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ABSTRACT 

Microwave energy has been used to pyrolyze silicon carbide from commercially 
available polycarbosilane precursor. The pyrolysis was performed on S ic  surfaces 
having various surface treatments, to identify conditions which improve the wetting and 
adherence. Grinding and etching of the surfaces in hydrofluoric (HF) acid promotes the 
bonding of precursor derived ceramic to the S ic  ceramic. Finally, the polycarbosilane 
precursor mixed with fine silicon carbide powder was used as the interlayer material to 
join silicon carbide specimens. 

INTRODUCTION 

Ceramic materials with superior strength at high temperatures and excellent thermal 
shock resistance are in demand for various applications such as advanced heat engines, 
heat exchangers, radiant burners and pump components. The outstanding candidate 
materials for such applications include silicon nitride and silicon carbide. Silicon nitride 
has found applications in some automobile engine components. whereas silicon carbide 
is being exploited for heat exchangers and radiant burner tubes. However. the high 
hardness of these materials makes it equally difficult to machine and join these ceramics 
to fabricate components of the desired shape. 

Various methods have been explored to join these non-oxide ceramics to themselves and 
metals. These are either liquid-phase joining or solid-state bonding. Liquid-phase 
joining typically involves the use of an active metal brazing alloy. Active metal brazing 
materials containing a small percentage of an active metal are available for silicon-based 
ceramics. The common brazing alloy is silver-copper-titanium which could be used 
without any prior metallization. The brazing material sandwiched in between the 
specimens to be joined is held at temperatures ranging from 800 to 950°C in either 
vacuum or an inert gas. This method, although used for some applications employing 
ceramic inserts, is not suitable for high temperature applications. Furthermore, it does 
not provide the oxidation resistance of the joint. 

Solid-state or diffusion bonding has been used for both ceramidmetal joining and 
ceramic/ceramic joining. This is accomplished with temperature, pressure and time to 
allow sufficient mobility and interdiffusion of species to form the bond. Processes have 
been developed for diffusion bonding of numerous polycrystalline and single crystal 



oxide ceramics. However, these joining techniques are not expected to be directly 
employed for nitrides, carbides or borides. A comprehensive description of the 
ceramic-ceramic and ceramic-metal joining issues can be found in References []]and 
[2]. However, the important factors relevant to liquid-phase joining of two dissimilar 
materials are briefly described. 

Basic factors in bonding 

Sutfacej-ee energy: Surfaces and interfaces can play an important role in the joining 
process. Surface free energy arises from the fact that some of the material lies on or 
close to the surface. Atoms at discontinuities such as ajog or ledge on a surface, bonded 
to fewer neighboring atoms, have more surface energy than atoms on a smooth surface. 
When an atom has to attach itself to a solid, the smooth surfaces have the lowest 
probability for accommodation, because the interfacial energy will be increased. On the 
other hand, filling of scratches, cracks or pits is more probable, because it will reduce the 
interfacial energy of the system. 

Wetting and spreading of a liquid on a solid surface depends on the short-range 
molecular forces of the surface. If the liquid does not wet the solid surface. it forms a 
bead. If the liquid wets the surface. it will spread and cover the surface. If the liquid 
wets the surface of hvo adjacent particles, it spreads over the surface and tends to 
concentrate at the contact region forming a neck. 

Adhesion: This generally describes the molecular attraction between the surfaces i n  
contact. Chemical bonding at the interface is obtained when chemical equilibrium exists 
at the interface. The interface may not initially be in the lowest energy state. With 
diffusion into the adjoining phases. the system tends to go toward equilibrium and 
reaction continues until equilibrium is maintained and the system is in the lowest energy 
state. 

Therniul stress relarafion: When dissimilar materials are joined. thermal stresses can 
develop because of the mismatch in the coefficient of thermal expansion of the two 
materials. The greater the difference. the higher the thermal stress at the interface. 
Thermal stress increases as the sizes of the ceramics being joined increase. These 
thermal stresses can induce flaws in the joint area and weaken the joint. For best joint 
properties there should be no mismatch. However. if this is not possible, the existing 
thermal stress should be relaxed. Different methods have been developed using graded 
interlayers, soft metal interlayers and composite interlayers that help in minimizing the 
stress. 

Szrifnce roughness. The preparation of the surfaces to be joined can have a strong 
influence on the joint properties.. Generally, a rough surface is expected to prevent full 
contact at the interface, thereby introducing severe residual stress at the regions of 



contact. On the other hand. a rough surface may have an anchoring effect which will 
promote mechanical interlocking. This is true for situations where surface reaction is 
extensive, so that damaged surface may disappear and will not influence the mechanical 
properties. 

Joining of Silicon Carbide 

Silicon carbide is a difficult material to sinter as well as to join by solid state methods. 
However, solid state bonding was achieved at 1950-2 100°C with a one hour soak under a 
pressure of 27MPa. Bend strengths up to 300 MPa were achieved [3]. It has also been 
joined with microwave energy at 2050°C under a pressure of 8MPa for 5 min to give a 
strength of 7 1 % of the original material [4]. 

Joining of silicon carbide has been achieved utilizing reaction sintering. A tape of 
silicon carbide and carbon is used as the joining interlayer, which is then siliconized at 
1450°C to form the joint. The average room temperature strength of the joint was 
reported to be 327 MPa, which increased slightly with temperature up to 1200°C [5]. 

Polycarbosilane (PCS) is well known to convert to silicon carbide upon firing in an inert 
atmosphere [6 ] .  Recently, PCS was used as the interlayer material to join S ic  at 1500°C 
for 2 hrs. and an average flexural strength of 104 MPa was achieved. Investigation of 
the processing variables revealed that removal of the surface oxide on S ic  with a 
pre-pyrolysis HF-dip improved the wetting of the surface by polycarbosilane [7]. 
Earlier. a brief communication reported the use of a mixture of this polymer and silicon 
carbide powder as the interlayer material. Joining was carried out at 1500°C in nitrogen 
without any pressure. The strength reported was only of the order of 40 MPa. [SI. 

In this effort, microwave energy is used as the heating method with PCS as the interlayer 
material. The use of PCS and its conversion into Sic will eliminate the thermal stresses 
that may be introduced with other interlayer materials. Since wetting of the S ic  is 
important in obtaining good joints. various surface treatments were explored. 

MATERIALS AND METHODS 

Commercial polycarbosilane having an average molecular weight of 1400 was purchased 
from Dow Corning (manufactured by Nippon Carbon Corporation, Tokyo. Japan). 
Silicon carbide (HexoloyTh') specimens approximately 0.5 cm in length were cut from 
rods 0.95 cm in diameter which were purchased from Carborundum Company (Niagara 
Falls. NY). Four sets of specimens were prepared for a comparative evaluation of the 
surface treatment before joining. The specimens were cut by a Buehler Low Speed Saw 
using a high concentration blade - The first set of specimens were as-cut and PCS was 
dissolved in hexane and applied to the surface to be joined. On the second set. the 
surfaces to be joined were etched in 40% hydrofluoric acid before PCS was applied as 



the interlayer for joining. On the other two sets. the surfaces to be joined were ground 
on a diamond wheel. One set was etched in hydrofluoric acid and then the PCS was 
applied while on the other PCS was applied without etching. It is important to point out 
that the as-cut surface had a better surface finish (approx. 15 pm) than the surfaces 
ground on a diamond wheel (30 pm finish). All processing was conducted under a 
mixed reducing atmosphere of 95% nitrogen and 5% hydrogen at temperatures ranging 
between 1400- 1450°C. 

Results from the pyrolysis of polycarbosilane using microwave heating were published 
earlier [9].  Microwave curing of PCS at 1400°C resulted in sharp peaks for Sic in the 
XRD spectra. Thus temperatures in excess of 1400°C were used in a single mode TE,,, 
rectangular microwave cavity to study the joining of silicon carbide with PCS as the 
interlayer material. Microwave power was coupled to the specimens by adjusting the 
plunger and an adjustable iris to minimize the reflected power [IO]. The specimens 
heated in a.few minutes after the cavity was initially tuned. The temperature was 
monitored by an optical pyrometer and was held in the 1400-1450°C range for 30 
minutes. The entire cavity was sealed and purged with 95% N2 and 5% H, prior to and 
during heating. 

The specimens either did not join or were poorly joined and fell apart during handling. 
The surface of each of the four different types of specimens were scratched with a sharp 
metal point under a load of 820 grams to see the adherence of the S ic  formed from PCS 
to the surface of the Sic specimens. The surfaces of these four different kinds of 
preparations were examined in the Hitachi Scanning Electron Microscope Model S530. 

More specimens were cut, ground and etched for joining. On these specimens. a mixture 
of a fine S ic  powder and PCS was applied. This set was also heated using microwave 
energy as discussed above. These specimens joined very well and it was possible to 
cut. grind and polish these specimens for SEM examination. 

RESULTS AND DISCUSSIONS 

Scanning electron micrographs of the surface of the four sets of specimens that did not 
join or had a very weak bond are shown in Figures 1-4. Figure 1 corresponds to the PCS 
applied to the as-cut surface. Figure 2 shows the PCS on the surface which was cut and 
then etched in hydrofluoric acid. As is apparent from these two micrographs. etching of 
the surface improved the wetting or spreading of PCS on the S ic  specimen surface. 
Figure 3 shows the micrograph of the Sic pyrolyzed on a ground surface. The wetting 
of the Sic  surface with the polymeric precursor is far better than the as-cut case (Figure 
1). Figure 4 shows a micrograph of the wetting of the preceramic precursor on a surface 
which was ground and etched. Indeed. this micrograph shows the maximum spreading 
of the polymeric precursor on the Sic specimen. and this joint was stronger than the 
other three. 
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Figure 1 .  PCS forming islands on as-cut 
surface of Sic. (White vertical marks are 
artifacts of processing.) 

Figure 2. PCS on a surface which was 
cut and etched in HF. 

Figure 3. PCS wetting and spreading of 
PCS on Sic surface which was cut and 
ground. 

Figure 4. Maximum wetting and 
spreading of PCS on a surface which 
\vas cut. ground and etched in HF. 



The scratch test was performed on all four specimens. The white mark running 
horizontally on the micrographs indicates the scratched region. Figures 1-4 show that. 
where there was no Sic  from the PCS there is no mark, because the S ic  specimen was 
smooth enough not to show abrasion of the metal point. However, at places where PCS 
pyrolyzed into Sic, the scratch shows some abrasion on the flakes of the pyrolyzed Sic 
with Sic sanding some of the metal (like that on a sand paper). This is seen clearly in a 
higher magnification micrograph shown as Figure 5. The important point is that the 
metal point did not peel off the Sic  layer pyrolyzed on the S ic  surface. This is true only 
for the small flakes of the Sic. As seen in most of the micrographs. the larger flakes 
came off easily. In fact, some of the empty spaces may be so because the larger flakes 
had peeled off. 

A comparison of Figures 1-4 illustrates that when the surface was ground and etched, not 
only did it have the best coverage of PCS-derived Sic. it had the smallest flakes and the 
best joint among these four cases. This suggested mixing fine silicon carbide powder in 
PCS. which could provide a two-fold advantage. First. it could serve as a filler material 
and inhibit the flow of PCS when it melts. and second, it will provide much more surface 
area to which the PCS-derived Sic can adhere. Thus a fine S ic  powder was mixed with 
PCS and applied to the surfaces that were ground and etched. The specimens were 
heated as described above. Figure 6 shows the cross-section of the joined specimen. 
The rough surface with some fairly large pores was almost completely filled by the 
mixture. However. a hole and some small cracks are visible in the micrograph. which is 
representative of the entire joint area. 

SUMMARY AND CONCLUSIONS 

Commercially available polycarbosilane precursor has been successfully pyrolyzed using 
microwave energy to form silicon carbide. Various surface treatments were investigated 
to identify the conditions which can improve the adherence of the pyrolyzed Sic  to the 
Sic specimens. Polishing is usually performed to allow contact and hence joining of the 
specimens. It has been observed that grinding and etching of the surfaces i n  
hydrofluoric acid can promote the bonding of precursor-derived ceramic to the Sic 
specimen. Silicon carbide specimens were joined using a mixture of fine silicon carbide 
powder and polycarbosilane precursor as the interlayer material. 
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Figure 5. Larger magnification of micrograph in Figure 3, showing the adherence of the 
pyrolyzed silicon carbide to the Sic surface after the scratch test. The thin flakes 
deformed as probably did the metal point. 
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Figure 6 .  Cross-section of the specimen joined with a mixture of PCS and S ic  powder 
as the interlayer material. The mixture filled the pores that existed in the S ic  specimens 
to be joined. 
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