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S UMMA R Y 

Particles of  excess carbon are a general feature in the microstructure of 
sintered SiC. This phenomenon was studied by high resolution Auger electron 
spectroscopy on UHV-exposed fracture surfaces of ( B, C)- and (Al, C)- 
doped materials. Normally the inclusions are about 1-2 #m in diameter, but 
particles of about 10-20 #m are also observed. The inclusions contain free 
carbon or carbon together with significant accompanying elements and 
phases, which were found to be characteristic for each particular material. 
The analytical results are briefly discussed with respect to processing and 
their impact on materials properties. 

1 I N T R O D U C T I O N  

Pressureless sintering of  SiC involves the use of  special sintering additives. 
Most practicable are B and C, 1'2 A1 and C, 3 - s or even B, A1 and C. Although 
several proposals have been made in order to explain the means by which 
these additives activate sintering, no unambiguous theory about the effective 
sintering mechanism has so far been established. Explanations in the case of  
(B, C)-doping deal with solid state sintering, accelerated by the increase of  
the surface to grain boundary  energy ratio 6'7 due to the doping. 
Alternatively, the occurrence and assistance of  a liquid phase, 8 at least at 
high B-concentrations, was also suggested. 9 The formation of  grain 
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boundary phases consisting of BnC,n or BnC m + C was also proposed, t o but 
could not be confirmed by microanalytical investigations of the present 
authors.l 1 In fact, both processes of solid state and liquid phase sintering 
may be active and may superimpose. Though there is very little known about 
the efficiency of the A1 additions in the case of (A1, C)-doping, it may be 
suggested that AI enhances the sinterability by increasing volume diffusion. 
However, the addition of carbon as graphite or pyrolysed resin was found to 
be necessary in both methods of processing irrespective of the type of 
doping, i.e. B or AI. The role of carbon in densification is commonly 
explained by the deoxidation of the starting powders. In fact, the sintering 
process in SiC controlled by the additives is very complex and more detailed 
microanalytical information could be helpful for identification of effective 
mechanisms. 

It is the aim of this investigation to describe the microstructural features 
and to analyse the chemical composition of excess carbon in sintered SiC 
(SSC) materials. Since the state of the grain boundaries is known in 
principle, 11 and the inhomogeneous microstructural distribution of B, A1 
and the impurity elements was discussed earlier,12 the appearance of excess 
carbon has to be described in more detail for better understanding and 
evaluation of SSC materials. 

2 MATERIALS AND EXPERIMENTAL METHOD 

Five (B, C)- and two (A1, C)-doped SSC materials have been examined. These 
high quality and high density materials were produced by suppliers in 
Germany, the USA and Japan. All materials investigated were ~-SSC with 
high values of the 4H- and 6H-polytypes in the case of (B, C)- and (A1, C)- 

TABLE 1 
Characteristics of  the Investigated SSC Materials 

Material Sintering Fraction of Average Total content 
additives theoretical grain size Cfr~/Wt% 

density/% gm 

SSC I B,C 97"4 3"7 0"7 
SSC II B, C 98"2 4"5 0"6 
SSC III B,C 96"1 4"6 0"8 
SSC IV B, C 98"0 5"6 0"5 
SSC V B, C 93-3 3-7 1"1 
SSC VI A1, C 96"8 3"4 0"5 
SSC VII A1, C 96"1 3"5 0-6 
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doping, respectively. The values of density and average grain size are given in 
Table 1. Grain growth during sintering in inert atmospheres was controlled, 
and no exaggerated grain sizes have been observed. The grain sizes on 
average differ from each other by a factor of less than two. Deoxidation of 
the starting powders has been performed by addition of pyrolysable resins, 
while the total concentrations of excess free carbon have been determined 
chemically (Table 1). 

The analyses were performed by imaging high resolution Auger electron 
spectroscopy (HRAES) in combination with a UHV specimen fracture 
attachment to avoid any contamination. HRAES permits monolayer- 
sensitive analysis at an optimum lateral resolution of about 50 nm, and in a 
later stage of investigations even as good as about 30 nm. Reproducibility 
and detection sensitivity are in the range of 0.2-0.5 at% in the case of light 
elements. The accelerating voltage of the primary electrons was 10 kV; the 
vacuum was about 8 × 10-8 Pa. Quantification of the analysis was done 
using known elemental sensitivity factors.13 

3 RESULTS 

The first characteristic difference between the two types of materials, (B, C)- 
and (AI, C)-doped SSC, is the appearance and distribution of the inclusions. 
(A1,C)-doped SSC exhibits fewer and smaller inclusions than (B,C)-doped 
materials and the inclusions are of a more uniform size, about 1-2 #m in 
diameter. In the case of (B, C)-doping, agglomerates of more than 10#m 
were often found. Certain areas were also observed in (B, C)-doped samples, 
where inclusions were even larger than 20 #m in diameter. The inclusions 
observed were analysed and found to consist of excess, i.e. residual, graphite. 
These investigations were performed by X-ray diffraction. Characteristic 
differences were found by HRAES with respect to accompanying elements 
and phases, as discussed in the following sections. 

3.1 (B, C)-doped SSC 

In (B,C)-doped SSC I, stoichiometric BN exists inside graphite-type 
inclusions. An example is given in Fig. 1 by point analysis, showing also a 
secondary electron image and an appropriate distribution map of N. The 
coincidence of the dark inclusion with the map is conclusive. Unfortunately, 
the distribution of boron could not be demonstrated owing to insufficient 
intensity. The detectable elements in the spectrum are limited to Si (resulting 
from the bulk), C, B and N. Quantitative measurements gave evidence of the 
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Fig. 1. H R A E S  point  analysis of  (B,C)-doped SSC I, indicating the existence o f  
stoichiometric BN compounds inside graphite: a, SE image; b, N-map;  c, H R A E S  point 

analysis in the marked area. 

BN stoichiometry; the atomic concentrationswere calculated 13 to be 4.9% 
B and 5.3% N. 

(B,C)-doped SSC II exhibits two different types of C-containing 
inclusions. The first type was found to consist of pure graphite, 
homogeneously distributed and of uniform size. The second consists of B4C, 
with no free C present. The example is presented in Fig. 2. It shows the 
secondary electron image (survey) and appropriate distribution maps of C 
and B. The point analysis inside the maximum brightness of the B-map 
evaluates atomic concentrations of 78.4% B and 20.7% C. Free B was not 
detected. 

(B, C)-doped SSC III reveals inclusions of pure graphite. This is shown in 
Fig. 3 by secondary electron imaging and point analysis. No other elements 
or phases were observed. 

The analysis of (B,C)-doped SSC IV is represented in Fig. 4. The 
secondary electron image and the appropriate distribution map of C 
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(a) 
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Fig. 2. HRAES 

! ! 

(b) 

point analysis of (B,C)-doped SSC II, indicating the existence of 
stoichiometric B4C: a, SE image; b, B-map. 
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(d) 
Fig. 2---contd. c, C-map; d, HRAES point analysis in the marked area. 

correlate. The spectrum indicates the elements C, B and Si, the latter 
referable to the bulk material. The inclusions are graphite but  contain some 
B, the concentration being about  3--4 at%. Precipitated B inside the graphite 
may be assumed to be present, as well as small port ions of  B4C beside free C. 
B was no longer detected inside inclusions after a heat treatment of  the 
material in ambient air (1500°C, lOOh). 

(B, C)-doped SSC V was found to exhibit the highest concentration of  
excess C, compared to all other materials. The largest inclusions were also 
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HRAES point analysis of (B, C)-doped SSC lII, indicating pure graphite. 
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(c) 
Fig. 4. HRAES point analysis of (B,C)-doped SSC IV, indicating traces of B inside 

graphite: a, SE image; b, C-map; c, HRAES point analysis in the marked area. 
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(c) 
Fig. 5. HRAES point analysis of(B,C)-doped SSC V, indicating very high concentration of 
graphite and maximum-sized inclusions: a, SE image; b, C-map; c, HRAES point analysis in 

the marked area. 

observed in this injection-moulded material. As a result of the analyses, 
inclusions of two types were found to exist side by side, similar to SSC II. 
Most inclusions consist of graphite, but some contain traces of B. This is 
demonstrated by point analysis in Fig. 5. It shows the secondary electron 
image, the appropriate distribution map of C and the HRAES spectrum of 
the marked region. The symmetry of the microstructure and C-map is clearly 
revealed. The spectrum indicates C and traces of B and Si. Both Si and B may 
originate from the matrix, the latter by reason of an inhomogeneous 
distribution and very high content. 11 Thus, the first mentioned inclusions 
are thought to be pure graphite, but inclusions of stoichiometric B4C were 
confirmed by analysis next to pure graphite. Support of this argument is 
given in Fig. 6 by the secondary electron image, the appropriate distribution 
map of B and the point analysis inside its maximum brightness. The atomic 
concentrations have been calculated to be 77.6% B and 22.4% C. 
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(c) 
Fig. 6. HRAES point analysis of (B,C)-doped SSC V, indicating the existence of 
stoichiometric B4C compounds next to graphite: a, SE image; b, B-map; c, HRAES point 

analysis in the marked area. 

3.2 (AI, C)-doped SSC 

Both (A1, C)-doped materials SSC VI and SSC VII reveal identical results. 
The inclusions of excess C are small in size and distributed rather 
homogeneously. Representative analyses are given in Figs 7 and 8. Figure 7 
shows the secondary electron image, the appropriate distribution map of C 
and the point analysis of the marked inclusion in SSC VI. The graphite is 
accompanied by considerable contents of Al and Si, the latter most probably 
not originating from the matrix. Thus, the formation of Si-A1-C com- 
pounds inside free C inclusions is presumed. The line scan analysis through 
an inclusion of excess C is represented in Fig. 8 showing also the marked 
secondary electron image. When the particle is touched by the primary 
electron beam, an increase of the C-concentration and a decrease of the Si- 
concentration are clearly revealed. Again, A1 was detected in this inclusion 
by point analysis, not shown here. 
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(c) 
Fig. 7. HRAES point analysis of (AI, C)-doped SSC VI, indicating the presumed existence 
of Si-AI-C compounds beside graphite: a, SE image; b, C-map; c, HRAES point analysis in 

the marked area. 

4 D I S C U S S I O N  

F r o m  s tudying  f rac ture  surfaces o f  SSC the mos t  obv ious  fact is the  general  
appea rance  o f  inclusions o f  excess carbon.  T h o u g h  this p h e n o m e n o n  was 
also observed  elsewhere by  means  o f  analyt ical  e lec t ron mic roscopy  5.14-16 
and  o the r  methods ,  17.18 there  has so far  been no  detai led i n fo rm a t io n  a b o u t  
the chemis t ry  o f  these inclusions. By means  o f  H R A E S ,  knowledge  o f  the 
na tu re  o f  these inclusions can  be improved  by the high lateral,  as well as th~ 
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(b) 
HRAES line scan analysis through an inclusion of excess C in (Al,C)-doped SSC VI: 

a, SE image; b, line scan analysis. 
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spatial, resolution offered by this method. The analytical results have been 
obtained on sintered products. However, it can be assumed that equivalent 
agglomerates are also present in the powder compacts before sintering. The 
formation of particles as analysed in this study, and especially their 
distribution, raises a question about the processing procedure. The 
indication of the presence of BN and B4C in (B, C)-doped materials is 
remarkable with respect to both the manufacturing procedure and the 
processes occuring during sintering; these compounds can possibly be 
formed during the sintering process but they could also be used as 
intentional additives. In any case it can be assumed that their efficiency 
during sintering is not optimized. The same is true with respect to the 
presumed existence of Si-AI-C-compounds inside the carbon inclusions, as 
measured in (A1, C)-doped SSC. 

The influence of this free carbon on the mechanical properties of SSC, e.g. 
strength, has to be considered as detrimental, at least in principle. Although 
the commonly observed dimensions are small (<  5/~m), the occurrence of 
agglomerates can lead to critical flaw dimensions. This effect may occur at 
roo m temperature as well as at high temperatures; however, a more detailed 
evaluation is only possible after further investigation. 

Generally, the mechanical properties of SSC may be improved by 
increasing the homogeneity of the materials. Improved homogeneity means 
improved-deoxidation of the primary powder particles, combined with a 
higher efficiency of the sintering additives, and diminishing of the number 
and size of free carbon inclusions in the final product. 
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