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CRYSTAL MORPHOLOGY AND MECHANISMS OF GROWTH

OF Cl-l“t*:e()3 WHISKERS OF IRON

Richard L. Tal.man and Earl A. Guioransen
Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

ABSTRACT

The morphology of cz-Fe203 vwhiskers formed on irom at 400° to
500°C in dry oxygen wa. s*.died. Diffraction patterns of individual
~hiskers and texture patterns of oxidized surfaces showed the whisker axis
t~ be [1120] . The axial rotacion indicated by the pattern is that
resulting Jrom an axial twist. This is good evideace that the most simple
oxide whiskers have a single axial screwv dislocation. Arguments are
presented for the view that growth of the vhisker occurs by diffusion of

ircn atoms or ion. through the dislocation and reacvion with oxygen at

the tip.




INTRODUCTION

Wher iron is heezed in oxidizing atmospheres, localized oxide growths

1,2, The crystal habit of these oxide

form on the oxidized iron surface.
gicwths and the extent of cvids growth denend uvon many factors, including
temperature, time of reaction; internal or external stress, impurities in the
metal, pre-treatment of the metal, and the composition of the oxidizing
atmosphere.3

Oxide whiskers formed on pure annealed iron at 400°C to 500°C in dry
oxygen have diameters of about 150 R or more, lepgths up to b x lo5 K, and
whisker densities on the surface up to 108/cm2.3 Electron diffraction studies
show that the most simple whiskers are single crystals of a-Fbaoi.

This paper will rresent: (1) new selected area electron diffraction
studics on sirgle iron oxide whiskers formed during the oxidation of iron in
dry oxygen, (2) morphologicel eridence for screw dislocations in oxide whiskers,

and (3) a growth mechanism for oxide whiskers on iron.

EXPERIMENTAL

A large file of carefully oxidized pure iron wires were available from
earlier studies.3 Before oxidizing, the iron wires had been carefully annealed
and cleaned. The iron wires were then oxidized in dry and purified oxygen under

controlled temperature and time conditions.
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An RCA EMU-3D elec*trcu microscope with selected area diffraction was
used at 100 kV electron energy. The relative rotation of the selected area
electron diffraction pattern was determined by use of the selected area imagee

and the 3elected area diffraction patterns of asbestos fibers.

STRUCTURAL INFORMATION

A. C!-Fe203 Crystal Structure

Pauling and Hendricksh determined the crystal structure to be trigonal

or rhombohedral, space group R % C. This structure was confirmed by Blake et 1.'11.5

in 1966. The latter authors give the following structural hexagonal dimensions:
& = 5.038 + 0.002 X,., ¢ = 13.772 + 0.012 K, and c/a = 2.733 + 0.015. We have
calculated the corresponding structural rhombohedral dimensions to be a = 5.:69 A

and a = 55°13.9°',

B. Unit Cells and Indices

figure 1 shows top and front views and aimensions for toe unit cells

for (1-1?3205 and its isomorphs. PFour unit cells are in com. >n use. The conventional

structural hexagonal and rhombohedral unit cells are shown at the left. Pour
indices are used to describe a set of lattice planes in termc of the hexagonal
cell. The conventional morphological rnombchedral unit cell is shown at the
right. The face-centered rhambohedral F unit cell has an a value of twice that
for the conventional morphological rhambohedral ur't cell. This cell is showm
at the center. The rhombohedral F cell angle a is nearly 90°. It is this

relationship to the face-centered cubic cell which makes the rhombohedral F cell




-l

convenient for indexing. Directions are nearly ncrmal to lattice planes with
the same indices. This cell is used in indexing all of our selected area
diffraction patterns, and is referred to wherever the unit cell is not identified.

Conventional structural hexagonal and rhombohedral indices will also be given,

RESULTS AND DISCUSSION

Figure 2 shows a selected area electron diffraction pattern fram an
iron oxide whisker measuring 1.5 microns in the selected area image. Indexing
wvas made using the rhambohedral F unit cell. The orientation of the projection
of the axis of the whisker lies normal to the layer lines of the pattern shown
in Figure 2, i.e. in the [320] direction. This whisker axis is [1120] and
[iOl] in the conventional structural hexagonal and structural rhombohedral
indices, respectively.

An analysis of tne diffraction spots in Figure 2 suows two nets, the
first 's A nei normal to the [lll] direction and the second is a net normal to
the !:110,] airccrior. The angles between rcws of spots are within 1° of the

anglee batween (o4 Of index points in the reciprocal lattice of a-Fe 0,. The

273
sections of whisker giving the two reciprocal lattice ncts lie at 32.4° to one
another.

Both nets of Figure 2 include the origin, 220, and 220. We conclude,
therefore, that the rotation axis cof the patterm is [é‘?Q] . The same conclusion
results from the fact that the spots of each layer line are indexed by points

in a corresponding reciyr ~:+: la* ice net normal to [§20]
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Two additional oxide whiskers which have been studied satisfactorily
by selected area electron diffraction are of interest. In one, two new nets of
spots, normal to the [001] azd [1I2] airections, respectively, were found. The
rotation axis of the cxide whisker was [§20] . The whisker axis was proved to be
the rotation axis as follows: The whisker axis lies in s plare normal to the
pattern of the second oxide whisker different from the plene of the whisker u-is
for the whisker giving the pattern shown in Figure 2. These two planes intersect
in the [520] rotation axis. If the whisker axis is the same in the two cases,
1t 1s [32q .

For the third indexed pattern, the same rotatica axis was found, but
noct close to 90° to the beam direction. Agein the projections of the wvhisker
end rotation axes coincide in the pattern. This is a more common type of
diffraction pattern than that shown in Figure 2. Bent, kinked, and apparently
multiple vhiskers introluce further complicatioas.

The three different selected ares patterns vhich were indexed include
very weak extra anamalous diffraction spots on the layer lines. Same of the
spots correspond in position in the pattern to the systematically absent
diffraction from planes of the form {lli} , but most of the spots could not be
indexed. The anamalous spots were also found by Takagi.z

Since the whisker axis and the rotation axis coincide wve are ied to
hypotbesize that the whisker is twisted. This is consistent vith the diffraction
patterus of jandividual wiiskers, in that they shov a limited rotaetion by incluuing
iiffraction represented by sppropriately limited sectors of the reciprocal

lattice. Since pno grain boundaries are commonly revealed by diffraction contrast




in the micrographs, any grain boundaries which may exist must be such that the
contrast is difficult to observe. The probability that a small number of
untwisted crystals might lie in the special orientations in the beam indicated
by the diffraction patterns of individual whiskers is negligible.

In adaition to eviderce in the selected area diffraction ratterns of
individual whiskers, we £ind evidence of axial twist in the electron diffraction
patterns of whiskers growing from a surface. These patterns contain long,
straigut streaks which include elongated spots cn arcs of several rings of the
pattern between LOO and 420, (0224 and 1232 in structural hexegonal indices).

The anglocs of tne streaks on the pattern and the positions of the
spots on the streaks show that each streak is the second layer line fcr limited
rotation about the whisker axis. That is, the streeks correspond to dirfracticn
represented by the plane of the reciprocal lattice normal tc the whisker axis,
(320], and passing throu:n 220 (cor 220). The rotation of the crystal sbout

[320] is evidenc.l further by *he contimuity of the streaks, as follows: the

intensity between the spots results from integraticn over itne sector of the
reciprocal lattice plane bty rotation through the refiecting sphere.

AT T AT MIITOOTT MA T ATYT ATY SO

ALLAL 1t ALCL LALLUULAY LD

Eshelby, 3= x bYA Here b is the lengih of the Burgers vertor, A is the
cross section area, and X is s constant which depends on the shape o0 the
cress section. A = I for an ellipticel crosc cection with central
iisiocaticon., If we aprroximate the cross sectional ares A wWith “.ue area

cf a rzircle of *he whisxer image jiameter, we can caloulate the axial *wis?
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and compare this with the olsc:ived twist. The rull lenaiu of whisker in iie
selected area image for the pattern of Figure 2 wus 1.5 u. The diameter,
including contamination, was about 300 X Assuming the smallest Burgers vector,
i.e. the minimum repeat distance along the whigker exis, 5.03% A, the avisl twvist
is calculated to be 4l° per micron. The sections of whisker giving the two
reciprocal lattice nets of Figure 2 are at 32.4° to one another by rotation
about the whisker axis. If at most these two sections lie at the ends of the
1.5 u whisker section, the axial twist is not lesz than 22° per micron; thus

the 5.03% A Burgers vector is likely.

There are many reasons for a discrepancy betweeu the calculated and
observed axial twist. (1) Both the cross section and the axial twist were
difficult to determine, (2) the elastic anisotiropy of a-reeo} may be important
and should be included in the theory, (3) the dislocation strain may have a
planar character vhica would aiter the stiain distribution near the core,

(4) tne discrete atomic structure and the decressed stress at high sirain near
the dislocation may result in » smaller twist than that calculated by the simple

7
i

formula of Esheldby, ' and (5) surface streeses may decrease the axial tvist,

COMPARISON WITH PREVIOUS MORPHCLOGICAL STUDIES

Miyake  rercrtei in 1937 a preferred orientation ir the electron

diffraction patterr of a-Fe O,S formed on an oxidized i{roo specimen. He stated

2
that the (10I) structural -hambohedral plane wves parsllel to the surface.
Apparently, lack of knovledge of the exirtence cf oxide vhiskers precluded a
complets interpretation. The (1CI) structural ricmbohedral plane givea by

Miyake is normal to the vhisker axis we have detlermined.
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Tukagiz determined the growth axis of localized a-Fe203 growths using
iffraction pattervs or individual growths. That Takagl's work preceded the

gereral recognition of axial twist appaerently explains his failure to recognize
the rolation pattern. Takagi oxidized pure iron in flowing dry oxygen, but aot
80 dry as to preveal the feormation of oxide platelets. He observed that whiskers
snd somotimes swaller blades grew from broken oaeses of bladea. This and other
obecrvations suggested that growin is from the top. Takagli postulated s screw
dislaocction mechenism ©>» the locallized growths. He considered surface diffusion
o prgvide the transfer of metal.

Bigetg snd Talbot and Bigoém failed to correctly analyze their selected
area electron diffraction patterns of a-Fe20§ whiskers and platelets. They give
4o indexing for their whisker rotation patterms. Instead they determine the
vhisker aris on the basis that the mosﬁ intense spots are aligned parsllel to
the smallest dimension of the crystal. They give incorrectly the structural
hexagonal ulrection !lOIQ] as the whisker axis without supporting data. The
most intense erc in the fiber texture pattern for whiskers on an oxidi.ed iron
surface is st 90” to the surface in the 1120 ring. This results from the
preferred orientation of the (1120) planes, which are normal to the [1130] whisker
exis., Thus, the most intense arc is on a normal to the [10iCﬂ direction, but

this 18 not the whisker axis.
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THE TRANSPORT MECHANISMS OF WHISKER GROWTH

Three mechanisms have been put forward for the growth of oxide
vhiskers: (1) surface diffusion to the tip of the whisker, (2) extrusion from
the orxide, and (3) growth by internal diffusion in a hole or screw dislocation.

The possibility that a-F'eQO3 vhiskers result from same extrusion
process seems u.likely because the growths are s¢ uniform and are apparently of
high crystalline perfection.

It is 8lso unlikely that a-Fe vhiskers could grow by & surface

2%
transport mechanism as suggested by Taka312 from a surface with competing

a-Fe surface growth mechanisms. The hypothesis of a surface growth mechaniam

203
would reqguire that other growth mechanisms or the existence of @-Fb205 crystals
growing by only mechanisms other then the mechanism of whisker tip growth be
very limited. The existence of species and mechanisms for surface transport of
iron sufficient to produce the rapid growth rates and the extreme lengths of

the a-Fe 0,5 whiskers ig not known and is unlikely because of the stability of

2
the choh from which the iron would be tramsported. Furthermore, the nucleation
of a-Fe205 on Fe3°k is & common phencnenon and involves only a change from cubic

close-packing to a distorted hexagonal close-packing of oxygen in the a-!"e203

lattice together with a change in the iron positions. One cannot readily propose

that the driving for:: for rapid diffusion to the a-Fe whisker tips can be

2%

provided by high concentrations of iron species mobile on the Fbggh surface ..
Gulbranseull has proposed a model for the growth of oxide whisker

assuming the whiskers are hollow or contain a screw dislocation at the center.

The essential feature of this model is that this internal defect allows rapid
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diffusion of irom to occur compared to normal lattice diffusion. The
morphological studies presented demonstrate that oxide whiskers are single
Srystals of high crysimiline perfeciion and shovw axial twist. The latter property
is strong evidence for a screw dislocatior at the center of the whisker.

Figure 3 shows a model for the whisker growth on iron. The whisker
contains an internal hole or screw dislocation where grain boundary or intermal
surface diffusion of iron occurs along a gradient in chemical potertial.

Most of the growth occurs by reaction with oxygen atams or ions at the
tip of the whisker. Since the diameter is nearly uniform during growth it follows
that cationic mobility is much smoller in the lattice than along the dislocation.

Good measurements of the growth rates cf oxide whiskers are not yet
available, Pease and Ploc12 have observed initial growth rates at 5.0°C of
over 0,2 u/min., an average rate cver five minutes. Thkagi2 observed growth
rates up to 2 u/min. at T00°C in the Tirst minute. Whether the growth observed
in these cases should be ciassified as whiskers or platelets cannot be determined
from the informetion given.

The structures of the sections where the cation diffusion rate is
high cannot be given at this time. It may be that information on these structures
is contained in the anamalous diffraction. The structure in the immediate
vicinity of taue screw dislocation must show ions either displaced by the strain
into same distortion of the Ot-Fe205 structure, or otherwise positioned, possibly
in some disordered structure. In either type of structure, diffusion coefficients

would be =2xpected tc be different fram those in the much less distorted




structure of more than half of the cross section of the whisker. This outer
region probably exhibits the bulk or lattice ionic diffusion coefficients.
This work was accomplished with the support of tre Office of Naval

Research under Contract No. Konr-4949(00).
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FIGURES AND FIGURE CAPTIONS

a-Fe 0, Unit Cells. Dwg. T4TA966

Selected area electron diffraction. a-Fe203 R 35096
vhisker. 1.5 u long, 10717 g. Indexed with &
face-centered rhombohedron, & = 85.7°. Nets

normal to [111] and [110] included.

Model of whisker growth during oxidati.n of Dwg. 294B898

iron, 40OO°C, dary 02.
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