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ABSTRACT

The growth of whiskers has been observed on single
crystals and polycrystalline samples of vanadium pentoxide.
Detalled data on thé growth rate are presented for tempera-
tures 546 to 650°C in air, steam and vacuum, for closed and
open atmospheres. From the kinetic expressions a growth
mechanism has been derived. The mechanism Involves gas phase
condensation and surface diffusion on the whisker tbp to-
gether with bulk diffusion within the whisker. The interplay
of different factors in determining the'type of growth is
discussed. In open systems, whiskers were found to grow by
diffusion from the base, while evaporatidn was predominant
at the top. Whiskers, which upon growing on the surface of
a vanadium péntoxide microsphere at uniform cposs section,
meet a neighboring sphere, grow suddenly in diameter, It is
suggested that whisker formation represents the first stage

of sintering of vanadium pentoxide particles.



INTRODUCTION

Filamentary growth on solld surfaces has been lnvesti-
gated for mono- and multicomponent solids,-the latter group
Including mainly daltonide cdmpounds(l);' The majority‘of
these studies have been concerned with a growth mechanism
involving a diffusional pfpcess along the whisker . surface
and gas phase mésé transfer under the influence of-a high
supersaturation radio. The question arises, however, as to
what extent aZSimilBr mechanism is responsible for the filé-
mentary growth'on other tjpes of substances. In the case
of berthollide compounds, fér instance, thelr non+stolchio~
metric nature may lhduce grbwth;pattgrns‘différing‘frbm
ﬁhose recorded for‘metals and eésentially stolchiometric
metallic salts.

We have observed filamentary growth on various non-
stoichiometriclmeﬁal oxides (V205, Zn0, TiOe)'and we have
stgdied gfowth characteristics on'V2QS in mor'e detail. The
rwsults of these observatlons are,reported in this communi-
cation, together with déta on the rate Qf growth of V205
whiskers under different experimental conditlons. As it
will be shown, gas phase mass transfer is only partially
responsible for whisker growth on VEOS’ a lange qontribution
to the total growth bélng due to diffusional transport within

the solid phase.



EXPERIMENTAL

Whisker growth on V205 was followed on single crygtals
and polycrystalline samples, Large crystals of V205 (Baker,
analyzed) were produced by the Bridgman method in a fused
quartz tube. Crystals of about 2 cm. long, 1 cm. wide and
a few mm. thick were obtained by cleaving the large speclmens.
The orientation of the smaller crystals was determined from
back reflection x-ray patterns and from etch pit observations(z).
The cfystals were fastened to a chunk of polycrystalline V205
by means of & paste of VZOS'in distilled water, The poly-
crystalline aggregate of VZOS servgd as excess oxlde in the
system and as a support for locating the crystal to be ob-
served, The assembly was snugly fitted in a fused quartz
tube (10 mm. diameter), closed at one end and with a portion
of the wall ppreviously flattened to permit microscopic exam-
ination inside the tube. The tube with the Véos specimen
was evacuated at 300°C for one hour and afterward sealed
under vacuum or the desired gas atmosphere. The entire closed
system was fitted in a stainless steel block housed in a
muffle furnace, kept at constant temperature (¥ 5°C) for
different amounts of time. At the end of a serles of runs
x-ray patterns failed to show any differences between the
base crystal and the same at the beginning of the investiga-
tion. When using water vapor as surrounding atmosphere,
dissolved air was removed by repeated freezing and melting.

Whisker growth was also followed on polycrystalline
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Spheres of V205 obtained from molten VZOS by dropping it through
a blast of purified air. The spheres (diameter ns 0.7 mm.) were
inserted in a small Pt boat, located inside a well type muffle,
kept at constant temperature_(i2°0). A slow stmeam of purified
air was passed on the spheres during a run (open system).

Observations of whiskers growing on the single crystal
base were made by removing fhe quartz tubing with the sealed
sample from the furnace aﬁd cooling it at room temperature. A
Bausch and Lomb research metallograph‘was employed and measure-
menfs of whisker length were accomplished by means of a Feller
stage. For the system employing VZOS microspheres, data were
taken by means of a Gaertner creep test microscope, fitted wilith
a bifllar eyeplece. The microscope was arranged directly above
the Pt boat so that measurements on whisker length could be

taken at the temperature of the run.



RESULTS

The general morphologlical aspects of the whiskers studied
can be observed in Figs. 1 to 3. Fig. 1 shows a large number
of whiskers growing out of joined polycrystalline microspheres
in the open air system. IFig. 2 shows some whiskers grown on
a single crystal. In tnis instance it was observed that the
shape of the whiskers was affected by the atmosphere; air
grown whiskers had a tendency to be cone shaped (Fig. 2a),
while vacuum or steam grown ones attained much longer lengths
(up to 1 mm,) with apparently uniform cross section (Fig. 2b).
Visual observation established that only alr grown whiskers
were dependent on the orientation of the VEOS substrate crystal.
In this case growth occurred preferentially in a direction
parallel to the c~axis, This 1s consistent with the known
fact that V205 crystals grow much faster along this axls as
compared to the other two(z).

In addition to whisker growth, the formation of long
narrow crystals was observed in most runs (Fig., 3). A large
concentration of these fine crystals was observed on vacuum
or steam treated samples.

Typlcal growth rate curves for single crystals and poly-
crystalline samples are recorded in Figs. l, 5, 6, and 7 for
temperatures up to 650°C, in air, vacuum or steam atmosphere,
In Figs, 6 and 7 data are also presented on the width of.the
whiskers., Sometimes the length of a whisker decreased with
increasing time and some whiakers disappeared suddenly and

completely from the eyefield,
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DISCUSSION

It is instructive to investigate briefly the thermo-
dynamic conditions under which whiskers are present and grow
before attempting to interpret the.mechanism of their growth,
Let P and p be the vapor pressure in(equilibrium;én a flat
surface and on the top of a whisker of VZOS respectively;
the value of the ratlo p/po can be computed‘by means of the

Thomson relationship:

P_aN ¥
Q’“'m" RT S

where- V 1is the molar volume, s the radius of curvature of
the tip of the whisker and X the surface energy. Taking
V=54.3cc, 8= 3p4'5¢¢750 erg/cmz,‘it 1s found p/'p0

101! at 600°C. This, of course, indicates that whiskers are
highly unstabie with respect to the surface on which they
grow. The mechanism of thelr stabilization must be sought
in the presence of dislocations or othgr types of line or
plane lmperfections, which, although unstable, cannot be
remmved sufficlently fast frbm the crystal. lThese defects
provide a very effective energy sink along the whisker
structure and at the whisker top, In‘fact, using the order
of magnitude of our previous 60mputation, the tip of the
whisker will have a net positive difference of chemical affin-
1ty over that of the flat surfaCG, equal to -RT-@n,g/vg§§

= +41 kecal/mole.
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The presence of a line defect has the result of de-
creasing this quantity to a value lower than that competing
-tq the flat surface,

The resulting plcture of the surface is a very hetero-
geneous one, and the presence of filamentary growth on solid
surfaces can be taken as a striking demonstration of their
energetic heterogeneity.

Fufthermore; the thermodynamic conditions exlsting
around a whisker must have an effect on the chemical composi-
tion of the whisker top because of the non-stoichiometriec
nature of V205° In the present case, it 1s safe to assume
- that the whisker top possesses a larger number of point de-
fects relative to the underlying bulk phase, The possibility
cannot be excluded that the defect density in the whisker is
so'large'that defect clustering occurs and a new phase (a
lower oxide?) is nucleated. The high concentration of point
defects has a profound effect in several ways on the dis-
locations, their interactions and movements within the
whiskers,

Esgentlially, whisker growth can. occur by two mechanisms:
gas phase condensation on and around the whisker top and
diffusion within and/or on the whiéker., The first mechanism
1s a distillation process controlled by a vapor pressure
differenca, while the second involves a gradient of concen=-
tratiQh, The former mechanism has been repeatedly invoked

(1)

to explain the growth of metallic whiskers » while the

latter one has been discussed as a theoretical possibility(B)



For both processes one must assume the presence of at least
one dislocation within the whisker. The dislocation, upon
meeting the whisker surface or through its core, provides

a 3lnk for gas phase molecules and lattice defects, and,

as a consequence,may be held responsible for the observed

growth.

Growth by Gas Phase Condensation
We shall analyze first the mechanism of growth by gas

phase condensation.
Let:
| /=2
& = surface density (m x£ )

M /2 |
= p(éﬁ?ﬁf) = mass flux of molecules striking
at the whiskgr surface per unit
time (m x4~

v = absolute linear velocity of climb of molecules
toward the whisker top (£ x t~ |

u = %% = average linear rate of whisker growth
during fhe time Interval from O to t
(2 x t~

av = (v - %% = molecular linear velocity along
the whisker surface relative to
the rate of growth of the top
(£ x t-1),
Taking a mass balance across the whisker, one gets:
2 2 —
ner%iQ:___m,c?a-ﬁ\“LL\,ﬂrb (1)

where %; and r are the whisker density and radius, respectively,

From (1):

le - L? QL5 [};Ud /(2)




In equation (2), & = G?(t) . Therefore, in the subse-
quent disaussion we shall distinguish two stages: 1. An
initial stage corresponding to an unsteady state during which
the rate of growth increases with time. We assume that this
period of growth is defined byzfﬁié;, where ’gs = vtS and tS
1s the average lifetime of an adsorbed molecule béfore re-
evaporation under conditions of adsorption equilibrium; 2. A
steady stﬁte process during which the rate of growth 1ls constant
at the maximum value. For this stage 4?2715;. We shall deduce
first the form of equation (2) for the initlal stage. Let us
consider a rectangular area, L xz s on the whlsker surface,
and A & = the change in surface densiby during an interval dt,

A mass balance across the area L2 during the time dt glves:

ds O

) A
Z = © = oV
wrp oY,

and by substitution into (2)

ab el _ Aty
M 8 1Y "‘QXHZ ) j?)] (L)

Equation () describes the rate of growth during 'the

initial period and shows that growth is a complex, but nearly

exponential, function of time.
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Let us now consider stage 2 of growth, and let L= ut,

%)
where “"‘"(dt wverage GUTIRE the time t, and

0P T N
i&— et S BT (5)
Ak |

t

where < is now the average surface density over the length f’%% at.
<~ will reach its maximum value for A = l; = vts, We can °
then set.Z; = vtS = ut and:

u

Substituting (6) into (5) and the resulting equation into (2)

and since vts = ﬁs

E T [T (RS St ) I

mo—

Equation (7) describes the rate of growth of the whisker
after the initlal period. Since at constant temperature, the
right member of equation (7) is constant, growth will, during
this stage, follow a linear fate. By putting Av zccf iﬁ

equation (7) one obtains:

This equatlon has been previously derived to interpret

the growth of metallic whiskers(lc). It can be seen that

equation (8) 1s correct for Av = O only, This, of course,
1s physically impossible. In practice, however, Av 1s large

enough and the approximation involved in the use of equation

~10=~



(8) 1s quite sufficient to fit the experimental data.

Growth by Gas Phase Condensation and
Bulk Diffusion. Closed System,

Let us now consider the general case in which both pro-
cesses of gas phase condensation and bulk diffusion contribute
to the growth of the whilsker., Letting Dv = atomic diffusion
coefficient, a mass balance across the whisker for an interval

of time At during which the whisker has grown by 0L gilves:

\\LAES ‘T]LL{/L \—axer& A"“?)JAM_
Fn )0-k~——>[ﬁf

where AC = concentration difference (gr/cc) due to point de-

fects or vacancles between whisker top and bulk solid phase
(AC has a negative value). The first term of the right hand
side of equation (9) is obtained from equation (7) and glves
the contribution of the gas phase condensation process, while
the second term expresses the mass increase of the whisker due
to bulk diffusion. This term is easily'obtained by taking a
mass balance across the whisker under the assﬁmption-that
growth is due to bulk diffusion only.

Taking limits and rearranging equation (9) one gets:

(10)

Q.-‘Qa
S (o=
H
+

were:  w = jé—{w s [1— e %‘* éf})




Equation (10) represents the growth rate of whiskers by
means of gas phase condensation, and bulk diffusion, and shows
the interplay of the various parameters in determining the
relative contribution of each mechanism to the total growth.

Rearranging equation (10) integrating and assuming L= o

for t = 0, one obtalns:

l%f‘
aL+—\>P/V\« O;PA-}) =HCY

L= «2—— QW’%‘% (J&_&;H}«\l (11)

Equation (11) can be expanded into a convergent power

or:

series in terms of %([ - at), giving:

L=(b-at)+ -RL‘- (uﬁﬁ%(& i
Tt & 12
*_:\_/i_\_,(%> ({-@SQ‘)+ (12)

The rapidity of convergence of this series is dependent
on (£ - at); a and b are constant at constant temperature and
(£ - at) 1s the net length of whisker contributed by bulk
diffusion. With sufficient approximation, one can consider the
first two terms only of series (12):

ot 7 Sl

(13)



Since the total whisker length due to the combined
mechanisms 1s longer than the length contributed by gas phase

condensation alone, it 1s possible to rearrange equation (13)

and get:

R
oF L b sat +(5Zb+) |
(14}

In equation (1) the equality sign holds exactly for a = 0O
or b =0, and it is a good approximation for amall values of

(L ~ at). For a = 0, one gets:

£ = (2bt)/2

which 1s the parabolic rate of growth. Equation (1) can be

~ rearranged as follows:

il ..1(2' VQ‘
ot 2 —%ﬁté&& H2b)

(15)

According to equation (15) and for an interval of time
not too long, a plot of ,é7t1/2 vs tl/z should yleld a straight
line parallel to the line )g/tl/2 = atl/2 However, even for

infinite tilme the deviation of the former from a straight line

should be less than (2b)1/2, |
In Figure 8 the experimentél data obtailned in the closed

system (air,vacuum) at 650°C where both processes contribute

to growth have been plotted according to equation (15). The



fit 1s qulite satisfactory thus confirming the foregoing
anelysis and giving supporting evidence for the contribution
of gas phase condensation and surface and bulk diffusion to
whisker growth on V205,

At lower temperatures (570°C) the linear rate predominates
(Fig. 5) indicating that growth is almost wnolly controlled by

gas phase ana surtace processes.

Growth in Open System,

When whiskers are grown in an open system, the thermodynamic
conditions for growth through gas phase transport are drg8tically
altered since evaporation from the top may become predominant
over condensation. If E = net rate of evaporation (m x t'l X

1/ "2), the rate of growth under these conditions becomes:

d _ D AC _E
d¢ D AC _E
®TZ 8
or:
o, (16)

B
where ¢ = = ,

Rearranging and integrating equation (16), one gets:

b= %}[ﬁxr - ;Q— (‘Qx"‘r(}(‘)}_ \___ (17)
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Equation (17) can be expanded into an alternating, conver-

gent series: '
3

L CN\( _ 27 ' > .
e 5 (e - (G
e BTTETT (R )

Taking as an approximation the first two terms of the right side

of the above serles, one gets: | a
Lo(eredt) - 2 (S

and therefore,

Vl-
L 7(ant) - =

or, more generally,
, o ' ‘ jlz_ L.
abvhc) o & (aoenc )_,E_-f”“
< prlg S

(18)

According to equation (18), the data expressing the rate of
growth in open systems should fit into a straight line with nega-
tive slope when plotted asvig/tl/e vs tl/g. Our data, obtained

in an open system are shown in Fig.ff to conform to the require-

ments of equation (18) in a satisfactory manner,

The maximum length of the whiskers, j?m’ will be‘obtaihed

when

-15-



D HC

or: b=ck. (19)
m
Substitution of equation (19) into (16) and integrating, one

gets:

- 3
(—EPLQJF(?W)%;_—QM . @’W:]' (20)

Since %%, & | s 1t 1s possible to expand equation (20) into a con-
Ve

vergent, infinite series:

=
MT \ -e M A c
/. E(@ ) :(m £ (21)
N '
During the initial stages of growth, when'eééQ“N&, the re-

lationship between t and £ 1s nearly quadx‘waﬂc, while 1t will

change over to a higher power as the whisker length‘increases, If,

during growth, diffusion within the whisker 1s suddenly stopped or

blocked, the whisker will disappear quickly; the rate of disappearance

being glven byn--E; . If the blocking ageﬁt is removed before the

whisker has dlsappeared completely, the whisker will start to grow

again according to equation (21). This may explaih our experimental

observations on some whiskers which seemed to shorten and grow "at

will" or disappear completely.



Radlal Grdwth of Whiskers

In the open system, whenever a growing whisker from one
microsphere collided with another sphere, purposely set at some
distance (~0.1 mm) from the first one, the whisker suddenly
grew radlally., Kinetic data on this effect are reported in Fig.
7.

Upon collision with the adjacent sphere, the whisker will
tend to bend, and as a result different parts of it will be sub~
Jected to tensile and compression stresses. There will be also
a shear component which can rapidly reach values above the critical
shear stress of the VZOS whisker, The shear stress will produce
slip and dislocations(u). Posslbly the vacancy concentration 1is
also a function of the stress and as a result a concentration
gradient between the bulk of the two microspheres and the whisker
surface will be set up. Then the mass flux through the cross

section of one of the ends of the whisker is'

9. ’T’mﬂC/——L z)

where ,Zf = final length of whisker.
Taking a mass balance at one of the whisker's base during a

time dt, during which the radius has grown by dr, and since 1}>>r,

(1) {p -0 / 6 Uyfes o *l} At

which, upon integration, gives:

p/()i— ),: 2D AC

one obtains:

e

9 S £ P

- q x| 2= AC
S RO Ry 7l S

-17=
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where q is the integration constant.
2D+ NE
Ser

tact (t = ¢ ) of the isker top with the adjacent sphere, we

Putting g = and setting r = r, at the time of con-

have from equation (22):

L= %t}

(23)

From equations (22) and (23), one obtains:

=, W(g »Jc )g

Q/o% D= %0“3 De Jr%/ (JC~J[_c> (21)

or’s

where D is the diameter of the whisker. According to equation (2h)
a plot of (t - tc) vs log D should yield a straight line. The
experimental data on the radilal growth have been plbtted according
to equation (2L1) in Fig. 10.

As r Increases, a value will be reached where the condition

1.> r will no more be wvalid, and consequently the rate of growth

f
will change. At this stage, the whisker radius will be larée,

the whiéker being transformed in a neck connectihg the two micro-
spheres. These will now be sintering together. Under these con-
ditions, the rate of growth of the neck is approximately D @ tLl (S)Q
We are thus led to suggest that whisker growth provides the initial
stage for the sintering of V20Se The overall process 1is schematic=

ally represented in Fig., 11,

-18-
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Fig. 1. Whisker growth on polycrystalline spheres of vanadium pentoxide;
580°C, open air system, 10 hours, 96X.
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a. Air grown, 8 hours, 100X.

b. Steam grown, 20 min., 100X.

Fig. 3. Vanadium pentoxide ferns, 650°C, closed system.
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Fig. 4. Growth of individual vanadium pentoxide whiskers.
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Fig. 7. Growth of individual vanadium pentoxide whiskers.
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Fig. 9.

Growth of individual whiskers of vanadium pentoxide for open

system, plotted according to equation (18).
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