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Wetting phenomena in ceramic particulate/liquid Al-alloy systems were investigated experimentally 
using a new pressure infiltration technique developed by the authors. Studies were performed on 
two different ceramic particulates, SiC and B4C, with four different liquid aluminum alloy matrices, 
pure A1, AI-Cu, AI-Si, and A1-Mg. Five major variables tested to study wetting phenomena in ce- 
ramic/Al-alloy systems were holding time, melt temperature, alloying element, gas atmosphere, and 
particulate. Metal:ceramic interfaces were investigated with optical microscopy, SEM, EPMA, and 
Auger Electron Spectroscopy (AES) in order to understand better the wetting process. The threshold 
infiltration pressure decreased with temperature as well as with pressurization time for all the ce- 
ramic/metal systems. A strong correlation was found between the alloying effect on the threshold 
pressure and the free energy of formation of oxide phase of the alloying element. More reactive al- 
loying elements were more effective in improving wettability. In air atmospheres, the threshold 
pressure usually increased markedly as a result of a thick oxide layer formation on the liquid front. 
Compacts of BaC particulates showed lower threshold pressures than those of SiC particulates. Frac- 
ture occurred in a generally brittle manner in infiltrated SiC specimens. AES element profiles on the 
fracture surfaces showed fast diffusion of Si, and pile-up of C at the metal:SiC boundaries which 
promoted fracture through the carbon-rich layer. The fracture surfaces of infiltrated B4C specimens 
indicated plastic deformation, hence a more ductile failure mode. 

I. INTRODUCTION 

IN metal matrix composites, the primary function of the 
reinforcements is to support most of the applied load, 
while that of the matrix is to bind the reinforcements to- 
gether and to transmit and distribute the external loads to 
the individual reinforcements. Good wetting is needed to 
generate a strong enough interface to allow transfer and dis- 
tribution of load from the matrix to the reinforcements 
without failure. 

However, the wettabilities of ceramic materials with liq- 
uid aluminum alloys are poor, i.e., have wetting angles 
substantially higher than 90 deg even well above the matrix 
melting temperature. For such systems, application of pres- 
sure alone cannot overcome poor wettability in the practical 
sense due to void formation in the small channels during 
solidification and debonding during service. Acceptable 
wettability is thus one of the most important parameters for 
successful casting of composites. 

We report here on measurements of wettability in a pres- 
sure infiltration device developed by us. Materials used for 
this study include 10/xm SiC and BaC particulates, and 4 
Al-alloys: pure A1, AI-Cu, A1-Si, and AI-Mg. Major experi- 
mental variables were holding time, melt temperature, al- 
loying element, and gas atmosphere. The experimental 
technique for measuring wettability of ceramic particulates 
was described in the preceding paper, t~j 
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II. BACKGROUND 

A. Wetting of Ceramic Materials with Liquid 
Aluminum Alloys 

The extremely high oxygen affinity of aluminum makes 
atmosphere control very important in wetting experiments. 
The free energy of A1203 formation is so high that oxide 
formation in liquid aluminum alloy systems cannot be 
avoided without special treatments. 

Studies have also been made on the wetting of SiO2,19-121 
SiC, [8'13'141 BaG, [15'16] TiC, II7'lsl and TiB2117"181 by molten alu- 
minum alloys with the sessile drop test. Generally, experi- 
mental results show significant differences in wetting angles 
which are mostly caused by differing experimental condi- 
tions, particularly time and oxide formation. For example, 
John and Hausner tIll showed that a very low wetting angle 
of A1 on A120 3 could be obtained by maintaining a very low 
oxygen partial pressure in the system. 

In addition to the oxygen partial pressure in the system, 
holding time and size of liquid metal droplet on the solid 
substrate may affect the value of wetting angle due to inter- 
facial reactions. 

B. Metal:Ceramic Interfaces 

Since metal matrix composites are often nonequilibrium 
systems, there may exist a gradient of chemical potential at 
the metal:ceramic interface which provides a driving force 
for interfacial reactions during fabrication or high tempera- 
ture use. Many investigators 13'9"12"13"19'2~ have suggested that 
interfacial reactions can promote metal/ceramic wetting. 

Although the marked stability of ceramic phases in 
metal/ceramic systems normally permits only modest mu- 
tual solubilities, even small amounts of dissolution can sig- 
nificantly decrease the solid:liquid interfacial energy. 

Adsorption is a surface reaction which is concentration, 
temperature, and diffusivity dependent. The relationship 
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between adsorption and temperature, surface energy, and 
concentration in dilute solutions is given by the Gibbs ad- 
sorption equation: 

1 d r  
FB - I l l  

RT d In Xn 

where ['B is the excess solute concentration at the interface, 
R is the gas constant, T is the temperature, y is the surface 
energy, and Xn is the solute mole fraction. Thus, the greater 
the adsorption, the more the solute tends to lower the sur- 
face energy. 

Among the chemical reactions at the metal:ceramic inter- 
face, reduction-oxidation (redox) reactions are common. 
The redox reaction can be represented as: 

A (metal) + B (cation in compound) 

= A (cation in compound) + B (metal). [21 

This reaction is reversible and governed by the change in 
total free energy of reaction. The formation of such com- 
plex compounds as spinels or glasses also occurs frequently 
at the metal:ceramic interface. 

Two major types of interaction occur at the interface be- 
tween a liquid and a solid phase: (i) physical and (ii) chem- 
ical. Bonding forces due to physical  interactions are 
typically the order of several kJ/mole,  but the bonding 
forces due to chemical interactions are in the range between 
tens and thousands kJ/moleJ TM Physical interactions deter- 
mine the wettability by nonreactive liquids such as water 
and organics which have tenths of J /m 2 as surface energies. 
However, chemical interactions are dominant in reactive 
systems where liquid phases have several J /m E as surface 
energies, and provide most of the bonding energy. 

In aluminum alloy matrix composites, interfacial reac- 
tion studies have been conducted mainly on oxide systems, 
such as  A1203,  [5'7'22-25] and SiO2.1121 Activity in SiC/Al-alloy 
systems I26-3)1 has increased rapidly in the past few years. 

Ill .  EXPERIMENTAL METHODS 

A. bzfiltration 

Particulates of 9.63 p.m SiC or 8.89/xm B4C were com- 
pacted to 52 -+ 1.5 pct dense 0.5 cm by 3 cm cylinders and 
pressure infiltrated with one of 7 Al-based alloys. A de- 
tailed description of the materials and experimental tech- 
niques is given in Part I. I~1 

B. Microstructural Analysis 

Samples for optical microscopy were prepared by first 
mechanically polishing with 600 and 1000 grit emery pa- 
pers, then for 2 minutes each with 6 and 1 /zm diamond 
pastes. Finally, the specimens were polished with 0.05/zm 
alumina for 30 seconds. Between polishing steps, each 
specimen was rinsed with ethyl alcohol and ultrasonically 
cleaned for 10 minutes. Cu-bearing aluminum alloys, AI- 
2 pct Cu and A1-4.5 pct Cu, were etched with a solution 
of 4 g KMnO4 and 2 g NaOH in 1 liter of distilled water 
for 10 seconds, as suggested by Mortensen et al. ml Other 
alloys were doubled-etched; with 5 pct HF for 2 to 3 sec- 
onds and with same solution as for A1-Cu alloys for 5 sec- 
onds. Keller's reagent, a solution of 10 ml HE 15 ml HC1, 

25 ml I-INO3, and 50 ml distilled water, was also used for 
deep etching. 

C. Fracture Surface Preparation 

Fracture surfaces of infiltrated powder specimens were 
analyzed with SEM (AMR or Cambridge) and AES. Since 
an extensive study on the mechanical properties was be- 
yond the scope of the present work, the specimens were 
fractured simply clamped in a vise and broken by striking 
with a hammer. Fractured specimens were coated with ap- 
proximately 200 A of gold to give a better image in the 
SEM. The other halves of fracture specimens were used for 
AES analysis. 

D. Auger Electron Spectroscopy Analysis 

Auger electron spectroscopy (AES), using a Physical 
Electronics Industries Inc., model 590, was used to inves- 
tigate the surface chemistry of particulates and of  the 
fracture surfaces. 

Particulates were embedded in 1 mm thick indium foil 
and inserted into the analyzing chamber, which was main- 
tained at a pressure of about 10 -7 Pa. The Auger electron 
spectroscope was operated at 5 kV and 100 nA. For Ar 
sputtering, 2 kV and 3 0 / zA /cm  2 were used as electron 
voltage and beam current. 

AES analysis was also performed on fractured specimens 
in order to determine the chemistry of the metal:ceramic in- 
terfacial region. After being fractured by a hammer, the 
specimens were cut to 1.5 mm thickness. The electron 
beam conditions included a primary beam voltage of 5 kV 
and beam current of 100 nA. For depth profile, Ar sputter- 
ing was conducted normal to the fracture surface at 4 kV 
and 70 p.A/cm 2. 

Depth profiles were obtained by sputtering both in the 
particulate and in the matrix directions from the fracture 
surface. The sputtering rate was estimated as 0.1 nm/sec 
for matrix; the sputtering rates of SiC and B4C are expected 
to be much lower. 

IV. CHARACTERIZATION OF SPECIMENS 

A. Surface Characterization of Ceramic Particulates 

The AES profiles which were taken from the as-received 
SiC and B4C particulates are shown in Figures 1 and 2, re- 
spectively. As seen from the concentration profiles, there 
were no indications of impurities on the surfaces except 
small amounts of oxygen. 

AES results on the surfaces of SiC and B4C particulates 
in uninfiltrated regions before and after infiltration experi- 
ments are shown in Figures 1 and 2. Before infiltration, 
each particulate was preheated for 5 minutes at 800 ~ in 
Ar atmosphere. Including 5 minutes of infiltration time, 
the particulates were heated for a total of 10 minutes. As 
can be seen in the AES results, oxygen contents on SiC 
particulates were reduced during the experiment, while 
oxygen concentrations of B4C particulates did not change 
significantly. 

AES results of SiC particulates show that the surface 
of SiC was cleaned, presumably by reaction of SiC and 
adsorbed 02, to form gaseous SiO and either CO2, CO, 
or  C.  [13'33] 

534--VOLUME 20A, MARCH 1989 METAI.LUR(]ICAI. TRANSACTIONS A 



._(2 
E 
o 
e~ 

=- 
.o_ 

g 
o 

25 

20 

15 

! 0  

' I ' I ' I ; I ' 

0 2 4 6 8 10 

Sputter time, rain. 

Fig. 1 - - AE S  oxygen concentration profile of SiC particulates before and 
after infiltration test. 

B. Microstructure of lnfiltrated Powder Specimen 

A typical microstructure of a SiC powder compact which 
was infiltrated with pure A1 at 724 kPa is shown in Fig- 
ure 3. In spite of significant amounts of dissolution of SiC 
particulates, eutectics were seldom found. The eutectics 
were absent because the pore size in the compact  was 
smaller than the dendrite tip radius characteristic of our 
cooling rate. Dendritic solidification was thus impossible 
and the silicon concentration did not reach the level needed 
for eutectic formation. However, preferential nucleation of 
Si phase on the particulate surface was found, in agreement 
with the earlier observations. I34'35'36] 

An electron micrograph of a deep-etched SiC/pure AI 
specimen is shown in Figure 4. The matrix was dissolved 
in the concentrated Keller's reagent for 30 seconds. The 
"bridges" in the microstructure are high-Si phases. The ser- 
rated surfaces of particulates are evidence of dissolution of 
SiC on the high-index planes. The concentration of Si in 
the matrix was measured as about 5 pct with an electron 
microprobe analyzer. The probe size was too large to obtain 
a quantitative measurement of the Si content of the bridges. 

Different morphologies in the microstructure of top and 
bottom portions of SiC/AI-2 pet Si samples indicated that 
the longer metal:particle contact time for the bottom of 
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Fig. 2 - - A E S  oxygen concentration profile of B4C particulates before 
and after infiltration test. 

Fig. 3- -Typical  microstructure of SiC particulate specimen infiltrated 
with pure AI at 800 ~ 

the powder specimen which was infiltrated first allowed a 
higher degree of interfacial reaction. In spite of the large 
variation in the shape of particulates, the matrix microstruc- 
tures show only a little difference. In the absence of eutec- 
tics one would not expect the matrix appearance to vary 
much with Si content. 

Since interfacial reaction rate is a strong function of tem- 
perature, it is not surprising to see a variation of micro- 
structure with temperature. Figures 5(a) and (b) show the 
microstructures of SiC specimens infiltrated with pure alu- 
minum at 930 and 634 kPa at 700 ~ and 900 ~ respec- 
tively. It is obvious that there was much more interfacial 
reaction at 900 ~ 

A typical microstructure of a B4C powder specimen infil- 
trated with pure AI at 758 kPa is shown in Figure 6. Be- 
cause of the extremely high hardness of B4C particulates, 
specimen preparation for metallography was not so suc- 
cessful as with SiC. 

Generally, microstructures of infiltrated powder speci- 
mens showed almost no porosity and a uniform distribution 
of particulates. 

Fig. 4 - - S E M  micrograph of deep-etched SiC particulate specimen infil- 
trated with pure AI at 800 ~ 
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Fig. 5 -  -Microstructures of SiC/pure AI system infiltrated at (a) 700 ~ and (b) 900 ~ 

C. Fracture Morphology 

Even though a detailed study of the mechanical proper- 
ties of infiltrated powder specimens was beyond the scope 
of the present study, some fracture surfaces of samples bro- 
ken in bending were examined in order to investigate the 
metal:ceramic interface. Typical fracture surface morpholo- 
gies are shown in Figure 7(a) for the SiC/pure AI system, 
and in Figure 7(b) for the B4C/pure Ai system. The overall 
fracture morphology of the infiltrated powder specimens 
was generally unaffected by matrix composition. However, 
there was a marked difference in the fractographs of differ- 
ent particulate systems, i.e., a more ductile mode in the 
B,C/Al-alloy systems. Even though some noninfiltrated re- 
gions can be found, debonded interfaces reveal good physi- 
cal contact between matrix and particulates. 

Metal:particulate bonding seems to be weaker for SiC/ 
Al-alloy systems than that of B,C/Al-alloy systems, as 
debonding was often found on the fracture surfaces with 
only a little matrix alloy adhering to the particulate. Fine 
dimples, indicating ductile fracture, are generally absent 
from the fracture surface. 

[ ;J' ,,. 
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Fig. 6- -Typical microstructure of B,C paniculate specimen infiltrated 
with pure AI at 800 ~ 

(b) 

Fig. 7--Fracture surfaces of (a~ SiC particulate and (b) B4C particulate 
specimen infiltrated with pure AI at 800 ~ 
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For B4C/Al-alloy specimens, Figure 7(b), most of the 
fracture surface consists of fine, equiaxed dimples, which 
is indicative of failure by coalescence of microvoids. The 
process of microvoid formation and coalescence involves 
considerable localized plastic deformation and requires the 
expenditure of a large amount of energy, which is an indi- 
cation of good fracture toughness. However, irregular frac- 
ture surfaces due to fine matrix dimples adhering to the B4C 
particulates made AES analysis difficult. 

V. WETTING PHENOMENA 

A. Effect o f  Time 

Change of wettability with time is common in solid ce- 
ramic/liquid metal systems because several kinetic pro- 
cesses are often involved. The time dependence of the 
threshold pressure for wetting in SiC and B4C particulates 
with liquid aluminum alloys is shown in Figures 8 and 9. 
Works of immersion, W~ = %t - Y,, are also shown. 

Near-equilibrium wettings were achieved in 5 minutes at 
800 ~ for SiC with pure aluminum, AI-2 pet Si, and AI- 
2 pet Mg alloys. However, the threshold pressure decreased 
almost linearly with time for the A1-2 pct Cu alloy. 

The time dependence of wetting may be explained in 
terms of reaction kinetics in ceramic/metal systems. For a 
system of high reactivity, metal:ceramic interfacial reac- 
tions proceed quickly after physical contact between solid 
and liquid phases. If the reaction products at the interface 
are stable both chemically and physically, further reaction 
will be stopped or retarded significantly. Subsequently, the 
equilibrium wetting occurs in a short time. However, quick 
wetting equilibrium can also occur in an inert system which 
does not involve interracial reactions, such as a water drop 
on a platinum plate. 

In general, wettability is poor and the wetting process is 
slow for less reactive systems. Therefore, it takes a longer 
time to reach an equilibrium wetting. Even though SiC/A1- 
alloy systems are often regarded as chemically inert, r~31 a 
significant amount of dissolution was observed in the pres- 
ent study, as shown in Figures 3 to 5. The high rate of dis- 
solution of SiC in the liquid Al-alloys can be connected to 
the high surface-to-volume ratio of particulates as well as 
high Si solubility in AI. 

The A1-2 pct Cu and A1-2 pct Si alloys achieved near- 
equilibrium wetting of BaC particulates in 5 minutes. For 
pure aluminum and AI-2 pct Mg alloys, however, the thresh- 
old pressures decreased with time, even after 5 minutes. 

Chemical reaction-assisted wetting is expected for B4C 
particulates in more reactive alloys, such as A1-2 pct Mg. 
Liquid boron oxide, B20 3, exists on the surface of B4C 
above 450 ~ I2] and enhances wettability through a liquid- 
liquid reaction when contacted with liquid metal. Cu or Si 
in aluminum seems to make this chemical reaction less ac- 
tive, probably due to adsorption of the less reactive ele- 
ment, Cu or Si, at the metal:ceramic interface. 

Near-linear decreases of wetting angle with time for the 
SiC/Ai system were observed at 980 ~ and 900 ~ by 
Krhlet ~8] and by Halverson et al.,[~6] respectively. A linear 
time dependence of wetting angle was observed in the 
AI:O3/AI system by Brennan and Pask. TM Achievement of 
equilibrium wetting in about 5 minutes was reported by 
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Fig. 9 - - C h a n g e  in threshold pressure and work of immersion with time 
in B4C/Al-alloy systems. 

Samsonov et al. [37] for the TiC/A1 system at 950 ~ and 
by Ueki et al. 138] for the ZrO2/A1 system at 900 ~ 

Breakdown of the oxide layer on the solid ceramic phase 
either physically or chemically has also been considered as 
one of the factors affecting the kinetics of wetting. [t3'391 Due 
to the self-cleaning of SiC particulates and liquid oxide 
layer formation on B4C particulates, the breakdown of solid 
oxide films on the ceramic phase is not expected to be a 
factor in the present systems. 

The liquid metal starts infiltration when the applied pres- 
sure exceeds the capillary pressure. However, wettability 
changes with time, mainly due to the reduction of the 
solid:liquid interfacial energy. If the threshold pressure 
after time t, P,h(t), is smaller than the applied pressure, Pa, 
infiltration can occur. 

Newman's 14~ semi-empirical expression for the time de- 
pendence of the wetting angle may be applied with minor 
modification to the time dependence of threshold pressure: 

P,h(t) = Pth(eq)[1 + a"  e x p ( - b  �9 t)] [3] 

where P,h(eq) is the threshold pressure at equilibrium, and a 
and b are constants. It was possible to fit our wettability re- 
suits shown in Figures 8 and 9 to Eq. [3] with constants a, 
b, and Pth(eq) which depend on both matrix composition 
and particulate type. It is, of course, always possible to fit 
three data points with a three parameter curve. 

METALLURGICAL TRANSACTIONS A VOLUME 20A, MARCH 1989 - 537 



B. Effect of Temperature 

Threshold pressures measured after 5 minutes of holding 
time for SiC/Al-alloy and B4C/Al-alloy systems are shown 
as a function of temperature in Figures 10 and 11, respec- 
tively, along with works of immersion. As expected, the 
threshold pressure decreased with temperature for all the 
ceramic particulate/Al-alloy systems. This effect is thought 
to be caused partly by changes in surface energies, and 
partly by faster interfacial reactions at higher temperature. 

Variation of threshold pressure with temperature may be 
due to the different dominant interfacial reactions or ki- 
netics. In many cases, large increases in wettability were 
observed at 900 ~ for ceramic/Al-alloy systemsJ 3'8'u'391 
This behavior has been explained by both the breakdown 
of oxide film on the ceramic s u r f a c e  I13'391 and by changes 
in the oxide layer on the liquid metal surface. TM 

Since complex interfacial reactions are involved in the 
wetting of these ceramic particulates/liquid aluminum alloy 
systems, it is natural that each system shows a different re- 
lationship between wettability and the temperature. We cur- 
rently lack the knowledge of the physics and chemistry of 
interfacial reactions required for a detailed explanation of 
the temperature dependence of wetting in our ceramic/Al- 
alloy systems. 

C. Effect of Alloying Elements 

There has been no systematic study on the effect of al- 
loying elements on wetting between ceramic and liquid 
metal. The alloying elements effective in promoting wet- 
ting have been found more or less by trial and error. 

Figures 8 to 13 show that Mg is the most effective of the 
alloying elements tested in promoting wetting of both SiC 
and B4C particulates by aluminum alloys. Conversely, Cu 
and Si had little or no effect on wettability. Magnesium is 
especially effective in promoting wetting of B4C. The work 
of immersion is reduced to 32 mJ/m z or, equivalently, the 
threshold pressure is near zero. 

There have been arguments based on the Gibbs adsorp- 
tion equation, Eq. [2], that small additions of solutes will 
be sufficient to change the surface energy as long as they 
can form a monatomic layer at the free surface of liquid or 
solid:liquid interface. Our experimental results, however, 
show that the threshold pressure still changes when the sol- 
ute concentration goes from 2 pct to 4.5 pct. 

Liquid aluminum has an extremely high oxygen affinity 
which makes chemical reactions involving oxygen in- 
evitable at the liquid aluminum:ceramic interface. These 
interracial reactions may reduce the interracial energy of 
solid ceramic and liquid metal. 
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Figures 14 and 15 show the relationship between the free 
energy of oxide formation of alloying elements and the 
threshold pressure for wetting in SiC and B4C with alu- 
minum alloys. The free energies of Cu20, SIO2, and MgO 
(per mol of gaseous O2) were calculated from JANAF Ta- 
bles [2] for each infiltration temperature. There is a strong 
correlation between the free energy of oxide formation and 
the threshold pressure. The larger the negative values of  
free energy of formation, the lower the threshold pressures 
are. However, the effectiveness of alloying varied with 
temperature and ceramic/metal system. 

D. Effect of Gas Atmosphere 

The threshold pressures and works of  immersion for 
SiC/Al-alloy and B4C/Al-alloy systems in Ar and air atmo- 
spheres are listed in Table I. In most cases, the threshold 
pressure is greater in air than that in Ar. 

An air atmosphere is expected to give greater oxidation 
of particulates and formation of a thicker oxide layer on the 
surface of the liquid metal. Obviously, the oxide film on the 
particulates and the oxide layer on the liquid metal surface 
change the wetting process as well as wettability. 

Since SiO 2 has a much lower surface energy, 307 mJ /m 2 
1000 ~ mt than that of SiC, 840 mJ /m z at 1200 ~ 139j the 
wetting angle may increase after oxidation of SiC. 
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Table I. Threshold Pressure and Work 
of Immersion for SiC and B4C Particulates 

in Ar and in Air Atmospheres at 800 *C 

In Ar In Air 

e,h W, P~ W, 
System (kPa) (rrd/m z) (kPa) (mJ/m z) 

SiC/pure AI 686 197 710 204 
SiC/AI-2 pct Cu 759 218 745 214 
SiC/AI-2 pet Si 738 212 779 223 
SiC/A]-2 pct Mg 565 162 779 223 
SiC/AI-4.5 pct Cu 717 206 807 231 
SiC/A1-4.5 pct Si 731 210 731 210 
SiC/AI-4.5 pct Mg 524 150 731 210 

B4C/pure AI 752 344 724 332 
B4C/AI-2 pet Cu 710 325 717 328 
BaC/A1-2 pct Si 686 314 738 338 
B4C/AI-2 pct Mg 241 111 69 32 
B4C/A1-4.5 pct Cu 669 306 724 332 
B4C/AI-4.5 pct Si 627 287 655 300 
BaC/A14.5 pct Mg 69 32 69 32 

Decreased threshold pressures were observed for some 
B4C/Al-alloy systems tested in air atmospheres. The de- 
crease in threshold pressure, or increased wettability, is be- 
lieved to be caused by the formation of a thicker layer of 
liquid B2Oa on the B4C particulates in an air atmosphere. 

VI. I N T E R F A C I A L  P H E N O M E N A  

A. Particulates:Atmosphere Reactions 

Several studies have been conducted on reactions of SiC 
with gaseous environments. }towever, information on the 
reaction of B4C with gases is scarce. Since the surface char- 
acteristics of the solid phase play an important role in wet- 
ting, gas-solid reactions should be considered carefully. 

The free energies of particulate formation play an impor- 
tant role in interfacial reactions. In spite of some disagree- 

. - [2 4= 43] ment among &tferent researchers ' ' on SiC, BaC, and 
AI,~C3, it can be estimated that SiC has the most negative 
value of free energy of formation among the three and that 
of B4C has the least, making it the least stable. Unlike their 
carbides, free energies of formation of oxides for Si, B, and 
A1 are very negative, so that both SiC and B4C are very 
prone to oxidation. 

The AES results for SiC before and after infiltration ex- 
periment, as shown in Figure 1, show that the surface of 
SiC was cleaned by the reaction of gaseous SiO formation. 

The major oxide on the B4C surface is believed to be 
B~O 3 because of its largest negative free energy of forma- 
tion. Due to its low melting point, 450 ~ B203 on the 
surface of particulates exists as liquid during the infiltra- 
tion test. 

B. Metal:Ceramic Interface 

Ceramic/metal systems are much more stable chemically 
than metal/metal systems. Therefore, the reactivity at the 
metal:ceramic interface is usually quite low, generating 
only a small amount of reaction products. A number of  
studies [5'7'15'n-29'31"~-531 have been conducted of ceramic:ml- 
alloy interface phenomena. 
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The results of Auger analyses performed on a fractured 
SiC/pure A1 specimen obtained by sputtering into the ma- 
trix and into the particulate are shown in Figures 16 and 17, 
respectively. Inside the matrix, the concentration of AI in- 
creases rapidly, finally becoming constant. The concentra- 
tion of C changed in an exactly opposite behavior to AI, as 
expected. However, the concentration of Si did not change 
much with sputtering time. This tendency can be explained 
by fast diffusion of Si after dissolution of SiC particulates, 
and pile-up of C on the undissolved part of SiC particulates 
due to its extremely low solubility in AI. Considering the 
sputtering rate, approximately 0.1 nm/sec, the interfacial 
region is about 300 A thick. 

In spite of almost zero solubility of B and C in A1, the 
AES analyses on the fracture surfaces of BaC/Al-alloy 
specimens showed similar C profiles as in SiC specimens. 

Even though the dissolution of SiC and B4C were con- 
firmed in various ways, no solid evidence of AI4C 3 forma- 
tion was found in the present experiments. This observation 
may result from the expected extremely small size of AI4C 3 
particles due to short reaction time. Studies [26'29] were made 
of the reaction of molten aluminum with SiC fibers during 
short reaction times. Conventional analytic tools including 
TEM or XRD showed no evidence of A14C3. Of course, 
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Fig. 16- -AES element profile for matrix-side from the fracture surface 
of SiC/pure AI specimen. 

100 

Eo 8o 

._o 
~ 6o 

20 

' I ; I ; I ' I ' 

\ c  

s i /  

/ 

0 
0 4 8 12 16 2O 

Sputter time, min. 
Fig. 17- -AES element profile for particle-side from the fracture surface 
of SiC/pure A1 specimen. 

large flakes of AI4C 3 have been found in the case of long 
thermal exposure. [27.441 

In general, dissolution of particulates produced a carbon- 
rich layer at metal:ceramic boundaries where fracture oc- 
curred. Due to its slowness, dissolution is believed to 
commence after infiltration and therefore has little effect on 
wettability. However, the liquid layer of B203 is expected 
to react quickly with liquid aluminum alloys to form oxide 
compounds, such as B203.AI20 3 and B203" MgO during 
infiltration. 

VII. SUMMARY 

Five major variables were tested to study wetting phe- 
nomena in ceramic particulate/metal systems. Variables in- 
clude holding time, melt temperature, solute concentration, 
gas atmosphere, and particulate. The metal:ceramic inter- 
faces were analyzed with optical microscopy, SEM, EPMA, 
and Auger electron spectroscopy. 

The results of this work are summarized in the following 
statements: 

1. The threshold infiltration pressure decreased exponen- 
tially with time for all systems, generally approaching 
the equilibrium value in 5 minutes. 

2. The threshold pressure decreased with increasing tem- 
perature, probably due to accelerated kinetics of reac- 
tions on the solid:vapor, liquid:vapor, and solid:liquid 
interfaces. 

3. Generally, alloying elements which were strong oxide 
formers were more effective in improving wettability. 
Mg alloying decreased the threshold pressure in both 
particulate systems significantly, and Cu and Si had little 
effect. 

4. Threshold pressures were usually higher in air atmospheres 
as a result of thick oxide layer formation on the liquid 
front. The decrease of threshold pressure in B4C/A1-Mg 
systems in air atmosphere is connected with the forma- 
tion of a thicker liquid layer of B203 on the particulates. 

5. BaC particulates showed lower threshold pressures than 
SiC particulates due to reaction between liquid B203 and 
AI alloy. 

6. AES element profiles of infiltrated SiC showed fast dif- 
fusion of Si and pile-up of C at the metal:ceramic 
boundary. 

7. Fracture occurred in a more or less brittle manner in in- 
filtrated SiC specimens. However, fracture surfaces of 
infiltrated BaC specimens showed small dimples which 
are an indication of plastic deformation. Generally, frac- 
ture occurred through the metal:ceramic interfacial re- 
gion, especially through the carbon-rich layer, which 
was present on both particulates. 

8. The major interfacial reactions affecting wettability are 
believed to be dissolution of particulates for SiC and liq- 
uid:liquid reaction for B4C particulates. 
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