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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 cubic silicon carbide 

have been studied using transmission electron microscopy. Planar 

faults and dislocations were examined. Closely spaced faults per

me~ting a majority of grains were observed and analyzed, but the 

Burgers vectors of the terminating partial dislocations could not 

be uniquely determined since the faults extended to the grain bound

aries. Thus, the faults could not be distinguished as growth or 

shear type. Isolated faults were also observed and characterized 

as extrinsic. Dislocation dipoles and networks of other disloca

tions were observed. These were likely to have been formed by de

formation at the high sintering temperatures. A possibility remains 

that the networks observed were present in the crystallites prior to 

sintering. 

• 
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Section I .. r . 

INTRODUCTION 

Some desirable perfonnarice objectives for gas turbines used 

for power· production incl~de improved ef.ficiency, lower initial cost, 

and extended engine life. Thes~ objectives a're; at present, limited 

by the properties of super-alloys used in these turbines·.'· These ma-

tel'ials can be operated on'iy at surface temperatures of less than 

about 900°C unless cooling is used. the' engine life of ga's' turbines 

iS limited mainly by the poor corros{on""-erosion' resistance of these 

alloys when used at high temperatures. The susceptibih t.y of super-

alloys to imp'uri ties found in dirty residual fuels limits their fu2l 

economy. The necessity for cooling in·creases. the initial blade costs 

1 
and decreases their power output. 

Ceramics such as silicon nitride and silicon carbide'may over-

come many of the limitations that the use of super,;_ a 11 oy s imposes on 

the improved performance of gas turbines. Since ceramics have re-

. fractory properties, they can be used at surface teln~'r'atures exceeding 

900°Cwithout cooling. This is an important asset since the engine 

effi~iency increases-with higher operating ~temp~raturei:i. · Ceramics 

. I 

' have supe~ior corrosion-erosion tesistanci an~ ire ~~le to tolerate 

the contaminants found in residual fuels. 

Unfortunately,· ceramic' parts can'nof be substi tut·e'C:t 'directly for 

parts which now use super-alloys .. The i.'nherent b:tr ttleness of ceramics 

places doubt on their mechanical performance· in these turbines.. Addi-

1 



tionally, more efficient and reproducible fabrication techniques need 

to be perfected for ceramics so that fabrication costs decrease and 

the results from testing can be correlated to known microstructures. 

For silicon carbide, one step towards its intended use in tur-

bines has been made. The General Electric Co. has invented a process 

which employs boron in the sintering of the cubic form of silicon 

carbide. The addition of boron makes possible pressureless sintering 

with co!'lcurrent high densities. The reproducibility of this fabrica-

2 
tion technique is satisfactory. 

Once the material can be reliably produced with a uniform micro-

structure, it has t_o be tested U!'lder the condi ticins anticipated for 

high temperature gas turbines. Descriptions of thermal and mechanical 

testing can be found in reference (1). What is also needed, though, 

is a correlatio!'l between the microstructure and the· results from these 

thermal and 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 chosen for its 

\ . 

capability of resolving the microscopic intra-granular defects in this 

fine-grained form of the material. Combined with diffraction infor-

matio!'l, the character of the defects was determined. Both planar 

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 the majority 

of the low total dislocation density found in this ceramic material. 

2 
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Other dislocations, in addition. to the dipoles were observed. Grains, 

in which these dislocations were found, exhibited electron diffraction 

patterns which suggested the existence of a superlattice in the cry-
• 

stallographic structure of cubic silicon carbide. 

The structure and crystallography of silicon carbide will be 

discussed as well as the body of previous work pertaining to the char-

acterization of defects in this material. After a description of the 

experimental procedure, each defect examined will be described and 

discussed. 



Section II 

STRUCTURE AND CRYSTALLOGRAPHY OF SILICON CARBIDE 

A. General Structure 

While the particular form of silicon carbide studied was the 

cubic form designated as ~. it is worthwhile to discuss this struc

ture in a broader context encompassing other forms of SiC. 

Silicon and carbon are both quadrivalent elements. This fact 

4 

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. Thus, the appropriate coordi

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-

termined by two factors: (1) the orientation of successive laye.rs 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 both 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 •a•, the second layer may be placed on it in one of 

two possible ways--either parallel (Fig. 2a) or anti-patallel (Fig. 

0 
2b). A parallel stacking sequence results in the designation 1 aa', 

and anti-parallel as 1 ab1 • In Well's notation, the smallest repeating 

unit of the particular silicon carbide structure being described is 

used to designate the structure. Thus, the cubic modification is 

designated simply as •a•, since all 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 Minervina
4 

and Mitchell5 is a 

compression of the Wells notation, e.g., aabb becomes 1 221 , namely, 

two layers stacked parallel, and the next two stacked similarly with 

respect to each other, but differing from the first pair. 

Ramsdell's notation6 represents a specific SiC structure by 

the number of layers in the unit cell together with a letter desig-

nating the lattice type, e.g., 6H, 15R, and 3C are Ramsdell notations 

for structures with respectively 6, 15, and 3 layers in the unit cell 

and with hexagonal, rhombohedral and cubic lattices. In Well's no-

tation these are respectively aaabbb, aaabb, and 'a'. 

These notations are the ones in common usage in the literature . .. 
Other systems of nomenclature are given by Verma and Krishna

7 
and are 

. ;,. attributed to several other workers • 

8 . 9 Shaffer and deMesqu1ta have reviewed the details of the crystal 

structure of the known polytypes of SiC. Specifically, for this thesis, 

the cubic form, i.e., ~-SiC or 3C (Ramsdell's notation)has been inves-

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



structure are: 

Silicon: 0 0 0 o.!.! 
2 2 

.!o!. 
2 . 2 

1 1 --o 2 2 

Carbon: 
1 1 1 1 3 3 3 1 3 3 3 1 
4 4 4 4 4 4 4 4 4 4 4 4 

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 

t 10 length 3.09~ in this structure. 

B. Crystallography of Defects 

·The overall crystal structure of ~-SiC (the cubic form) has 

beeri described in terms of the infinite "parallel" stacking of 

tetrahedral layers (viz. aaa ... in Well's notation) and the designa-

tion of atoms positions in the unit cell. Neither of these descrip-

tions lend themselves easily to the description of planar and linear 

defects in the structure. 

For the description of these defects it is first of all, nee-

essary to know what the perfect dislocation B"t.Irgers vectors are in 

the structure. The dislocations can then be described and the split-

ting of these dislocations into partial dislocations leads to the 

description of the planar faults. The structure of ~-SiC can be vi-

sualized as corresponding to two inter-penetrating fcc lattices, one 

of which is displaced by the vector ~ [111] with respect to the other 

(Fig. 3). One fcc lattice consists entirely of silicon atoms and the 

other of carbon atoms. The structure can then be described as an fcc 

structure with a basis of two atoms per lattice point. The primitive 

unit cell vectors are those associated with the single fcc lattice 

.. 

6 

0 

.. 

·• 
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i.e., a/2 ( 110). These. are also· the shortest lattice translation 

. vectors and thus, are candidates fo.r the Burgers vectors;-' of·,disloca-

• < 

.. tion in the structure. 

1. Planar Faults 

In regular fcc structures, the stacking of. { 111} planes follows 

.. ~h~ c.lassic ABCABC ... sequence. But in 13-SiC there are two inter-

penetrating fcc structures which means that the layer structure can 

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

., BbCc. 

In Fig. 4, the ·13.,-SiC lattice. is projected normal to (llO). In 

, this ·project.ion the (111) layers· A and a are seen 'to project to the 

'··same ty}:i2 ·of p:>si tion, as do B and b and also ·c and c. Looking at 

this particular projection, a more suggestive notation is given by 

the .sequence cA aB bC cA, because of the larger sepa'ration between 

~toms in the same index layer, i.e. A and a. Twins and stacking 

faults involve the insertion or removal of pairs of 'layers of the 

same index, Aa, etc. 

Since-layers are removed.or added in pairs, it is possible to 

drop the double index notation and describe the packing by the 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 stacking.faults in 13-SiC a matter of analogy 

with basic fcc structures. The intrinsic fault in fcc structures is 

obtained by the removal of a plane of atoms. In 13-SiC this involves 



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

and the fault is designated ABC:BCAB. Similarly, the extrinsic fault 

is obtained by the addition of a double layer and is denoted by 

CA~C~BC. This fault is shown in Fig. 5b. 11 
I I 

2. Dislocations 

The covalent nature of the bo:tds in SiC makes it possible to· 

attempt a description of the atomic arrangements in the cores of 

_ the dislocations since thes~ bonds can be regarded as directed in 

sp•lce. Hornstra12 describes the dislocations in diamond and Holt 13 

used the same methods for the dislocations in the sphalerite struc-

ture of which ~-SiC is an example. The work of thes~ two authors 

gives a starting point for discussing the geomettically possible 

dislocation structures in ~-SiC. 

In Fig. 4, the Cii~> was shown in discussing the planar faults. 

Thi!;i same." pl"'ject iQn_.. $hown clinographically in Fig. 6a, serves to 
~ ... ,,, '~ . 

. . ' ~-, 
desc~be the geo~~trically feasible dislocations in ~~SjC, 

. . '\ 

The combinations of stable Burgers vectors b and low index 

crystallographic line directions ,.e give all the simple dislocations 

which differ in core structure. The two directions b and a deter-

mine the slip plane of the dislocation (for screw dislocations, b 

13 and .! .are parallel and a S>lane may be arbitrarily chosen). 

The steps in determining the core structure of a dislocation 

in the ~-Sic structure is shown in Fig. 6. The 60° dislocation (so 

called because of the angle between a and b) can be "constructed" by - -
first considering the (111) slip planes and their respective puckered 

8 
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sheets of silicon and carbon atoms. Choosing b = a/2[l01] and 

a = [1l0] on this plarie, these vectors are represented in Fig. Ga. 

In Gb the result of moving this 60° dislocation into the crystal from 

right to left is to produce the relative movements of the atoms indi-

cates by the arrows. Then the atoms above the slip plane are displaced 

to the right through a/2[l01] relative to those below. The proposed 

core structure, then, is visualized by connecting up nearest neighbors 

across the slip plane in a way consistent with the simplest picture 

of a covalent bond .. This is shown in Fig. 6c. 

Holt13 , in discussing defects in the sphalerite structure, has 

drawings showing schematic representations of other possible disloca-

tions in this structure. Table 1 lists the geometrically feasible dis-

locations in sphalerite type structures. 

Table 1 

Dislocations in Sphalerite Structures 

Description 

Screw 

Edge 

Small Angle Boundary 
Dislocation 

Edge 

b ...., 

~ ( 110) 

~ ( 110) 

i ( 110) 

i ( 110) 

~ ( 110) 

~ ( 110) 

i ( 110) 

a ...., 

( 110) 

( 110) 

( 110) 

( 001) 

( 110) 

( 112) 

( 112) 

Glide Plane 

Not defined 

{ 111} 

{ 100} 

{ 110} 

{00.1} 

{ 111} 

{ 111} 

9 
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The double layer structure of sphalerite structures introduces 

an additional complexity in the description of possible core struc-

tures. The 60° dislocation described in Fig. 6, is now seen along 

its .line direction in Fig. 7. The carbon atoms are represented by 

the black dots and the silicon atoms by the circled black dots. 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. 

The 60° dislocation is shown with its extra half plane ending at a 

type II plane, where it breaks the least number of bonds., The one 

bond per atom which is broken has been described as a dangling bond. 

The dislocation, as pictured, is a member of the shuffle set of dis-

11 . 
locations as defined by Hirthe and Lothe and is the same 60° dis-

13 
l·ocation described by Holt. Had the dislocation passed through 

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

in Fig. 8. The distinction between Type I and Type II glide planes 

holds for screw and edge dislocations as well as intermediate orien-

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 I II 

PREVIOUS WORK 0~ SILICO~ CARBIDE . 

There have been very few theoretical or experimental studies of 

dislocations in SiC. The studies that have been made mainly on frac-

ture chips. 
.. 14 

R. Stevens studied fracture chips of self-bonded t3-SiC. 

He identified dislocations with Burgers vector 
a . 

b = - ( 110) 
·~ 2 and the 

oper~ting ~lip plane as {111}. Stevens noted that the generation of 

motion for the dislocations he observed could occur only on a limited 

scale and ~re probably ~~e to the special conditions of stress con-

centrations occurring at the crack front of the fracture chip. In 

other words, the dislocations he observed w.ere not representative of 

the dislocation structure before fracture. 

·, .·,' •C" • ·. 15 
Additional electron microscopy was performed, again by Stevens, 

on specimens of t3-SiC fractured at 1100°C. Tangles of dislocations 

containing dipoles" and jdgs were obser~ed. No analysis supporting. 

the characterization of these dislocations as dipoles and jogs was 

presented. 

16 ' 
Stevens extended his study of silicon carbide into an investi-

gation of the hot-pressed forms. Both t3-SiC and :t-SiC (hexagon3l) 

were investigated. The most striking feature in the foils examined 

by TEM was the scarcity of dislocations. Stevens, in this paper, 

does not present a detailed characterization of the dislocations 

be observes. Neither does be report any attempts to ascertain the 

displacement vector of the stacking faults in the material. 

11 



B 1 d M . 17 
art ett an art1.n, although not performing transmission 

electron microscopy on SiC, were able to study general features of 

the dl.?fect structure of t3-SiC using Lang X-ray topography, Weissen-

berg photographs and etch pit analysis. The only defects seen were 

stacking faults on { 111} planes with associated ~ ( 112) partials 

and a few [ 111} twins on planes parallel to the growth plane of the 

platelets. 

L. L Van Torne
18 

examined silicon carbide whiskers grown from 

the vapnr using transmission microscopy. Nearly 95% of the whiskers 

examined were of the t3 fonn and contained stacking faults on (111). 

The stacking faults fanned micro twins of the order of a few lattice 

parameters (12.5A). 
. 19 
Cromer also did work on t3-SiC grown from the 

vapor and supported some of Van Torne's predictions. He found evi-

dence, using dark field microscopj· and selected area diffraction, 

for multiple twinning along the [111] axis of the whisker, with the 

twins being related to each other(by a rotation of 180° about the 

12 

grov:th axis. 
16 . 

Stevens, observ1.ng the same typ~ of twins that Van Torne . 

and Cromer found, also found evidence for the twin plane occurring 

p3rallel to the axis of the whisker. 

Stacking faults in chemically-vapor-deposited (CVD) t3-SiC were. 

20 
investigated by Gulden. T~e results of this investigation showed 

that growth faults in CVD ~-SiC are most likely to be in the form ')f 

1 
simple extrinsic faults with displacement vector 3' ( 111). Gulden 

presents an intensive investigation of the faults, outlining the 

electron diffraction contrast analysis leading to the identification 

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

-c <" I. 0 d 

" 
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patterns presented ~ the faults showed conclusively that stacking 

faults and not anti-phase boundaries, twin boundaries, or plate shaped 

precipitates we're responsible for the contrast. 

Much of the further work was done on the hexagonal forms of SiC. 

Van Landuyt and Amelinckx21 studied the 6H polytype. They found a 

few stacking faults in the basal plane, each having a displacement 

1 -vector 6' ( 2201) with some connected segments in the prismatic planes. 

Work by Drum
22 

showed basal plane stacking faults in a-silicon car-

bide single crystals. 

For completeness, it is worthwhile to mention that in addition 

to the work o~ dislocations and stacking faults, another important 

area of investigation in SiC is its polytypism. A recent work on 

23 
polytypism in SiC is by Yessik, Shinozaki, and Sato. In this study 

transmission electron microscopy was used to determine the structures 

of four long-period poly types of SiC found in a sample of reaction 

sintered material. It should be mentioned that among these polytypes 

none were of the cubic form. 

Worthington
24 

reports on the observation of polytypes and stack-

ing faults in zinc sulphide by transmission microscopy; While this 

was not specifically done on f:?,-SiC, it is appropriate to mention it 

here for several reasons. First, cubic zinc sulp~ide is isostructural 

13 

with f'-SiC. In fact, Worthington's paper shows micrograp~s and diffrac-

tion patterns which are similar to those observed in the f:?,-SiC inves-

tigated for this. thesis. Specifically, diffraction patterns from the 

( 110) typ·3 orientations show streaking and extra spots which will be 

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



14 

filled grains from the ZnS are reminiscent of grains in ~-SiC. Worth-

ington states that these striations may be attributed to faults in 

the basal plane stacking sequence. He makes the observation that the .... 
striations could no longer be seen when the sp3cimenwas oriented so 

that the reciprocal lattice vector, g, of the operative reflection .. 
,..., 

was perpendicular to the striations, implying that the displacement 

vector of the stacking fault responsible for the appearance of the 

striation lies in the basal plane. 
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Section IV 

EXPERIMENTAL PROCEDURE 

Specimens of t3-SiC suitable for transmission electron microscopy 

were prepared in the following manner. Wafers, approximately 500 ~ 

thick were sectioned from the bulk material with a diamond wafering 

blade. 2.3 mm DIA. discs were ultrasonically cut from these wafers 

and then mc.mnted onto glass slides for mechanical thinning. After 

thinning to ~0 ~m the discs were mounted ' with epoxy, on 3 nnn DIA. 

" 
specimen grids for the final step in the sp8cimen p'rep3 ration process--

io:1 milling. Using a beam current of -10 ~A and an acceler-ating volt-

age of 5 kV, the discs were bombarded with argon ions until small holes 

in the center were visible. 

The ~dges of. the~e holes, were thin enough 'to allow penetration 

of 'th~ electron beam accelerated through a potential of 100· 'kV in the 

Philips' EM 301 electron microscope. Additional microscopy was per-

· formed with the Hitachi HU-G 50 high val tage ·microscope op2rating at 

650 kV. 

'. 
The goniometer stage for the EM301 as well as the double-tilt 

stage for the Hll-650 7Jere used to obtain the two beam or systematic 

row conditions necessary for analyzing crystal defects such as dis-

locations and stacking faults. 

15 
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SECTION V 

RESULTS AND DISCUSSION 

• 
A. Planar Faults 

1. Closely Spaced Faults 

Results 

A scanning electron micrograph of the etched surface of boron-

sintered f;-SiC reveals the small grain size of the materi.al. From 

this micrvgraph the grain size was estimated to be on the order of 

10 j.Jlll (Fig. 9) . (Etching was accomplished by immersion of the sp·'?ci-

men, for 30 seconds, in a 50:50 mixture of sodium nitrite and sodium 

peroxide brought to 500°C). 

The transmissio:J microscope revealed that the majority of these 

grains were heavily faulted. Figure 10 shows an example of such a 

grain. The diffraction condition was two-beam with the operating 

reflection being 202 near the [101] symmetric orientation. The planar 

fault$ are seen edge-on (circled area in Fig. 11a) when the grain is 

tilted to this symmetric orientation. Only the (11l) planes are seen 

to be faulted. The faulting on (11l) is evidenced by streaking through 

each of tbe reciprocal lattice points in the [101] orientation (Fig. 
fj 

11b). Additionally the extra spots along [ll1], through all there-

ciprocal lattice rows, shows evidence for periodic faulting. 

The heavy faulting, observed in this grain, became invisible when 

two-beam diffraction conditions were obtained for the reflections 242:, 

220, and 1ll (Fig. 12). 
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Discussion 

The investigation of the faulting in the heavily' striated g;rains 

led to the determination of a displacement vector for these faults. 

This vecto~ R,for planar defects represents the magnitude and direc-..., 

tiori by which the atoms on one side of the fa\.rl t have been m:wed with 

respect to their positions in "th.e perfect crystal. 

In the theory for explaining the contrast due to planar faults, 

the ·value of the phase angle a = 2rt:i'~ (where ,.e is the operating 

reflection) is an important parameter which determines the visibility 

' 
of the faults. When a is equal to zero or to an integral multiple 

of 2n, the fault be~omes invisible.~5 . 

For the striatio!ls, the vector R = ~[1.1l] is a vector which gives 

the values, 0, 2;c, and 0 -.vhen evalu3ting (X, rcsp-:ctively, for the 

reflections 220, 111, and 2 4 2. These reflections were those for which 

the striations were invisible. But the displacement vector ,!3 = ~[lll] 

is not the o!:llY vector for which a= 0, 2nrc. The addition of a lattice 

translation vector· t = ~- ( 110) to R will still give a = 0, 2nrc since 

2n:g·t = 2nn: for any~· ,.., .... 

Ultimately, this uncertainty in ascertaining R can be resolved 

by determining the Burgers vector b for partial dislocations at the 
""' 

boundary of these faults. Unfortunately, the faults in these heavily 

striated grains all terminated at the grain boundary, which made it 

impossible to resolve any partial dislocations. Thus, the question of 

whether the faults are due to growth or shear is still unanswered. 

Specifically, not only does the displacement vector R = 1 
[lll] satisfy 

""' 3 

the invisibi1i ty conditions, but also the three 1/6 ( 112) vectors in 



the (111) plane. Explicitly: 

1 [lll] 
1 [1l0) 1 (i12J +- =-3 2 6 

1 [lll) 
1 

[Ol1] 
1 

[2ll] +- =-3 2 6 

1 
[11'1] 

1 Gotl 1 
[l21] 

3 
+- =s 2 

Thus, up to an uncertainty in a lattice vector, R can be de-

fined, for the heavy faulting as 1/3 ( 111) or 1/6( 112). 

24 
As noted in Section III, Worthington attributes the displace-

ment vector to one found in the basal plane (i.e., the plane of fault-

ing) in cubic ZnS which is isostructural with ~-SiC. It cannot be 

stated that these faults have sp2cifically, a displacement vector in 

the fault plane since, again, the addition of a lattice vector to R 

would transform it to a di_splacement ,vector perpendicular to the fault 

plane and still not affect the contrast, 

While the microscopy performed, concentrated on the characteriza-

18 

tion of the displacement vector of the faults, there remained the prob-

lem of explaining the complex diffraction pattern of the (110) symmetric 

orientation in which these faults were seen edge-on (Fig. lla). Head-

way into solving this problem has been made by D. R. Clarke using the 

- 25 
lattice i•aging technique. The existence of varipus SiC polytypes 

other than ~SiC is revealed di'rectly by this technique and also serves 

as a correlation with the periodic faulting indirectly evidenced by the · 

selected area diffraction pattern. 



...... 

2. Extrinsic Faults 

Results 

While heavy faulting was observed in the majority of grains there 

were instances where grains were observed with a lesser degree of 

faulting. An example is shown in the micrograph of Fig. 13. As with 

the striations, the contrast is determined by the phase angle a = 

2ng·R with invisibility occurring for a= 2nn, n = 0,1,2,3. The fault -...., 
marked F shows fringe contrast which can be ascribed to stacking faults 

characterized by a phase angle, a, equal to+ 2n:/3. The fault dis-

appeared for the reflections 113, 111-, and 022 (Fig. 14). The dis-

1 -appearances are consistent with a displacement vector, ± 3 [1 11). 

Discussion 

The nature of the fault, whether intrinsic or extrinsic, was de-

· termined from a detailed analysis of the ·fringe contrast. For stacking 

' 
faults in fcc materials, the sign of the phase angle a is determined 

solely by the color of the edge fringes in the bright field condition. 

Figure 15 shows a BF-DF pair of the same area under the operating 

reflection g = 202. The color of the edge fringes, in BF, is dark in-

dicating that a = -2n:/3. The displacement vector R 1 --= 3 [1 11] is con-

sistent, under g = 202, with a phase angle a= -2n:/3. The inclination 

of the fault plane is determined from the contrast of the edge fringes 

in both BF and DF. 
26 

According to Hirsch et. a1. , the edge fringes 

are pseudo-complementary at the intersection of the bottom of the fault 

w·ith the surface. This, as must be pointed out, is trUe for a low-

resolution DF; i.e. where the objective aperture is merely placed over 

19 



the diffracted beam. But in a high resolution DF, the beam is tilted 

so that -i3 instead of ,e is the reflection responsible for contrast. 

Thus, the pseudo-complementary edge fringes in BF and DF respectively 

will occur where the fault plane intersects the top surface of the 

foil. The geometry of the fault plane, diffracting yector _e· and dis

placement vector~ is given in Fig. 16. With this geometry, the fault 

is determined to be extrinsic since, the bottom part of the crystal is 

displaced away from the top part, necel5sitating the filling in of ma

terial. The formation of extrinsic faults can be thought of in this 

manner. 

As with the closely spaced faults discussed previously, there 

is still the p~ssibility that the displacement vector could be one of 

the a/6 ( 112) vectors in (1 ll). To deduce whether these. isolated 

faults are either 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 observed 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 the 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 2 42 and 111 in Figs. 12b and d. 

Discussion 

Dislocations associated together as dipoles have Burgers vectors 

C!.iffering only in their sign. The difference in sign of E• the Burgers 

vector, was indicated by the 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 rna rked dl, it is noted that 

the light-dark oscillations "bow-out" towards the right side of the 

image of the dislocation. For the dislocation marked d
2

, the direc

tion of bow-out is towards the left. · It is noted, also, that dark 

oscillatory contrast occurs adjacent to similar dark contrast of the 

second dislocation. This behavior is indicated by the opposing arrows 

adjacent to d
1 

and d
2 

in Fig. 17a. The contrast from the dark-light 

oscillations, then have a line of symmetry lying halfway between and 

parallel with the dislocation pair. This line of synunetry is indicated 

in Fig. l7b by the two arrows between the same dislocations d
1

and d
2

, 

for which (in the reflection~= 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 of the dis-

locations are opposite in sign and that the pairs of dislocations can 

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

of dislocation pairs are described by Bell, Roser, and Thomas.
27 

The 
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width between the images of the dislocations changes when s, the 

deviation parameter changes sign, keeping g constant. This test 
N 

was not performed on the dipoles described. 

In determining the Burgers vector of the dipoles, certain working 

assumptions were made. Since 13-SiC· is a covalentiy bonded material 

with an fcc type structure, the dislocations present in the material 

could most probably .reside in the close packed (111) planes: This 

assumption was borne out by a trace analysis of the line directions 

in 3 different zones of the crystal. These orientations were [101], 

[112], and [111]. The line direction in these zones were respectively 

[121], [110] and [110]. The conclusion was that the dipoles lay along 

[llO], and that they occur on the (11l) close packed planes. 

The determination of £, their Burgers vector, involved difficul-

ties associated with the striation contrast rep~rted in Section V(A.1). 

In fact, Fig. 12a shows these dipoles (marked D) at the same time the 

striations are in contrast. Figure 12c shows the dipoles when the 

striations were absent. Only in those reflections for which the stria-

tions were invisible, was unhampered observation of th'e dipoles pos-

sible. 

That the dipoles lay in the (11l) planes, excluded them from being 

Frank dipoles with Burgers vectors± 1/3[11l) since these would be 

visible when g = 111. Figure 12d shows them to be invisible in this re-

flection. The following table summarizes the contrast from the dipoles. 



~ 

0 o fJ. ·o··· ·. ,, 
.. ' I. ,; 

Table 2 

g·b Values for 
a 

( 110) Dislocations and Observed Contrast from Dipoles 
2 "" 

Actual ~[101] i[Oll] ~[1l0] i[10l] ~[oiiJ ~[110] Contrast ~ 2 . 

Invisible 111 0 0 0 1 1 1 

Visible 311 -1 1 -2 -2 0 -1 

Visible 220 1 -1 2 1 -1 

Invisible 2i2 0 -3 3 2 -1 

The Burgers vector was then determined to be ~[l01] which is in 60° 

orientation with line direction of [1l0]. 

The dipoles observed and analyzed in this material are composed 

of pairs of glid~ dislocations on {111} planes.· This fact points to 

the possibility that the dipoles were formed by plastic deformation 

at the sintering temperatures at which the compact was fabricated. 

0 

1 

Evidence for the ·glide of dislocations at high temperatures in MgO, a 

· .. 
ceramic material of high melting point, was presented by Washburn, 

Kelly and Williamson in 1960.
28 

High temperatures were obtained by 

deliberate beam current heating in the transmission microscope. Ob-

servation of dislocation structures in other ceramic materials show 

evidence for the formation of dipoles at high temperatures. Barber 

and Tighe
29 

studied the structures developed in creep deformed spe-

cimens of aluminum oxide. The dislocations in their foils lay in 

well defined glide bands.which contained dislocation loops and dipoles. 

30 
Pletka, Mitchell, and Heuer reported on the dislocations substruc-

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

1500°C. Different foils strained to different values wete examined 
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and the substructure observed consisted, again, mainly of dipoles when 

the strain was that due to stresses between the upper and lower yield 

points. 

2. Other Dislocations 

Results 

In addition to the dipoles, other dislocations were observed in 

13-SiC. The observation of these dislocationswas not an isolated in-

stance in the course of the investigation. An example of a grain ex-

hibiting these dislocations is shown in Fig; 18a together with its 

corresponding diffraction pattern (18b). Figure 18a is a BF image 

taken looking down the [111] symmetric orientation as evidenced by 

the diffraction pattern. The dislocations of Fig. 1.8a were analyzed 

a a · . 
and their Burgers vectors were found to be± 2[101], ~ 2[011] or 

a ± 2 [110]. None of these Burgers vectors are found in the (111) plane 

perpendicular to the beam direction. 

The diffraction patterns from these grains exhibited extra spots 

in the 
1 3 ( 422) type positions. These extra spots are observed in the 

diffraction pattern of Fig. 18b, one of which is pointed out by an 

arrow. Tilting alone a ( 220) Kikuchi band from this_ [111] zone to a 

[112] zone, additional extra spots are observed. These are indicated 

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

Discussion 

Figure 20a again shows the dislocations first exhibited in 18a. 
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The distinctions between dislocations m and n are clarified in 

Fig. 20b and c. Figure 20b shows m visible and n invisible, while 

20c shows the opposite--i.e., m, invisible, n visible. Analysis 

'· shows m to become invisible in 202, 111, and 111 making its Burgers 

a 
vector .± 2 [101]. n is invisible in 022, 111, and 1 11 thus making 

a 
its Burgers vector + 

2
ron]. A similar analysis determines the Bur-

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

s: ± i[101) 

a 
t: ± 2[011) 

u: ± i[llO) 

a 
v: ± 2[101] 

a 
w: ± 2[110] 

a x: ± 2[011] 

a 
y: ± 2[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 lie 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 above the other). 

The dislocations observed, which have Burgers vectors 
a 
2[101] t 

a a 
2[110], or 2[011], are seen to form networks (see Figure 18a and 20a). 

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



which plastic deformation are likely to produce at the high sintering 

temperatures under which this material was fabricated. Another possi-

bility exists that the dislocation networks were present in the cry-

stallites prior to sintering. 

Attempts were made to ascertain the origin of the extra spots 

observed in tbe [111] and [112], zones. The [111] (fcc) zone, as 

described above, had extra spots in the~ (422) positions in the dif-

fraction pat tern. A construction of the second Laue layer of any 

reciprocal lattice zone is outlined by Hirsch et al (ref. 26, pp. 114-

115). Using this procedure, the effect of a second Laue layer in the 

[111] zone was determined. ~ (422) type was determined. ~ (422) type 

spots could originate from such an effect. But the effect of a second 

Laue layer giving rise to extra spots in the [112] zone was investi-

gated and the result was negative. The conclusion was that the Laue 

layer effect, alone, could not explain the origin of the extra spots. 

At this point, other crystal structures were·posed for further 

attempts to explain the extra spots. Since hexagonal and rhombohedral 

polytypes are commonly observed in SiC formed by other processes, the 

most common polytypes--2H, 6H and 15R were chosen as candidates for 

investigation . 

. 
The [0:1011 zo:ne of hexagonal and rhombohedral poly types appear 

similar. Figure 21 shows indexed diffraction patterns from the [111] 

(fcc) zone and the [0001] (hexagonal) zone. The [111] and [0001] zones 

of cubic and hexagonal forms of SiC have indistinguishable electron 

diffraction patterns. A measured camera length of 23.83 mm A ~.ives a 

length 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 mm, respectively for the 2H, 6H, and 15R poly-

types. The length observed on the diffraction patterns were 15.5 mm 

± 0.1 (the polytypes examined have the following c - and a - axis 
0 0 

values: 2H: c = 5.048A, a = 3.076A; 6H: c = 15.079A, a = 3.073A; 
0 0 0 0 

15R: c' =37.70A: a' =3.073A. 7 The possibility that the grain was 
0 0 

either Si or B4C was considered: But the (220) spots for Si have 

length of 12.04 mm ("AL = 23.83 mmA) and the ( 11'20) spots are 8.51 mm 

long for rhombohedral B
4

C with the given camera length. The possibility 

that the extra spots are actually (11'20) type spots from a hexagonal 

crystal structure is ruled out,· since the measured lengths of the extra 

spots from the transmitted beam is 9.20 mm, while at the camera length 

in operation, (11'20) spots from hexago:~al structures would be -15.5 mm, 

as measured from the transmitted beam. 

An attempt was made to ascertain whether the diffraction pattern 

of the [112] zone, together with the ext~a spots could originate from 

the crystal structure of the 2H, 6H, or 15R polytypes. This, too, 

proved fruitless. 

Having exhausted reasonable possibilities for alternative crystal 

structures, other possibilities for exploring the extra spots were 

attempted. Double diffraction was ruled. out since the extra spots 

occurred at ~ ( 422) and ~ ( 113), which are fractional multiples of 

allowed reflections. Such multiples sometimes occur for structures 

which undergo ordering involving more than one unit cell. This phen-

omenon, then, is manifested b,y 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 real space is twice or three times as 

large in these two cases in which case a su'perlattice is said to be 

present in the structure. 

A dark field image using the ~ [1 1 3] extra sp:)t is shown in 

Fig. 22. In it we observe, in weaker contrast, the dislocations imaged 

in Fig. 20a. 'Dislocations w and y are shown again. Whether this 

micrograph shows evidence for ordered domains remains an unanswered 

question. The origin of the prominent "paint-brush" contrast; roughly 

parallel to 1 needs to be explained and correlated'with the p:)SSib

~lity of a superlattice. 
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Section VI 

CONCLUSIO~ 

This investigation of intra-granular defects in 13-SiC'by trans

mission electron microscopy has identified the presence of heavy fault

ing, isolated extrinsic £atilts, disloc~tion dipoles and disloc~tion 

networks the dip::>les and other dislocation lines are most likely to 

h~ve been formed during high temperature deformation. A possibility 

remains that some of the dislocation networks were comprised of grown

in dislocations that were present in the crystallites before sintering. 

Suggestions for Future Work 

The nature of the closely spaced faults is not completely deter

mined. Since partial' dislocations bounding the edges of these faults 

have not been observed, the question whether the faults are growth or 

shear type. is still unanswered. Answering this question will involve 

the investigation of the t3 ~a SiC solid state transformation. Anneal~ 

ing experiments to observe what happens to these faults withheating 

above the transformation temperature may help in determining the nature 

of the faults. 
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High temperature deformation experiments can be performed to de

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

the plastic behavior at these temperatures. 

30 
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Fig. 1 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

FIGURE CAPriONS 

A single layer of SiC tetrahedra (from Shaffer, Acta. 
. 8 
Cryst. ) . 

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

8 
stacking of tetrahedra (from Shaffer Act. Cryst. ). 

The unit cell of ~-SiC(after F. P. Bunda~ Scientific 

American, p. 66, Aug. 1974.) 

The t3-SiC lattice projection normal to (1l0). Circles 

represent atoms in the plane of the paper; plus signs, 

those in the plane below. (111) is perpendicular to the 

plane of the paper and is seen as a horizontal trace 

11 
(after Hirthe and Lothe ). 

(a) Intrinsic, I and (b) Extrinsic, E, faults in a pro-

- 11 jection normal to (110) (after Hirthe and Lothe ). 

34 

(a) The ~-SiC structure, [111] vertical. The black spheres 

represent silicon atoms and the white spheres, carbon atoms. 

The dashed line represents a (111) slip plane, with the line 

direction _e and the Burgers vector 2 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 moved produces the 60° 

dislocation in ~-SiC. a and b are along ( 110) direc-

tions and the slip plane is of {111} type.(after Holt, 

J. Phys. Chern. Solids
13

). 

The 60° dislocation in sphalerite structures seen in a 

projection normal to (lOl) and also showing the two possible 
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Fig. 8. 

Fig. 9. 

Fig. 10. 

Fig._ 11. 

Fig. 12. 

Fig. 13. 

Fig. 14. 

(v ' .!) ~ U.; ~Ji 71 iO lJ ~I ~ i9 ~ ... ;·~-i 

types of slip planes discussed in the text (after A. Kelly, 

-G. Groves, Crystallography and Crystal Defects, Addison 

Wesley (1970)). 

60° dislocation in sphalerite structure, TypE· I slip 

11 
plane (after Hirthe and Lothe ). 

A scanning electron micrograph of the ~tched ~urface of 

p-SiC showing the grain ·size of approximately 10 flm. 

A transmission electron micrograph (100 kV) of a heavily 

faulted grain in p-SiC. 

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

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

edge on (tll) faulted planes, as well as dislocation di-

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

fraction pattern from this area showing streaking due to 

the fa_ulting and extra spots (arrow) due to periodic fault-

ing. 

Faulting visible in (a) becomes invisible in (b), (c), (d) 

Dislocation dipoles D visible in (a), (c); residual con-

trast in (b); invisible in (d). (100 kV) 

Area in 13-SiC (100 kV) show.ing overlapping stacking faults 

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

A stacking fault in 13-SiC visible in (a) when g = 111, in-

visible in (b) g = 111, (c) g = oi2, and (d) .§ = 1 1 3. 

The disappearances are consistent with the fault having a 

. 1 --displacement vector R = + '3 [1 1 1] (100 kV). 
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Fig. 15. 

F:ig. 16. 

Fig. 17. 

Fig. 18. 

Fig;,19. 

A BF-DF pair of images for fault F {a) showing dark edge 

fr-inges indicating tha-t a,:: -2rt/3 -and (b) DF asymmetry 

for the edge ~ringes inditating th~ inclination of the 

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

A schematic diagram showing the relationships between ~ 

~· and the fault ·plane to give an extrinsic fault. 

(a) Dislocation dipoles showing symmetrical oscillatory 

. contrast ·towards the "inside" of the pairs (arrows) and 

. ·(b) towards the "outside" of the· pairs. Arrows indicate 

line of symmetry for the oscillatory contrast. {100 kV) 

(a) Dislocation network ~-SiC, [111] symmetric orienta-

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

spots in ~ ( 422) positions, one pointed out by the arrow. 

The (112] zone {100 kV) with extra spots in the ~ ( 113> 

· · posi'tions- (arrow). 

Fig: 20.' · 

Fig. 21. 

Fig. 22. 

·Electron micrographs, (100 kV), showing dislocations in ., 

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

·symmetric orientation, {b) g == 022, {c) _g == 2o2,:- (d) _e == 

'220. 

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

·centered cubic zone (b) (0001] hexagonal zone. 

DF image using 
1 

(ll3] for· imaging. (100 kV) 
2 

extra spot 
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