eder and Meyer

offered no explanation for these discrepancies.

No dependence of strength on diameter was observed by Coleman -
et allo in cadmium and zinc or by Pearson et 2112 in silicon whiskérs. How~
ever, in a later paper, Evans and Marsh®© report a size-strength relation-
ship for si;icon whiskers ofrdiameters smaller than those of Pearson. They
suggested that'the reason‘for this was that the strength depends more on
-surface conditions rather than dimensions since for various reasons a rough

surface is more probable in large whiskers than in small ones.



- 12 -

w
¥

S

QN_’
N W R Xy

| N, Y

o Eder & Meyer

\%
[\)ﬁu

20 30
dlum]

® DBrenner

Figure 6. Dependence of Critical Shear Stress'\ﬂ,o
' on Whisker Diameter.
Reproduced from Reference 19.



- 13 -

Brenner( also found that if, after the whisker.yielded, the un-
yielded portion was remounted, the strength of the whisker increased as the
length decreased (Fig. 7) Eisner®l reported that for silicon whiskers which
- were remounﬁed after fracﬁure, thelr fracture streés was somewhat largef
than before. This might be the result of nonumiformity of cross-section along

the length of the whisker,'the,thinﬁest section fracturing first.

i,

2

\

«l T 1 1 11

HISKER N ; ) !
40}~ MOUNT - \ WHISKER REMOUNTED
AT POSITION | AT POSITION 2

STRESS (ag/mm?)

e i

Figure 7. Recovery of Yield Point of a Copper Whisker After
Removal of a Slipped Portion.
Reproduced from Reference 15.

To account for these size effects, various explanations have been

proposed.

i. Crystal Perfection

Although whiskers have exhibited the potential strength of perfect
crystals,it has not been established whether they are étructurally perfect.
Structural perfeétion implies here only the absence of éxtended defects, in
>particular; dislocations. This does not include point defects such as
vacancies, .impurities etc. Brenner! concluded from his results on strength
versus diameter that the whiskers contained a small nuﬁber of defects which

were distributed statistically in a rather complex manner both on the surface
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. and in the interior of the whiskers. He thought that the internal defects
were probably dislocation sources of the type postulated by Frank and Read.

The resolved shear stress necessary to operature this type of source is given

by ~. =CGb
_ y T

where G is the shear modulus, b the Burger's vector of the dislocation segmegt
and L the length of the pinned dislocation segment. In the copper and inon
whiskers tested‘by Brenner, the length of the dislocation sources must be of
the order of 0.1 microﬁs. However, in a later‘paper, Brenner ls stated that
it was uncertain if a dislocation source of such short leﬁgth could operate..

Also, it was not clear why the dislocation sources were only a small fraction

of the whisker diameter.

Tests on silicon whiskers and silicon rods cut from bulk silicon
were.pefformed over a range of temperatures by'Pearson, Read and Feldmannl?.
According to Cottrelll, the yield stress of a perfect crystal woﬁld vary in-
significantly over the temperature range 600°C to 800°C. Peafsén et al found
that the yileld stress of silicon whiskers at 8OOOC was less than half the
yield stress at 6500Cv(Fig. 8). Thus, Pearson et al concluded, these high~-
temperature tests on the whiskers showed>that roomftemperature fractufe
strength was ndt an adequate criterion of crystal perfection. It was also
found (Fig. 9) that for small enough diameters of silicon, their room-
temperature fracture stress was the same as for the whiskers, but the yield
stress was the same as bulk silicon at 800°C. This was further evidence
that the room-temperature fracture strength was not due to a low dislocation

density.
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h22, who measured the density and distribu-

On the other hand, Gorsuc
tion of dislocations in iron whiskers by means of X-ray rocking curveé; found
that the more perfect whiskers have dislocation densities belbw 106 dislocations

per cm®. Therefore whiskers of less than 10p in diameter would contain, at

most, only a sméll number of dislocaﬁions and should behave as perfect crystals.

Various attempts have been made to resolve this question of whether
whiskers are strong simply becauée they are small or whether high strength
is peculiar to whiskers. Costanzo=3 attempted to determine if there was a
size effect with fine polycrystalline copper wires. Wires down to 50u ié
diameter were teéted at rToom temperature and‘at -1950C. At room temperafure,
Costanzo found no definite size effecf, bgtat.-i95oc he found that the yield.
"stress decréased with diameter. Shlichtagu also tried to compare me£al'
whiskers with other types of filaments. He used Taylon-process wires;7 and
eléctropolished drawn wires. These exhibited aﬁ increaée in strength with
decreasing diaméter comparable to that observed for whiskers. However, in
a later lettervfo Costanzo, he stated that these results were fortuitous.
ije tentative conclusion.made'by Shlichta was that the relation between size,
strength, grbﬁthrmgchanism and crystalline perfection was more complex thaﬁ

originally thought.

ii; Effect of Surface Defects

It could be'assumed that the yield stress is determined by some
other type of imperfection rather than free dislocations or dislocétion
sources. Brenner]-l‘L thought it more likely that dislocations are nucleated
at submicroscopic imperfections on or near the surface. Experimentally,
Brenner'”? found that yielding could not be induced in an elastically strained
iron whisker.by rubbing another iron whisker over it. This would iﬁdicaté

that if there are any defects, they must be of a specific nature. Pearson
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2 found that the fracture stress in bulk silicon could be raised by

!
etching which suggested that surface irregulé%ities were the important

et al

imperfections.

iii. Grip Effects

Fleischer and Chalmers2@5 calculated the average shear stresses
caused by the bending moment applied by the grips during a tensile test of
a single crystal. It was shown that), in general, the resolved shear sfress
de on the various crystal planes was the sum of the contributions from the
applied stress, Qfé, and the grip'stresécﬂjé:

ALJ;J=mJ-g)a+ Zi nij’\o;

where my= cos ¢] j cos )Nj, the Schmid féctor for the j th slip system,
)gjz the angle between the speciment axis and the jth slip direction,
. . on

O .= the angle between the specimen¥ axis and the j s1ip plane normal,

J
Aﬁé; the grip stress resulting from slip on the ith systém,

n, .= the fraction of the grip stresses arising from slip on
ij- . . .
system i that is resolved on system j.

In case of slip on the primary system, the resultant stress "ij is:
' 2, 2
(- € B (a/1)7 tan® L)
where a = crystal diameter
L = crystal length
It can be seen that the effect on yield stress, since it is developed at small

strains, is virtualy negligible.

e. Effect of Surface Films on Whiskers
It was thought that the presence of a thin oxide film on metal
whiskers might contribute to their strengths. It was found by Roscoe26,

and Cottrell and Gibbons®!, that an oxide film increased the strength of a

crystal and also that the thicker the oxide, the greatef the strengthening
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effect. This increased strength was explained as resulting from the hin-

derance of dislocations moving out of the crystal by the film.

Cébrera and PricelS:found that the yield points of zinc and cadmium
whiskers were increased by a factor of about 2 by the présence of an oxide
layer. They found an optimum thickness of the oxide the order éf tens of
angstroms. Beyond this optimum value; it 1s possible that nonuniform

oxidation will weaken the whisker at several points.

Brenner7 formed continuous oxide films on copper whiskers by
heating in air‘at 1009C to lBOOC, but found that their strengths were not
significantly changed. SaimotogB, tested copper whiskers in dilute sulphuric
acid and also found that the oxide coating did not contribute appreciably to

the strength of the whiskers.

f. Effect of Impuritiés in Whiskersv

Most of the whiskers which have been tested are not exceptionally
pure. Brennerl5 found that copper whiskers grown from Cul contained about
30 ppm of silver while iron whiskers grown from FeBr2 contained about lOOlppm.
Impurities could strengthen the whiskers by pinning the few dislocation sources
that may be present in‘the whiskers. Brenner7 stated that in the case of
copper, dislocation pinning does not contribute to the strength of the whisker.
. If the reverse wés true; a strong temperature and time dependence on strength
would be expected. This was not féund. By uéing purified Cul, Brennerlu
‘grew coppér~whiskers containing less than 1 ppm éf silver, but nq: signif-
icant change in.strength was observed. However, if a few percent of silver
halide was added to the Cul from which the whiskers were grown; Brennerlu
reported thét their strengths were about 1/3 that of pure whiskers. Hence,

during whisker growth, impurities may weaken the whisker by forming dislocation

sources.
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3. Purpose of Present Investigation
The main purpose of this investigation was to extend the study

of size effects in copper whiskers both for length and diameter.
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EXPERIMENTAL PROCEDURE

1. Growth

The copper whiskers used in this investigation were grown by the
method of halide reduction by hydrogen 29, Standard reagent grade anhydrous
cupric chloride was used. The maximum limits of impurities as stated by

the Allied Chemical and Dye Corporation are:

Insoluble 0.01%
Nitrate (NO3) 0.005%
Sulphate (SOM) 0.005%
Iron (Fe) 0.01%

Substances not precipitated
by H,S (as sulphates) 0.20%

The whiskers were grown in a tube furnace as illustrated in

Fig. 10 and 11. The procedure in making a growth run was as follows. The

Figure 10. Whisker Growing Furnace
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Vyéor tube was cleaned with nitric acid, then rinsed and dried with acetone.
The hydrogen wés first passed through a catalytic purifiér and then through a
drier‘of molecular sie&es which removed any water that might be present.

The helium was passed through a ligquid nitrogen cold tfap and thén,'for
convenience, also through the mblecular'sieves. The flow of gas was opposite
to the direction in which the boat was‘inserted in order to prevent air from

entering and contaminating the hot furnace.

The helium was first turned on and then a fireclay boat, which had
previously been dried to remove water, was filled with cupric chloride and
pushed into :the cooling chamber. The furnace was then flushed with helium
for about 20 - 30 minutes after which thé flow of helium was replaceé by
hydrogen. "The boat was then pushedAinto the furnace.. After the reduction,

’ Ve . ’ .
which lgsted anywhere from 5 minutes to one hour depending on»the_tempgratufe,
the boét was drawn from the furnace to the cooling chamber. ' After the boat

had cooled down, the flow of. hydrogen was replaced by helium. The_cool boat

was then removed and placed in a dessicator.

2.4 Selection

When a suitable boat of whiskers was obtained, it was examined with
a Reichert stereoscopic microscope -at 12 and 36 magnification (Fig. 12). Upon
locaéion of a good whisker it was rémoved at the sﬂbstrate by a pair of very
fine'étraight tweezers.‘ The insides of the claws of the tweezer were met-
allogréphically polished and degreased_in order to prevent the whisker from
sticking to the claws. The whisker was then placed on a white card éhd
examiﬁeqkuhder a Reichert metallographic microscope at 110 and 390 magnif-
ication. The criteria for whisker selection were these:

- (1) straight, untapered and at least 3 mm long;

(2) no surface defects such as pits or short branch growth;



Figure 12.

Whisker Handling Apparatus
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(3) the surface facets must not change along the length
of the whisker.

If the whisker met the above requiremeﬁts;fit was stored in a dessicator for

future use.

3. Specimen Mounting: -

A pyrex probe with a U-éhapea tuﬁgstén.filamenﬁ, the.currentlthrough‘
which was controlled by a foot switch, was used to transfer the whisker from
the card to the tensile machiﬁe. On the tip of the probe a blob df glue was
meltéd. This mbﬁﬁting compound was diphényl carbazide which melts atA173°C.
The whisker was picked up with theitip of .the probe by melting and then_

.freezing the glue. Thevcurrent tO'thé"ﬁwo grips of the tensile machine was
adjusted until.the temperature was well above the melting boipt of the glue.
The glﬁefwas prevgnted from boiling off,by>subjecting it fo é sfream of cold
dry'heiiumf This produced a thin, taCRy skin of glue on each filamént. The
whisker Was mounted by téuching the frée end to the movable filament, A.

The probe was then lowered until the whisker came into contact with the
glue on the fixed filémént, B. At this point the probe was removed by heating
the tip and carefully withdrawing it from the surrounding glue. The whisker

was then ready for its initial tensile test. These initial tests will be

referred to as "primary tests".

With this method it was possible to mount successfully about two
out of every five whiskers without contaminating the whisker with glue,

~yielding the whisker or forming a thick oxide coat of the whisker.

For a test, in which the unyielded portion of a whisker was re-
mounted, the following procedure was used. After the whisker yieldéd, it was
‘examined under the Reichert stereoscopic microscope to see where the formation

of Liders bands had occurred. If Yielding had started at one point near one
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of thg grips, then it was possible-to(remount the whisker. Thé filament nearest
the Lﬁders bands was heated until the glue beéan to sag away from thé whisker
The whiskéf was then removed by quickly screwing away filement B. .This left

the whisker attached to one filamenf. The whisker was then remounted by

either slightly raising or loWéring fiiament B and then screwing it back until
the"yieided poftion of the whisker restedvoﬁ the glue. A blob of glue was.

then carefullyldroppedbover the yielded portion. Tensile tests now performed

were called "secondary tests".

- This remounting method combined with the initial mounting technique
and also taking into account where the whisker yielded, gave about one suc-

cessful test out of every ten attempms.

4. Measurement of Specimen Length

The length of fhe whisker was measured by a graticule in one of the'
6X eyepieces of the Reichert'stereoscopic_microscope. The :hairline in the
graticule was divided into ten main divisions each one of wﬁich was itself
divided into ten small divisions. The léngth of a small division was 80p
with the 2X objective, 26.7# wiﬁh the 6X objecfive and 16p with the 10X o
objective. In a given measurement, the error in length was + 1.0 division
for each end of the thsker. ‘Hence, fbr the lengths tested the maximum

error in measuring the length was 6%.

5. Determination of Cross Sectional Area

| ‘An initial cross éectional area of a whisker was determined by
measuring the diameter of the whisker with a microscope equipped with a
;tfaQelling eyepiece. A circular cross section was assumed sincg for the
cross sections observed this approximation is satisfactory. Thié initial

valué was then used in computing the stress on the whisker, and a stress-
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strain curve for the whisker was plotted. From this curve, a correction
to the initial wvalue of cmnsé sectional area was ﬁade in the following manner.
The slope from the stress-strain curve gave.Em, Young's Modulus, and this
value was compared to £he values of Young's Modulus Es. for the three main
directions of growtn, the [111], [110] ana [100) directions”. These values
of EC were computfd from the formula , »

':EL' = 517 = 2(811-S12-Suu/2)( Y i\gg + \KS Yg + \gi Xg)
where Si4 are the elastic compliance constants which were computed from Overton
30

. . are the cosines of the
values of Cll’ Clg, and CML }?1,233

angles formed by the axis of the specimen with the three edges of the unit cube.

and Gaffney's

In almost all cases E; was close to oné value of E,. Using this valuefof Eé;

a new stress-strain curve was plotted. From any point on this new plot, a new
, value of stress for that point could be calculated since stress = Ec(strain).
In tﬁrn, from tgis new stress, a more correct value of cross sectional area

was calculated.

6. Tensile Testing Apparatus

a. Construction

The whisker tensometer used in this investigation was the same one
used by Saimoto, and hence only a brief description of the tensometer will

be given here.

This tensometer was constructed fdllowing a design similar ﬁé that
- of Bremnerl?® and is illustrated schematically in Fig. 13 and is shown in
Fig. 14. Basically it consists of a fixed mounf to which one end of the
‘whisker is attached. The dther end of the whisker is attached to a suspended
rod in which an Alnico permanent magent is imbedded at a suitable position.
When the solenoid surrqunding the magnet is activated, the magnet and rod are

pulled towards the solenoid centre thus imparting a force on the whisker. _The
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extension of the whisker is measured by means of an impedance transducer. An
important feature of this apparatus is a micrometer-stop which is used as a
brake to interrupt plastic flow after yielding. If the loading force is not
reduced immediately after yielding, flow occurs so rapidly that the deformation

cannot be followed. It is also used to calibrate the impedance transducer.

Figure 14. Whisker Tensometer
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b. Calibration

The tensometer was recalibrated using the same method ag déscribed
by Saimoto. The results of thié feéalibration agreed very well with the résults
of" Baimoto, the differgnce being 2%; Ali the éalibratidn curves are found in

Appendix I.

T. Annealing Furnace

An annealiﬁg furnace was constructed out of a glass T-junction.
The top of the T was Woﬁﬁd with Chromel A, 1/8" ribbon. The range of temp-
eratures in which this furnace could be used was limited by the low melting
point of the glue, ie. 17300. The temperature was controlled by a thermo-
couple which was embedded in thé'glue|on the fixed grip. The furnace rested
on a strip of insulating material on an‘élUminium block and waé positioned
over the fixed grip clearing the end of the grip by abqut 2 inches. It was
then positioned over the whisker which was annealed in an gtmosphere'of

helium that entered the furnace through the bottom of the T.

8. Experimental Procedure

a. Tensile Tests

After a suitéble whisker had been obtained apd placed on a white
card, a sméll‘drop of glué was, placed on one end of thelwhisker which secured
it'tblthe card. This wés'found to be necessary as otherwise the whisker could
easily by blown away by a small gust of air. The diameter was then measured.
A portion of the Whisker was then removed by cutting it with a razor blade
which had been degreased with acetone. It'was then mounted on the tensometer
and pulled.' Most whiskers were cut into t&o pieces; but a few were long enough

to divide into three or four pieces.
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b. Annealing Tests
| Annealing tests were performed in twé ways:
‘(i) A whisker was mounted and pulled until it yielded and flowed.
The whisker was then detached from grip A in the manner described in the
section on spegimen mounting, and the annealing furnace was slipped over
the whisker. It was annealed in a helium atmosphére for 12 - 1k hours at 100°C.

After annealing the whisker was remounted and pulled.

(ii) After the whisker was detached from grip A as above, it was
removed from grip B with a pair of tweezers. It was then placed in a porcelain
boat and the glue was dissolved frpm the end of the whisker with acetone. The
© boat was then wrapped in aluminium foil which was perforated with a needle.

The boat was then placed in the whiskér growing furnace and annealed under
an atmosphere of hydrogen for 1 - 2 hours at 400°C. Afterwards fhenwhisker

was remounted and pulled.
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EXPERIMENTAL OBSERVATIONS.AND‘RESULTS

1l. Growth Observations

Cupric chloride reacts with water in the following manner:
CuCl, + H,0 =———= CU(CH), + 2HC1

The presence bf this Cu(OH)2 in the‘Cuclg hés a very disastrous effept on the
growth of whiskers, If as received anhydrous cupric chloride was used, in
almost all instances, no Whiskérs were produced. - It was thus found necessary
tolpurify the CuCl, by passing dry HCl gas through'itl »fhe quaiity and
quantity of the whiskers grown from the purified CuClé decreased rapidly

with increasing exposure to the air as CuCl2 is very hygroscopic.

Whiskers were grown in the temperature range of 550°C to 800°C.
The reproducibility of»Whisker‘grqwth for.apparently the same conditions
is not Qery good énd hence oply éeneral tehdencies are ;isted,below.
| (i) At temperafures between 550°C and T00°C the wniéke'r‘ growth
was heavy with most of the whiskers being less than 15}1
in diameter. Some boats of ﬁhiskers‘contained very long
(1 - 4 cm) whiskers, but these usua;ﬁy were tapered or
contained surface irregularities suchgas»very short branch

growths.

(ii) At temperatures above 7OOOC the whiskers were usually coarse
(up to 100 u in diemeter) and the growth was not as profuse

as in (i).

(iii) The hydrogen flow rate did not seem to effect the growth
results'provided,it was above a minimum rate of about 100cc

per minute. The flow rate was usually between 200-300cc/min.b
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(iv) Aside from the presence of any Cu(OH), in the CuCl,, a
very important factor determining the quality of the whiskers
was the cleanliness of the reducing atmosphere and surround-
ings. If the Vycor tube was cleaned before each growth run,
much better whiskers were obtained than if several growth

runs were done in the tube before cleaning it.

Most of the whiskers were straight, usually with either short
branches or other types of surface defects. However, as also reported by

29

28
Brenner™” and Saimoto , a large variety of other shapes such as polygonal
spirals, circular and polygonal helices, twists, kinks and many others such

as the one shown in Fig. 15 were observed.

Figure 15. An 0dd Shaped Whisker, Mag. 400X.
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2. Cross Sectional Area

‘Table'IV, Appeqdix:II, compares the results in measuring the'area
.optically and in calculating the'area,'by the_method previously déscribéd,
of the whiskers. This calcﬁlated value of area was uséd. in all the stress
caiculations. In most cases, the agreement between the two values bf area
was géod. - In the optical measurement: of diameters a minimum error'of'é

divisions or 0.7 J was possible.

3. Tensile Tests

4. Reliability of the Quantitative Measurements

In measuring the yigld stress of the whiskers, the two major
sources of error are the force calibration of the apparatﬁs and'the cross
éectional area determination of the whiskers. The maximuﬁ:error{iﬁffdduced
due to the compensatidn for restéoring force is abouf ldmg. This would give
an error in*thei§ield,stre$s of, at the very most,_é%, since the smallest
1load measured at yield was about 500 mg. Heﬁce the probable error for the
load measurements; which includes calibrat;ng (5%) and. compensating errors,

.is about T%.

Tﬁe error in measuring the cross sectional area was discussed in
some detail by‘Saimoto2 . He showed that the,assumptién of Young's Modulus
»being the same for both whiskers and bulk‘éryétals is reaspnable. The
error ‘is due to the assumption that the whiskers have orientations of [111] ,

[100) , or [110] . Saimoto found in his investigations that the whiskers
which possess axes off the low indéx ones do so by about 150. This would
introduce a maximum error in the Young's Modulus of 10% (Appendix III).
Therefore the values of stress may have an error of as much as 16%. However,
it should be noted that most whiskers do have low. index axes and hence this

error in stress is an extreme.
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b. Statistical Treatmént of the Data

-Since a comparatively -large number -of resulfs was obtained, a
statistical treatment . of these results was 'made. The methods usedhare dis-
cussed-in-Appendix IV. Also, the probable error of the calibrations in

. Appendix I was computedhstatistiéally and is shown on.the graphs.

c. Primary Tests

The results of the priméry tests are-listed;in~Appendix 11,
Table V. From theserfesults,.the yield stress, CSDm, was plotted against
the diameter, d (Fig.16). In order to determine the best line to draw through
these points, lqg (}?m\was plptfed'againét:log d (Fig. 17) since Cjin;was
assumed to be a funétipnaof dn. The slope, n, of the band containing the
points was found to be -1.6.. The method used iﬁ calculating this slope .
is found in Appendix IV. ThusrCJ?ﬁ-was inverseiy-proportional to dl'6.,
In comparison, as was previously'meﬁtioned in the introduction, Bremner
found the yield'stress-of hié whiskers proportional tq~l/d. Brenner
determined_his-relaﬁionship'by»blotting‘the avefage &alue of yield. stress
of whiskers of approximately the same diameter against l/dave (Fig./lB).zb
This method was tried for the results‘obtaihed”ih3this iﬁvestigatibn, but
it proved very hnsatisfactory,since approximate_straight'lines could be

drawn both for O versus 1/d and 1/4°.
: . 1.6
-A plot of cs’m against 1/a (Fig.-19) gave that

O, = 1671 + 2.8 Kg/mm2 (d in microns) (1)
ql-6 - !
~In this equation, O m ¥Was replaced by <330 for convenience in future cal-

culations. .The line drawn through.the points on Fig; 16 was calculated

using the above equations.
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The graph of <33m against length, L, is shown in Fig. 20. The
varioué-symbols denoting primary tests, secondary tests and annealing .
tests were used to distinguish between whiskers which were later retested and
-those that were not. -As can been seen for Fig. 20, no particular dependence
of (jgm on L is apéérent. -However, since this plot was for whiskers of various
diameters as well as lengths,'any trend could well be hidden by the dependence .
‘of C3°m on d. Therefore it was decided to use a normalizing proéedure to
convert the strengths of whiskers of various diameters.to comparable strengths
for whiskers of one diameter. The normalizing procédure was as follows.
.Consider a plot of yield stress CDJ, against diameter d as shown in Fig. 21.
Let a whisker of diameter ds and of strength Cf; be chosen as a standard
whisker. If a whisker of diameter d, with strength ngc was now cbnsidered

to be a whisker of diameter dg, its strength would then be il

o . In the

case of a whisker with the same diameter de, but now of strength ngm
(position-A), a comparable strength of a whisker of diameter dg (position'AB
is given by
Q_j:@-) OJm
n 5§ —

=

%

(2)

A standard whisker of 10 u in diameter was chosen since many of the whiskers
‘had diameters around this value. Using equation (1) to calculate the value

of (335 for d = 10 p, equation (2) becomes

Tncues O (3)
| Se
The values of CSJC for all the whiskers was calculated using
equation (1) and then C:f; was calculated from equation (3). These results
are .listed in Appendix II, Table V. Fig. 22 shows the plet ci‘Cf}_against

‘L and again these is no apparent trend. Since the scatter was quite high

it was possible that any trend could be masked by this scatter and so
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theoretical curves, assuming eitﬁer a volume dependence or a'sufface de -
pendence for yield stress, were calculated and.plotted on Fig. 22. The
method of calculating these curves is given in-Appendix V, Part A. . In

the case of a volume dependence, for whiskers of diameter 10 p and varying
in length from 1000 p to 5000 n, a variation in (39n of approximately 3
[Appendix V, Part B], would be expected between the two limiting values of
L. -Howevef, since the scatter is of this order,.any volume dependence
would not be observed. Similarly, in the case of a surface dependence, a
variation of about 10 would be expected. This was not observed. It would
thus seem that Hf there is a length dependence' for -yield stress, it is so

small as to be unobservable.

d.  Annealing Tests

The annealing of whiskers mounted on the tensometer was very
unsatisfactory. Only one test out of about twenty attempts was successful
(whisker GG). -The major problems were the low melting point of the moﬁntihg.
compound and the tendency of this compound to contaminafe the whisker by
forming a coat on its surface.  Three other successful annealing tests were

obtained by method (ii) as described on page 30.

"Since the results of the tests on these annealed whiskers did not
vary significantly from the results of secondary tests on ordinary whiskers,

they will be included in the next section.



A

e. - Secondary Tests

Appendix II, Table VI lists the results of the secondary tests.
. The primes refer to the number of times that each whisker was retested.
As can be seen in-Figs. 20 and 22,tthe initial values of yield stress for

secondary tested whiskers show no particular patterns of their own.

.These results were treated in a similar manner as the‘reéults in
the previous section. However, the area used in calculating the yield
stress was the same as the area calculated from the primary test and not from
the secondary tests on the same whisker since the diameter of the whisker
was assumed not to change. .As before, yield stress CSSQ, was plotted
against diameter, 4 (Fig. 23) and log <3°m was plotted against log 4
(Fig. 24). The slope of. the band containing the points was found to be
-2.5, 8o that CSSm was now inversely proportional to d2'5. The plot of (33m
against l/c12'5 (Fig. 25) gave

O = lhes + 5§.o Kg/mi° (4 in ») ()
422

with CBJE again replacing (jﬁn for convenience. .The line drawn through

the points on Fig. 23 was calculated by this equation.

The graph of (3:; against length L is shown in Fig. 26. In this
case there seemed t0 be an increase of strength with a decrease in length,
-However, as this plot did not take into account the fac£ that the whiskers
were of various diameters, these whiskers were normalized in the same
manner, as in the previous section, to whiskers of 10 p in diameter.

The normalizing procedure gave that
‘m

-
) (5)

C

T° =53.0

n
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and théAresults both for.values of CBJC and CBJm are given in Appendix II,
-Table VI. .Thé plot of(j’n against L is given in Fig. 27. The‘values of
Qj?n‘fof‘most of the point; lie Dbetween about 30 - 70 Kg/mme. -This compares
reasonably well with the results obtained for the primary tests (Fig. 22)
where the points have values of Qfl,between.aov- 80 Kg/mmg. -Again theo-
retical curves for the volume and surface dependence of ‘yield stress were
calculated (Appendix V, Part A). .For the case of volume dependence fér
whiskers of 10 p in diameter with the limiting values of L being 500 p and
3500 P, a variation of around 2 (Appendix V, PartB) would be expected.
From .Fig. 27 it can be seen that any volume dependence on stress would be
masked by the scatter. In the case of a éurface dependence, the variation
expected is about 6. This is not observed. . Thus the résul£s for secbndary
teéts are about the same as those of primary tests, ie. any length dependence

of yield stress was so small as to be unobserved.

f. Variation of Young's Modulus

A rather surprising result obtained from the sécondary tests
is that there is an apparent change in the Young's Moduli of these whiskers.
Appendix II, Table VI, lists the values of-E/Ei where-Ei'is the value of the
Young's Modulus obtainéd from the primary test on the whisker and E is the
value-obtained from the secondary test. fig. 28 is a diagrammatical re-
presentation of the variation of E/Ei with Ei' Figs. 29 and 30 show stress-
strain curves for two whiskers, both of which were refested. The stress-

strain curves of both the primary and the secondary tests were reversible.

Initially, values of E and the ratio:_of-E/Ei were plotted against
such parameters as the initial elongation of the whisker (Fig. 31), diameter,.
initial length, etc, but no correlation was found. -However, when the ratio

'E/Ei was plotted against the normalized value of primary yield stress,
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~Cj;; (Fig. 32), it was found that_E/Ei increased with an increase of fj;;
up to a value of CJJ; equal to about 80 Kg/mm2 where the curve seeméa.to
level off. The points in the squares were determined by averaging values
of E/Ei over intervals of ijh from 10 - 20, 30 - 40, 50 - 60, 60 ; 70 and

2
95 - 115 Kg/mm".

g. Summary
The results of the primary‘test showed the following:

. . . . -1.6
(i) the yield strengths of the whiskers were proportional to d ,

(ii) no obserivable dependence of length of yield strength.

The results of the secondary tests showed the following:
(1) the yield strengths of the whiskers were proportional to d-2'5,
(ii) no dbservabl? dependence on length of yield strength,

(ii1) an apparent decrease in the Young's Modulus of about 30%.
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DISCUSSION

1. Growth
While the study of whisker growth was beyond the scope .of this inves-
tigation, a brief discussion of the effect of the;presence.of water on whisker

growth will be given for the sake of completeness.

The :classical theory .of crystalrgrowfhaconsidered a.crystal to be
structurally perfect and assumed that each time -a step .on the .crystal swept
vover'the.surface? a.ﬁew one had to be nucleated on the-frésﬁly,completed
grystal layer. A criﬁical superéaturation waé required»forvcontinued érowth
because the creation of a step on the-surféce.increased.the surface -energy
of:the crystal. However, since,itjwas found that crystals grew at super-
saturations which were immeasgrably small, Frank3l concluded that feal
crystals were not perfect, but .contained screw dislocations which were devel-
oped during the early stages of their growth. It was these screws which

provided the .crystals with permanent - growth steps.

For the case of whisker growth, it was proposed,by‘Sears’?’2 that
whiskers contained a single axial sérew dislocation with the latersal crystal

surfaces bounded by surfaces which are atomically smooth.

As has been previously mentioned, whiskers were grown by the
hydrogen reduction oficuClg. Aétually-this will first be reduced to CuCl
which theh dispropdrtionates33 to give-Cu and CuCly. Without going into
the thermodjnamicsvof it, the reduction:. potential of the hydrogen will be
lowered by the presence of any Hps0. However, in this case, the potential is

still sufficient enough that all the-CuCl2 1s reduced tO‘copﬁer.‘
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At present, because .of experimental results and thermodynamic

34,35

-considerations ,. 80 far only one-theory of‘the growth of whiskers by
-gydrogen reduction is acceptaﬁle. This ﬁheor?_states thaf the ‘liquid halide
.is transported up the walls of‘the-whisker. This.transport1is then foilowed
.by-catalytic decomposition at the whisker tip. It haé’been‘observed by

-Shetty36 that there is a.growth step for each face at the tip of the whisker.

H;0 molecules are strong dipoles with a-dipole moment of‘l.?(lO'la)

esu. -Sarakhov studied the adsorption and desorption of wafer-vapouern
gold foil at 18°¢. The desorption never proceeded to zero concentration

of Hp0 at 18°C even after ten days evacuation and required 30-LO hours
evacuation at h5OOC. -Allan and Webb38 observed that wheﬁ a-boat containing
CuCl was pushed into the furnéce, growth ogeurred only after the -boat became
coated wi£h a'film éf‘copper. Hence, it is not unlikely that the whisker
growth sites would be poisoned by the presénce_of any HQO'dipoleé. . This
process would therefore prohibit the growth of the whiskers.‘ Also, even
when a whisker had started growing, these1dipoles éould inhibif the growth

by adsorbing on one or more of the faces at the whisker tip. This would

account .for the.decrease . in the quality of the whiskers that are produced.

2. Comparison of Results With Previous Work

_The-results of tensile tests performed. on copper by BrennerlS.and
Saimot028 are iistedvinvAppendix VI. Fig. 33 is a comparison of the resolved
critical shear stress “ﬁcr,vagainst.diameter for whiskers of .orientations

[lOO] s {llOl and [llll as found by the -author, .Brenner and“Saimoto.
"The points obtained by the author and Saimoto show, despite a high scatter?
that there is a dependence of the .critical resolved shear -stress on diameter.

‘However, in the case of Brenner, no particular dependence is. observed. This
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is most llkely a result of the relatwvely small number .of p01nts Obtalned
.most of Whlch were for whlskers w1th diameters greater ‘than 8 2 for whlch the

adependence of”ﬁ on;dlameterlls'not so'pronOunced.

| iIt-hasaheen found,that'the.yield stress does depend on.diameter.
Now»if, in-faot,‘the-oritical shear stress-didvnot depend on diameterithis
would leadnto.the rather startling'conclusion‘that the yield stress of'a
whiskeriwould'no longer denend.on-the amount‘of stress'necessary to cause
shear .on the slip plane. Therefore the yield stress Would.have to depend on

some other factor.

Figs 3M 35 and 36 are plots of the .critical shear stress against
diameter:for whiskers. of -orientation E_lOO] s [dld] and [dli] respec-
tively;* The,curves drawn through these.noints were obtalnedrfrom-the:equatron
whiCh'relates yield stress against diameter as follows:

7 -=1571 +.2.8 Kg/m®  (d in microns)
1. | ~
d

This equation was.then_multiplied by the appropriatezsohmid factor to giVe
the:correct curve for'the;various-orientations. For the case of whiskers
with a 1[106] orientation (Fig.-3h),'thebpoints lie reasonably well along
the curve. For'whishers Withleither a [.lld] -(Fig. 35) or a [lll]

(Fig.'36)_orientation, the few points lie more or less on.the curve.

As was previously'mentioned,in-the introduction,  Eder and Meyerl9
found that ‘the - critical shear stress was proportlonal to a-2. " Fig. 37
compares the results obtalned by Eder and Meyer w1th those obtained by the
author, Brenner and Salmoto “As - ‘can be seen from thls graph, the values of
;Tj ? observed by Eder and Mejer are,‘on the whole, much lower -than those

Observed by.the;author, Brenner and.Saimoto. In fact, Eder and Meyer's
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values of the .critical shear stress are of the same order as the critical
flow»stresses’ijl measured by Brenner and Saimoto. Fig. 38 is a log plot of
'Tﬁfl against diameter as cbserved by Eder and Meyer. These points are also
of the same . order as their values of Pt;cr‘ However, the relationship between
rtjfl and the diameter -is different than in the case of’Tﬁcr. The -critical

flow stress is proportional tO’d_}.

The ratios of’chr'to Adfl as found by Brennér'and.Saimoto, vary
anywhere from about,90:i to about 4:1, with the average ratio:, being;around
20:1. However, in the case .of Eder and Meyer (rig. 39), the ratios vary
between about 5:1 to 1:1, with most of the ~ratidsA‘being-between 2:1
and 1:1. It would thus seem to be the.case that Eder and Meyer'did not
.Observe true whisker behaviour. Just why these whiskers of Eder and Meyer
are so weak ‘1s not:.clear, particularly since no information was given with
regard to the perfection of the whiskers £ested,_the'methbd of growing, or
“the methed of mounting. The only information given that might have -a
bearing on théeir results is théir method of testing.  Apparently the load was
applied,continuouély to the whisker rather than in steps as in the .case .of
‘tests performed by the author, Brenner and_Saimoto. The force was recorded
by the drive of a chart pen. If the strain rate was too high, it would be
possible to miss the true yield pcint. The author tested a .few whiskers .of
large (> 20 u) diameter on the Instron Testing Machine. Because.of gripping
problems, only one successful test was obtained. In the .case of this one
»whiskerl(Fig. hO), a whisker-type of stress-elongation curve was found, but
it .appeared that the'tfue‘yield_stréss was missed because.of the relatively
fast strain rate (> 0.01"/min.). The apparent yield stress was 12.8 Kg/mm2
while the flow stress was’8.6,Kg/mﬁ?. The whisker'failed.atvone grip. Since

1

the orientation of the whisker was unknown, the critical resolved shear stress



| ] !

W
Q’_

|
780 0 W |
dum) |
|

Figure 38. Dependence of Flow Stress on Diameter.
Reproduced from Reference 19.

-, 66 -



Critical Shear Stress cI.(Kg/rmng) and Critical Flow Stress '\‘{Jfl(Kg/mmE)

20

e
e

[
o

- 67 -

O
O
@)
o O
oO
© O
| >
¥ 50 o
- ¥ &x
%ooo
| é%o
— (O Critical Shear -Stress X ’ v§$g<)
| O
[ X critical Flow Stress .
R B
B | R
| | ] .
2 3 L 6 8 10 20 30 Lo
- )

Figure 39. Comparison of Critical Resolved Shear -Stress With
Critical Resolved Flow Stress.



Stress O~

Tl

Rate >.0.01"/min.

d =55.7T u.
. = 12.8 Kg/mmie

gy - 8.6 Ke/mi®

| [ 1]

0.0L '0.02 - 0.03 0.0k
Elongation (inches)

Figure -40.

wStress—ElongationACurVe.offA Whisker Tested on the.Instron.

- 89_



- 69 -

and flow stress could not be -calculated. However, the ratio between the
two stresses is the same in both cases, This ratio is -about 1.5:1 which is

-of the same order as the ratios observed by Eder and Meyer.j

3. Diameter Dependence of Stress

One of the problems in explaining the diaméter dependence of yield
.8tress for -copper whiskers, is that the dislocation content of the whiskers

16

is unknown. -As was previously mentioned in the introduction, Price found

22

that zinc whiskers -could be initially free of dislocations. Gorsuch also V

observed that the dislocation density of some iron whiskers was so 'small
(< 106 dislocations/cme) that essentially the whiskers contained no disloca-
112

tions. Onathe»other'hand, Pearson et.a felt that the dislocation. content

of their silicon whiskers was not very different from that of bulk silicon.

No. experimental data is available concerning the dislocation density
of copper whiskers. Therefore the two possibilities of either -dislocation

free -whiskers or dislocation containing whiskers will have to be considered.

Assume, aside . from the presence of axial screw dislocations which_
wiftl.jContributeﬁ, nothing to the deformation, that the whiskers are initially
free of dislocations. The problem thaf must now be considered is one of the

nucleation of 'slip - in a perfect crystal.

Becker39 was the first to consider the.possibility’thatrslip'could
take place .at some -applied stress less than the critical stress by the
thermal fluctuations of the lattice helping the applied stress to form a

nucleus of slip on the slip plane. Cottrell%@defines a nucleus .of ‘slip as
' .
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"the smallest region of slip that :can be made ‘to grow

by the action of the applied stress alone.- Any.region

smaller than this will slip back into its-original

and perfect configuration once the thermal fluctuation

that caused the region to slip has passed." '
The smallest nucleus will be a disk-shaped element in the -slip plane bounded
by a.dislocation.loop. Cottrell has shown that the radius of the>loop has
a critical value such that if the loep is.of this size it .can then grow by
the action of the applied stress alone. "If the radius of the loop is less

than this critical value, it will collapse. This value of the critical

radius rc'is given by

(6).

re = MTI{ = “log { ;c\)

where u-= shear modulus,
<’ = applied stress,
ro = €quilibrium distance between atoms.
quther; Cottrell has! shown that the activation enérgy>for~nucléating slip
in a perfect lattice is of the order 1-2 eV. In effect, this means that
slip cannot be nucleated unless the -applied stress O = f%@’ This is of
the same .order -as the theoretical shear stress which is about :%6’ For
11 2 .. . ' N <2
copper, mu. = U4 (107~) dynes/em™ which gives a value of applied stressO~of
) : .
around MO'Kg/mmg. This is of the order of that observed experimentally in
whiskers. 1In turn this means that the.critical diameter d, of a loop is
about 1076 cm.

The question now arises as to the maxigﬂa;number.of sites that
.could produce loops of this critical size in any given area on the slip plane..
Since it is not possible to cayéulate the number .of sites from any fundamental .

considerations, some model will have to‘be'postulated in order to give an

estimation of this number. Consider unit area.of slip plane containing at
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each possible site a square loop with the length of one side-eqﬁal to the
-critical diameter qc{ Let each loop be a distance -4 from the next. loop as

shown in Fig. 41. The number of these sites will be -given by [' 1 :lg
: d + de

where dé = lO'6cm. -Although no exact value of d can be given, a reasonable

Figure .41. Model foerstimating_the‘MaxiumuaNumberlofiLoop'Sites.

value is d = dc/h. This results in a site density of about lOlE’siteS/cmg.

It should be remembered however, that the-actualbnumber of 'loops
of critical size will be less than 102 loops/cm2 since it .is highly unlikely

that every possible site for creating a loop will produce one.oﬂ-éritical
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size. - Assuming a success factor. of about‘lo‘g, the actual density of the

loops will be about lOlOloops/cmE.

In view of the above, it would seem that the critical shear stress
would be inverselyvproportional tO'dg. However, it has been found in. this
‘investigation -that the primary shear stress is inversely proportional to dl'6.

In order to explain this dependence, the interactions between the loops will

have to be taken intO'account.v

Consider a whisker .of diameﬁer-d.containing many loops of critical

size as shown.in Fig. 42. The loops in the circle of'diameter;do will interact.

Figure 42. Diagram of a.WhiskervContaihing~Dislocation-Loops.
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with each other and so they will noﬁ be free to contribute to the deformation.
Only those loops contained in the annular ring.of width w, will %ake-part

in the deformation. The width of this annular ring must be -small, probably
of the order,of'lOOO*AO which corresponds to>th¢.possibili£&.of'havingidne

or two loops in this width.

For the general case of an inverse .dependence of shear stress on
d", this means that the area A of the annular ring that -contributes to the
deformation must vary as dP. This implies that d, = £(4d) sﬁch that A = Ka".

The area of the annular ring.is given by

A= [ a2
T2 21
This gives that ) [,dg - do] = ka"
n ‘
or B

From this dy = a1 - ka2 (7)

and therefore k1 (8)

)
at

This means that for a whisker .of diaméfer d, a range of values df do

«corresponding to values of k that satisfy equation (8), can be:calcuiated,
Figs. U3, Ui and L5 are plots of d, against k for-dlequalto 2, 10, and 20 n
respectively with n = 1.6. These values of diameter were chosen since they

cover the range tested and the one used as a standard in previous calculations.
1

Besides the restrictions-plaéed on the value of k'by equation (8),
two other restrictions must be considered. The first one is that. since

< X d™® and therefore 9.1 =[d2] n’ then obviously the ratios of the .

C3°2_ a1
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1 = %2 and

areas of the annular rings é@ =[Eg n . This is true.only if k
A |4

hence conce k is set for a particular -diameter, it must be the same for -any
other diameter. .The other restriction on k is imposed by the necessity

1

of the width of the annular ring being small.

For the case being considered where n = 1.6 and takingfk_=-0.05)a'u,

the comparisons of do and w for various diameters are given below,

a 2 10 o | 204
4y | 1.96n 9.92n | 19.85 .
w | 20040 400 A% | 750 A°

During ‘the primary test on the whisker, nucleation of 'loops will
occur on man& slip planes: along the length of the whisker. Probably because
of some localized condition, slip occurs in a small'region. This region is
then eliminated from the whisker'and the whisker-i§»retes£ed. The whisker
will now contain a ;esidual dislocation network:becéuse.of the -interactions
of the loops formed during the primaryvtéét on the othér‘slip Qélanes. This
Qislocation network can be considered equivalent to a region of'”dislocation
pressure . Under'the-action‘of an applied stress a.éimilar-process will
occur as before, excépt'that this dislocation pressure will now aid the -applied
stress by-heiping to promote the actioﬁ of loops that otherwise would not

.contribute to the deformation. ThiS‘means that the width of the annular

ring -in which loops can act to produce deformation is now increased.
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-Experimentally.it was found.that the secondary &ield,stress
varied inversely as d?‘5. -Figs.»h6z L7 aﬁd 48 areAﬁlots;ofldojagainst;k
for n = 2.5 for whiskers of diameter .2, 10 and“EO‘y;respéctively. These
values for 4 and]k'were-found.from:equations (7) an¢ (8).:'As'5efore,
. the restriction that .k must be the same for-whiskefs-of various diameters
still holds,. but the:restrictién.concerning the Widﬁhaof the anpnular ring
-1s no longer valid. ‘In order to make an estimation .of the new width, it‘
is neceésaryfto'assume'that fqr-whiskers Of small diameter;,w does not
vary gfeatly. .This assuﬁptionhis reasonable aS'the'Qifference\between values
of stréss for n = 1.6 and .n.=2.5 for ‘a whisker .of small diameter is -small
coﬁpared to the,differeﬁce in.stress for~whiskefsAof‘iargeudiameter. Fdr
the actual éase'under-consideration, for -a whisker of ‘2 u.in diaﬁeter,‘w
rémains about the same,, ie. QOOiAO. Thérefore'doﬂis(the.same as before
and.hence:the»value.of k.correspondiﬁg;to this-value.can‘be calculated
from equation (7). -Using this value of k which is  0.028 }1‘.'5,_thé following

results were obtained.

da 2 ) 10 p .20 n
4 1.96 0 |.99.55 p 18.72 p-
v 200 4° | 22504° | 6400 A°

t

For -a whisker with 4 ='lO;p, the width.of the -annular ring was increased

by about 5 1/2 times while for a whisker with.d = EO/p, by about 8 1/2 times.
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~I£ should be recalled that the whole of ‘the above discussion waé
baséd on the assumption that the whiskers were initially free .of dislocations.
If the assumption is now made.that whiskers are not dislocation free, a
different dislocation mechaﬁism will have to be postulated to explain the
observed diameter dependence of stress. However, at the present time, no

sdequate -theories have been devised .to explain this dependence.

4. vVariations of Young's Modulus .

3

Aside from an-apparent decrease in the Young's Moduli of about
30% for whiskers subjected to a secondary test, as was observed in this
investigation, a significant change in the values of Young's Moduli from

the accepted wvalues has been observed by.several other investigators.

Risebroughuo performed tensile tests on zone refined aluminium
which was alloyed with 0.62; 0.1 and 0.2 percent maghesium. He found
that the slope of the stress-strain curve for these alloys\inéreased as the
amount of magnesium present in theualumiﬁium-increased. .The average value

of the Young's Modulus increased by a factor of about 2.

Investigations ‘into the mechanical properties.of‘fhin‘gold films
have been performed by Catlin.and Walkerul.and,by‘Neugebauerhg. Catlin -and
Walker;performed.bend tests on single-crystal filmS'varying in-thickness
between 1000 and 3OOO'AO. These films were grown by vacuum .deposition on
‘heated (375°%C) rocksalt substrates which had been cleaved to expose {_lOO}
planes. The orientations of the films.?roquced were .completely {~lOO }
Fig. 49 shows the vafiation of Young's Modulus with~film.thickness. The .
dashed line is their calculated value [ 0.785(1012)dynes/cm2:l of Young's
‘Modulus. For the thicker films there was closé agreement between ﬁhe cal-

-culated and measured values. However, as the thickness of the films de-

creased, the value of Young's Modulus increased by as much.as 50%.
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Tensile tests were performed on gold films by Neugebauer. He
prepared the films in approximately the same manner as Catlin and Walker.
Completely, partially and randomly oriented films with-respect'to the {_lOO}
planes of the rocksalt were producéd. The type .of orientation depended on
the temperature of the substrate. In contradiction to Catlin and Walker,

Neugebaver found no variation of‘Young'sfModulus-With film thickness.

Coleman et allo have reported that the Young's Moduli for =zinc

and cadmium whiskers were consistently lower than the -accepted values by

about 30%.

-So0 far, no explanations for any of the various results mentioned

above have been made.
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SUMMARY. AND CONCLUSIONS

1. Since the important results have been summarized in.a previous-sectioh,

they will not be repeated here.

2. The growth of whiskers by the hydrogen reduction of cupric:chloride is
greatly inhibited by the presence .of any water in the cupric chloride.
This is probably due to the poisoning .of potential growth sites by the

.dipole action of the water molecules.

3. The results.of tensile tests performed on copper whiskers by the author,
Brennér-and‘Saimoto'are.reasonably;consistent. However, the results
obtained by Eder and Meyers indicate that either their whiskers are
abnormally weak or ‘else their method of testing gives an appérent.yield

‘stress that is much lower than the true yield stress.

M.'.TO'explain the -dependence .of yield stress on diameter and the change
in dependence between primary and secondary tests, a dislocation mech-
anism which assumed that the whiskers were .initially free .of dislocations

was posfuléted.
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RECOMMENDATIONS FOR FURTHER WORK

The type of tensometer -used in this investigétion is~very limitéd
in its uses for these reasons:
(1) the load is applied in. steps,
(ii) high temperature tests are impossible because of the low
ﬁélting point of the gripping>compound;.

(iii) whiskers of large diameter ( > 20 u) cannot be tested.
Therefore it would be interesting to perform tensile tests of large diameter
whiskers og the Instron Testing Machine. The effect of strain rate-and
.temperature.changes could be. observed. Also, it would bé‘of interest to
‘comparé the.typé of stress-strain curve obtained for the whiskers of large

diameter to that obtained for whiskers of small diameter.
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Procedure for -Calibrating the Tensomenter

-Two ‘helical Springslwere-calibraféd, giving a force-extension .curve.

The restoring force was then measured by glueihgione of the spfings onto
the grips of the tensometer-and.then positiohingjgrip‘B at various dis-
-tances from null. ‘This gave~a.distancesfrﬁm—null-extension;relations from
_ which a . distance-from-null-restoring force relation was .determined.

The solehoid was calibrated with both springs mounted as above. The
-current-extension relations wasvdeﬁermined,byfincreasing,thelcurrent

by -increments of either 1.0ma or 0.5ma.. After -compensating for the
'restoringiforce of the sﬁspended,rod, the~current-£prce-relationship

was determined.



B. Calibration Curves and Tables

Null at 9.345 mm

TABLE IX
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Calibration of Impedance Transducer

~Bridge- Reading

Micrometer

Reading 30p"Scale 10p Scale
9.20 - -
9.22 9.65: 9.55
9.24 9.60 9.50 "
9.26 9.60 - 9.60
9.28" 9.80 9.20
9.30 9.50 9.40
9.32 10.75 9.50
9.34 10.45 9.20
9.36 9.55 9.20
9.38 9.20 9.70
9.40 9.05 8.65
9.42 9.40 9.10
9.4k 1 8.85 8.55
9.46 9.15 8.80
9.48 9.30 9.25
9.50 8.95 9.05
9.52 9.40 .9.00
9.54 9.05 9.75
9.56 9.40 8.40
9.58 9.10 9.35
9.60 9.70 9.20
9.62 9.45 9.4k0
9.6k 9.L5 9.25
9.66 9.25 8.90
9.68 9.75 9.35
9.70 8.50 9.25
9.72 10.20 - 9.25
9.74 . '9.30 9.35
9.76 9.75 9.20
9.78 9.90 9.k5
9.80 9.30 9.10
9.82 9.50 9.35
9.84 9.75" 975
9.86 9.30 8.65
9.88 9.10 9.80
9.90 8.90 9.20

0.1 - one small division

Sensitivity-: 2¢l2p/div;

0.2 = one small division

Sensitivity-: 0.432P/div.
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Calibration of Impedance Transducer
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Comparisons Between:Measured and_Calculated;Values.of-Area.

TABLE IV

Measured Area in u°
Whisker: :
Optical Calculated

A 167 177
By 48 62
Bs A48 71
c 37 5k
D; ‘92 82
Dy 92 T2
Dy 92 83
E T7 49
Fq 85 102

; Fg‘ 85 146
G, 7 7
H 37 bl
L 37 31
J 95 95
X 12 12
L 21 25
M 111 90
N 11 9
0 22 18
P 6.6 8.0
Q 11 9.6
R $18 38
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TABLE IV

vComparisons‘Between:Measured and Calculated Values of Area.

Measured.Area in _u2
Whisker: :
Optical . Calculated,
s, DI 16
8o 1k 18
S3 ' 14 20
' 5), 14 1
T, 72 92’
T, 72 B
U. 9% ‘90
\ L | | 65
W 55 T2
X 38 ' Rte
X 38 L9
Y . 62 o 5h
Z 109 62
AA 115 102
BB 133 | 117
cc 102 119
DD 121 T7
EE 238 227
FF 15 15
GG 50 58
HH . 58 35




TABLE V

Primary Tests

Whisker | d( p) | Lim) | O (Ke/mn®) | % Ep E(lo”Kg/mmg) | U'.’C(Kg/min?-). S (Kg/mn® )
A 15.0 | 2115 3.0 0.50 0.68 23.4 61.5
B 8.9 '1.842 93.5 - 1.35 0.68 50.4 78.5
Bs 9.5‘ 1.829 86.4 ‘1.27 0.68 k5.6 80.2
C 8.3 1.388 40.5 0.58 0}68 56.6 30.6
Dy 10.2 2.416 hi1.1 0.575 0.68 hi.o Lo,k
Do 9.6 1.602 32.6 O.47 0.68 45,1 30.6
Dy 10.3 1.498 5845 0.84 o.6§ _ Lo.L _61.2'
E 7.9 i,5u9 ' 4LL.9 0;63 0.68 60.3 31.5
Fq 11;2 | 2.510 16,2 0;22 0.68 3u;8 19.7
N 13;7 2,537 28.6 0.h1 0.68 26.6 45.5
G 9.5 1.629 37,& 6.53 0.68 45.6 34,7
H - 7.2 1.041v 92.5 1.325 0.68 69.6 56.2
I - 6.3 0.534' 106.8 1.49 0.68 85.6 52.8
J 11.0 2;670 53.2 0.39 1.34 36.7 61.3
K 4.0 1.869 312.2 2:19 1.34 173.7 76.0
L 5.6 1.549 132.7 0495 1.34 102.7 54.6
M 10.7 1.682 55f9 0.285 1.96 - 38.3 61.7

- 00T -



TABLE V

Primary Tests

Wnisker | a( p) | Lim) | Q7 (Ke/m?) | b€, | B(0'Kg/mP) | O (Kg/m?) | O _(Ke/mn?)
N 3.k 1.255 |~ 157.8 0.7k 1.96 225.0 - 29.6
0 h.é 1.736 97.0 o;u7 1.96 .126,u 32.k
P 3.2 1.415 181.3 0.805 1.96 2&7,1 31.0
Q 3.5 1.428 110.7 O.445 1.96 21k.5 21.8 "
R 7.0 1.362 S 72,5 0.35 1.96 72.6 42.3
S1 - k.5 1.922 52.9 0.22 1.96 1bk.s 15.5
Sp 4.8 2.830 107.8 0.505 1.96 130.6 34}9
83 5.0 | 1l.922 155.8 0. 74 1.96 122.4 53.8. -
.SL u.é 1.0k <77.4 0.36 1.96" 126.4 25.9 '

* | '

le ©10.8 3.600 26.1- 0.39 0.68 37.7 29.3
T, 10.5 - 5.280 h1.5 0761 6.68 39.3 Wy, 7
U 1df7l i.295_ -84.7 i,2u5 0.68 38.3 93.5
v é;i : 2.&80: 93.2 1.37 0.68 u8.f Bi;o
W 9.6 2.456‘ 15.0 0.21 0.68 45.1 iugi
X1 7;6 2.360 60.5 0.87 0.68 72.6 ©35.2
X, 7.9 2.456 | 4.5 1'095'. 0.68 . 60.3 52;2
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TABLE V

-~ Primary - Tests

Wnisker | a(p) | L(m) | O (ke/m?) | % e, | B10%a/m?) | Tp(ke/m?) | O (Ke/m?)
Y 8.3 2.480 67.3 0.99 - 0.68 56.0 50.8
7 8.9 1.228 35.0 0.515 0.68 50.4 o 29.4
AA 11.h4 1.6&2 32.3 0.475 0.68 | 34.8- 39.2
BB 12.2 3.086 88.1 1.295: 0.68 31.5 - 118.3
cc 12.3 5.120 12.1 '0.178 0.68 31.3 55.2

- DD’i 9.9 1.202 45,4 -0.668 0.68 42.9 44.8
EE 12.4 2,160 ko.2 0.30 1.3k 30.8 55.2
FF #.u 1.695 98.0 0.57 1.34 149.8 27.7

- :
GG 17.0 2,056 19.0 0.28 0.68 19.7 40.8
HH 6.7 1.896 88.4 1.30 Q.68- T77.7 48.1
II 8.6 | b4.280 79.7 0.595 1.34 53.1 63.5
JJ ‘ 7.i 2.590 89.8 '0.665: i.3u 71.1 53}&

TR

¥  Whiskers used in Secondéry tests.

*%* Whiskers used in annealing tests,

"EOT—



TABLE VI

Secondary . Tests

’(3;(Kg/mm2)

0.881

60.6

63.2

Wnisker | a( p) | L(m) | S (Ke/m?)| % €, | E(10"Ke/m2) | T(Kg/m2) B/E;
¥ x |
e, 12,3 | 5.120 12.1 0.178 0.68 - - -
cere 2.123 27.3 ©0.637 0.35 L7.3 30.6 0.51
BNo[cAR R 1.896 L.k 0.284 0.4l 47.3. 16.1 0.60
ccrr e j1,362 | 33.2 0.653 0.40 47.3 37.2 ,,Oa59
n .
T1 10.8 3.éool 26;1 0.39% - 0.68 - - -
Ty | 2270 2.0 | oasy 0.65 50.6 33.5 0.96
| Ti" 1.362 92.8 1.57 0.59 ' 50.6 97.2 0.87 |
* |
T '10.5 | 5.280 k1.5 o.él 0.68 - - -
Ty' . 3.280 40,9 o.fo5 0.58 5104 42.2 0.85
T,'" 2.189 58:8 - 1.062 0+56 ‘51.u - 60.6 0.82
.*
U - 10.7 1.295 8k, 7 i.zus . 0.68 - - -
U | 1.13 0.54 50.8. 0.79

—E’O'[ -



TABLE VI

Secondary Tests

Wnisker | a( p)| L(m) | O (kg/m®)| % &, B(10%g/m?) | Oh(ke/m?) | Ou(ke/m?) | B/E;
M A
'EE_ 12.4 2.560 . ho.2 0.30 | 1.3k - - -
'EE' . 0.961 '30;6 0455 0.57 h1.2 34.3 0.h42
.‘V 9.1 2.480 93.2 1.37 0.68 - - -
V' o.8é8 63.5 l.h1 0.k 56.7 59.4 0.65
* . .
W 9.6 | 2.u56 15.0 0,21 0.68 - - -
W' 1.028 33.7 0.495 0.62 o 5he5 32.8 0.91
- , . o
L 5.6 1.549 132.7 0.99 1.34 - - -
L' 0.748 130.2 0.13 1.07 98.7 69.9 0.80
- 4 .
Xy 7.0 | 2.360 60;5 0.87 0.68 - - -
X1' 0.908  8&,3 1.29 0.65 T34 61.1 6.96

- no‘[ -



TABLE VI

Secondary Tests
Wnisker | a( p) | Lmm) | Spke/m?) | % e, |BQ0TKe/m®) | Dolke/m?) | Ou(ke/m?) | E/E
Xo 7.9 | 2.456 The5 1.095 0.68 - - -
X' 0.721 40.9 0.93 0.65 64,0 33.9 0.96
*
¥ 8.3 2.480 67.3 0.99 0.68 - - -
Y? 1.121 149.6 3.32 | d.us- 61.0 130.0 | 0.66
*
DD 9.9 1.202 hs.h 0.668 0.68 - - -
DD' 0.935 45.9 .1.16 0.40 53.3 45.6 0.59
DD'! 0.721 55.6 1.335 0.43 53,3 55.3 0.63
* - » |
z 8.9 | 1.208 35.0 0.515 0.68 - - -
7 | om 3.3 | 1.7 0.30 57.7 31.5 0.1k
*
AA 11.4 1.642 32.3 0.475 0.68 - - -
AAY | 1.068 3.6 0.565 0.58 9.1 37.3 0.85

- GOT .-



TABLE VI

Secondary Tests

Wnisker | d( p) | L(m) | Op(KefmP) | % &, | B(10%g/mR) | Te(ke/m?) | Sy(kg/m?) | B/m;
y — :
FF T L.h 1.695 75.0 0.57 1.34 - - -
FF' 1.081 143.4 1.12 1.31 148.3 - 51,2 0.98
- :
BB 12.2 3.080 88.1 1.295 0.68 - - -
BB' 1.282 100.6 1.88 0.53 47.5 'i12.3 0.78
- :
GG 17.0 2.056 19.0 0.28 0.68 - - -
o’ 0.587 15.9 0.95. 0.17 47.5 19.7 0.25
— :
ﬁH j 6}7 1.896 88,4 1.30 0.68 - - -
HH' 0.656 50.5 1.76 0.28 77.1 34,7 0.L1
_ — - . :
S 8.6 | 1.280 79.7 0.595 1.3k - - -
' 1.469 65.1 0.73 0.90 | 5945 58.0 0.67

- 90'[ -



TABLE VI

Secondary Tests

‘Whisker | a( ) | L(mm) S (Ke/m?) | % €, | B(10Keg/m?) | D (ke/m?) | Tp(ke/m2) | B/E
** | | ' -

33 7.1 | 2.590 89.8 0.665 1.34 - - _
- JJ! 0.908 752 0.505 . 1.46 55.&_ 1.09

72.0

*  Ordinary Whiskers.

*¥ Annealed Whiskers.

- JoT -
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Sample Calculation bf Young's Modulus for-a:Whisker'Wifh:the-Axis lSO:Off‘:lOd] .

Young's Modulus is given by

% =811 - 2(813 - s1p - s1/2)($5 Y2 +Y 3 ¥5+% 1 Xg)

where Sij = elastic compliances

and iTl,2,3 = cosines of the angles formed by the axis.of the
_ specimen ‘with the three edges of the unit cube. -

The elastic compliances for»copper3o-are:

1.49 (10")mi/Ke

1l

811

S1p »-0.63.(16”)mm2/1<g
b s
Sy, =1.33 (10 )mp=/Kg
For a whisker with a [ 200] .axis','_
202 g 2.2 2 2 |
(%1\%2 * \?2\?3 * Yl\Z‘fQ =0

and E =1 = 0,68 (10%) Kg /mm”
S11

Consider a whisker whose axis lies 15° off the [lOQ] axis. ~The values

1 é 3 can be found using a stereographic projection.
)=



C'ase 1.

Case 2.

Case 3.

- [ioo]A

Yl = cos15° \2.2‘=-\'(§OS'960 \Z'3 = cos T5°

fheri (\zi\zg + Ygxg + \2?%3) = 0.062

and E = 0,76 (lOl*) Kg/mm2

\3 1 = cos 15° \,Z- o = cos‘79o YS = cos 80°

then(%ifg + Xg\li + X i?i) Y 0.062
and E = 0.76 (10) Kg /mu®

Equivalent to -Case 1.

- 110 -

Therefore the -error -in assuming ‘that»e; whisker has a [_lOO—X orientation

when, in fact, it is off by 15° is

% error = 0.76 - 0.68 | 100 = 11.7 4
T 0.68 ;

Similar results are obtained for whiskers assumed to have orientations

or [110} or [111) .
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A. The:.Method of Least :Squares

The curves in Figures 17, 19, 24 ‘and 25 weré obtained by the method
43,0,

:of ‘least squares -For a.straight_line ¥y = a + bx where a atd b can be

determined by the following normal equations:

el : n

n
S myi-a Y xmoeb 2

i= _ i=1 i=1

For results with a high scatter, it is advisable to'consider X as

1

a function of y, ie. x = g~ + bly where al and bl are found by similar

‘normal equations as above.

These two regression lines will coincide if, and only if, the
~ correlation factor r -equals ﬁil. The best line: liés between these two

regression lipes and all three lines will pass through the.point‘ii_and Vi

The -correlation. factor r is a measure of the "goodnes of fit" and

is given by

X Yi

where EE&{(: the -average of the. products of the pairs.

the average of the«xis times the average of the yis.

q

5 the standard deviation of the»xis..
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O° = the standam. devigtion of the Y 's.

yi
n L
where dei = E é -1}?
'« l=l n
_ ]
z -2
vi = > i - ¥y
) “i=l Eel

If the fit ispoor., r will be.close to 0. However, if the fit is good,
r will-bé'tlose to T 1, and there is a 'strongv;:orrelation. It .can be shown

that the correlation between x and y is significant if

r>-l.96
n-1 v
r -1.96

B. ‘Application

1. Primary Tests -

For the plot of log_G"m-against log 4, r = <0.8k.

The value of -1.96 = -1.97 .= -0.31

Therefore the ~correlatiori is-significant.




2. Secondary Tests

For the plot of logYSin,againstvlog_d, f-: -0.88.

The value.of -1.96 = -1.96° = =-0.50

‘Therefore the correlation 1s significant.

- 11k -
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A. Calculation of Theoretical Curves for the Volume and Surface Dependence

of ‘Stress for Constant Dfameter.

1. Valume Dependence of Stress

Assume . that the yield stress S is . some function £{V) of the

volume where

v= T &L (1)

It has been found that
an (2)

However, this equation is only an.approximation since it does not take into

account the effect of the length L on .

For L =L, = constant, equation (1) can be written as
a- | w 1/2
— Tl n/2
and e

Replacing % in equation (2) gives
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and using equationf(l)jthis can be written as

fLij‘n/E +:B (W)

L

The value.of’Ll is chosen to 'be about. the average length.of the
whiskers tested.
| a. Primary Tests

For.pfimary testé“on whiskersnormalized to 4 ='10/u,vequation'

(4) becomes

ST 39.1 1| 08 + 2.8 (5)
L

‘where Lj =-2000‘y

b. OSecondary Tests
For secondary tests on whiskers normalized to d ="10'n equation

(4) becomes
. 1, 14425 4+ 39.0 |
SZ g - (6)

L

where L, = 1500 n

The curves drawn in.Figs. 22 and 27 were-éalculated.from equations-

(5) and (6) respectively.‘

2. -Surface Dependence of Stress
Assume that the yield stress(:fois«some function £(S) of the
surface area where

S = TrdL | (1)
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It .can be~shown-by-similar-argﬁments as in the above:.case that

T 4 Fln+B - (8)

a. Primary Tests

As before the whisker were normalized to d = lO‘y-and equation

(8) becomes

| - 39.1] 1y |16 +2.8

: (9)

where Ll-#'EOOO)%

b. Secondary Tests

‘Similarly for d =le‘p, equation (8) becomes

S b 1y (25 + 39.0 (10)
.‘L ’

where L, = 1500)1

The - curves drawn in Figs. 22 and 27 were caludlated from equations

(9) and (10) respectively.

B. Comparison of FExpected Variation in Stresses Between Whiskers of Constant

Length Ip and L3 for Various Diameters.

1. Volume Dependence of Stress

From the previous section:A, it has been shown that

2,5 ()
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Consider two 'leng"'chsrLz =:Lpipn and L3 = Lpax: It would be

interesting to know what variation the thevratio% 3 Lo could be expected.

for whiskers normalized to ‘various dismeters. The ratio betweenti)_pl';2 and

U?L3 j.s given by

. — =1 (11)
S13 A(L)P/2 4 B(L3)n72 an Lo
a. Primary Teéts
For primary tests on whiskers,
L = -EOOO)Jr
‘Lp = 1000
and equation (11) becomes
S 00 63416 -
1000 = [ 6865 + 7.03d 3.62 (12)

75000 6865 +25.L48a1-6

Fig. !5 (a) shows a plot of this ratio for several values.of d.
b. Secondary Tests

For secondary tests on whiskers,

L, = 1500 n
Lp = 500).1
Lz = 3500
and equation (11) becomes
Q 500 - | 413 + 0.922 425 | 11.4 _’ (13)

O3500 | k13 + 10.5 a°*0

Fig.' 56 (a) shows a plot of this ratio for several values.of 4.
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2. Surface Dependence of Stress I
From fhe‘previdus'section-A, it has been shown that
S~a |19 |" 4B (8)
at T
L
In a similar manner as before, the ratio between Lg,and L3
is given by
'@ ' n ' no.n :
L, = A(Ll) + B(Ly) " @ Ei , (14)
13 A(Ly)n + B(L3)n ar Iz
a. Primary Tests
For seme -values of Lj, Ly, and Ly as in B - 1(a), equation (1L)
becomes

S 000 = | 300k + 1.77 a¥'€ | 13.1
> 1000 = | ; (15)
75000 3004 + 23.2 at-6 |

Fig. 55 (b) shows a plot of this ratio for several values . of d.

b. Secondary Tests

For the same values of Ly, Ip, and.L3 as in:B - 1(b), eduation
(14) becomes

S 500

‘ = 3854 + 2.18 d2'5 129.6 - (16)
373500

3854 + 283 a2-5

Fig. 56'(b) shows a plot of this ratio for several values of 4.
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 TABLE VII

: Saimoto's Results
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-TABLE VIII

Brenner's -‘Results |

Whisker | -Orientation a( ) T, (Kg/mn®) U Ker/mn) o/ V1
1 [100] 6.3 15.2 1.52 .0
2 {1001 8.3 32.0 1.74 4
3 [100] - 8.9 20.5 1.48 .9
4 {1001 10.3 22.6 1.72 A

5 [100] 10.6 38.6 .1.48 a0
6 {100] 17.8 15.1 1.06 .2
7 [100] 25.9 25.0 0.50 .0
8 {100] 9.6 T6.1 1.34 .6
9 [100] 11.1 33.1 0.37 A
10. [110] 11.6 340 0.94 .2
11 [110] 12.0 16.5 0.56 .5
12 [110] 15.5 2k.9 . 0.67 2.
13 (110] 6.3 20.4 1.74 T
1k - [110] 12.4 2k h 0.98 7
15 1 [111] 12.9 33.7 0.82 1
16 : {111] 14.9 23.4 .0.63 1
17 - [111] 4.6 25.2 1.19 .2

TN -



