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The beta-alpha phase transformation has been studied in hot pressed boron doped SiC (HP 
SIC). The microstructure has been characterized using optical microscopy, scanning and trans- 
mission electron microscopy. The influence of the sintering times and temperatures on the 
crystalline structure of the materials has been checked. The phase transformation which occurs 
during the sintering involves the formation of feathers. These feathers, constituted by two 
adjacent alphas grains, can be described as mechanical twins. Three different twinning laws 
have been observed. To check the influence of the external pressure on the feathers formation, 
the previous study in pressureless boron doped SiC (PS SiC) has been completed by a new 
investigation. The results obtained in both PS and HP boron doped SiC show that the external 
pressure has no influence on the microstructure of the feathers. 

1. Introduction 
/~ --, e phase transformation occurs in SiC during the 
sintering process or subsequent anneals [1]. It involves 
the formation of e plates or c~ "feathers" which are 
constituted of two adjacent e grains. Both mechan- 
isms have been observed and studied in boron-doped 
pressureless-sintered SiC (PS SiC) [2-5]. c~ plates have 
been characterized in boron-doped hot-pressed SiC 
[HP SiC] by Heuer and co-workers [2-4], but the 
authors did not identify feathers in their material. 
Features, looking like feathers, have been observed by 
Almeido-Bressiani in boron-doped HP SiC [6]. 

The aim of this work was to verify if the fl --* 
transformation in boron-doped HP SiC may involve 
the formation of feathers and in such a case, to inves- 
tigate the influence of the pressure on their microstruc- 
ture. It forms part of a more extended investigation of 
the fi --* e phase transformation in boron-doped SiC. 

2. Experimental procedure 
2.1. Material preparation 
The hot-pressing process was used to obtain fully 
densified materials (Q > 0.95 ~th). Sintering times and 
temperatures from 2060 to 2200°C were chosen to 
determine their influence on the crystalline structure 
of the materials. 

fl-SiC powder, containing ~ 1.5% free carbon [7] 
was mixed with 0.5% additional boron in n-hexane. It 
was dried at 70 ° C, sieved and filled in a graphite die, 
and sintered under 12.6MPa in a flowing argon 
atmosphere. The heating rate was 70°C rain -1, with 

an ageing of 30min at 1350°C performed in order to 
redistribute the additives and to evaporate oxygen gas 
species. The sintering times and temperatures are 
given in Table I as well as the density of the materials. 

2.2. Experimental methods  
The Grain boundaries were revealed by etching mech- 
anically polished samples with Murakami reagent or 
fused salt mixture. The grain shape and size were 
determined using optical microscopy, scanning elec- 
tron microscopy and an image analyser. 

A polytype analysis of the c~-phase was performed 
using (1 1 2 0) electron diffraction patterns: the spots 
and the streaks observed along the c-axis are charac- 
teristic of the polytypes and of the stacking faults 
[8]. Figs 1 and 2 show the stacking of the more 
common polytypes and the corresponding (1 1 20) 
diffraction patterns, respectively. High-resolution 
microscopy (200 KeV) was used to image the { 1 1 2 0} 
planes and therefore the stacking of the polytypes in 
the c-direction. 

T A B L E  I Characteristics of the HP SiC. T, sintering 
temperature; t, sintering time, Q, density; Qth = 3.21 gcm 3 

Material 

1 2 3 4 5 

T(°C) 2060 2060 2150 2150 2200 
t(min) 10 30 30 60 60 
~9(gcm -3) 3, 13 3, 18 3, 17 3, 18 3, 18 
Phase 77 84 85 87 94 
(_+ 10%wt %) 
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Figure I Stacking of (®) silicon 
and (o) carbon atoms in { l I ~ 0} 
planes of the more common poly- 
types. The inter-reticular spacing 
between {00 0 1} planes is equal 
to 0.25 l nm. The unit ceil param- 
eters are a = 0.395nm and c = 
1.5nm (6H), c = 1 nm (4H) and 
c = 3.77nm (15R). 

The orientation relationships between grains were 
determined using diffraction patterns, kikuchi diagrams 
and the computer method developed by Karakostas 
et al. [91. 

3 .  R e s u l t s  

3.1. P o l y t y p e s  ana lys i s  
Figs 3 and 4 show typical micrographs obtained by 
optical microscopy or scanning electron microscopy. 
The materials are constituted of  large (diameter -~ 200 
to 300 #m) and of  small (diameter ~-" 1 to 3 ftm) grains. 
The percentage of  each depends on the time and tem- 
perature of the sintering process. Electron diffraction 
showed that the a-phase corresponds to the large 
grains and the/%phase to the small ones. The amount  
of/~ --+ ~ phase transformation, evaluated from an 
image analysis, is given in Table I. These observations 
show that materials 2, 3 and 4 are characterized by 
similar grain size and crystalline structure; they also 
possess the same density. Therefore, SiC2 has been 
taken as representative of SiC3 and 4 for a more 
detailed polytype analysis. 

The ~ grains consist of a complex stacking of 
polytypes, only 3 to 20% of each grain being trans- 
parent to the electron beam. To obtain reliable infor- 
mation on the crystalline structure of the materials, it 
appeared necessary to observe a large number of 
grains: 63, 52 and 31 c~ grains were analysed in SiC 1, 
2 and 5, respectively, and the results obtained in the 
three materials are comparable. 

In the area analysed three different diffraction pat- 
terns were observed: 

1. Despite some streaks, the diffraction pattern 
exhibits spots characteristic of one polytype. This 
predominant polytype was either 15R or 6H, except in 
one grain. 

2. The diffraction pattern shows spots characteristic 
of both 15R and 6H polytypes. The crystal consists 
essentially of 15R and 6H layers, the percentage of  the 
two polytypes being of the same order of magnitude as 
shown in Fig. 2d. 

3. No further characteristic spots are seen along the 
c-axis. On the other hand, the streaks attest the 
complex stacking of  the polytypes (Fig. 2e) and the 
corresponding grains possess no dominant crystalline 
structure. 

Table II summarizes the results, giving the different 
crystalline structures which were predominant in the 
area observable by TEM and the corresponding num- 
ber of  grains• It shows that the 15R structure is the 
most favoured during the/~ ~ c~ phase transforma- 
tion, whatever the sintering conditions. 

To observe in detail the stacking faults in the 
materials, H REM images of  different grains were 
obtained (Fig. 5): they represent { 1 1 2 0} planes. The 
{00 0 1} planes were perpendicular to the images. In 
Fig. 5c, it is possible to see that the white dots corres- 
pond to tunnels in the structure. Slight misalignment 
of the samples in Figs 5a and b has not permitted this 
interpretation. H R E M  observations show that the 
grains possess very irregular crystalline structures as 
illustrated in Fig. 5a. This represents a grain which 
exhibits a 15R diffraction pattern, containing numer- 
ous faults. As shown in Figs 5a, b and c, the more 

Figure 2 <11 ~ 0> diffraction patterns characteristic of (a) 6H, (b) 15R, (c) 4H, (d) 6H + 15R, (e) complex stacking of polytypes. 
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Figure 3 Optical micrographs of SiC etched using Murakami reagent. Large grains correspond to the e-phase, small ones to the ]~-phase. 
The materials were sintered: (a) t = 10min, r = 2060°C; (b) t = 30min, T = 2060°C; (c) t = 30min, T = 2150°C; (d) t = 60rain, 
T = 2150°C; (e) t = 60rain, T = 2200°C. 

T A B L E  I I  Crystalline structure and the corresponding number 
of e-grains in HP SiC 

T A B L E  I I I  Different crystalline structures and orientation 
relationships observed in pairs and corresponding number of pairs. 
Pairs consist of two c~ grains, 1 and 2. 

Number Number of grains of the following structures 
of grains Angle Number of pairs with the crystalline structures 
studied 15R 6I-I 4H 15R + 6H Complex between 

structure the c-axis 15R-15R 6 H - 6 H  Complex Total 
of grains 1 structure 

SiC 1 63 34 16 6 7 and 2 
SiC 2 52 40 3 I 4 4 
SiC 5 31 24 5 2 2c~ = 41.4 ° 17 9 5 31 
Total 146 98 24 1 10 13 2c~ = 65.5 ° 17 17 
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Figure 3 Continued 

commonly  observed stackings are 15R, 6H and 4H. 
Initially 15R and then 6H stackings are favoured.  
Except in one grain, 4H layers are not  sufficiently 
extended to produce typical diffraction patterns. 

In  SiC 1 to 5, the c~ grains always contain numerous  
inclusions (Fig. 6). Such inclusions were also observed 
in conventional ly sintered bo ron-doped  SiC [5]. Their 
chemical composi t ion  will be given in Part  3. 

Figure 5 High resolution images of(a) 15R, (b) 15R + 6H and (c) 
6H grains. They represent {l 120} planes. The white dots in (c) 
correspond to the tunnels in the structure. Traces of {0001 } planes, 
which are perpendicular to the images, are arrowed. 

3.2. Orientation relationships between 
grains 

Of the 146 grains studied, 96 formed pairs related with 
mutual  orientation: they shared a (1 1 20) plane; in 
the c o m m o n  plane their c-axes formed an angle 
2e = 41.4 ° ± 0.3 ° o r 2 ~  = 65.5 ° _ 0.5 ° as shown in 
[1 120] diffraction patterns. 15R pairs are seen in 
Fig. 7 and 6H pairs in Fig. 6a o f  Lancin [5]. There was 
no simple or  reproducible orientation relationship 
between pairs and the surrounding ~ grains. Because 

Figure 4 Scanning electron micrographs of SiC 2 etched using a 
fused salt mixture. Large grains correspond to the e-phase, small 
ones to the t%phase. The stacking faults in the s-phase and in the 
/~-phase are revealed. 

Figure 6 Bright-field transmission micrograph of SiC 1 showing the 
inclusions observed in the c~ grains: two are arrowed. Grains 1 and 
2 form a pair. 
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Figure 7 Orientation relationships between c~ grains 1 and 2 forming pairs. (a) 15R pairs, 2~ = 41.4 °, (b) 15R pairs 2c~ = 65.5 °. The picture 
shows the [1 1 ~0] diffraction patterns and the stereographic projections in the common (1 1 ~0) plane of the directions of the grains 1 (e)  
and 2 (o). 

of the large grain size, it could not be proved whether 
or not unpaired grains formed pairs with grains not 
located in the area observable by TEM. 

The pairs are classified according angle c~ and the 
predominant polytypes constituting their grains 
(grains 1 and 2) in Table III. In most of the pairs, both 
grains exhibit the same predominant crystalline struc- 
ture. Considering these predominant structures, the 
stereographic projections of grains 1 and 2 in their 
common (1 1 20) plane have been drawn and are 
shown in Fig. 7 for 15R pairs and in Fig. 6a of Lancin 
[5] for 6H pairs. In the three possible configurations, 
crystal 1 can be obtained from crystal 2 by symmetry 
across K or P1, or rotation of g about qi or N1. The 
only difference between the pairs lies in the indices of 
the elements of symmetry. 

pressureless sintering were chosen to minimize the 
phase transformation [1]. As a result, the material 
contained only 2% e-phase. Subsequent anneals were 
then applied to induce phase transformation and 20 or 
80% e-phase was reached [5]. 

The new investigation confirms and completes the 
study in Part 1 of the microstructure of PS SiC con- 
taining 2, 20 or 80% e-phase (referred to as PS 2, PS 
20 and PS 80): (i) c~ grains consist essentially of 6H or 
of 15R polytypes (Table IV); (ii) in PS 2 and PS 20, 
grains are less heavily faulted than in PS 80; (iii) 
grains form pairs of "feathers" - in PS 2 and PS 20, 
SEM and TEM show that most, if not all, the e grains 
constitute feathers. It is likely that PS 80 results from 

3.3. Microstructure of boron-doped 
pressureless-sintered SiC Material Number 

To compare the /~ --* c~ phase transformation in PS of grains 
studied 

and HP boron-doped SiC, extensive characterization 
was necessary in both materials. Part 1 of this study [5] 
has been completed by a new investigation of PS SiC. ps 2 16 

To investigate the phase transformation in PS SiC, PS 20 12 
processing was carried out in order to obtain different PS 80 30 

Total 58 
amounts of e-phase. The time and temperature of the 

T A B L E  IV Crystalline structure and the corresponding 
number of  a-grains in PS SiC 

Number of grains of the following struc- 
tures 

15R 6H 4H 15R + 6H Complex 
structure 

2 12 2 
10 2 

18 7 3 2 
20 29 2 3 4 
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T A B L E V PS SiC: Different crystalline structures and orientation relationships observed in pairs and corresponding number of pairs. 
Pairs consist of two e grains, 1 and 2. 

Angle Material Number of pairs with the crystalline structures 
between 
the c-axis 15R 15R 6 H - 6 H  4 H - 4 H  Complex 

of grains 1 structure 

and 2 

Total 

2c~ = 41.4 ° PS 2 1 5 
PS 20 5 
PS 80 6 2 

2c~ = 65.5 ° PS 80 2 
2~ = 64 ° PS 2 

21 

2 
1 

the same transformation mechanism; (iv) the micro- 
structure of  the e feathers is given in Table V. 6H [5] 
and 15R [2-4] feathers characterized by 2e = 41.4 ° 
were identified as before. In PS 80, 15R feathers with 
2e = 65.5 ° were also found; (v) 6H feathers were 
most commonly observed in partly transformed 
materials (PS 2 and PS 20). 

4. Discussion 
Large e grains develop during sintering or subsequent 
annealing of  boron-doped SiC when the tempera- 
ture of the fl ~ e phase transformation is exceeded. 
This transformation occurs in both PS and HP SiC. 
The e grains always contain numerous stacking faults. 
Nevertheless, they are less heavily faulted when 
formed during the early stage of  phase transformation 
(PS 2). 

A comparison between HP and PS SiC shows a pre- 
dominance of 6H polytype in PS 2 and PS 20 and of  
15R polytype in PS 80 and HP SiC. 6H polytype 
develops preferentially during the first stage of  the 
phase transformation; the phase then preferentially 
consists of  15R polytypes formed either by nucleation 
or 6H to 15R transformation. The stacking faults which 
develop in the a-phase to release the internal stresses 
favour 15R stacking and very complex structures. 

Pairs are formed during the fl ~ e phase transfor- 
mation in HP SiC. They possess the same microstruc- 
tural characteristics as the "feathers" previously 
found in PS SiC [2-5]. Therefore, phase transforma- 
tion involves even so incompletely, the formation of  
feathers in both HP and PS boron-doped SiC; the 
external pressure has no influence on the microstruc- 
ture of the feathers. The formation of 6H feathers is 
favoured during the early stage of  the phase trans- 
formation. Then 15R feathers with 2c~ = 41.4 ° are the 
most frequently formed. 

In Part 1 [5] it was shown that 6H feathers, with an 
angle 2e equal to 41.4 °, could be described as twins. 
The elements of symmetry are: 

KI = 

/ ~ 2  = 

K 2 = 

Ni = 

P~ = 

S = 

n 

[15 150 2] the twinning direction 

(T 1 0 15) the twinning plane 

IT 1 00] the invariant direction 

(0 00 1) the invariant plane 

[16160 15] 

(1515032) 

(1120)  the shear plane 

By the same reasoning, 15R feathers can also be des- 
cribed as twins and the elements of symmetry are: 
when 2e = 41.4 ° 

r h = [191901] 

K, = ( i 1 0 3 8 )  

~2 = [ i  1 0 0 ]  

K2 = (0001)  

N~ = [8803] 

P, = (33016)  

S = (1120)  

when 2e = 65.5 ° 

~, = [111101] 

K, = (11022)  

~2 = [ i  1 o o] 

K2 = (0001)  

N, = [9902] 

P, = ( 1 i 0 9 )  

s = 0 1 2 0 )  

As emphasized by Cahn [10], twins formed to 
release strains during phase transformation are mech- 
anical in character. It was shown in Part 1 that feath- 
ers could be described as mechanical twins if the two 
lattices are related by one of the two following oper- 
ations of  symmetry: (a) rotation of g about NI (twins 
of the first kind); (b) symmetry across PI (twins of  the 
second kind). Because of  the high indices of  P~, the 
first description is to be preferred. In addition, it is 
normal to describe twins by a two-fold axis. The 
shearing mechanisms resulting in 15R feathers with 
2e = 41.4 ° or 2e = 65.5 ° are illustrated Fig. 8. 

Owing to the large number of stacking faults, the 
15R, 6H and 4H layers must be sheared using the 
same shearing elements. Such a condition is satisfied 
when 2e = 41.4 ° (in 4H layers, rh, and K, are, respec- 
tively, parallel to [5301] and (1 10 10), cf. Part 1). The 
condition is also satisfied for 15R and 6H polytypes 
when 2e = 65.5 °. In a 6H layer, r h and K 1 are, respec- 
tively, parallel to [9 90 2] and (1 109). For  a 4H layer, 
no relatively simple twinning elements are found for 
2e = 65.5 ° but simple twinning laws exist when 2e = 
64 ° (cf. Part 1, r/1 = [3301] and Kl = (T106)). 
Small deviations from the twinning angle are generally 
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Figure 8 Twinning in 15R feathers when 
(a) 2c~ = 41.4 ° and (b) 2cc = 65.5 °. The 
position of the silicon atoms in the (1 1 ~0) 
are shown. (e )  Positions of the atoms in 
grain 1 and 2, (O) the starting positions of  
the atoms when grain 2 is obtained by 
rotation of n about N~. Arrows indicate 
the resulting shear, ql and N~ are the traces 
of K~ and PI in (1 1 20). 

accommodated by dislocations at the twin boundaries. 
Because of the small extent of the 4H layers (a few 
nanometres), HREM studies must be performed to 
verify this hypothesis. 

The twins formed during the/~ -* c~ phase trans- 
formation in PS and HP boron-doped SiC are charac- 
terized by twinning elements of high indices and very 
high indices of coincidence. This peculiarity may be 
due to the complex stacking of polytypes in c~ grains. 
This point will be discussed further in Part 3 where the 
grain-boundary studies performed on PS and HP SiC 
wilt be described. 

5. Conclusion 
The/~ --* c~ phase transformation was studied in both 
pressed and pressureless conventionally sintered boron- 
doped SiC. During sintering under pressure, phase 
transformation occurs, at least partly, by formation of 
feathers. These feathers exhibit the same characteris- 
tics as those observed in PS SiC and can be described 
as twins. Their peculiar twinning laws should be rela- 
ted to the complex crystalline structure of a-SiC. 
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