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IN recent years many papers have been published
on the growth mechanism and properties of fila-
mentary crystals, commonly called whiskers,
whose length-to-diameter ratio we shall under-
stand to be about 103. These recent investigations
have shown that the strength of whiskers is tens
of times and sometimes hundreds of times greater
than the strength of ordinary crystals of the same
substances, and sometimes approach the theoret-
ical strength calculated from interatomic forces.
Information concerning the electrical resistance
(especially at low temperatures), ferromagnetic
domain structure, and photoelectric and optical
properties of whiskers is important for solid
state physics.

The present review will discuss the principal
methods of producing and testing whiskers, cur-
rent ideas regarding their growth mechanism,
and the principal results obtained from the study
of their mechanical and physical properties.

I. PRODUCTION, ORIENTATION, AND SHAPE
OF WHISKERS

Accounts of the filamentary growth of crystals
were published as long ago as the first half of the
18th century and are referred to in review articles
by Winkler,1 Kohlschutter,2'3 and Ostwald.4 Hardy's
more recent review is very extensive.5 However,
the systematic investigation of the growth and
properties of whiskers began comparatively r e -
cently, leading to the revelation of their extraor-
dinary mechanical properties.

Metal whiskers can grow naturally on minerals,
slag, and sulfides, as well as on thin layers of
metal formed through electroplating, by deposition
from a metal vapor in a vacuum or gas or by elec-
trolytic deposition. Filaments of ionic and molecu-
lar crystals grow through precipitation from a su-
persaturated solution, by evaporation through a
porous wall or as a result of various chemical
reactions. We shall now examine in detail the
principal techniques for growing whiskers.

1. Techniques for the Production of Whiskers

a) Growth through the chemical reduction of
metallic salts. For the purpose of growing whisk-
ers by reducing halides Brenner6 used apparatus
(Fig. 1) consisting of a tubular furnace with a

He

FIG. 1. Apparatus for producing whiskers by reduction of
halides (Brenner): 1) furnace; 2) quartz or mullite tube;
3) cooling section; 4) vessel containing halide; 5 and 6) ther-
mocouples; 7) tungsten wire; 8) gas flow meter.

quartz or mullite tube and a tray containing the
halide to be reduced. Reduction takes place in
a stream of hydrogen, or without the use of hy-
drogen through thermal dissociation in the case
of gold and platinum crystals. Following the r e -
duction process the tray is moved to a cooling
section of the tube, which is then bathed with
helium before the specimen is withdrawn from
the furnace.

The disadvantage of this apparatus is that crys-
tal growth cannot be observed visually. This short-
coming was eliminated in an improved design
(Fig. 2) with strong lateral illumination and pro-
vision for preventing fogging of the window. A
stereoscopic microscope is used to observe crys-
tal growth visually, while an electron microscope
is used to determine crystal diameters and to study
their surface states.

Whiskers of Cu, Ag, Fe, Ni, Co and Pt were
produced by reducing the salts of these metals.
Analytically pure halides were used. The best
results were obtained with the halides listed in
Table I, which also gives the reduction tempera-
tures. In the case of copper halides the best r e -
sults were obtained by reducing Cul. The rate of
hydrogen flow or its partial pressure affects crys-
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FIG. 2. Improved ap-
paratus for producing
whiskers and observing
their growth from reduced
halides (Brenner): 1) illu-
mination; 2) microscope;
3) tungsten heater;
4) metal halide; 5) ther-
mocouple.

FIG. 3. Copper whiskers (Brenner) from the reduction of
Cul (x20).

Metal

Cu

Ag

Fe

Ni
Co
Pt
Au

TABLE

Halide

ОиЫ
CuBr
Cul
AgCl
Agl

FeCI2
FeBr2

NiBr.,
CoBr.

PtCl
AuCl

Temper-
ature of
whisker
growth

430—850

700—900

730
760
740
650
800
550

I

Optimum
tempera-
ture, °C

650

800

—

—
—
—

—

Maximum
length,
microns

- 5 0

- 1 0

- 2 0

2
3
3
2

FIG. 4. Large forms of
copper crystals from high-
temperature (850°C) reduc
tion (Brenner) (x26).

tal growth in this method only below certain values.
Brenner made the most thorough study of the

conditions for producing copper whiskers. The
rate of halide reduction increases with tempera-
ture. Cul at 850° С is reduced by hydrogen in
minutes, while at 430°С a few days are required.
The reduction temperature strongly affect whisker
shapes and sizes. Smooth thin whiskers result
from reduction at 430 — 700° С (Fig. 3), whereas
at higher temperatures lamellar structures appear
in addition. Above 850° С whiskers are not pro-
duced; well-developed large copper crystals are
formed instead (Fig. 4). The whiskers most fre-
quently have a hexagonal cross section, and when
the time of Cul reduction is prolonged at a tem-
perature below 600° С the whiskers tend to expand
(Fig. 5). Observation of the growth of bent crys-
tals showed that in most metals growth usually
takes place at the tip. Silver is an exception.

Webb and Riebling7 investigated the kinetics

FIG. 5. Hexagonal cross
section of whisker (x60).

of the reduction reaction during this mode of
whisker growth. They grew crystals of Ag, Си,
Fe, -Co, Ni and Mn at different temperatures in
the reaction zone and with different rates of hy-
drogen flow. The activity of the metal could be
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computed from measurements of the flow of hy-
drogen and of the halide gas and from thermody-
namic data on vapor pressures and the equilibrium
constant of the reaction.

b) Growth by deposition from vapor. Volmer
and Estermann8 showed that very thin layers of
mercury could be formed on a glass surface by
condensing the mercury vapor at —63.5°С. The
condensation of metallic vapors has been used to
produce crystals of mercury,9 zinc, cadmium,
silver and cadmium sulfide,10'11

Figure 6 shows the vessel in which mercury
crystals were grown by Sears,9 who noted that at
the mercury vapor temperature T = 25° С thin
mercury platelets grew, but that at T = - 50° С
and lower whiskers usually grew.

FIG. 6. Vessel for growing mer-
cury whiskers (Sears): 1) soldered
end; 2) liquid and solid CHC1;
3) acetone baths (T v); 4) mercury
(Tr).

Whiskers of the remaining metals grew in a
certain temperature gradient produced by two
furnaces (Fig. 7).11 The vessel used for growing
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FIG. 7. Apparatus for producing
whiskers by vapor condensation
(Sears): 1, 2) thermocouples; 3) ther-
mal insulation; 4) wire for suspen-
sion of vessel; 5) crystal; 6,7) fur-
naces; 8) condensation vessel.

must be thoroughly degassed in advance and the
metal must be at least triply distilled. A Pyrex
vessel was used to grow cadmium and zinc whisk-
ers, while a quartz vessel was used for silver and
cadmium sulfide. After all of the metal is distilled
at one end of the vessel, the latter is placed in the

temperature-gradient furnaces with the metal in
the hotter region.

The degree of metal vapor supersaturation
which is most favorable for crystal growth at a
given temperature gradient was found to vary with
the metal. The temperatures and supersaturations
for whisker growth are given in Table П, from
which it appears that the required degree of super-
saturation is not very high. Bulk crystals grow at
large supersaturation.

TABLE II

Metal

Zn
Gd

Ag
CdS

Ti, °C

375
330
940
810

T 2 , °C

350
250
850
800

Degree
of super-
satura-
tion, P/Po

3
20
10

~ 2

The influence of an inert gas (helium) on the
growth of zinc whiskers was studied in reference
10. Growth took place at pressures 10 — 600 mm
Hg and temperatures gradients from 4 to 12 deg/
cm. During growth lasting about 15 hours the
largest quantity and greatest length of whiskers
were produced at temperatures from the melting
point to 80° С below. At pressures below 10 mm
only large crystals grow, as a rule; with increas-
ing pressure the crystal diameter was reduced,
to about 0.1 ju at 600 mm. The presence of the
inert gas promotes whisker growth; lengths up
to 17 mm were attained in the gas, whereas in a
vacuum11 the length was about 1 mm. With in-
creasing purity of the inert gas and of the growth
vessel the whiskers become longer and smoother
and have a cleaner surface. Silver and cadmium
whiskers, in addition to those of zinc, were grown
from their gaseous state. It must be noted that
the production of whiskers by vapor condensation
is the best method with respect to the uniformity
and reproducibility of the results as well as be-
cause of the small quantity of impurities which
might otherwise seriously affect their properties.
Thus in copper whiskers grown from Cul the rel-
ative impurity content was determined chemically
to be 3 x io~5;4 1 a similar result was indicated
by preliminary meansurements of residual resist-
ance in whiskers of Cu, Ag, Zn and Cd.42

c) Other techniques for producing metal whisk-
ers . The growth of whiskers on cadmium-plated
steel plates was recorded by Cobb in 1946.12 A
detailed investigation was later made of whisker
growth on metal plates and on thin layers produced
by electroplating or other techniques under differ-
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ent (not very high) temperature and humidity con-
ditions.13 Whiskers were grown on layers of Cd,
Zn, and Sn under natural conditions for two years.
A slight temperature rise or the reduction of elec-
troplating thickness (from 10 to 1 jtt) accelerated
the growth; for example, whiskers grew on tin-
plated steel at 70° С in two weeks although 3 — 6
months are usually required. Similar results
were not obtained with metal plates; examination
under an electron microscope47 showed that in the
latter case a crystal grows at its base (Fig. 8),
whereas a crystal produced from the gaseous
phase grows at its tip (Fig. 9). The photographs
of a spontaneously growing whisker (in Fig. 8)
which were taken over a period of two weeks,

FIG. 8. Successive stages in the growth of a tin whisker
at its base. The configuration of the tip does not change during
growth (Koonce and Arnold) (x 12750).

show that the tip remains unchanged, whereas
Fig. 9, which illustrates growth from the gaseous
phase, shows the changes at the tip.

Figure 10 shows Sn whiskers growing on a
steel plate thinly coated with tin.1 3 The rate of
growth is evidently accelerated when residual
stresses are present in the substrate or plating;
this is confirmed by the fact that the growth rate
of whiskers on tin-plated steel is sharply increased
(by a factor of about 104) under compression14'15

or rapidly repeated flexing.16 No growth is ob-
served during a certain time interval after the
stress is applied; growth then begins at an ap-
proximately constant rate (proportional to the
stress) up to a certain length (usually 1 or 2
mm), after which growth is slowed down or ceases.
Growth occurs at certain fixed points (* active
growth regions"); after the whiskers are removed
growth begins again at the same points, and this
can be repeated up to 10 times. After this second-
ary growth is terminated due to "exhaustion" of
the active regions, grinding of the surface layer
to a depth of a few dozen microns restimulates
growth. Higher temperatures (up to 190°С ) r e -
sult in longer crystals of large diameter. Growth
terminates at still higher temperatures. Alloys
of Sn, Pb, Zn, and Cd with less plastic metals
are just as efficient as electroplatings in growing

- Г ,

FIG. 10. Tin whiskers growing on
a tin-coated steel plate.

FIG. 9. Successive stages in the growth of a bent copper whisker pro-
duced by the reduction process.
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whiskers under stress or spontaneously. For ex-
ample, the compression of alloys of Sn with Al
at room temperature and of Pb with Cu at 200° С
results in whisker growth within 24 hours.1 5

Whiskers were observed on most metals at higher
temperatures (200 —700° С ) without external
stress. 1 7 However, the latter whiskers were so
short (1 — 2 ц) that their growth could only be
observed with an electron microscope, and it still
remains uncertain whether the observed crystals
were oxides or not.

Whisker growth through the electrolysis of
metallic salts usually occurs in the presence of
various organic impurities. The growing of silver
and copper whiskers in this manner has been re-
ported in references 18, 19, 20, and 21. The pa-
rameters of silver whisker growth were investi-
gated especially thoroughly by Gorbunov and
Zhukov,19 who observed how different concentra-
tions of oleic acid, gelatin, and other organic ma-
terials affected the growth rate and limiting values
of the currents required to initiate filamentary
crystallization (cessation of growth due to the
absence of silver ions) and to terminate it (trans-
formation into dendrites). The transformation of
an ordinary crystal into a whisker through elec-
tro-deposition is evidently accounted for by the
difference in the number of impurity molecules
adsorbed on different faces. After growth begins
the few adsorbed molecules on a growing face will
be covered by deposited silver atoms, whereas the
denser adsorbed layer of molecules on lateral
(non-growing) faces will prevent crystal growth
in this direction.

The computation of growth rate and current
limits on this model in reference 21 agrees with
the experimental data of reference 19. However,
the presence of impurities results in different
properties (structure, mechanical properties and
resistance) for whiskers grown in this manner
compared with those grown through the reduction
of halide salts, for example.21

Microcrystals with large length-to-diameter
ratios have recently been produced by the anodic
dissolution technique which is widely known in
alloy metallurgy, and which is used with electro-
lytes under conditions that insure dissolving of
the alloy matrix and passivation of crystals of
the desired phase. Crystals of iron carbide, chro-
mium nitride, chromium oxide, and chromium have
been produced in this manner.22 The production of
sufficiently long crystals requires special prelim-
inary heat treatment or selection of alloys that would
yield the desired crystal sizes upon crystallization.
For example, iron carbide crystals were produced

from carbon steel containing 1.3% carbon after an-
nealing at 1120°C for 170 hours. Chromium crystals
were produced from a eutectic copper-chromium
alloy. The crystals obtained in these instances had
diameters from 1 to 3^ and lengths of 1 to 2 mm.

d) Production of nonmetallic whiskers. Numer-
ous examples can be given of whisker production
from salts through chemical reactions, crystalli-
zation and precipitation; some of these have been
described by Buckley.23

Ionic crystals can be grown by crystallization
through a porous wall; this technique was first
proposed by Gyulai24 for growing NaCl crystals.
Porcelain, tiles etc. were used as the porous
medium; in a few weeks crystals grew up to a
length of 10 —13 mm with diameters from 0.5 to

A simplification of this technique has recently
been proposed.25 NaCl, KC1, and KBr crystals
were grown in a small bag of thin cellophane con-
taining a slightly undersaturated solution. In a
few days crystals had grown on the outside of the
bag up to 10 mm in length with diameters from 1
to 10 ц. This procedure can evidently be used for
the crystal growth of many highly soluble sub-
stances.

Sears2 6 has observed the growth of LiF whisk-
ers up to 2 mm from a supersaturated LiF solu-
tion containing a small concentration of FeF3, on
the surface of freshly cleaved and etched LiF
crystals.

Kato27 has reported the growth of whiskers on
large NaClO3 single crystals from a saturated
solution when the still wet parent crystal was
placed in a dessicator. Growth occurred by depo-
sition at the tip but only at temperatures from 10
to 60°C.

Gordon28 grew whiskers of organic substances
(hydroquinone, quinone, and resorcinol) by evap-
orating drops of an aqueous solution on a micro-
scope slide. Crystallization began with the appear-
ance of very thin filaments from 0.1 to 1.0ц in
diameter; these filaments then began to thicken,
showing visible degrees of growth. In 1957 Bacon
described a technique for growing graphite whisk-
ers, 2 9 which was subsequently improved.30 Growth
took place very rapidly in a high-pressure arc, r e -
sulting in crystals as long as 30 mm with diam-
eters ranging from 1 to 10 \i.

2. Shape, Structure and Orientation of Whiskers

The shapes, sizes and surface states of crystals
vary greatly, depending on the technique and con-
ditions of growth. As a rule visibly smooth and
straight crystals are selected for the study of
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their properties. When grown by the reduction
of metal halide salts6 or vapor condensation10

under optimum conditions the majority of the
whiskers are smooth and straight with diameters
1 — 2 Од. Figure 11 is the silhouette of a copper

FIG. 11. Surface of a
whisker enlarged 40 000
times (Brenner).

crystal grown from Cul magnified 40,000 times,
which would have revealed roughness of the order
of 25 A. The fact that the surfaces of whiskers
may be atomically smooth is indicated qualita-
tively by experiments on the electrodeposition
of copper on copper whiskers from a CuSO4 +
H2SO4 solution.44 While ordinary copper crystals
require an excess voltage of 5 — 15/uv for uniform
copper deposition, thin crystals of about 3fx diam-
eter require excess voltages above 100 juv and de-
position occurs only at separate surface sites,
forming "lumps". In addition to relatively straight
whiskers much more complicated shapes are ob-
served such as spirals, twists, beads, tangles,
platelets etc., a few of which are shown in Figs.
12-14.

Smooth straight crystals are almost never
grown from a thin layer of tin under tension.14

A detailed electron-microscopic study of the
shapes and surface structure of such crystals
using carbon replicas31 revealed that crystals
with very little surface structure or almost none

FIG. 12. Bent
copper whisker
(Brenner) (x 13.3).

FIG. 13. Silver
whisker produced by
reduction of a mix-
ture of AgCl and Agl
at 660° С (Brenner)
(x60).

FIG. 14. Copper whisker
(Brenner). Reduction at
610°C (x3500).

and crystals with a regular constant cross section
are seldom encountered; cylindrical crystals with
diameters under 0.25ju are more frequently formed.
The given growth conditions most frequently pro-
duced bands of about 1 д width and thickness of the
order 1000 A (Fig. 15) with easily visible surface
structure resembling a bundle of thin crystals.
Stellate shapes were frequently observed or com-
plicated cross sections with well developed ridges
(Fig. 16).

An electron-microscopic study32 of ionic whisk-
ers (NaCl) revealed round crystals with irregular
cross sections and no crystal faces in the case of
small diameters (under 0.5 or IJU). Further
growth occurs through thickening in layers, and
crystal face structure begins with two parallel
(100) planes while other surfaces remain irregu-
lar.

X-ray and electron-diffraction studies of whisk-
ers show that the great majority of them, even when
they contain fractures, kinks, and spirals, are
single crystals.

No final conclusions have yet been reached re-
garding the departure of whiskers from ideal per-
fection, one cause of which following from the theory
of their growth (Ch. II) may be the presence of
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FIG. is F I G - 1 6

FIG. 15. Tin whiskers in the shape of bands 0.1 ц thick
(x9000).

FIG. 16. Tin whisker with well developed ridges.

a screw dislocation with its Burgers vector par-
allel to the crystal axis. Eshelby33'34 showed that
in this case the lattice must be twisted about its
axis through an angle which for small whisker
diameters (of the order lju) must be large enough
to permit measurement by means of a Weissenberg
goniometer35 or from the tilt of equatorial Laue
spots.36 The Burgers vector in the axial direction
can be computed from the angle of twist. This
technique was used to investigate crystals of
Sn,35'37 Zn, Cu, Ni, Fe, Mn, Pd, Ag, A12O3,

36

and Hg78, of which only the last two revealed axial
screw dislocations while the other exhibited no
perceptible axial twist. Ag, Pd, and Cu crystals
when found in the form of twisted prisms and spi-
rals exhibited twisting corresponding to screw dis-
locations with Burgers vectors equal to an inte-
gral multiple of the lattice constant in the <0001>
growth direction.

Some techniques of whisker growth promote
structural imperfections. Thus it was shown in
reference 38 that tin whiskers appearing in an
Sn-Zn alloy after a few months are not perfectly
ideal although more nearly perfect than ordinary
single crystals. X-ray reflection intensities gave
a structural factor, corrected for extinction, which
was comparable with the computed value. Crystals
with diameters of 5.5 and 10ц were found to con-
tain blocks of 1.5 and 2.7 ju respectively, which
agrees with electron-microscopic results. 3 1 Laue
spots of silver crystals produced by electrodepo-
sition21 were very diffuse, showing disorientation
of a few degrees. On the other hand, Kikuchi lines

indicating a possibility of perfection.
As we know, crystal dislocations may be r e -

vealed by etch pits located where dislocations
emerge at the crystal surface,39 An investigation40

of iron whiskers with diameters greater than 10 д
showed that etch pits are usually not found on lat-
eral {lOO} faces after growth. Pits appear after
plastic deformation begins and increase in number
after the deformation but independently of the etch-
ing time. The orientation of whiskers is usually
determined from oscillating-crystal x-ray diffrac -
tion patterns or by means of a Weissenberg goniom-
eter.4 3 Crystal axes are usually parallel to simple
crystallographic directions, but their orientation
may depend on the growth technique. The axes of
spontaneously growing whiskers (Zn, Cd, Sn, and
Pb) 4 3 coincide with slip directions, with the excep-
tion of one tin orientation. Growth from vapor or
by means of chemical reduction frequently results
in other directions in addition to the slip direction.

Table III lists data on whiskers of a number of
substances and their orientations.

П. ON THE MECHANISM OF WHISKER GROWTH

Although the growth of crystals containing screw
dislocations has been analyzed in great detail45 and
although we have very extensive experimental in-
formation concerning the growth of whiskers the
quantitative theory of whisker growth is still far
from complete.

In accounting for the growth of mercury whisk-
ers 9 Sears used Franks' ideas about the growth of
real crystals by the deposition of matter around
the emergence sites of screw dislocations on the
faces of growing crystals instead of deposition
around two-dimensional nucleation centers accord-
ing to classical theories of crystal growth. He pos-
tulated first, that the nucleus of a whisker contains
a screw dislocation with its axis parallel to a defi-
nite crystallographic direction and, secondly, that
the supersaturation of the vapor in this type of
growth is lower than the supersaturation required
for two-dimensional nucleation on lateral crystal
faces, which are in consequence atomically smooth.

The rate W of mass accretion of atoms from
the gaseous phase on a growing crystal tip of ra-
dius r is given by

W = : 2nkT J (1)

Here P is the vapor pressure above the growing
crystal and m is the atomic weight.

From the experimentally observed bending of
crystals as a result of Brownian motion Sears9

were found in electron diffraction patterns of NaCl32 estimated that the lower limit for the radius of
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No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Mate-
tial

Sn

Pb

Zn

Zn

Gd

Cd

Cu

Ag

Fe

Ni

Go

Pt

Au

Hg

Mn

Cr

Si

Si

Go

ZnO

Zn

CdS

Mii5Si3

Si 3 N 4

A1 2O 3

G r 3 O 4

Cr,N

Fe 3 G

G

NaCl

KC1

LiF

Hydro-

quinone
1

Remarks:

Characteristics

Growth technique

Spontaneous

•»

t t

Vapor deposition

Spontaneous

Vapor deposition

Reduction of halide

>» >>

>> »

tt tt

It tt

tt tt

tt tt

Vapor deposition

Reduction of halide

Precipitation from solid phase

Reduction of halide

Vapor deposition

Reduction ot halide

Synthesis of zinc, oxygen
and hydrogen

Vapor deposition
11 tt

Reduction of halide
Nitriding of silicon
Oxidation in gaseous phase
Precipitation from solid phase

it tt tt и

tt tt tt tt

In high-pressure arc
Evaporation through

porous material
tt tt

From supersaturated solution
If M tt

of Growth

Growth direction

[100], [110], [111]

[110]

[1120]

[1123]

[1120]

[1123]

[100], [110], [111]

[100], [110]

[100], [110], [111]

—

—

—

—

[100]

—

[lit]

[111]

[111], [112]

[00011

[00011

—

—

—

[0001]

—

—

—

—

[100], [110]

[110]

[100]

—

•Estimated from elastic constants of ordinary single
**Not the maximum; still under investigation.22

Mechanical properties

Type of deformation

Bending

—

—
Elongation

—
Elongation

tt

t t

t t

t t

—

—

_

In electric field
gradient

Bending

Elongation

Bending
i t

t t

tt

tt

tt

i t

t t

tt

t t

t t

—

Elongation

Bending
>>

smax'
%

1,0—2.0

—

—

1.0

—

1.0

2.8

4.0

4.9

1.8

—

—

—

—

1.5

3.8

2.0

2,6

1.5

1.5

2.4

2.7

4.0

2.3

0.:!
5.8

4,1

2.0

2,3*)

—

1,2

6.0Н-8.0

crystals.

'mai'
kg/mm2

—

—

50

—

52

300

176

1340

—

—

—

—

100

310*)

800*)

390

500

30

150*)

105»)

—

—

320*)

1200*)

67**)

—

800*)

2100

110

__

--

—

i

л
a,

microns

1.8

—

—

1.0-^5,0

—

3.0

1.25

3.8

1.6

—

—

—

—

0.01

1.7

1,6

—

16-̂ -28

20

2]

up to 50

—

—

2.8

3

4,1

2.2

1.9

5.0

1.0

—

4.5

up to 5

I Refer-
ences

13, 57, 43

4 3

13, 43

11, 58

13, 43

58, 11

6, 55

6, 55

fi, 55

G

6

(j

(i

i), 50

2 2

•22

eo

5 4

54, 43

5 1
j

I
l i l

I I , 65

'l-l

2 2

2 2

22

2 2

.10

24 f 3 2

3 2

2 0

•2 К

a whisker which is capable of stable growth is
given by

rmin = 0.01 fj,.

It is assumed that each atom deposited on the tip
of the growing whisker where a screw dislocation
emerges is attached to a solid mercury lattice and
that the crystal radius remains constant. Then, if

p is the mercury density and I is the linear
growth rate of the crystal tip in its axial direc-
tion, we have

W = •

and

p ЫкГ J

(2)

(3)
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At -30° С with a mercury pressure of 7 x 10~6 mm
this formula gives I equal to 3 x 10"8 cm/sec. At
the given temperature and pressure an experiment
on mercury whisker growth yielded lexp = 1-5 x
10~4 cm/sec, which is 5 x Ю3 times greater than
the computed rate. Sears accounts for the discrep-
ancy by assuming that atoms which strike the lat-
eral surface of the growing crystal or the glass
diffuse along the surface to the tip of the growing
crystal, where they join the lattice. Let us assume
that growth is aided by atoms that strike the lateral
surface at a distance from the growing end not
greater than \ x , which we shall now estimate. It
follows from the foregoing hypothesis that

2urXx + w2 = 5.103*;r2 (4)

or (since \ x » r ) A.x
 = 2500 r; assuming r =

0.01 ц, we obtain \ x = 0.025 mm. With this altered
concept of the growth mechanism the expression
for the axial rate of growth now becomes

; 2XX P ( m V/»
' " " г р Ч. 2nkT J ' (5)

The value of A.x as a diffusion length can be ob-
tained theoretically according to reference 45 from
the formula

X . - . a e x p j - — — • } , (6)

where a is the atomic separation, w is the en-
ergy of evaporation from the surface, u is the
activation energy of a transition to an adjacent
equilibrium position on the surface. Using the
results given in reference 46, we may assume
u = 10% w and

0,9u>
(7)

and the required result A.x = 2.5 x 10 3 cm is ob-
tained by using very reasonable values for the other
quantities in (7).

Sears also showed8 that evaporation from the
surface of a growing crystal can be neglected be-
cause of its small effect on the growth rate. An
attempt to calculate the axial growth rate from
classical ideas of two-dimensional nucleation re-
sults in a value which is different from experiment
by twenty orders of magnitude.

To account for the radial growth of a whisker
which results in its thickening, since growth in
the direction of the lateral surface is excluded,
Sears suggests that new layers may be nucleated
at the base and grow in the axial direction, thus
thickening the crystal. No quantitative estimates
of radial growth are available.

When \ x — r, which occurs in the growth of
zinc crystals1 0 in an inert gas, and when r — 1/n
instead of (5) for the axial rate of growth we ob-
.tain

\x\fP-P0\f m \
r A P )\2nkTj

(8)

where Po is the equilibrium vapor pressure of the
condensed phase. The assumption A.x — r will
make the rate of growth 300 times smaller than the
experimental rate. Taking into account the diffu-
sion of the condensing vapor through the inert gas
and the fact that the mean free path cannot be
greater than the radius Ro of the tube, we arrive
at an upper limit for the possible rate of growth:

/max —
iA(P-Pa)mR0D 0)

where D is the diffusion coefficient of the vapor
in the inert gas. Since in these experiments Zn
whiskers grew without overgrowths, it may be
postulated that the supersaturation was not greater
than that required for two-dimensional nucleation,
so that P - P o can be estimated. It was shown
previously in reference 11 that P/Po — 5 for two-
dimensional nucleation of Zn; at T = 680°K, P =
1 x Ю"1 mm Hg; the remaining quantities are:
r = 10~4 cm, Ro = 1 cm, D = 0.1 cm/sec2. From
(9) we thus obtain

; 3 cm/sec

From (5) we obtain

/max =s* 10~3 cm/sec

These estimates provide a qualitative explana-
tion of the high rate of whisker growth that is ob-
served experimentally.

The foregoing calculations were based on the
assumption that the crystal grows along its axis,
inheriting its screw dislocation from a devitrified
crystal grain in the Pyrex surface.

It is sometimes suggested that a crystal can
obtain the screw dislocation required for axial
growth from the growth of an impurity particle.
This mechanism for the generation of a screw
dislocation in the growth of foreign particles is
described in reference 49.

It is not clear from the above why, with the
relatively large supersaturation used experimen-
tally for growing whiskers, ordinary smooth crys-
tal growth does not take place by the Franks spiral
mechanism despite the fact that the surface of the
containing vessel is assumed to possess a suffi-
cient number of the emerging screw dislocations
which are required for growth by the Franks mech-
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a)

FIG. 17. Successive stages of a growth cone (Sears and Brenner).

anism. Sears and Brenner50 have attempted to
supply an answer by proposing a third growth
mechanism which takes into account the conditions
for diffusion and heat transfer in the gaseous
phase. It is also postulated that any real surface
has screw dislocations and therefore serves as a
deposition site under low supersaturation.

When a face of such an imperfect crystal is
immersed in its own sufficiently saturated vapor,
deposition will take place on the steps of screw
dislocations and the entire surface will grow
smoothly by the Franks mechanism. The concen-
tration and temperature gradients near the grow-
ing surface will vary. Individual spirals which
are sufficiently distant from their nearest neigh-
bors will produce growth cones. As the apex of
a cone rises above a smoothly growing surface
the conditions of vapor atom diffusion to the for-
mer are changed. The tip begins to deprive the
steps below it of their share of the diffusing atoms,
and grows at an increasing rate with the departure
from linear diffusion and approach to spherical
diffusion. The process is self-accelerating. Fig-
ure 17 shows three successive stages of whisker
formation from the apex of a cone; the diffusion
path to the tip is evidently shorter than the dis-
tance between steps.

After the tip is greatly elongated away from the
growing surface and has reached a stage of con-
stant cross section it will grow at a constant rate.
At the same time the crystal will thicken as layers
grow from its base, which will thus push upward
and be converted from a cone to a cylinder. The
maximum whisker cross section will be a function
of the supersaturation and of the rates of gaseous
and surface diffusion.

The initial critical supersaturation a required
for the growth of a whisker from a screw disloca-

tion depends on its minimum distance R from
neighboring dislocations. As R decreases the
critical supersaturation required for whisker
growth at the same site increases. It is observed
experimentally that higher initial supersaturation
results in more closely placed crystals, although
there is an upper limit of supersaturation under
which whiskers can grow. Screw dislocation which
are too closely placed or under too high supersat-
uration cannot produce growth cones and result in
continuous growth of the entire surface.

It has been stated in Ch. I that the necessary
presence, according to Sears, of one axial screw
dislocation has not received final experimental
confirmation, except for the growth of A12O3 and
mercury whiskers. The negative result of direct
x-ray investigations can be regarded either as r e -
futing Sears hypothesis or a result of the fact that
during the growth process the dislocation has
emerged on the crystal surface. It was shown by
Hirth48 that in thin whiskers with smaller than
critical radius an axial screw dislocation can
emerge on the surface as a result of thermal
activation; this is also a possible mechanism for
the termination of crystal growth. However, me-
chanical tests (Ch. II) indicate that a crystal may
lack even a single dislocation.

Sears3 second hypothesis is evidently confirmed
by experimental data on the degree of supersatura-
tion for the growth of Hg, Zn, Cd, Ag, and CdS
crystal from their vapors11 (Table II). In any
event, the mechanism of whisker growth by depo-
sition from a vapor is not entirely clear and in-
ternally consistent.

The theory of whisker growth by other means
has been developed even less fully than the mecha-
nism of growth from a vapor. Growth through the
reduction of metal halides is superficially similar
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to deposition from a vapor in a gaseous medium if
it is assumed that after hydrogen reduction of the
halide vapor the resulting metal vapor diffuses
through the gaseous phase to the surface of the
growing crystal. Brenner6 showed that a very
high supersaturation of 104 is required for this
process. However, a study of the reduction kinet-
ics and a determination of the activity in these re-
actions (equivalent to the supersaturation for re-
action in a gaseous mixture) showed that growth
obviously does not occur through direct metal
condensation. The low metal vapor pressure,
which is below 10~7 atmos, shows that reduction
does not take place in the gaseous phase, because
such a relatively small quantity of metal cannot
account for the observed growth rate. Instead,
the metal halide vapor, under much higher pres-
sure (from 10"5 to 10"1 atmos), diffuses to the
crystal surface and is reduced either while dif-
fusing along the lateral surface to the growth
site at the crystal tip or after diffusion to the
tip. The low activity shows that growth occurs
under much lower supersaturation of the metal
vapor. This may also account for the smooth
surface facets of whiskers.

An essentially different mechanism evidently
accounts for spontaneous growth and growth under
stress. Unlike the preceding forms, growth now
occurs from the base. To account for all experi-
mental facts Franks1 5 suggested that growth oc-
curs on a free metal surface under external or
internal stress when the stress is higher than
that required for free extrusion but that general
"extrusion" is inhibited (as in SnAl alloys, for
example), and the temperature is high enough to
insure diffusion. For example, the self-diffusion
coefficient of tin is high enough at room tempera-
ture (about 10~12 cm 2/sec), while lead requires
about 200° С to reach the same value. Dislocation
loops reaching the surface through slip raise the
surface by steps which are multiples of the Burg-
ers vector; whisker growth takes place through
diffusion to these nucleation centers. Several
mechanisms have been suggested for the forma-
tion of dislocation loops and their motion to the
surface,1 5 '5 1 '5 2 but we at present have no experi-
mental basis for selecting the most probable of
these.

The more highly diversified growth of nonme-
tallic whiskers has been investigated much less
than that of metallic whiskers. Therefore the
theory of their growth is almost entirely undevel-
oped and it has still not been established whether
growth occurs at the tip, as Gyulai24 and Kato27

believe, or at the base as observed by Amelinckx.25

Sears5 3 used an analysis of Kato's27 data as a basis
for a theory of NaClO3 whisker growth. He sug-
gested that an aqueous solution of the material
produces a hydrodynamic flow in the surface film
of the solution on the crystal surface, in the direc-
tion of the tip. Evaporation of water from the tip
raises the concentration and produces a concen-
tration gradient, which in turn induces a surface
tension gradient that is the driving force of the
flow in the surface film. Matter is deposited on
the tip by a dislocation mechanism.

The growth of ionic crystals through a porous
wall can also be accounted for qualitatively by de-
position on the base of a nucleating crystal (on
the outer surface of the porous wall) containing
an axial screw dislocation.25 The rate of growth
is determined by the supply and supersaturation
conditions in the capillary layer between the nu-
cleus and porous wall.

Thus the theories of whisker growth contain
a number of inconsistencies, so that we can neither
regard these theories as well developed nor con-
sider their fundamental hypotheses confirmed.

III. MECHANICAL PROPERTIES OF WHISKERS

1. Testing Methods

The mechanical properties of whiskers are
usually tested by bending or tensile straining.
The strains can be measured more accurately
in bending than in stretching tests. The maximum
bending strain is the ratio of the sample radius to
the bending radius; the latter is easily determined
from the formula R = L/в, where L is the
length of the bent part of the crystal and в is the
bending angle. However, in bend tests the stresses
are complicated and are not uniformly distributed
with respect to either the cross section or length
of the sample.

Figure 18 is a schematic drawing of the appa-

Tangent
circle

3
FIG. 18. Apparatus for bend tests of whiskers (Pearson,

Read and Feldman): 1) furnace; 2) whisker; 3) quartz hook;
4) microscope for measuring crystal deflection; 5) microscope
for measuring deflection of spring; A —quartz holder; B — base.
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FIG. 19. Plastic bending of silicon whisker. The quartz
hook is seen (Pearson, Read, and Feldman).

ratus for bend tests of whiskers.54 The sample is
mounted in a quartz holder A. The stress is
transmitted to the middle of the crystal through
a hook made of a quartz filament with 150 — 250 JU
diameter (Fig. 19). The lower end of the hook is
held by a calibrated spring attached to the base B.
The holder A can move with respect to the base
B. Two microscopes are used to observe the dis-
placement of the quartz hook (strain variation)
and the displacement of the spring (stress varia-
tion ).

Elastic strains and stresses are computed from
F

the formulas e = where

б is the deflection, F is the stress, I is the
distance between the supports and r is the radius
of the sample. From Hook's law cr = Ее and the
formula

F _ 3ur" „
8 " "2F" £

the elastic modulus can be computed or, if the
modulus is given, the radius of the sample can be
computed. Figure 19 shows the plastic bending
of a silicon whisker.

Figure 20 represents the apparatus for tensile
tes ts of whiskers.5 5 This apparatus was used to
test crystals of 1.2 — 15 д diameter and 1—4 mm
length; it consists of an ordinary system of levers,

Нг or He— ! j .
FIG. 20. Diagram

of apparatus for ten-
sile tests of whiskers
(Brenner): 1) scale;
2) heater; 3) crystal;
4) microscope lens;
5) counter weight;
6) glue; 7) guide
8) mineral oil; 9) float;
10) magnet; 11) coil;
12) recording instru-
ment.

for which a laboratory microbalance can be used.
For more precise and smooth loading a float (in
oil) is used, the end of which is drawn into the
magnetic field of a coil at a rate varying from 0.2
to 1 mm/min. The test crystal was attached to
mounts by means of a special glue.

In bend and tensile tests of silicon whiskers55

rupture occurred at about the same stress. How-
ever, the character of the stressed state can
greatly affect the strength; thus tin whiskers grow-
ing on electroplating may possess great bending
strength but small tensile strength.56 This may
be accounted for by internal spatial defects in
such crystals.3 8

In testing the mechanical properties of whisk-
ers experimentally the strain is usually measured,
after which the elastic limit is computed from the
appropriate modulus. But because of the special
nature of whiskers it must be remembered that
the normal elastic modulus of ordinary crystals
may differ from that of whiskers. However, it
will be shown below that in the case of a number
of metals the normal elastic moduli for whiskers
and ordinary crystals are of the same order of
magnitude. We are therefore fully justified in
using the moduli for ordinary crystals to estimate
the elastic properties of whiskers.

2. Comparison of Experimental Deformation Data
for Whiskers and Ordinary Crystals

Data are now available for the yield point (ten-
sile strength) of whiskers of many materials. Or-
dinary single crystals yield below 0.01% while
whiskers withstand an elastic deformation of the
order of 1 or 2%. Table III contains presently
available data on whiskers, including their orien-
tations and elastic properties (maximum stresses
and corresponding strains, measured or computed
from the elastic moduli of ordinary single crystals).
In the table the mechanical properties of some ma-
terials pertain to the strongest individual samples.
The number and spread of values depend on the
growth technique; there is less spread in the case
of deposition from vapors. On the whole whiskers
can actually only withstand stresses several times
smaller than those given in the table but still much
greater than for ordinary single crystals; as the
diameter is increased up to 25 —50 д the strength
decreases and approaches that of ordinary single
crystals.

We shall now consider a few experimental in-
vestigations in greater detail. Herring and Gait57

were the first to observe the extraordinary me-
chanical properties of whiskers. Investigating
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TABLE IV

Material

l'c
Cu
.'VT

Whiskers

Diame-
ter, ц

1.60
12S
3,80

'max-
kg/mm1

1340
300
176

Tmax'
kg/mm2

364
82
72

Ordinary crystals

<cr.
kg/mm2

4.5
0.10 6 2

0.06«*

Strength (<7str)'
kg/mm2

16—23e 2

12.9-35.0 »2

3 inax

CTstr

84—57
23—S. 6

^max
'str

81
820

1200

the bending of tin whiskers with 1.8 ju diameter
which had grown spontaneously on a layer of tin,1 3

they observed that the crystals are elastic up to
deformations of the order 1 or 2%. Plastic defor-
mation in bending begins only with surface defor-
mation or about 2 or 3%. In tensile tests of ordi-
nary tin crystals plastic flow is observed after a
deformation of about 0.01%.

Similar high elastic limits are observed in ten-
sile tests of whiskers; an elastic deformation of
1 or 2% was observed in zinc and cadmium whisk-
ers 5 8 with diameters ranging from 1 to 10 ju. This
gave an elastic limit of 28 kg/mm2 for cadmium,
whereas according to Schmid and Boas,62 the yield
point of cadmium single crystals depending on the
angle between the slip plane and direction of ten-
sile stress varies in the range 0.099 — 0.159 kg/
mm2.

Brenner55 has made a thorough study of the ten-
sile properties of iron, copper and silver whiskers.
Table IV gives the maximum strengths ( a m a x ) of
more than 70 tested whiskers, calculated from the
maximum load preceding rupture and from the mi-
croscopically measured areas of the samples.6 3

The possible error of crmax was estimated to be
±10%.

A study of the crystallographic orientations of
the samples together with data on the crystallog-
raphy of slip permitted an estimate of the maxi-
mum tangential stresses ( т т а х ) , which are also
given in Table IV. The table also lists the critical
tangential stresses and strengths of ordinary single
crystals of the same metals taken from reference
62. The tensile strength of whiskers is greater
by a factor of 8 — 80 and the yield point by a fac-
tor of 80 — 1200 than for ordinary crystals.

A recent investigation of bending strength in
the case of brittle single crystals of some mate-
rials and their compounds,22 produced by chem-
ical reactions (Mn, Mn5Si3, Si3N5, A12O3) or by
precipitation from alloys (Cr, Cr2N, iron car-
bide ), showed that the greatest deformation which
any of these microcrystals can endure without
rupture or plastic deformation may amount to a
few percent (Si3N4: e m a x = 4.0%; Cr2N: e m ax =

5.8%; Fe3C: e m a x = 4.7%), whereas ordinary
single crystals of the same materials experience
brittle fracture after very small deformations. *

Reference 52 reports an extensive investiga-
tion of silicon whisker bending as a function of
the test temperature and crystal diameter. The
maximum stress was 500 kg/mm2, with a mean
of the order 200 kg/mm2, whereas for an ordinary
silicon single crystal the breaking point is 35 kg/
mm2.

The tensile strength of NaCl whiskers was ob-
served24 to rise steeply with decreasing diameter
to 100 kg/mm2 for a diameter of the order of 1 д.
For LiF whiskers Sears observed elastic defor-
mation up to 1.2% in a bend test and 0.38% in a
tensile test.2 6

The highest breaking strength, 2100 kg/mm2,
was reported by Bacon30 for graphite whiskers
with the sheets of the graphite layer structure
parallel to the whisker axis. Gordon28 observed
during the growth of whiskers of certain organic
and inorganic compounds (such as hydroquinone)
that as thin bent crystals thickened internal stres-
ses arose which sometimes led to rupture, after
which the crystal straightened out elastically.
From the radius of curvature the deformation
was estimated to be of the order 6 — 8 ju for crys-
tals 2 — 4 ц thick.

3. Fracture and Plastic Deformation of Whiskers

Whiskers can fracture in a brittle manner after
a certain amount of plastic deformation.55'24 How-
ever, it has been observed that iron whiskers55

fracture without appreciable preliminary plastic
deformation; sudden rupture is accompanied by
twisting. A microscopic examination of the frac-
ture site under high magnification sometimes re-

v e s t s of crystals separated from crystallized alloys are
of great interest not only because of their special properties
but also because the techniques for testing the mechanical
properties of whiskers reveal a new procedure for investigating
the microcomponents of alloys. This together with microchem-
ical and microdiffraction analyses can furnish much valuable
information for metallurgy and the physics of metals.
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FIG. 21. Stress-strain curves for iron whiskers (Brenner):
Fe 1 — 1.6 fi dia.; Fe II —3.8 fi dia. Young's modulus for first
crystal — 30 000 kg/mm2; for second crystal — 18 500 kg/mm2.
Curve of quartz filament (4.3 ц) is given for comparison. No
departure from a linear relationship is observed.

veals a slight reduction of the cross section or a
few cracks. Stress-strain curves for two iron
whiskers are shown in Fig. 21. Both crystals
were subjected to preliminary loading and unload-
ing (I up to almost 1000 and II up to 300 kg/mm2),
after which no evidence of plastic deformation was
detected, so that the entire deformation was elas-
tic. Hook's law is valid up to a 2% strain within
the limits of experimental error; for greater
strains the stress-strain relationship is no longer
linear, although the deformation remains elastic
and the curve is completely reversible during un-
loading. An elastic deformation of 4.8% was ob-
served.

Young's modulus can be computed from the
slopes of the straight portions of the curves. For
ordinary single crystals of a -iron Young's mod-
ulus is 13500 kg/mm2 in the [100] direction and
29000 kg/mm2 in the [111] direction. The given
data show that whiskers and ordinary crystals
possess the same elastic modulus. This provides
full justification for determining the elastic limit
of whiskers by measuring their elastic deforma-
tions .

The stress-strain curve for a cadmium whisker

С axii

01?. 3i<5678 200 WO

Elongation, microns
600

FIG. 22. Stress-strain curve of cadmium crystal (Coleman,
Price, and Cabrera). Initial length 535 \L; elastic deformation
1%; cross sectional area 8.3 x 10"8 cm2; yield point 2.78 x 10'
dynes/cm2; computed modulus 2.78 x 10" dynes/cm2.

is given in Fig. 22.58 In this case, too, the elastic
modulus is of the same order as for ordinary
single crystals.

Copper whiskers sometimes rupture in the
same manner as iron whiskers, but at other times
plastic deformation is observed. In the latter
cases shortly before the rupture evidence of slip
is easily observed at one or more places.

All of the investigated silver whiskers exhib-
ited considerable plastic deformation before frac-
ture.

The stresses which produce plastic deformation
are always below those at which flow began. The
clear appearance of a yield point for stretched
whiskers and its absence on the stress-strain
curves of iron shown above suggest that the
strength measured by Brenner55 pertains to an
elastic interval.

Brenner41 has made a thorough study of plastic
deformation in copper and silver whisker with di-
ameters ranging from 5 to 25 ju and length of about
2 mm. When the load is not quickly reduced after
the elastic limit is passed flow, when it does occur,
is so rapid that study of the deformation is prac-
tically prevented. The apparatus for the study of
plastic flow therefore had to be improved; specif-
ically, some arresting device was needed to inter-
rupt the deformation after the elastic limit is
reached. After such artificial slowing down of
plastic flow the crystal is loaded again with a
considerably smaller load.

The stress-strain diagram of a silver whisker
is shown in Fig. 23. An extremely sharp elastic
limit and extended region of "easy glide" are fol-
lowed by a work-hardened region. Similar curves
were obtained for copper whiskers (Fig. 24) with
an elastic limit approximately 80 times greater
than the flow stress. At the highest stress, corre-
sponding to the elastic limit, a local slip band was
formed. The "easy glide" region represents the
propagation of the slip band along the crystal. When
the portion of a whisker which has exhibited slip
is removed the remaining shorter whisker again
possesses a high elastic limit which sometimes
even exceeds that of the original crystal. This

4
FIG. 23. Stress-strain

diagram of a silver whisker.
Axis in the [110] direction
(Brenner).
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FIG. 24. Stress-strain diagram of copper whisker, a — ini-
tial state; b — after removing part of crystal in which slip
occurred (Brenner).

effect is evidently associated with the reduced
length of the sample and will be considered below.

Stress-strain curves are often complicated
(Fig. 25). The observed alternation of flow and
work hardening must be associated with the over-
coming of obstacles to slip, the nature of which is
unknown.

The tensile stresses required for the flow of
copper whiskers with different orientations range
from 1.2 to 4.7 kg/mm2. The shearing stresses
at the elastic limit, calculated for different orien-
tations, range from 6.1 to 38.6 kg/mm2, while the
shearing stress at the beginning of flow ranges
from 0.50 to 1.74 kg/mm2. The flow stresses in
all instances are higher than the critical cleavage
stresses for ordinary copper single crystals
(0.1 kg/mm2).

In the "easy glide" region of copper the elonga-
tion is 4 — 20%.

The existence of a "sawtooth" on the stress-
strain curves of body-centered and face-centered

ею
И
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2

FIG. 25. Alterna-
tion of flow and work
hardening in the
stretching of copper
whiskers (Brenner).
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cubic crystals is well known and is usually attribu-
ted to impurities, being accounted for by the Cot-
trell "atmosphere".6 4 The relatively high purity of
the investigated whiskers evidently eliminates this
cause of a "sawtooth".

The stress-strain diagram of cadmium whisk-
ers 5 8 (Fig. 22) provides a clear example of a yield
point. Elongation up to 1% is elastic. After the
elastic limit is reached there is a sudden sharp
drop of the stress and further elongation is pro-
duced by a relatively low and almost unchanging
load (about 30 times smaller than the elastic
limit). The region of the sample in which slip oc-
curred could easily be detected by the slip bands;
with further action of the load slip occurred
throughout the sample and no longer required in-
crease of the load. It is noted by the authors that
the region in which slip begins does not change
with further deformation, thus indicating a certain
amount of work hardening.

It is very difficult to account for the existence
of plastic deformation in whiskers. The formation
of slip bands and the stress-strain diagrams such
as Figs. 22 — 25 evidently indicate that whiskers
may contain dislocations and other defects before
deformation. Further evidence is provided by the
dependence of whisker strength on their dimensions
and temperature (see below).

4. Creep in Whiskers

Only a few isolated measurements of creep in
whiskers are available, but even this very meager
information indicates that resistance to creep is
much greater in whiskers than in ordinary crys-
tals . When tin whiskers were bent57 so that the
relative deformation of their surface was 6 x Ю"3

the creep rate under stresses of the order 10 kg/
mm2 was under 5 x Ю"10 sec" 1. The minimum
creep rate of ordinary tin single crystals under
stresses of 0.1 kg/mm2 is 2 x Ю"8 sec" 1; thus
with a load 100 times smaller the creep rate is
40 times greater.6 6 It is interesting to note that
the given tin whisker was under a bending stress
for a week and straightened out completely after
the load was removed.

Figure 26 is the creep curve of a silicon
whisker54 of 11.6 /n diameter at 800° С, tested under
stresses comprising two thirds of the average yield
point at 800° С. The creep rate falls off to zero
after a few hours of testing, indicating work-hard-
ening of the crystal during creep under constant
stress.

Observations81 of creep in Zn and Cd whiskers
show that the initial creep rate increases under
higher stresses. At a given stress the rate grad-
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FIG. 26. Creep curve of silicon whisker at constant load
and test temperature 800° С (Pearson, Read, and Feldman).

ually decreases and creep finally ceases. A
change of the stress level after the termination
of creep does not reinduce creep; this results
from the pinning and ejection of dislocations in
the original crystal. In the course of creep a
crystal thus becomes more nearly perfect. A
whisker which has been subjected to creep will
flow again only at higher stresses; the magnitude
of the elastic deformation is also increased. The
pinning of dislocations may also be associated
with impurities amounting to about 10~4 per atom
of the host crystal.

5. Influence of Test Temperature

Data concerning the influence of temperature
have been published for copper,55 cadmium,58

zinc,58 and silicon whiskers.54 The copper crys-
tals were bent in such a way that the surface
stresses did not exceed the elastic limit even while
sustaining a high temperature. Crystals with a
diameter of 5.4ju were strained in this manner to
0.0025 (corresponding to 50 kg/mm2 in the [111]
direction) and were annealed for two hours at
900° С in a high vacuum. After the removal of
the applied stress no trace of plastic deformation
was detected.

The influence of low temperatures on cadmium
and zinc whiskers was tested in greater detail.58

The results, given in Table V, show that a tem-
perature rise from 20 to 300° К reduces the elastic
deformation and strength by about one-half and
changes the type of fracture. Two modes of frac-
ture are possible: (1) Preceded by flow with the
propagation of slip bands after their formation at
the critical shearing stress for slip т с г , corre-
sponding to the elastic limit (Fig. 22) (for Zn
above 160°К and for Cd above 20°K); (2) below
these temperatures — fracture along a cleavage
plane (0001) without appreciable slip. The crit-
ical stresses inducing slip in cadmium and zinc
are a few hundred times higher than in macro-
scopic crystals.
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The influence of temperature on the behavior
of silicon whiskers54 has been studied with crystals
of 16 — 28ju diameter and 2 mm length (Fig. 27).
Bending tests were used; in all cases the crystal
axis was in the [111] direction. At room temper-
ature the samples were elastic up to a 1% defor-
mation; the maximum elastic deformation which
could be observed under the given conditions was
2.6%. Brittle fracture took place in all cases;
with a temperature rise to 600° before fracture,
as a rule no signs of plastic deformation were de-
tected. In the range 600 — 650° С the whiskers
either ruptured in a brittle manner or began to
flow; in some instances they ruptured after very
little flow. Above 650° С the curves have a saw-
tooth and considerable flow occurs.

Figure 28 shows the temperature dependences
of the fracture stress, yield point and minimum
stress at which flow occurs. All of these quanti-
ties are seen to decrease as the temperature is
raised above 600°С

о о.оог ооп 0.0Ш аоов aoi 0.02 ом aot
•fi^-e (elastic)

FIG. 27. Load-deflection curves for silicon whiskers at
several temperature (Pearson, Read, and Feldman).
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kg/mm2 for Cu

FIG. 28. Tempera-
ture dependence of
fracture stress, yield
point and minimum
flow-inducing stress
for silicon whiskers
(Pearson, Read, and
Feldman).

«Ю 600 800
Temperature <

The dependence of the logarithm of the yield
point on the logarithm of absolute temperature
has a negative slope of about 5. In the opinion
of the authors this indicates that whiskers are
not perfect crystals and that under sufficiently
high stresses thermal activation generates dis-
locations which result in plastic flow. The stres-
ses required to produce dislocation loops in a
perfect material are given by the relation т =

-у— , where E is the elastic modulus, b is the

Burgers vector and I is the length of the pinned
dislocation segment. It is obvious that the tem-
perature dependence of the stress is determined
by the temperature dependence of the elastic
modulus and will vary very little in the given
temperature interval. The experimentally ob-
tained temperature dependence of the stress in-
dicates rather that the tested silicon whiskers
already possessed a large number of dislocations.

The same investigators later obtained data37

showing that the observed dependence of the yield
point can be accounted for by the presence of very
small amounts of oxygen interacting with disloca-
tions .

6. Influence of Whisker Dimensions on Their
Strength

Brenner6 has studied the influence of whisker
diameter on the strength of iron, copper and sil-
ver whiskers. The results for copper are shown
in Fig. 29; although there is a considerable scat-
ter of the data (which also occurs for iron whisk-
ers ), the influence of the diameter on the strength
is obvious. The relationship between the mean
strength for crystals with similar diameters and

the value of — (Where d is the crystal diam-
d

eter) is a straight line which can be expressed
as follows:

and a m e a n = ^ p - 5 0 kg/mm2 for Fe.

The relation obtained for iron is valid only in the
range 1 — 1.5ц. Even with d = 15 jn iron and cop-
per whiskers possess extraordinary elastic strength
(65 and 38 kg/mm2, respectively). The results
obtained by Gyulai24 for NaCl whiskers also show
the clear dependence of strength on size; with re-
duction of the diameter from approximately 15 — 20
mm to 1 —2 \x the strength increased from 2—4
kg/mm2 to 100 kg/mm2.

FIG. 29. Depend-
ence of mean strength
of copper whiskers on

mean value of — (d is
d

the crystal diameter)
(Brenner).

The increase of crystal strength with diminish-
ing diameter has been known for a long time. Tay-
lor6 7 produced very thin antimony crystals; with a
30 д diameter the strength of such- crystals was
18 — 22 kg/mm2 (which is close to the strength of
steel). The strength of antimony crystals with a
diameter of 4 mm is 0.57—0.77 kg/mm2.55

According to reference 69 the critical shearing
stress for cadmium crystals previously etched to
a diameter of 25/n is 14 times greater than that
for crystals with diameters greater than 500ju,
and is 15 kg/mm2 for cadmium whiskers with di-
ameters from 1 to 10 ju.

Figure 30 represents the results of very inter-
esting parallel investigations of silicon whiskers
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FIG. 30. Influence of size on the strength of whiskers
and samples cut from large silicon crystals at room tem-
perature (Pearson, Read, and Feldman).
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and samples of the same sizes cut from large
crystals.5 4 Data for the whiskers are here repre-
sented by filled circles and data for the cut samples
by open circles. The effect of size is obvious de-
spite the scattering of the data, which increases
as the size decreases. For cut samples with di-
ameters greater than 100 ju the fracture stress is
independent of size and equals the strength of or-
dinary silicon crystals (~ 35 kg/mm2). Variation
of the diameter from 50 to 100 ц reduces the
strength from 220 kg/mm2 to 35 kg/mm2. The
strength of cut samples with diameters from 50
to 25 ц does not appreciably differ from that of
whiskers with the same diameters. It should be
noted here that in the case of silicon no linear r e -
lationship is observed between strength and the
reciprocal of the diameter. It is also not known
whether the properties of whiskers and ordinary
crystals will remain identical when the diameter
is reduced to 10ц and less. It is interesting that
at 800° С the yield point of silicon crystals does
not vary with the diameter; samples with diameters
smaller than 20 ц have the same yield point as or-
dinary single crystals. This indicates that the
influence of defects which result in deformations
depends on temperature.

A comparison of the strength of whiskers and
crystals of the same size produced in a different
manner, for metals as well as for silicon, is of
special interest.

The strength of whiskers is also essentially de-
pendent on their length, with the strength almost
always increasing as the length decreases. This
is illustrated very clearly by the following tests.
An iron whisker of 4.71 ix diameter and 4 mm
length was fractured by a stress of 99 kg/mm2.
One part which was again subjected to tension
exhibited considerabley higher strength. After
this half fractured a fourth part of the whisker
was again tested; a further increase of strength
resulted up to 423 kg/mm2. The large spread in
the strength of whiskers of different sizes indi-
cates some statistical distribution of defects which
can lead to fracture that may or may not be pre-
ceded by plastic deformation. The spread of the
results could also result from some differences
in the orientations of crystals with respect to ex-
ternal forces.

It may be presumed that defects arise acci-
dentally during growth and do not necessarily
appear in whiskers. Variation of the conditions
for growth and of the purity of the materials may
obviously affect the number and distribution of
the defects. Indeed, the "purest" growth technique
— deposition from a vapor in a temperature gra-

dient — yields a much less pronounced dependence
of strength on diameter and a smaller spread of
the results. With changing growth conditions
(such as the reaction temperature in the reduc -
tion of halides7 1) whiskers may also be produced
with little strength.

Defects which lower the strength may be found
either on the surface or within crystals. The
coarser surface defects are easily detected when
light is reflected from the surface; in reference 55
nonuniform reflection from crystal surfaces was
invariably associated with low strength. It is pos-
tulated that surface defects smaller than the re-
solving power of a light microscope can greatly
reduce the strength of whiskers.

The internal imperfections can hardly be dis-
location sources such as those proposed by Frank
and Read. The tangential component of a stress
required to activate a Frank-Read source is т =

—j— . An estimate by means of this formula indi-
cates that for any of the tested whiskers the length
of dislocations sources in the most probable slip
planes could not be greater than 0.1 ju, which is
only a small fraction of the whisker diameter.
With the possible increase of the source length
to the whisker diameter the stress would be very
small.

A statistical analysis of presently available re-
sults from tests of whiskers would be extremely
difficult because of the limited number of experi-
ments and the absence of sufficient data on the
nature, orientation and localication of defects as
well as on the orientations and sizes of the crys-
tals.

The number of surface defects able to produce
a certain effect must be proportional to the diam-
eter d, while the strength is inversely propor-
tional to d. In exactly the same way, given a cer-
tain number of internal dislocation sources, the
length of the longest source will be proportional
to d and the strength will be inversely propor-
tional to d. Therefore the linear dependence of
the mean strength on l/d does not affect the
location of defects. If the reduction of strength
results from the probability that a single internal
dislocation source is formed during growth we
may expect that strength will be inversely pro-
portional to the cross sectional area of whiskers,
i.e., to l/d2.

The effect of length on the strength of whiskers
indicates that rupture begins at single defects,
which must be small in number and must be dis-
tributed irregularly.

We note in conclusion that although at room
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FIG. 31. Recovery of deformed copper
whisker: a — deformation of about 0.3%;
b — removal of load; с — break due to re-
peated loading; d — heating for ten minutes
at 1015°C; e — repeated deformation to
about 0.3%; f — removal of load. Crystal
length 2.5 ± 0.5 ц. х8.5 (Brenner and
Morelock).

temperature whiskers and crystals of the same
size cut from single crystals possess the same
mechanical properties (silicon), at 800°С the
yield point of the former is five times higher than
that of the latter. This indicates that the mechan-
ical properties of whiskers are determined by
some factors in addition to their small size.

7. The Influence of Surfaoe Quality on Whisker
Strength

During the growth of whiskers such defects as
pits, overgrowths, spotty corrosion and occasional
grain boundaries appear on their surfaces, and are,
as a rule, associated with low strength.

Oxide films forming on the surfaces of ordinary
crystals are known to raise their strength; in the
case of cadmium crystals the critical cleavage
stress is increased by about 150%. The strength-
ening effect increases as the film becomes thicker
or the crystal diameter becomes smaller.

Continuous oxide films forming on whisker sur-
faces when heated in air (at 100 —150"С) do not
essentially affect their strength. However, it is
noted in reference 55 that whiskers annealed in
a vacuum were somewhat stronger than those an-
nealed in air. On the other hand, it was estab-
lished in the same experimental work that iron
whiskers stored in air for a few days exhibited

lower strength, which was observed even before
an appreciable oxide film was formed. In the
opinion of the authors this indicates that edge dis-
locations may form during the oxidation of a -Fe
whiskers. The heating of silicon whiskers at
800° С followed by testing at room temperature
resulted in no change of strength compared with
unannealed crystals.5 4

We have at present too little data for any r e -
liable judgment regarding the influence of surface
films on the mechanical properties of whiskers.

It is very difficult to determine the effect of
impurities on whisker strength. In any event,
their great strength is not determined by impuri-
ties. The purity of whiskers is not especially
high; for copper, for example, it may be esti-
mated at 99.997% (p.284). Increased purity of
the inert gas during the growth of Zn and Cd
whiskers by vapor condensation58 did not affect
their strength.

Even the evidently large amount of impurities
in silver whiskers grown by electrodeposition
from electrolytes containing organic materials2 1

does not reduce their strength to that of ordinary
much purer silver single crystals. Such silver
whiskers have a strength of 6 kg/mm2 compared
with 175 kg/mm2 for the strongest silver whisk-
ers grown from the chloride; the strength of or-
dinary pure silver single crystals is 0.21 kg/mm2.
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FIG. 32. Influence of heating time at
1015°C on recovery: a - 0 sec; b - 600
sec; с — 1460 sec; d — 2400 sec (Brenner
and Morelock).

8. Recovery (Straightening) of Whiskers

The recovery of whiskers is described in ref-
erence 70. A highly elastic copper whisker about
2.5^ thick was plastically deformed and then heated
in a hydrogen atmosphere at 1015° С for ten min-
utes, after which the crystal straightened out and
exhibited its original high elastic strength. A
photographed sequence of successive changes is
shown in Fig. 31, while Fig. 32 shows the varia-
tion of the recovery picture with time. The re-
covery rate ~ (where d0 is the variation of

the whisker bending angle) is constant except
for the initial and final stages; this is illustrated
in Fig. 33. The oxide film formed at room tem-
perature evidently does not delay recovery. A
deformed whisker kept in air at room tempera-
ture for a few hours before being heated in helium
recovered at the same rate as one heated in hy-
drogen.

Recovery experiments were also performed
with silicon54 and NaCl whiskers.24 For silicon
a linear relationship was established between the
reduction of the bending angle and the logarithm
of time. No direct relationship is indicated be-
tween the straightening rate and the initial angle.

Nabarro has considered a number of possible
mechanisms for the straightening of whiskers37

and has shown that the observed high rate of
straightening must be associated with the re-

moval of dislocations from the interior of a crys-
tal and their emergence on the surface.

The recovery of whisker properties as well as
of their shape has been observed. The behavior
of silicon whiskers above 650° С indicates that
elastic deformation is followed by plastic defor-
mation which proceeds without perceptible work
hardening. An anneal of the plastically deformed
crystal in the absence of stresses gradually re-
stores the yield point. The time of restoration
depends on temperature and on the very small con-
tent of impurities which are distributed through-
out the volume and pin down dislocations. Special
experiments37 have shown that the impurity that
pins dislocations in silicon is oxygen varying in
amount from 2 x 10~7 to 2 x 10"5%.
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FIG. 33. Bending angle as a function of time in the recov-
ery of copper whiskers (Brenner and Morelock).
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IV. OTHER WHISKER PROPERTIES

If we assume that whiskers are crystals of a
special character we may expect them to be
marked by other properties besides their ex-
tremely high mechanical properties. Since, pri-
marily, they are supposed to possess structural
perfection we may expect differences of their
structure-sensitive properties and of properties
depending on the surface state. Direct experi-
ments to determine the perfection of whiskers
have thus far not yielded unambiguous results,
and the investigation of certain other properties
may be of help in this connection.

Up to the present time only a limited number
of papers have been published on nonmechanical
properties. Low-temperature conductivity is
among the structure-sensitive electrical proper-
ties. The residual resistance of metals at tem-
peratures close to absolute zero is determined
by electron scattering from defects and impuri-
ties. At the temperature of liquid helium the
electron mean free path is increased until it is
comparable with whisker diameters, thus in-
creasing electron scattering from the surface
and making it more difficult to interpret the r e -
sults. At present only preliminary results are
available on residual resistance at 4.2° К of Cu
and Ag whiskers grown by the chemical reduc-
tion of halides, and of Zn and Cd whiskers grown
by vapor condensation.42

The residual resistance of Cu whiskers was
found to vary from sample to sample, comprising
from 10 to 30% of the resistance at 273° K; for
Ag whiskers the residual resistance was less
than 5% and for Zn and Cd whiskers it was less
than 1% of the resistance at 273° K. These re-
sults may indicate the presence of impurities
and defects.

Both the ordinary conductivity and the photocon-
ductivity of semiconductors also depend on impur-
ities and defects, which determine both the number
of carriers and the traps which effect recombina-
tion. The decay of photoconductivity is determined
mainly by traps; in ZnS whiskers the photocurrent
decays 10 — 100 times more rapidly than in ordi-
nary crystals.6 1 In both instances the photocurrent
was induced by illumination at 3650 A. It has been
remarked that this steep decay of the photocurrent
indicates the great degree of whisker perfection.
The optical properties of whiskers have been left
almost uninvestigated. It has been noted in refer-
ence 65 that CdS whiskers do not exhibit the edge
emission found in ordinary CdS crystals and or-
dinarily accounted for as the result of sulfur va-
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cancies. Edge emission was induced in CdS
whiskers by irradiation with protons of about 1
Mev energy, which is sufficient to produce both
sulfur and cadmium vacancies.

Certain magnetic properties of Fe whiskers
have been investigated to a greater extent. Do-
main structure is studied by means of a powder
technique using a colloidal suspension.7 1 '7 2 '7 3 Fer-
romagnetic domain patterns are observed on un-
magnetized crystals and can always be interpreted
directly because of the simple axis orientation and
faces of whiskers (the axis being in the [100 ],
[110] or [111] direction) and the small number
of domains (sometimes only one). A change of
the domain structure has been observed in Fe
whiskers7* as a result of magnetization or anneal-
ing. The motion of domain walls in Fe whiskers
in an applied field was recently subjected to care-
ful study.75 The velocity of domain wall motion
along the crystal axis may be close to 50 km/sec,
which is 100 times faster than the usual velocity
that is observed in a Ni-Fe wire, for example.
The coercive force required to rotate the magnet-
ization direction of a domain has been estimated
theoretically to be about 500 oersteds for Fe,
while in a Fe whisker it was 250 oersteds. These
results, like previous experiments on Cu+ ion de-
position on Cu whiskers,44 confirm the high per-
fection of whisker surfaces.

Sn whiskers have been used to study the effect
of sample size on superconductivity.76'78 The in-
fluence of a magnetic field on the temperature of
transition to the superconducting state was ob-
served as well as the hysteresis loop of the crit-
ical magnetic field below the transition tempera-
ture in zero field. A comparison of these results
with those for bulk Sn crystals permitted a com-
parison of the Ginzburg-Landau and London-London
theories for current penetration in superconductors.
Much better agreement with the Ginzburg-Landau
theory was found.

Still another unusual property has been ob-
served in ZnS whiskers;61 the hexagonal-to-cubic
phase transition does not occur at 400° С as in or-
dinary ZnS crystals but at 750° С

Thus the investigations of nonmechanical whisker
properties, although incomplete and scanty, also
indicate characteristics which can be accounted
for by their special nature and difference from
ordinary single crystals.

CONCLUSION

The unusual properties of whiskers of widely
different materials (metals, semiconductors,
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ionic crystals, organic crystals) are of great in-
terest mainly for the theories of crystal growth
and strength. The results obtained from studies
of whiskers were first regarded as proofs of the
dislocation theory of growth and the dislocation
mechanism of deformation. Further study has
shown that the situation is much more complicated.

The dislocation theory of growth, which is based
on the hypothesis of an axial screw dislocation, is
not confirmed by direct methods of observing the
axial dislocation in the majority of whiskers. The
extraordinary mechanical properties of whiskers
result in even greater complications. We still
have no experimental information that provides a
clear explanation of the great strength of whiskers.
Several explanations have been advanced:

1. Whiskers, because of the peculiar manner in
which they grow, are structurally perfect (lacking
edge defects) with the exception of a single axial
screw dislocation. However, some data show that
whiskers may contain dislocations or some other
type of defect.

2. Whiskers, because of the manner in which
they grow, possess a perfect surface, thus exclud-
ing the most harmful surface defects. There are
still no results which can disprove this hypothesis,
except in the case of tin whiskers.

3. The great strength of whiskers results from
their small dimensions rather than from the mode
of growth. This leads either to a smaller proba-
bility of finding defects (the "scale factor"67'79)
or to a change in the relationship between growth
and the stresses that determine the stages of
shear (fracture) nucleation.80 It is conceivable
that each of these possibilities is realized in whisk-
ers to some degree. Much more experimental work
is needed, not only on mechanical properties but on
others, especially structure-sensitive properties.

An understanding of the unusual properties of
whiskers is of great scientific importance in ac-
counting for the nature of strength and plasticity,
and for the testing of the basic theories.
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