Formation of Magnesium Aluminate (Spinel) in Cast SiC
Particulate-Reinforced Al(A356) Metal Matrix Composites

NING WANG, ZHIRUI WANG, and GEORGE C. WEATHERLY

Transmission (TEM) and scanning electron microscopy (SEM) are employed to study the
SiC/Al-alloy interface in a cast SiC,/Al(A356) metal matrix composite (MMC). Magnesium
aluminate (spinel), MgALO,, was found at the interface as a reaction product after material
processing. Comparisons of the crystal structure, structure factor, and interface reaction ther-
modynamics between MgAL,O, and MgO have been carried out. The results from these com-
parisons confirm the experimental observation; i.e., the favored interface phase is magnesium
aluminate (spinel). Based on the thermodynamic analysis, the presence of oxygen in various
forms in the system during processing, such as SiO,, Al,O;, and MgO, is believed to be the
source which supplies the oxygen for the formation of MgAl,O,.

1. INTRODUCTION

THE mechanical properties of metal matrix composites
(MMCs) are controlled to a large extent by the structures
and properties of the reinforcement/metal interface. It is
believed that a strong interface permits transfer and dis-
tribution of the load from the matrix to the reinforce-
ment, resulting in an increased elastic modulus and
strength. From a metallurgical point of view, the desired
interfacial region in a composite relies on several fac-
tors. For instance, (1) an intimate contact between the
reinforcement and the matrix needs to be established
through satisfactory wetting of the reinforcement by the
matrix to ensure adequate adhesion and (2) the rate of
chemical reaction at the interface should be very low and
extensive interdiffusion between the component phases
should be avoided so that the reinforcement will not be
degraded. The choice of the reinforcing and matrix ma-
terials for a composite system often cannot satisfy these
requirements at the same time. One of the ways of
achieving such a desired interface while not having to
sacrifice the performance of the composite is to apply a
thin coating or coatings on the reinforcement,'-* which
is chemically compatible with both the reinforcement and
the matrix. Selective addition of alloying elements has
also proved to be effective in improving wettability and
reducing interdiffusion.®! From a mechanical point of
view, on the other hand, the behavior of the interface
plays a significant role in controlling the strength of
composites. The normal component of interfacial stresses
would tend to cause interface debonding, while the shear
component could be the cause of splitting of phase
boundaries. This effect becomes more pronounced as the
difference in the elastic constants between the two con-
stituent phases increases. The following are some im-
portant factors in considering the interface properties:
(1) a strong interface, as mentioned above, would
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ensure transfer of load from matrix to the reinforcement,
(2) the mechanical compatibility requirement at the
interface would result in stress discontinuity or a steep
stress gradient at the interface because of the differences
in the elastic and/or thermal coefficients between the re-
inforcement and matrix, and (3) a moderate coating phase
between the reinforcement and matrix may decrease the
stress gradient at the interface. Therefore, an ideal in-
terface should be a mechanics continuum, involving co-
herency of the bond at the atomic level.[*! Because of
these metallurgical and mechanical considerations, it is
important to characterize the interfacial microstructure to
understand the mechanical behavior of a composite and
the interaction between the reinforcement and matrix
during processing and service.™ Studies of reinforcement/
metal interfaces have been directed toward the recog-
nition of general rules that govern bonding and interface
behavior, both from a theoretical and experimental view-
point.®] This usually includes (1) identification of the
interfacial reaction products,?*” (2) study on the wet-
tability (contact angle) between the reinforcement or
coatings on the reinforcements and molten matrix metal
alloys,’®*! (3) theoretical calculation of binding energy
of the interface,!'”! (4) crystallographic relationships and
the atomic structure at the interface,!''"!* and (5) the
thermodynamics of interfacial reactions.®15]

Two major problems encountered in the development
of cast silicon carbide particulate-reinforced aluminum-
matrix composites are (1) the reactivity of silicon carbide
with molten aluminum at higher processing tempera-
tures, which frequently results in the formation of re-
action products at the SiC/Al interface and degrades the
reinforcing particulates and (2) the poor wetting char-
acteristics of silicon carbide by liquid aluminum at lower
processing temperatures, which usually results in weak
bonding between SiC and Al matrix after solidification.
In the process of fabricating SiC/Al composite mate-
rials, the weak bonding can be improved by advanced
casting techniques, such as squeeze casting!'®! and
semi-solid slurry processing,!'” etc. Chemical reactions
at the SiC-Al interface depend on several factors, such
as temperature, pressure, atmosphere, chemical com-
position of the aluminum matrix, and surface chemistry
of the silicon carbide. Several studies!®-'*-?2 have shown
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that, in the SiC/Al system, Al,C; will form during pro-
cessing at the interface according to the reaction

4Al + 38iC = AL C; + 3Si

It has been proposed® that the reaction product ALC;
could result in a degradation of the reinforcement strength
and the interfacial strength. To overcome these prob-
lems, techniques for surface treatment!?*%) and fabri-
cating®2%?"! have been developed to ensure that the
reinforcement can be wetted by the molten aluminum
alloy and to inhibit any reaction between the reinforce-
ment and the liquid metal. However, the surface treat-
ments may result in the degradation of the interfacial
structures, especially on high-temperature exposure for
a long period of time, either during fabrication or in
service.

The aim of the present work is to study the interfacial
microstructure in a SiC/Al system composite produced
by a molten metal mixing route using electron micros-
copy. Particular attention is focused on the morphology
and phase identification of the reaction products at the
interface, as they will play an important role in control-
ling the interfacial microstructure and mechanical prop-
erties of the composite. The formation mechanism of these
interaction products will also be discussed.

II. EXPERIMENTAL

The composite materials used in this investigation were
supplied by Alcan International Ltd. in the as-cast con-
dition. A commercial-grade aluminum alloy (A356) with
a nominal composition of 92.7 wt pct Al, 7 wt pct Si,
and 0.3 wt pct Mg was employed as the matrix material.
This alloy was then reinforced by 15 vol pct SiC partic
ulates with an average size of 5 to 10 um. A molten
metal mixing technique!® was used for preparing the
composites. The mixing was carried out with a rotating
dispersing impeller immersed in the molten mixture for
a time sufficient to wet the particulates and to distribute
them throughout the molten metal.*®

The interface between the SiC reinforcement and the
aluminum alloy matrix was examined by scanning elec-
tron microscopy (SEM) and transmission electron mi-
croscopy (TEM), together with X-ray energy-dispersive
spectrometry (EDX). Specimens for SEM observation
were prepared by dissolving away the matrix in a 10 pct
aqueous solution of NaOH at room temperature in order
to reveal the interaction products on the surface of the
silicon carbide. Secondary electron images were ob-
tained using an S-570 scanning electron microscope at
an accelerating voltage of 20 keV to show the mor-
phology of the SiC surface. Specimens for TEM analysis
were sectioned from as-cast composite material on an
ISOMET low-speed saw into 0.4-mm-thick slices. Three-
millimeter-diameter disks were taken from these slices
using a Precision Coring Tool (model V7110) and lapped
to about 100-um thickness on metallographic papers and
further polished on a glass plate to about 80 wm using
diamond pastes. Argon ion milling was used for the final
thinning of the thin foil for TEM study, operating at
4 kV with an ion current of 80 ~ 90 uA, a limit current
of 3 mA, and a sample inclination of 15 deg to the ion
beam. The TEM samples were examined in an H-800
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transmission electron microscope equipped with a
TRACOR-NORTHERN* TN-2000 EDX system oper-

*TRACOR NORTHERN is a trademark of Tracor Northern, Inc.,
Middleton, WI.

ating at 200 kV.

III. RESULTS AND DISCUSSION
A. Electron Microscopy

In order to study the SiCl/Al interface, SEM was used
to examine the morphology of the interface. Due to the
selective etching of aluminum matrix, the SiC interfacial
morphology could be readily revealed by dissolving the
matrix in a 10 pct aqueous solution of NaOH. Figure 1
is a typical SEM micrograph showing the morphology
of SiC surface obtained by this chemical dissolution
method. As can be seen, in addition to the eutectic Si
particles (the larger particles on SiC surface) which nu-
cleated on the SiC particulates, many small particles are
also observed on the SiC surface, indicating that chem-
ical reactions occurred between particles and the matrix
alloy. Figure 2 shows the SiC surface morphology (seen
at a higher magnification) where the metal matrix has
been chemically dissolved. It should be noted that the
reaction products present on the SiC surface are in the
form of discrete small particles. The interaction at
the interface between SiC and matrix probably occurred
during fabrication of the composite. X-ray energy-
dispersive spectrometry analysis indicated that the small
particles seen in Figure 2 were magnesium-rich phases
(Figure 3). Kohyama et al.!®! also observed micro-
segregation of magnesium at the interface in a study of
the SiC/Al(A5052) system. They proposed that the
microsegregation of magnesium is due to the formation
of MgO at the interface. In fact, there are a number of
potential chemical reactions that may occur at the inter-
face in the processing of the composite used in the pres-
ent study. Based on the available thermodynamic
data,30-3343 the possible reactions are listed in Table I.
Reactions [1], [2], or [3] should be considered if chem-
ical reactions between the reinforcement and molten alu-
minum alloy occur because of the silica coating at the
surface of silicon carbide particulates formed during the
surface treatment process. These reactions will form MgO,
AlLO;, MgALO,, and dissolved Si. When the SiO, coat-
ings are consumed by Reactions [1] through [3], the
molten matrix alloy will directly contact silicon carbide,
and Reactions [10] or [11] may take place. As a result,
the Al,C; forms as a stable compound in the melt and
the solidified composite, with the excess Si becoming
alloyed with the matrix. The presence of AlL,C; in the
melt complicates processing, and the carbide may serve
as sites for corrosion in the solidified composite.'”” There
is also some evidence that the presence of Al,C; at the
SiC/Al interface interferes with the effective transfer of
load between matrix and reinforcement, leading to a
degradation in the mechanical properties. Therefore, this
reaction must be controlled in order to maintain the com-
posite integrity and maximize the composite proper-
ties.?4 Lloyd et al.*? also reported that, in an A6061
matrix, AlL,C; was often associated with the Mg,Si in-
termetallic, which is possibly formed by Reaction [11].
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Fig. 1—SEM of SiC surfaces (the Al matrix has been dissolved in
a 10 pct solution of NaOH), showing reaction products and eutectic
Si (larger particles) on the surface of SiC particles.

fication, showing interfacial reaction products present on the SiC sur-
face in the form of discrete particles.
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Fig. 3—X-ray energy dispersive spectrum from (@) A356 matrix and
(b) interface reaction product at the SiC/Al interface in Fig. 2, show-
ing that the interface phase contains a significant amount of magnesium.

The other reactions involve the formation of MgAl,O,
and MgO, although Eq. [8] can probably be ignored be-
cause the kinetics of this reaction will be very slow, as
both reactants and products are solid.

Figure 4 is a typical TEM micrograph, showing the
presence of reaction products at the SiC/Al interface,
growing from the SiC surface into the aluminum matrix
with a characteristic angular shape. The EDX analysis
in the STEM mode showed that these angular-shaped
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Table I. Possible Chemical Reactions Which
May Occur During the Processing of the Composites

Possible Chemical Reactions

[SiO,] + 2{Mg} = 2[MgO] + {Si}

[SiO,] + 4/3{Al} = 2/3[ALO;] + {Si}

[SiO,] + 1/2{Mg} + {Al} = 1/2[MgALO,] + {Si}
{Mg} + 1/3[ALO;] = [MgO] + 2/3{Al}

{Mg} + 4/3[AL,0;] = [MgALO,] + 2/3{Al}
{Mg} + [ALO;] + {O} = [MgALO,]

Mg} + 2{Al} + 4{O} = [MgALO,]

[MgO] + [ALO;] = [MgALO,]

[MgO] + 2{Al} + 3{0} = [MgAL,0,]

4{Al} + 3[SiC] = [ALC;] + 3{Si}

11 2{Mg} + [SiC] = [Mg,Si] + [C]

Note: The different types of brackets are employed to represent solid
[ 1 and liquid { }, respectively.

Number

—
SV XINWN AW~

phases contain a significant amount of magnesium.®*!
Therefore, there is some uncertainty as to whether this
interfacial product is MgALO, or MgO.!">#3% To an-
swer this question, a direct and convincing method is to
carry out a comparison of the structure factors of the two
possible Mg-containing phases, MgO and MgAlLO,.
Magnesium oxide, MgO, has a cubic crystal structure
(type B1) with a lattice constant a = 4.213 A. The co-

ordinates of the eight atoms in the unit cell are:

. 11 1,1 11
four magnesium atoms at 000; 3 30; 303,03 3;

111 1 1 1
four oxygen atoms at 5 ; 3; > 005 0 3 0; 00 5.

Fig. 4— Transmission electron micrograph showing an angular-shaped
reaction product crystal at the SiC/Al interface.
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Magnesium spinel,’®” MgAlLO,, is also a cubic crystal-
line (type H1,) phase with a = 8.0800 A. The coordi-
nates of the 56 atoms in the spinel unit cell are:
eight magnesium atoms at [000; % % 0; % 0 %; 0 % %] +
111
000; 3 4 & 11 11 11
sixteen aluminum atoms at [000; 53 0;;03; 053] +
555 577.757 775,

888 888 888 88 8 - L -
thirty-two oxygen atoms at [000; 37 0; 3 03;0535]+
— = = —— 1 1 1 1
X6, XE8, B 706 G = %) @ =0 G = x; G - x)
(§+x)(lz+x);(z+x)(3—x)(z+x);(z+x)
G+xG—x.
with x = —1/8. The kinematic structure factor for a re-

flection hkl, i.e., the amplitude of the reflection from
the plates (hkl), is given by

Fuu = . f(6) exp [2mi(hx; + ky; + Iz)] (1]

where x;, y;, and z; are the fractional atomic coordinators,
f{(0) the atomic scattering amplitude for atom j, and &,
k, ! the Miller indices of the reflections g,. Using this
expression and the atomic coordinates listed above, the
structure factors of MgAl,0, and MgO are calculated in
Table II. Magnesium Oxide or MgALO, can be distin-
guished by comparing the predicted intensities in the
electron diffraction patterns. For example, (200), (240),
etc. are forbidden reflections for MgAl,O,, while they
are allowed reflections for MgQO. The predicted diffrac-
tion patterns for MgAl,O, are displayed in Figure 5. The
spots marked by (*) are double diffraction ones. In the
present work, a number of single-crystal diffraction pat-
terns of the angular Mg-containing phase were obtained
(Figures 6(a) through (d)). The {200} reflections in the
(0017* diffraction pattern (Figure 6(a)) are missing, which
agrees with the structure factor rule for MgALO,. The
appearance of diffraction spots {200} in [011]* and [013]%,
{420} in [112]*, etc. (Figures 6(b) through (d)) is con-
sidered to arise from double diffraction. In addition, all
of the diffraction patterns can be indexed in agreement
with the MgALQ, structure. This analysis indicates that
the reaction products having an angular shape are mag-
nesium spinel, MgALO,.

The possibility of spinel formation as an interfacial
reaction product in metals reinforced with oxide fibers
has already been noted.*® Because the relatively open
anion (oxygen) structure of spinel permits changes in its
bivalent and trivalent cation (metal) structure, the phys-
ical, chemical, and mechanical properties may be varied
accordingly. Thus, spinel phase may be used to promote
interfacial bonding, since they potentially can form strong
chemical bonds with both metals and ceramics. Several
studies of the Al,O;/Al alloy system indicated that the
MgAl, 0, spinel may also be formed at the reinforcement/
matrix interface.*) Levi et al.!” reported that the in-
corporation, wetting, and bonding of the reinforcement
could be achieved by alloying aluminum with an element
which can interact chemically with the reinforcement to
produce a new phase at the interface which is readily
wetted. In the case of an Al-Mg alloy, they concluded
that the bonding was achieved through the formation of
an MgALO, (spinel) layer by reaction between the re-
inforcement and the magnesium in the liquid aluminum.
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Table II. Structure Factor Rule of MgAl,O, and MgO
Phases Fiu Indices of Planes
MgALO, 0 h,k,l mixed (odd or even) integers
32(fue + V2l hikloddandh + k+1=8n+1 (n=1,2,...)
32(fig — V2 hhJloddand h + k+1=8n -5
32(firg + 24D hkJloddand h + k + [ = 82 — 3 or 8n — 1
256(fu — 2fo)” {222}, {226}, {266}, {666}, . . .
64( fup T 2fn T 4f0) hikl=4nand h + k+ 1= 8n
64(st 2fn — o) hikl=4nandh + k+1=42n + 1)
64fiie hkl#4nand h + k + 1= 4n
0 others
MgO h,k,l mixed (odd or even) integers
16( fug — fo)2 h.k,i odd
16(fug + fo) h,k,l even

McLeod!"! recently studied the kinetics of the growth of
spinel MgAl,QO, in alumina-reinforced Al-Mg alloy ma-
trix composites. His thermodynamic analysis indicated
that spinal can form at Mg levels as low as 0.03 wt pct.
For both AA-6061 and AA-2014 matrix alloys, the
MgAl,O, was found to be the stable interfacial phase.
Although the properties of many spinels are not fully
known, they generally possess high melting points, good
mechanical strength, and are chemically stable. There-
fore, it might be possible to tailor a strong, stable spinel
interface to a whisker-MMC.[38-4041]

It should be noted that, in the SiC/Al(356) composite
system, there is a second interface associated with the
addition of SiC, i.e., the interface between SiC and eu-
tectic Si, which should be also taken into account be-
cause it may play an important role in controlling the
final mechanical properties of the composite, too.

: 012
L e ,...0 1
% 1

o]

102*

212

122

A’oozi

101

Fig. 5— The predicted electron diffraction patterns for MgAl,O,. The
spots marked by (*)} are double diffraction ones.
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B. Thermodynamic Consideration

As described above, MgAl,O, was found at the inter-
face between the SiC particulates and aluminum. All of
the chemical reactions involving MgAl,O, and MgO listed
in Table I are thermodynamically possible up to 1000 K.
In the reactions listed in Table I, MgALQO, is formed
during the processing of the composite by chemical re-
action of Mg or MgO with other oxides and/or oxygen
in the system. This indicates that the presence of oxygen
in the system will play a key role in the formation of
spinel. Naturally, one question that arises in the context
of possible interfacial reactions during the fabrication of
the composite concerns the supply of the oxygen. There
are several sources that must be considered. First, as
mentioned above, one of the possible supplies of oxygen
is Si0,, since the silicon carbide particulates are roasted
at high temperature (800 °C to 1300 °C) before being
introduced into the molten aluminum alloy.* Actually,
thin SiO, film (<100 A) would always be found on the

surface of SiC particulates even if they are not inten-
tionally roasted in an oxygen-containing atmosphere.!
Reactions {13 through {3} refer to this source of oxygen.
The liquid alloy reacts first with this silica film during
casting and then attacks the silicon carbide." The attack
of silicon carbide can be restricted if thicker SiO, layers
are formed on the SiC particulates during the roasting
process. Other sources of oxygen should also be taken
into account. As a molten aluminum alloy has an ex-
traordinarily high affinity for oxygen (e.g., only 2.56 X
107" atm of oxygen partial pressure is needed to oxidize
aluminum at 1000 K), a thin aluminum oxide layer would
be continuously formed at the liquid surface and intro-
duced to the SiC/Al interface by stirring. Reactions [4]
through [6] are based on this consideration. Levi et al.™¥)
investigated the interface interactions during fabrication
of aluminum alloy-alumina fiber composites and found
that interaction between the AL, O, fibers and the matrix
resulted in the formation of a Mg-rich region around the
fibers which was retained during the subsequent heat
treatment. Electron and X-ray diffraction studies showed
that the interaction zone consisted of MgAl,O,, MgO,
and fine polycrystalline a-Al,O;. It was suggested that
the MgAl,Q, spinel formed by the reaction between Mg,
which was in solution, and both the Al,O; fiber and fine
a-Al,0;, which resulted from oxidation of the melt.
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Fig. 6—Selected area electron diffraction patterns taken from the angular-shaped Mg-containing phase at the SiC/Al interface, indexed in agree-
ment with MgALO,: (a) [001]*, (b) [112]*, (c) [011]*, and (d) [013]* zone axis patterns.
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Fig. 7— Temperature/ oxygen partial pressure stability regions of MgO
and MgA),O, for Reaction [9].
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Reaction [9] is of special interest in determining whether
MgAl,0,4 or MgO is formed. Using the thermodynamic
data from References 30 and 32, one obtains the sim-
plified equation for the free-energy change of this reaction

AG® = 74.393T — 4.0749 X 10° (cal/mol)  [2]

which has an equilibrium partial pressure of oxygen given
by (Figure 7)

In P, (atm) = 25.11151 — 136,718.67/T [3]

It can be seen that, from Figure 7, the formation of
MgAlQ, is more thermodynamically favorable in prac-
tice, since the reaction can proceed at a very low partial
pressure of oxygen. For example, by substituting 1000 K
into Eq. {3], it can be shown that a partial pressure of
oxygen of only 3.4 x 107 atm is needed to establish
the thermodynamic equilibrium for Reaction [9].
McLeod!"! carried out a similar calculation for Reactions
[4] and [5] and presented the results as stability diagrams
(Mg content vs temperature). His results show that the
stable interfacial phase is MgALO,, which could form
at Mg levels as low as 0.03 wt pct. The Mg content in
A356 for the present work is 0.3 wt pct, high enough to
meet this criterion. The present analysis further dem-
onstrates that spinel formation in Al-based MMCs is an
important consideration.

The formation of the magnesium spinel in the MMC
system is a very important phenomenon which has to be
taken into account in processing the composite material.

IV. SUMMARY

The electron microscopy study presented in this work
has again determined that magnesium spinel, MgAlQO,,
is present at the interface between SiC and the aluminum
alloy matrix in cast SiC,/Al(A356) MMCs. The pres-
ence of oxygen in various forms, such as SiO,, Al,O,,
and MgO, in the system supplies the oxygen for the for-
mation of the MgAlLO, phase.

METALLURGICAL TRANSACTIONS A

ACKNOWLEDGMENTS

This work was supported by the Natural Science and
Engineering Research Council of Canada. The authors
are grateful to Alcan International Limited Co. for its
assistance in MMC alloy sample supplying. Thanks are
due to Dr. D.J. Lloyd for his valuable comments on
this article. The authors also would like to thank Mr.
J. Persic, Z: Kassam, and Ms. R.J. Zhang for useful
discussions.

REFERENCES

1. D.D. Himbeault, R.A. Varin, and K. Piekarski: Proc. Int. Symp.
on Advances in Processing of Ceramic and Metal Matrix
Composites, The Canadian Institute of Mining and Metallurgy,
Halifax, NS, Canada, Aug. 20-24, 1989, H. Mostaghaci, ed.,
Pergamon Press, New York, NY, 1989, pp. 312-23.

2. K.C. Russell, J.A. Cornie, and S-Y. Oh: Interfaces in Metal-Matrix
Composites, Proc. Symp. Sponsored by the AIME-ASM
Composite Committee, New Orleans, LA, March 2-6, 1986,
A_.K. Dhingra and S.G. Fisherman, eds., TMS, Warrendale, PA,
1986, pp. 61-91.

3. J. Taftg, K. Kristiansen, H. Westengen, A. Nygard,
J.B. Borradaile, and D.O. Karlsen: Proc. Int. Symp. on Advances
in Cast Reinforced Metal Composites, Chicago, IL, Sept. 24-30,
1988, S.G. Fisherman and A.K. Dhingra, eds., ASM
INTERNATIONAL, Metals Park, OH, 1988, pp. 71-75.

4. C.G. Levi, G.J. Abbaschian, and R. Mehrabian: Metall.
Trans. A, 1978, vol. 9A, pp. 697-711.

5. B.R. Henriksen: Composites, 1990, vol. 21, pp. 333-38.

6. M. Ruhle and A.G. Evans: Mater. Sci. Eng., 1989, vol. A107,
pp- 187-97.

7. Xiu-Qin Chen and Geng-Xiang Hu: [Interfaces in Polymer,
Ceramic, and Metal Matrix Composites, Proc. 2nd Int. Conf. on
Composite Interfaces (ICCI-II), Cleveland, OH, June 13-17, 1988,
Hatsuo Ishida, ed., Elsevier Science Publishing Co., Inc., New
York, NY, 1988, pp. 381-88.

8. K. Nogi, K. Ikeda, S. Shimada, and K. Ogino: J. Jpn. Inst.
Mer., 1988, vol. 52, pp. 663-69.

9. V. Laurent, D. Chatain, N. Eustathopoulos, and X. Dumant: Proc.
Int. Symp. on Advances in Cast Reinforced Metal Composites,
Chicago, IL, Sept. 24-30, 1988, S.G. Fisherman and
A K. Dhingra, eds., ASM INTERNATIONAL, Metals Park, OH,
1988, pp. 27-31.

10. S. Li, R.J. Arsenault, and P. Jena: Proc. Int. Symp. on Advances
in Cast Reinforced Metal Composites, Chicago, IL, Sept. 24-30,
1988, S.G. Fisherman and A.K. Dhingra, eds., ASM
INTERNATIONAL, Metals Park, OH, 1988, pp. 33-37.

11, S.R. Nutt and R.W. Carpenter: Mater. Sci. Eng., 1985, vol. 75,
pp- 169-77.

12. S.R. Nutt and D.S. Philips: Interfaces in Metal-Matrix
Composites, Proc. Symp. Sponsored by the AIME-ASM Composite
Committee, New Orleans, LA, March 2-6, 1986, A.K. Dhingra
and S.G. Fisherman, eds., TMS, Warrendale, PA, 1986,
pp. 111-20.

13, S.R. Nutt: Interfaces in Metal-Matrix Composites, Proc. Symp.
Sponsored by the AIME-ASM Composite Committee, New
Orleans, LA, March 2-6, 1986, A.K. Dhingra and S.G.
Fisherman, eds., TMS, Warrendale, PA, 1986, pp. 157-67.

14. F.-S. Shieu, R. Raj, and S.L. Sass: Acta Metall. Mater., 1990,
vol. 38, pp. 2215-24.

15. A. McLeod: Proc. ASM INTERNATIONAL Conf. on Fabrication
of Particulates Reinforced Metal Composites, Montreal, PQ,
Canada, Sept. 16-19, 1990, pp. 25-29.

16. S. Caron and J. Masounave: Proc. ASM INTERNATIONAL Conf.
on Fabrication of Particulates Reinforced Metal Composites,
Montreal, PQ, Canada, Sept. 16-19, 1990, pp. 83-90.

17. R. Mehrabian, R.G. Riek, and M.C. Flemings: Merall.
Trans. A, 1974, vol. 5, pp. 1899-1905.

18. R. Warren and C.-H. Anderson: Composites, 1984, vol. 15,
pp- 101-11.

19. T. Iseki, T. Kameda, and T. Maruyama: J. Mater. Sci., 1984,
vol. 19, pp. 1692-98.

VOLUME 23A, MAY 1992 —1429



20

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. W.C. Moshier, J.S. Ahearn, and D.C. Cooke: J. Mater. Sci.,

K. Kannikeswaran and R.Y. Lin: J. Met., 1987, vol. 39, pp. 17-19.

1987, vol. 22, pp. 115-22.

D.J. Lloyd, H. Lagace, A. McLeod, and P.L. Morris: Mater.
Sci. Eng., 1989, vol. A107, pp. 73-80.

S. Karunanithy: Proc. Int. Symp. on Advances in Processing of
Ceramic and Metal Matrix Composites, The Canadian Institute
of Mining and Metallurgy, Halifax, NS, Canada, Aug. 20-24,
1989, H. Mostaghaci, ed., Pergamon Press, New York, NY, 1989,
pp- 188-92.

Y. Le Petitcorps, T. Stephenson, F. Girot, and R. Naslain: Proc.
Int. Symp. on Advances in Cast Reinforced Metal Composites,
Chicago, IL, Sept. 24-30, 1988, S.G. Fisherman and
A.K. Dhingra, eds., ASM INTERNATIONAL, Metals Park, OH,
1988, pp. 67-70.

Y.-H. Teng and J.D. Boyd: Proc. ASM INTERNATIONAL Conf.
on Fabrication of Particulates Reinforced Metal Composites,
Montreal, PQ, Canada, Sept. 16—19, 1990, pp. 139-42.

J.A. Cornie, M.C. Flemings, and H.K. Moon: Proc. ASM
INTERNATIONAL Conf. on Fabrication of Particulates
Reinforced Metal Composites, Montreal, PQ, Canada,
Sept. 16—19, 1990, pp. 67-82. ,

J. Masounave and S. Caron: Proc. ASM INTERNATIONAL Conf.
on Fabrication of Particulates Reinforced Metal Composites,
Montreal, PQ, Canada, Sept. 16—-19, 1990, pp. 83-90.

M.D. Skibo and D.M. Schuster: U.S. Patent No. 4,865,806,
Sept. 12, 1989.

A. Kohyama, N. Igata, Y. Imai, H. Teranishi, and T. Ishikawa:
Proc. 5th Int. Conf. on Composite Materials, San Diego, CA,
July 29-Aug. 1, 1985, W.C. Harrigan, Jr., J. Strife, and
A K. Dhingra, eds., TMS, Warrendale, PA, 1985, pp. 609-21.
L.B. Pankratz: Thermodynamic Properties of Elements and
Oxides, U.S. Government Printing Office, Midland, MI, 1982.
O. Kubaschewski and C.B. Alcock: Metallurgical Thermo-
chemistry, 5th ed. Pergamon Press Ltd., Oxford, United Kingdom,
1979, p. 378.

1430 — VOLUME 23A, MAY 1992

32.

33.

34.

35.

36.

37.

38.

39.

42.

43,

JANAF Thermodynamical Tables, 2nd ed., D.R. Stull and
H. Prophet, eds., U.S. Government Printing Office, Midland,
MI, 1971.

R. Hultgren, P.D. Desai, D.T. Hawkins, M. Gleiser, and
K.K. Kelley: Selected Values of the Thermodynamic Properties
of Binary Alloys, ASM, Metals Park, OH, 1973.

M.D. Skibo, P.L. Morris, and D.J. Lloyd: Proc. Int. Symp. on
Advances in Cast Reinforced Metal Composites, Chicago, IL,
Sept. 24-30, 1988, S.G. Fisherman and A.K. Dhingra, eds., ASM
INTERNATIONAL, Metals Park, OH, 1988, pp. 257-61.

N. Wang, Z. Wang, and G.C. Weatherly: Proc. ASM
INTERNATIONAL Conf. on Fabrication of Particulates
Reinforced Metal Composites, Montreal, PQ, Canada,
Sept. 16-19, 1990, pp. 158-64.

J.-G. Legoux, G. L’Esperance, H. Ribes, and M. Suery: Proc.
Int. Symp. on Advances in Processing of Ceramic and Metal
Matrix Composites, The Canadian Institute of Mining and

Metallurgy, Halifax, NS, Canada, Aug. 20-24, 1989,
H. Mostaghaci, ed., Pergamon Press, New York, NY, 1989,
pp. 324-36.

Smithell’s Metals Reference Book, 6th ed., E.A. Brandes, ed.,
Butterworth’s, London, 1983, pp. 6-61.

A.P. Levitt and S.M. Wolf: in Whisker Technology, A.P. Levitt,
ed., John Wiley & Sons, Inc., New York, NY, 1970, pp. 245-72.
A. Munitz, M. Metzger, and R. Mehrabian: Merall. Trans. A,
1979, vol. 10A, pp. 1491-97.

. G. Katz: Thin Solid Film, 1976, vol. 33, pp. 99-105.
41.

F.M. Hosking, F.F. Portillo, R. Wunderlin, and R. Mehrabian:
J. Mater. Sci., 1982, vol. 17, pp. 477-98.

V. Laurent, D., Chatain, and N. Eustathopoulos: J. Met. Sci.,
1987, vol. 22, pp. 244-50.

D.J. Lloyd, H.P. Lagaée, and A.D. Mcleod: in Controlled
Interphases in Composite Materials, Proc. 3rd Int. Conf. on
Composite Interfaces (ICCI-III), Cleveland, OH, May 21-24,
1990, Hatsuo Ishida, ed., Elsevier Science Publishing Company,
Inc., 1990, pp. 359-76.

METALLURGICAL TRANSACTIONS A



