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ELECTRON MICROSCOPY STUDIES OF DEFECTS

IN BORON-SINTERED CUBIC SILICON CARBIDE

Fernando de los Santos Dizon

Abstract

Intra~granular defects in boron-sintered cubié silicon carbide
have been studied using transmission electron microscopy. Planar |
faults and dislocations were examined. Closeiy spaced faults per-
meating a majority of grains were observed aﬁd analyzed, but the
Burgers vectors of the terminating partial dislocationé could not
be uniquely determined since the faults extended to the grain bound-
aries. Thus, the faults could npt be distinguished as gfowth or
shear type. Isolated faults were also observed and characterized
as extrinsic. Dislogation dipoles and networks of other disloca-
tions.were observed. These were likely to have been formed by de-
formation at the high sintering tempefatures. A possibilit& femains
that the networks observed were present in the crystallites prior to

gintering.



Section I

INTRODUCTION

Some deSirable.performance objectives fo?fgas_furbiheS;used
" for deer'producfion'inCIﬁde improved efficiéney,zloWér‘iﬁitial cost,
and extéhdéd engine 1life, ' Thesé objectives are; at présent, limited
by the pfoperties‘of super;allbys used in'tﬁesé turbines. These ma-
lte}ials can be operated Oniy,at surfaéé'tembératures of less than
about QdOFC unless‘cooiing'is used. The’ engine 1ife3§f gas' turbines
is limifea mainly by the poor.corfdsioh4erbsion”res1%ténbe”of these
alloyé‘when used at high tempefatﬁfes. The susceptibility of super-
alldstid impurities found in dirty residual fuelé limits their fuel
economy. The necessity for cooling inéfeéséé;fhé'ihitiél blade costs
" and decreases fheirApowe; dﬁtbut;l
Ceramicsvéﬁch-as silicon nitride And éilibdniéa}bidé'may over-
" come ﬁé;y of the lihita{ionérfhét théuhséhﬁf;gupéflali;ys ihpéses on
" the improved'pefformanéé of-éaé:turbihes;. Sincevcerghiés’have re-
"iraétbiy propértie$, fhéy cén be used éf surface fempérétﬁres exceeding
'900°C" wi thout cooling. This is an important asset since the engine'_
éffiéiency increases with higher'bpeféfihgjtéﬂpératUreé."Céramics‘
" have superior corrosion-erosion resista;céﬂana'are éble}toﬁtolérgte
the contaminants found in residual fuels.
Unfortunately, ceramic parts cannot be substituted directly for
barts which”howhuSé'sﬁpér—alioyé. ‘The inherent Bfittléﬁé5§’of cerémics

‘places doubt on their mechanical péffdrﬁ&ﬂée”iﬁrthééé turbines. Addi-



fionally; more efficient and reproducible fabrication techniques need
to be perfected for ceramics so that fabrication costs deerease and
the results from.tésting can be correlated to knewn microstructures.

For silicon carbide; one.step towards its inten&ed use in tur-
bines has been made. The Genefal Electric Co. has invented a process
which_employs boron in the sintering‘ofvthe-eubic form of silicen
carbide. .The addition of boron makes poésible‘pressureless sintering
'with concurrent high densifies. The reprodue;bility of this fabrica-
tion technique is satisféctoryf

Once the material can be reliably produced with a uniform micro-v
structure, it has te be tested under the conditioﬁs'anticipated for
high temperature éas turbines, Describtions of thermal and mechanical
testing ceh be found in reference (1). What is also needed, though,
is a correlation between the microstructﬁre ahd_the'results from these
thermal'ana mechanical tests. |

The -initial steps in determining the microscopic defect struc-
‘ture of the sintered cubic form of silicon carbide are described in
this thesis. Transmission electron microscopy was éhosen for its
capability of resolving the microscopic int;a-granuiar defects in this
fine-graineq form of the material, _Combined with diffraction infor-
matioﬁ, the eharacfer of the defects Qas Aetermined. Bothvplanar
faults and dislocations were investigated. Very closely spaced faults
which permeated the majority of grains in the material were studied
because they formed the'major defect structure observed:. Isolated
stacking faults were also investigated and characterized as extrinsic
faults; Dislocations in the form of dipole pairs made up tﬁe majofity

of the low total dislocation density found in this ceramic material. -
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Other dislocations, in addition to-the dipoles were observed., Grains,
in which these dislécations were found, exhibited electfon diffraction
patterns which suggested the existence of a superlattice in the cry-
stallographic structure of cubic silicon carbide.

The‘strucfure and crystallography of silicon carbide will be
discusséd’as well as thé body of previous work pertaining to the char-
acterizatioﬁ of defects in this material. After a description of the
experimentai procedure, each defect examined will be described and

discussed.



Section II

STRUCTURE AND CRYSTALLOGRAPHY OF SILICON CARBIDE

A. General Structure

While the particular fomrm of silicon carbide studied was the
cubic form designated as B, .it is worthwhile to discuss this struc-
ture in a broader context encompassing other forms of SiC.

Silicon ahd carbon are both quadrivalent elements. This fact
has two consequences. The first is that both the carbon and the sili-
con atoms are tetrahedrally coordinated, namely with four nearest neigh-
bors of the opposite atomic species.> The second Consequence is that
the nearest neighbor bonds are COvalent. Thue, the appropriate eoordi-
nating polyhedron which determines the short range structure is a
tetrahedron consisting of silicon at the center with carbon at the
~ corners (or vice-versa).  Thus all silicon carbide structures are
made up of a single basic unit consisting of a plane of these tetrahedra,
shown in Fig, 1. The long range differences in-the structures are de-
te:mined by two factors: (1)_ the orientation of successive layers of
tetrahedra with respect to each other, and (2) the stacking sequence
of these layers,

There are several systems of nomenclature used for describing
the various SiC structures. These systems, in one way or another,
describe botﬁ of the factors mentioned in the preceeding paragraph.

The notation ascribed to Wells3 gives each plane of tetrahedra one

of two names, either 'a' or 'b'., If the first layer of tetrahedra is
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designated as ta' ) the second layer may be placed on it in one of
_twé_possiblé wayse;eithér'parallel (Fig. 2a) or anti—paréllel (Fig.
2b). A parallel stacking sequence results in the desiénation taa®,
~and anti-parallel as *ab*. In Well's notation, the smallest repeating
unit of the paiticular éilicon carbide structure being described is
used to designate the structure. Thus, the cubic modification is
designated simply as 'a', since ali succeeding tetrahedral layers

are stacked in the parallel manner. Examples of other known struc-

- tures are aabb, aaabbb, and aaabb.

The notation due to Zhdanov and Minerviﬁa4 and Mitchell5 is a
compression of the Wells'notation, e.g., aabb becomes '22', namely,
two layers sfacked parallel, and the next fwo étacked similarly with
respect té each other, but differing from thé first pair,

Ramsdell's nofation6 represents a specific SiC structure by
the number of layers in the unit cell together with a ietter desig-
nating the lattice type, e.g., 6H, 15R, and 3C are Ramsdell notaiions
for strﬁctures with respedtively 6, 15, and 3 layers in the unit cell
and with he#agonal, rhombohedral and cubic lattices. In‘Well's no-
tation these are respectively aaabbb, aaabb, and 'a';

These notatioﬁs are the ones in common usage in the literature.
Other systems of nomenclature are given by Verma and.Krishna7 and are
attributed to several other workers. |

Shaffer8 and deMesquita9 have reviewed the details of the crystal
structurevof the known polytypes of SiC. Specifically, for this thesis,
the éubic form, i.e., B—SiC or 3C (Ramsdell's notatioh)has been inves-

tigated. The atomic pbsitions of the silicon and carbon atoms in this



" structure are:

11 con: 11 1,1 11
Slllcon.v 000 0 >3 > Q > 55 0
Carbon: 111 133 313 331
arbon: 2242 427 213 4171

The lattice parameter is 4,348A. The C-Si bond, of length 1.89A, is
the shortest inter-atomic distance. The C-C and Si-Si bonds are of

0
length 3.094 in this structure.1

B. Crystallography of Defects

*The overall cryétal structure of B—SiC (the cubic form) has
been described in terms of the infinite "parallel” stacking of
tetrahedral layers (viz. aaa... in Well's nqtation) and the designa- .
tion of atoms positions in the unit cell. Neither of these déscrip—
tions lend themselves easily to the descripti&n of plaﬁar and linear
defects in the structure.

For the description of these defects it is first of all, nec-
essary .to know what the perfect dislocation Burgers vectors are in
the structure. The dislocations can then be described and the split-
ting of.theée dislocations into partial dislocations leads to the
description of the planar faults. The stiucture of B=SiC can be vi-
sualized as.corresponding to two inter-penetrating fcc lattices, oné
of which is displaced by the vector % [111] with respect to the other
(Fig. 3). Ome fcc lattice consists entirely of silicon atoms.and the
other of carbon atoms. Tﬁe stfucture can then be described as an fcc
structure with a basis of two.atoms per lattice point, Theiprimitive

unit cell vectors are those associated with the single fcc lattice
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i.e., a/2 (110). These are also the shortest lattice translation
-.vectors aﬁd thus, are candidates for the~Burgérs véctoréﬁofndisloca-

.tion in the structure,

o

1. Pianar Faults.
. t

In régular fcc structures, the stacking of {111} planes follows
',;ﬁhelclassic ABCABC ... sequence. But in B-SiC there are two inter-
. penetrating fcc structures which means- that fhe layer structure can

~be described as planes in the double letter sequence: '’ AaBbCcAa

..“BbCec. . -

In Fig. 4, the-BeSiC Iatticé.is-projected:normal to_(lTb){ In
,thiS\pféjectipn the (111) layers A and a'are seen.to project-to the
‘“same tyﬁéyof position, as do B and b and also C and c. Looking at
this pérticulaf projection, a more suggestive notation is given by
‘ the.squence cA aB bC cA, because of the larger:separation bet&een
‘atoms in the same indek layer, i.e. A and a. nTwins and stackiné
faults invoive:theiinsertion-or femoval of’pairs of iayers76f the
same‘inde#, Aa, etc.

Since- layers are removed.or added in pairs,:it'iS'possible to
drop the double index notation and describe the packing byithe‘se-
quence ABCABC ..., (as in a regular fcc structure) but in this case
each letter refers to a pair of layers.

The requirement that layers must be removed or added in pairs
makes the description of stecking.faults in B—SiC'a matter of analogy
with basic fcc structures. The intrinsic fault‘in fcc'stru;tures is

obtained by the removal of a plané of atoms. In B-SiC . this involves



the removal of a double layer of atoms. This is shown in Fig. 5a

: ]
and the fault is designated ABC|BCAB. Similarly, the extrinsic fault
is obféinéd by the addition of a double layer and is denoted by

B
CA:C:BC. This fault is shown in Fig. 5b.11

2. Dislocations
: jThé ¢6Va1éht nétufe:éf‘thé'bO?ds in Sié makes it poséiblé_foﬂ:‘ N
attempf a description of.the atomic arrangeménts in the cores of
the dislocatiqns since these'bonds can be regarded as directéd.in
space. -Hc;rnstra12 describes the dislocationé in diamond and,Holt13
used‘the sahe methods for thé dislocations in the sphalerite strucf
ture of which PB-SiC is an example. Tﬁe work 6f.thesé two authors
gives a starting point for discussing the geometrically possible
dislocation SffuctUres in B-SiC.
:In Fig. 4 the (IIO) was shown in discussing the planar faults,
Th1s same prQJectionlshOWn c11nograph1ca11y in F1g 6a, serves to
descrdbe the geometr1ca11y feasible dlslocat1ons in B-SJC
The comb1nat1ons of stable Burgers vectors.g and low index
- crystallographic line directions a give éll the éimple dislocations
which differ in core structure. The two directions b and a deter-
mine the slip plane of the dislocation (for screw.dislbcations, é
anQ 5.aré parallel and a plane ﬁay be arbitrarily chosen).
The steps in determining the core structure of a dislocation
in the P-Sic structure is shown in Fig. 6. Th¢ 60° dislocation (so
called because of the angle between a and b) can be "const;ucted" by

first considering the (111) slip planes and their respective puckered
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sheets of silicon and carbon atoms. Choosing b = a/2fTOl] and
a = [110] on this plane, these vectorsvare represented in Fig. 6a.
In 6b the résult of moving this 60° dislocation into the cr&stal from
fight to left is to produce the relative movements of the atoms .indi-
cates by the arrows. Then the a?oms agove the slip plane are displaced
to fhe right through a/2[101] relative to those below. The proposéd
core structure, then, is visualized by connecting up nearest neighbors
across the'slip plane in a way consistent with‘the simplest picture
vof a covalent bond. This is shown in Fig. 6c.

_Holtls, in discussing defects in the sphalerite étructﬁre, has
drawings'showing SChematicvrepresentatiohs of other possible disloca—'
tions in this structure. Téblell lists the geometrically feaéible dis-

locations in sphalerite type structures.

Table 1

Dislocations in Sphalerite Structures

Description b a Glide Plane
Screw % (110) ( 110) Not defined
60° 5 (110) (110) {111)
Edge -;- { 110) (110) {100)
Small Angle Boundary a '

Dislocation 2 (110) ' (001) - (110)
- Z (110) (110) {001}
Edge % (110) (112) {111)
30° 5 (110) (112) i {111)



jo

The double iayer structure of sphalerite structures introduqes
anbadditional complexity in the description of possible core struc-
tures. The 60° dislocation described in Fig. 6, is now seen along
its line diréction in Fig. 7. The carbon atoﬁs are represented by
the black dofs and the silicon atoms byvthe circled black dqfs. In
this figure the double layer atomic arrangements is apparent as is
the possibility.of two types of {111} slip planes, type I and II.
fhe 60° dislocation is shown with its extra half plane ending at a
type iI plane, where it breaks the 1eastvnumﬁer of bonds. ' The one
bond per atom which is broken has been described as a dangling bond.
The dislocation, as pictured, is a membef of the shuffle set of dis-

_ iocations as defined by Hiithe and Lothe11 and is the same.60° dis-
Iocétion described by Holt.13 Had the dislocation passed through

the type I plane, the 60° dislocation would havé been pictured as

in Fig. 8. The distinction between Type I and Typ= II glide planes
holds for screw and edge dislocations as well as intermediate oriep—
tations. The 60° dislocations have been described in detail not only
because of their ease of depiction but also because they were the

type observed in this research.
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Section III

PREVIOUS WORK ON SILICON CARBIDE. ..

"Thofe'have been very few fﬁeorétical orléibérimeﬁiailstudies of
dislocafiéns ih SiCL The:stddies that have been mede mainiy on frac-
.fﬁfe dhips. R. Sté&ensl4 studied fracturé qhips of.se1f—bonded B-SiC.
He idénfified dislocations with Burgers vector b = % (1i0> and the
'operatiﬁé siip pléne as {111}, Stevens noted that the generation of
.métion.fér the dislocations he observed could occur 6ﬁ1y‘bn a limited
. scale and are probably due éélthe spécial conditiqns 6f stress con-
'éeﬁtfationé occurring at the craék front of the fracture chip. In
v&%her-worAé, the\disloéatiohs he oﬁservéd:weré'hdf repfesehtative of
fhe>dislocati§ﬁ'étructure before fractufel

'Aaaitionél electrog‘microscopy wégugérformed,'againAbf Stevens,15
'onﬂgpeciﬁens of B—SiC fractured at liOOdCJ‘:Tangiéslof d&glocations
éontaining dipoles‘and jggs were‘obserQé&.' No énalysisvsﬁpporting'
'tHé‘characterizafion of these digiocations as dipolés ;nd sogs was
ﬁreéentédi ‘ | | |

Stevens16 extended his'study>o} silicoﬁ carbide inko ah investi-
gation of fhe hot;pressed"forms. Both B-SiC and 2-SiC (hexagonal)
were inVesfigéted. The moét étrikingtfeéture ih thebfoils examined
by TEM was'thé>scarcity‘of diélocafions. Stevens, in this paper,
does ﬁét presenf a detailed éharacterization of the diélocations

‘he observes. Neither does he_rebort any attempts to ascertain the

disblacemenf vector of theAstacking faults in the maéerial.
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‘Bartlett and Martin,17 although not performing transmission
- electron miéroscopy on SiC, were able to study general features of
the défect'structure of B-SiC using Lang X-ray topography, Weissen-
berg pﬁétograpbs and etch pit analysis, The bnly dgfects seen were
stacking faults on {111} planes with associated’é (112) partials
and a'few {111] twins on planes parallel to the growth plane of the
élatélets. | | |
L.I. Van Tornels examined silicon carbide whiskers grown from

the §apbr ﬁsing transmission microscopy. Neariy 95% of the whiskers
examined were of the B form and contained étackiﬂg faults on.{lll}.
The stacking faults formed micro twiné of the order of a few lattice
parameters (12.54). ‘Crémerlg also did work on PB-SiC grown from the
vapor and supported somz of Van Torne'slpredictions. He found evi-
dence, using dark field microécopy and selected area diffraction,
for multiple twinning along the [111] axis of the whigker, with the
twins being related to each other by a rotation of 180° about the
growth axis. Stevens,16 observing the same typ=z of twins that Van Torne.
and Cromer found, also found evidence for the twin plane occurring
parallel to the axis of the whisker.

| Stécking faults in chemicélly—vapor-deposited (CVD) B-SiC were
investigated by Gulden.20 The resulté of this ihvestigation showed
that growthk faults in CVD B—SiC are most likely to be in the form »of
simple extrinsic faults with displacement vector % (111). Gulden
presents an intensive investigation of the faults, outlining the
electron diffraction contrast analysisrleading'to the identification

of the displacement vector and the nature of the faults. The fringe



DR 0F N0 B4 3s

patterns presented by the faults showed concluSively that stacking
faults and not anti-ph;se boundaries, twin boﬁndaries, or plate shaped
precipitates were responsible for the contrast.

Much of the further work was done on the hexagonél forms of SiC.
Van Landuyt and Amelinckx21 studied the 6H polytype. They found a
few stacking faults in the basal plane, each having a dispiagement
vgctor é_(2§01) with spme connected éegments in the prismatic planes.
Work by Drum22 showed basal plane’stécking faults in Q-silicon car-
bide single crystals,

For completéness, it is worthwhile to mention that in addition
to the work on dislocations aﬁd staéking faults, another important
area of investigation in SiC is its polytypism. A recent work on
polytypism in SiC is by Yesgik, Shinozaki, and Satd.zs_ In this stﬁdy
tr;ﬁsmission.elgctron microscopy was used to determine . the structures
of four long-periodvpoly typeé of SiC foundvin a sample of reéction
sintered material., It should be mentioned that among these polytypes
none were of the cubic form.

Worthington24 repo;ts oﬁ the observation of polytypes and stack-
ing faults in zinc sulphide by transmiséion microscopy. While this
was not specifically done on B-SiC, it is appropriate to mention it
here for several reasons. First, cubic zinc sulphide is isostructural
with P-SiC. In fact, Worthington's paper shows micrographs and diffrac-
‘tion patterns which a?e similar to those observed in the B-SiC inves-
tigated for this thesis. Speéifically, Qiffraction patterns from the
(110) typ= orientations show streaking and extra spots which will be

presented later on in this thesis. And more striking, the striation-

13
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filled grains from the.ZnS are reminiscent of grains in B-SiC. . quth;
ington states that these striations may be attributed to faults in

the basal plane stacking sequehce. He makes the observation that the
striétions could no longer be seen when the spscimen was oriented so
that tﬁe reciprocal lattice vector, & of the>operative reflection
was perpendicular to the striations, implying that the displacement
vector of the stacking fault responsible for the appearance of thé

striation lies in the basal plane.
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Section IV

EXPERIMENTAL PROCEDURE

Specimens of B-SiC suitable for transmission electron.microscopy
were prepared in thg following manner. Wafers, approximately 5do.pm
thiék Wer? éectionéd f?oﬁ the bulk\material with a diamond wafering
blade., 2.3 mm DIA. discs were ultrasonically cut from these wafers
" and théh mbuﬁtéd'onfo glass slides'for'mechanipal thinning. After
thSﬁning.{o‘QGO pm the discs were mounted with époxy, on’ 3 mm bIA.
s;eciﬁen grids fdr the final step in the sﬁécimeﬁ'pfepifatiéﬁ process--
ion-mfilihé,” Using a beam current of ~10pr and. an acééiéréting voli;
ége of 5Hkv,{théidiécs were bombafded with éréénlfons until ‘small holes
in the center were visible.

‘The edges of these holes, were thin ehbggh*to alle penetration
" 5f 'the electron beam accelerated through a'botéﬁtiél of IOQ*kV in the

APhiiips‘EM 301 electron microécope. Additional ﬁicroscopy was per-
“formeéd with the Hitachi HU-GSb‘high véltaéé’microScope'dpérafing at
650 kV.

The'éoniometer étagé for the'EMSOI as well as tﬁ; double-tilt
stage for the HU-650 weré_ﬁséd to obtain the two beam or systematic
row cohditions neééssafy for énélyzihg crystal aefectsﬁsuch as dis-

locations and stacking faults.
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- SECTION V

RESULTS AND DISCUSSION

“A. Planar Faults

1. Closely Spaced Faults

ﬁesults

A $qahning electron ﬁicrograph of the etched surface of boron-
sintered g-SiC revealé the small grain.size of the maferiai; From
this'ﬁicrograph thé grain size waé estimated to be on the order of
10 um (Fig. 9). (Etching was accomplished by immersion of the spzci-
men, for 30 seconds, in a 50:50 mixture of.éodium nitrite and sodium
peroxide brought to 550°C). |

The transmission microscope revealed thét the majority.of these
grains were heavily faﬁlted. Figu§e 10 shows'an.eiample of such a
. grain. The diffraction condition was t&o-beaﬁ with the operafing.
reflection being 202 ﬁear the [101] symmetfic 6rientation. The planar
faults are seen edge-on (circled area in Fig. 11a) whén the grain is
tilted to this symmetric orientation. Only the (111) planes are seen
to be faulted. The faulting on (111) is evidenced by streaking through
each of the reciprocél lattice points i; the:[101] orienﬁatién (Fig.
lib). Additionally the éxtra spots aloné fifi], thfough all the re-
ciprocal lattice rows, shows evidence for periodic faulting;

The heavy faulting, observed in this grain, became invisible when
two-beam &iffraction conditions were obtained fog the reflections 2155-,

220, and 111 (Fig. 12).

L
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Discussion

The investigation of the faulting in the heavily striated grains
led to the determination of a displacement vector for these faults.
This vectox R,for planar defects represents the magnitude and direc-

tion by which the atoms on one side of the fault have been moved with

_respect to their positions in the perfect cfystal.

In fhé theory for explaining the contraéf dUé to planar faults,
the value §f ihe.phase anglela = 2&5;3 (where g'.is the operating
reflectiﬁﬁ) is an importé;t parametéf which détermines thé_visibility
of the faults. ‘Wheﬁ a is eqﬁaiato zéfé or téuan-intégral multiple
of 27, the fault begbmeé invisib}e;zs- |

Fof the sffiationé,;the vector B‘zv%[lif] ié a.vector which gives
fhe‘values, 0, 2=, and 0 wﬁen evaluating &, respectiéely, for the
reflectioné 256, 11?, gnd 242. These feflectidﬁs were tﬁdse for wh;qh
the striatiéné wereniﬁvisible. ‘But the dispiaéémént véc{or R = %[lli]
is not'the only vector for which ab;.b; 2nﬂ.: Thé additioh of a lattice
ffansléf;on vector‘ﬁ = % (110>. to 5 wiil étiil giveva = 0, 2nn sigce
ZQg;i = 2nx for any t.

Ultimafely,'this uncertainty invascerfaihing R can be resolved

» by determining the Burgers vector b for partial disiocatipns at the

boundary of.these faults. bUnfortunately, the faﬁlts in tﬂese heavily
striaféd grains all terminated at the gféin sgu;dﬁry, &hich made if
i;poséible to resblvé any partiai dislocafioﬁé.; fhus, tﬁe queétion of
whether the faults afe due to érowtﬁ or ;heaf:isfStill unahswered.

Specifically, not only does the diéplacement vector 5 = % [111)] satisfy

the invisibility conditions, but also the three 1/6 (112) vectors in
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the (111) plane. Explicitly:

1 - 1 r=nq L l'.;_
3 [111] + 3 [110] = g [112] }
S B T ey
3 f111] + 3 fo11] = & (211}
; 1 - 1 - 1 - '
3 [111] + > [101] = g [121] |

Thus, up to an uncertainty in a lattice vector; B can be de-
£ ined, for the heavy faulting as 1/3 (111) or 1/6(112).

As noted in Section III, Worthingtonz4 attributes the displace-
ment vector to one found in the basal plane (i.e., the plane of fault-
ing) in cubic Zné which is isostructural with BjSiC. It cannot be
stated that these faplts‘have specifically,_a displacement vector in
the fault plane since, again, the addition of.gfléttice vector‘to B
would transfprmvit to a di§p1acement'vector perpendicula; to the fault
plane and still not affect the contrast.

While the microscopy performed, concentrated on the characteriza-
tion of the displacement vector of the_faults,_theré remained the prob-
lem of explaining the complex diffraction patters of the (110)'§ymmetric
orientation in which these faults were seen edge-on (Fig. 11a). Head-
way iptbvsdlving-this problem has been made by D, R. Clarke using the
iattice imaging techniq'ue.25 The existence of various SiC poly types
other than B-SiC is revealed directly by this technique and also serves
as a correlation with the periodic faulting indirectly evidenced by.the'v

selected area diffraction pattern.



2. Extrinsic Faults

Results

"~ While heavy faulting was observed in the majority of graiﬁsvthere
were-instancee where grains were observedv&ith e iesser degree of
faulting; An example is showe in the micrograph of Fig.413. As with
the strie{ions, the contrast is determined by_fhelphase angle O =
235.5 Wifh invisibility-occu}ring for d = Znﬁ, n =0,1,2,3. The fault
mafkesz showe fringe contrast which can be'aeeribed to stacking faults
chéracferized by a phase angle, a,eequa1>to + 2r/3. The fault‘disf
appea’red for the reflections TTS, 1_1.1, and 022 (Fig. 14). The dis-

appearances are consistent with a displdcement vector, + % [111).

Discuesion

The nature of the fault, whethe; intrinsic er extrinsic, was de-
"termined from a detailed analysis ef'the'friﬁge'eontrast;' For stacking
| faults in»fec materials, the:sign-of the pheee angle_a is determined
" solely by Qhe color of the edge fringesvin tﬁe bright field eondition.

Figure 15 shows a BF-DF paif of the same area under the operating
reflection-gv='§02. The color of the edge frihges, in BF,.is dark in-
dicating that & = -25x/3. The displacement vector R = % [111] is con-
sistent, under g = 202, with a phase angie a = -2n1/3. The inclination
of the faylt plane is determined from the contrast of the edge fringee
in both BF and DF, Accordihg to Hirsch et. al.zé, the edge fringes
are pseudo-complementary at the intersection of fhe bottom of the fault
with the surface. ‘This, as must be pointed out,'is trﬁe for a low-

- .resolution DF, ji.e. where the objective aperture is merely placed over

19 .



the diffracted beam. But iﬁ a high resolution DF; the beam is tilted
so that -g instead of g is the reflection responsible for contrast,
Thus, the pseudo-complementary edge fringes in BF and DF respectively
will odéur where the fault plane intersects the top surface of the
foil, The geometry of the fault plane, diffracting vector g'and dis~
placement vector 5 is giveﬁ in Fig. 16. With this geometry, the fault
is deterﬁined to be extrinsic since, the bottom part of the gryétal is
displaced‘away from the top part, necessitating the filling in of ma-
terial, fhe formation of éxtrinsic faults can Be thought of in this
manner. . |
As-With the closely spaced faults discugsed previously; there
is still the poésibility that the displacemenf vecfor cduld be one of
the 5/6.(112) vectors in (1'T13. To deduce whether these isolated
faults areleither growth or shear, the partials.bounding the faults

-must be analyzed. - No isolated fault, at. this writing, has shown par-

tial dislocations which have yielded to such an analysis.

B. Dislocations in §-SiC

1. Dislocation Dipoles

Results
Dislocations were obsefved in $-SiC occurring as dipole pairs
with Burgers vector of the type + a/2 (110). The dipole nature of
the dislocations was determined by examining fhe symmetry of the con-
trast arising from the dislocation pair. This analysis will be ex-

plained in the following section. Figure 12 shows these dipoles
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(marked D) in four reflections. For 202 and 220, (Fig. 12a and c),
they are visible. The dipoles are invisible (or have residual con-

trast for the reflections 242 and 111 in Figs. 12b and d.

Discuésion
Diélocations.aésociated together as dipoles ha#e Burgers vectors
' Qifferiné only in their sign. The_difierence in sign of4§, the Burgers
vector, was indicated b&lthe differing behavior of the light-dark os-
cillations occurring adjacent to the images of the dislocations com-
prising the pair. Figure 17a again shows the \- dislocation pairs

. when g = 220 Observing the dislocation marked d it is noted that

~ 1
the lighf—dark oscillations "bow-out" towardé the right side of the
image of @he dislocation. For the dislocation marked d2, the direc-
tion of bow-out is towards the left. - It is noted,_aiso,_that 6ark
oscillatory contrast oécurs,adjacent to simiiar dark contrast of.the
second dislocation. This behavior is indicated by the opposing arrows

adjacent to d., and d, in Fig. 17a. The contrast from the dark-light’

1
oscillations, then have a line of symmetry lying halfway between and
parallel with the dislocation pair. This line of symmetry is indicated

'in Fig. 17b by the two arrows between the same dislocations d, and dz,

1
for which (in the reflection g = 311), the direction of bow-out of the
oscillations is towards the "outside" of the dislocation pair.

It can be concluded then, that the Burgers vectors ofbthe dis-
locations are opposite in sign aﬁd that the pairs of dislocations can

be associated as dipoles., Other tests to determine the dipole nature

of dislocatibn pairs are described by Bell, Roser, and Thomas.27 The
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width between the images of the dislocations éﬁangés when s, the
deviation parameter'ghanges sign, keeping g constﬁnta This test
‘was not performed on the dipoles described,. |

In determining the Burgers vector of the dipoles, certain working
assumptions were made. Since B-SiC:is a covalently bonded materiél
with an‘fcc type structure, the dislocations present in the material
7 could most probably reside in the close packed'{lll} planes.” This
aééumption Qas borne out by a trace analysis of fhe-line directions
in 3 different zones of the crystal. These orientations were [101],
t112]; and [111]. The line direction in these zones were respectively
[Iél], [110] and [110]. The conclusion was tﬁat the dipoles lay along
[IlO], and that they occur on the (111) ;1ose packed ﬁlénes.

The determination of b, their Burgers vector, involved difficul-
ties éssociated with the striation contrast reportéd in S;ction V(A.l).
In fact, Fig. 12a shows these dipoles (marked D) at the same.time the
striatioms are in contrast. Figure 12§ shows the'dipqlés Qhen the
striations were absent. Only in fhose reflections for wﬁichvthe stria-
tions were invisible, was unhampered observation-of the dipoies pos-
sible.' |

That the dipoles lay in the (111) planes, excluded them from being
Frank dipoles with Burgers vectors + 1/3[1fi] since ;hese would be
visible when g = 11?. Figure 12d shows them to be invisible in this re-

flection, The following table summarizes the contrast from the dipoles,
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Table 2

g-B-Vaiues for % (110) Dislocations and Observed Contrast from Dipoles

"Actual ‘a . a a - a —“ é - a
2[101]. 5[011] 5[110] 5[101] E[OI}]\ 5[110]

Contrast £

Invisible 111 | 0 o ) 1 1 1
Visible 311 -1 . 1 -é -2 0 | -1
Visible 230 1 a2 B -1 0
Invisible 233 o -3 3 2 -1 1

The Burée?s vector was then detérmined to ‘be %[idl] which is in 60°
orientation with line direction of [110].

Thé diboles observed and analyzed in this m;teriaf éié“cbmposed
éf pairs of glide dislocations on (ill} planes. This fact points to
vfﬁé péééibility that the diboleé were'formed by .plastic deformation
at thé sinfering temperatures.ét Which fhe éompéct was fabricated.
FE;idenée‘for fhe'glide of'dislocatiqné at high.températufes iﬁ MgO, a

¥

céfaﬁic ﬁaterial of hiéh melting point, was presented by Waéhburn,
Kelly and Williamson in 1960.28 High témpe;atures were obtained by
deliberate beam current heating in the transmission micréscope. Ob- .
servation of dislocation structures in'other ceramic matefialé show
evidence for the formation of dipoles at high temperatures. Barber
and Tighe29 studied the structures developed iﬁ creep deformed spe-
cimens of_éluminﬁm oxide. The dislqcations in theig foils lay in

well definéd glide bands which containéd dislocétionvloops and dipoles,
Pletka, Mitchell, and Heuer30 reported on the diglocations substruc-

ture developed in sapphire single crystals deformed at 1200°C to

1500°C. Different foils strained to different values were examined



24
and the substructure observed consisted, again, méinly of dipoles when
the strain was that due to stresses between the upper and lower yield

points. -

2. Other Dislocatiohs

Results

In addition to the dipoles, other dislocations were obsérved in
$-SiC. The observation of these dislocations~ﬁas not an isolated in-
stance in the course of tﬁe‘investigation. An examplérof.a grain ex-
hibiting‘these dislocations is shown in Fig; léa together with its
corresponding diffraction pattern (18b). Figufé 18; is a BF image
taken looking down the;fill] symmetric orientation as evidenced by
the diffraction pattérn; The diglocations of Fig.. 18a were'analyzed
and their Burgers vectors were found to be + %[101], i %[Oll]lor
i'g [110]}. ‘None of these Bufgers vectors are found in the (111) plane
perpendicular to the beam direction.

The diffraction patterns from these grains éxhibited extra spots
‘ in‘the % (422) type positions. These extra.Spots are observed in the
.diiffaciion pattern of Fig. 18b, one of which is pointed out by an
arrow. Tilting alone a (226) Kikuchi band from‘thisﬁ[lll] zone to a .
[112] zone, additiohal extra spots are observed. vTheSe are iﬁdicated

in Fig. 19, The extra spots in this zone are in the % (113) positions,

Discussion

Figure 20a again shows the dislocafions first exhibited in 18a,.



D@z wAUT by by

The distinctions between dislocations m and n are clarified in

Fig! zob_ahd c. Figure 20b shows m- visible and n invisible, while
ZOE shéws‘the opposite--i.e., m, invisible, n- visiblé. Analysis
shows ﬁl‘to become invisible in 205, iﬁfl,-and 111 making its Burgers
vector iv% [101]. n is invisible ipv02§, Tli,”and inil_ thus makingv
its Burgeré vector + %[011]. A!similaf analysis Qetermines the Bur-

gers vector for the following dislocations in Fig. 20a,

s % o1l
bt:, i gmm
u: + %[110]
v o+ §.~[191j
w % 2[110]_
x: + 2[011) -

a
| y: * 5[011]

Dislocations m and n, for part of their lengths are closely
associated spatially. In the bright field image of the [111] symmetric
orientation, (Fig. 20a), the projections of m and n 1lie on top of

each other before they diverge to become distinct dislocations. Figure

*

20d shows m and n in the reflection 220 where they are both visible,
(A stereo pair showed m and n to lie one abqve the other).

The dislocations observed, which have Buréers.vectors %[101],'
%[110], or %[011], are seen to form networks (see Figuré 18a and 20a),

Networks such as these, as with the dipoles, are dislocation structures



which plastic deformation are likely to produce af the high sintering
temperaturés under wﬁich this material was fabricated; Anofher possi-
bility e#ists that the dislocation networks wére presént in the cry-
stallites prior to ;intering.

' Attempts were made to asbertainAthe origin of the extra spots
observed in the {211) and [112], zones.. The [111].(fcc).zone, as
described above, had extra spots in the % (422} positions in the dif-
fraction pattern. A construction of the second'Laue layer of any
reciproéal lattiée zone is outlined by Hirsch etAal (ref..26, pp. 114-
115) . Using this procedure, the effect of a sécond Laue layer in the
[111] zone was determined. % (422) type was detérmined. % (422) type
spots could originate from such an effect. But ;he effect of a second
Laue layef giving rise to extra spots in the [112] zone was inve;ti—
gated andv;he result was negative. The conclusion was that the Laue
layer effect, glone, could not explain the origin of the extra spots.

At tﬁis point, other.crystal structures were posed for further
attempts to explain the extré spots. Since hexagonal and rhombohedral
polytypes are commonly observed in SiC formed by other processés, the
-most common polytypés—;ZH, 6H and 15R were chosen as candidates for
investigation.

fhe f0001} zone of hexagonal and rhombohedral polytypes‘appear.
similar. Figure 21 shows indexed diffraction‘patterQS'from the {111]
(fcc) zone and the [0001] (hexagonal) zone. The [111] and [0001] zones
of cubic and hexagdnal forms of SiC have indistinguishable electron
diffraction patterns. A measured camera length of 23.83‘mm-A gives a

lengfh of 15.5 mm for the {220) type spots in the [111] fcc zone and
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15)49, 15}51, and 15.50 ﬁm, respectively for the 2H, GH,'and 15R poly-
types."The length observed on fhe diffraction patterns were 15.5 mm
3.0.1 (the poiytypes examined have the folloWing <, -.and ao - axis
values: 2H: cé = 5.04§A, a_ = 3.0764; 6H: c_ = 15.0794, a_ = 3.0734;
" 15R: c; = 37.70A: a; = 3.073A.7 The possibility that thé graiﬁ was
-either Si or B4C was considered. But the .(220)_spots-for Si‘have>
length of 12.04 mm (AL = 23.83 mmd) and the (1120) spots are 8.51 mm
long for rhombohedral B4C Qith the given camera length. .The possibility
that the extra spots are actually (1120) type spots from a hexagonal
cfystal structﬁre_ié ruled out, since the.meashred lengﬁys'of the extra
.spots from the transmitted beam is 9.20 mm, while at the camera length
ih operation, (1156) spbts.from hexagonal structures would be ~15.5 mm,
as measqred from the trahsmiﬁted beam.

-'An attempt was made té gscertéin_whether the diffraction pattern
of the [112] zone, together'with the extra spots cquld originate from
the c;ystal strﬁcture of the 2H, 6H, or 15R polytypes. This, too,
provéd fruitleés. | | |

.Haviﬁg exhaﬁsted reASOnable possibilifies for alternafive crystal

_ structures, other poséibiiities for exploring the extra spots were
- attempted. Double diffraction was ruled. out since the extré spots
occufred at % (422) and % (113), which are fractional multiples of
allowed_reflections. Such multiples sometimes occur for structufes
which undergo orderiﬁg involving more than.one unit'céll. This phen~
omenon, theﬁ, is manifested by the appearance of these spots corre-

sponding to fractional indices which can be made integral by doubling

if halves are involved and tripling, if thirds appear, etc. This

27



means that the unit cell in redlvspaée is twice or three times as
large in these two cases in which case a sdperlatticé is said ‘to be
present in the structure.

A dark field image using the % [113] extra spot is shown in
‘Fig. 22. Iﬁ it we observe, in weaker contrast, the dislocations imaged
in Fig. 20a. 'Dislocations w and y are shown again. Whether this
micrograph shéws evidence for ordered domains remaipé’aﬁ unanswered
question. The origin of the prominent "paint-brush" contrast; roughly
parallel to g mneeds to be explained and correlated ‘with the possib-

“ility of a superlattice.
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Section VI

CONCLUSION

This investigation of intfa-gréﬁulaf defects in é{SiCﬂby trans-
miSsion eléctron microscopy haé identified the presenée-of heavy fault-
ing, isolated extriﬁsicvfaults,.dislocation'dipoles and dislbcation
networks the dipoles and thér dislocation liﬂes are most likely to

"have been formed during high tempgrature deformation. A possibility
remains that some of the dislocation networks were compriéed of grown-

in dislocations that were present in the érystallites before sintering.

Suggestions for Future Work

- The nature of the closely spaced faults. is not completély deter-
mined. Since partial‘dislocations bounding the edges of these faults
ﬁave not been observed, the guestion whether the féults are growth or
sheaf‘type is still unanswered. Answering this question will involve

‘the inveétiggtion of the B -« siC solid state transformation. Anneal-
ing experiﬁents fo Qbserve whaf happens to these faults with heating

~above the transformation temperature may help in determining the nature

6f the faults.

29



High temperature.deformation experiments can be performed to de-

termine what role the dipoles and the othetr dislocations may play in

s

the plastic behavior at these temperatures.
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Fig. 5.
Fig. 6.
' Fig. 7.

34

FIGURE CAPTIONS

A single layer of SiC tetrahedra (from Shaffer, Acta.

. 8
Cryst. ).

(a). Parallel stacking of SiC tetrahedra, (b) Antiparallel

_stacking of tetrahedra (from Shaffer Act. Cryst.s).

The unit cell of B-siC(after F. P. Bunday, Scientific’

American, p. 66, Aug. 1974.)

The P-SiC lattice projection normal to (110). Circles
represent atoms in the plaheiof the paper; plus signs,

those in tﬁe plane below, (;11) i§ perpendicular to the
plane of the paper and isrseen as a horizontal trace

(after Hirthe and Lothell).

(a) Intrinsic, I and (b) Extrinsic,.E, faults in a pro-
jection normal to (110) (after Hirthe and Lothell).

(a) The S—SiC structuré, [111] vertical. The black spheres
represent silicon atoms and the white spheres, carbon atoms.
The dashed line represents a (lli) slip plane, with the line

direction a and the Burgers vector b of a 60° dislocation

‘'shown. (b) The arrows indicate the result of moving the

60° dislocation from right to left (c) The rejoining of
bonds after the dislocation has méved produces the 60°
dislocation in PB-SiC. a and b are along (110) direc-
tions and the slip plane is of {111) type.(after Holt,

., 13
J. Phys. Chem. Solids ).

The 60° dislocation in sphalerite structures seen in a

projection normal to (IOI) and also showing the two possible
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types of slip planes discussed in the text (after A. Kelly,

-G. Groves, Crystailography and Crystal Defects, Addison

Wesley (1970)).

- 60° dislocation in sphalerite structure, Type 1 slip

plane (after Hirthe and Lothell).

A scanning electron micrograph of the étqhed surface of

P-SiC showing the grain-size of épproximately 10 pm,

~ A transmission electron micrograph (100 kV)'of a heavily

v faulted grain in B-SiC.

visible in (b) g = 111, (¢) g = 022, and (d) g

(a) Lower maghification micrograph (100 kV) of the heavily

faulted grain of Fig. 10 showing, in the circled area, the

" edge on (I”IJ) faulted planes, as well as dislocation di-

poles, pointed out by thé”arrow.. (b) The electron dif-

fraction pattern from this area showing streaking due to

the faulting and extra sinS‘(arrow) due to periodic fault-

L]

ing. .

Faulting visible in (a) becomes invisible in ), (o), (d)

Dislocation dipoles D visible in (a), (c¢); residual con-
trast in (b); invisible in (d). (100 kV)

Area in PB-SiC (100 kV) showing overlapping stacking faults

. P.and an isolated fault F, chosen for énalysis (see text).

A stacking fault in PB-SiC visible in (a) when g = 111, in-

113.

~

The diSappearances are consistent with the fault having a

displacement vector R = + % [111] (100 kV).
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15.

16.

18.

:19.

vzo.‘,

21.

22.

‘symmetric orientation, (b) g = 022, (¢) g = 202, (d) g =
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A BF-DF pair of images for fault F (a) showing dark edge

fringes indicating that .= -27%/3.and (b) DF asymmetry

- for the edge frihges indicating the inclination of the

fault with respect to the foil plane (see text) (100 kV).

A schematic diagram showing the relationships between g

R, and the fault plane to give an extrinsic fault.

(a) Dislocation dipoles showing symmetrical oscillatory

_JCOntrast-towards the "inside" of thé pairs (arrows) and
" (b) towards the "outside" of the pairs. Arrows indicate
.line of symmetry for the oscillafd?yiéontrast. .(100.kV)
(a) Dislocation network P-SiC, [111] symmetric orienta-.

tion, (b) Diffraction pattern: [111] zone (100 kV), extra

spots in % (422) positibns,jone pointed out by the arrow.
. R 1 \
The [112] zone (100 kV) with extra spots in the 5 (113)

positions- (arrow) .-

‘Electron micrographs, (100 kV), showing dislocations in

B-SiC under various diffracting conditions. (a) [111]

~ .

220,

Electron diffraction spot patterns for (a) the [111] face-

‘centered cubic zone (b) [0001] hexagonal zone.

~'DF image using % [1713] extra spot‘fof'imaging. (100 kV)
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FIGURE 9
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FIGURE 10
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FIGURE 12
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FIGURE 18
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