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This paper describes the spray forming of SiC particle reinforced Al metal matrix
composites (MMCs) with particular emphasis on microstructure characterization of SiC
particle distribution. A 5182 Al-Mg alloy was used as matrix material, and SiC particles with
a mean diameter of 1.2 um and 2.0 um as reinforcement. The reinforcing particle
distribution and microstructural characteristics of MMCs were analyzed in the current study
using TEM, SEM and optical microscopy. The distribution of SiC particles in the as-spray
deposited and hot-extruded conditions was characterized. SEM results indicate that the SiC
particles are homogeneously distributed although some clustering was evident in the
matrix. TEM and OM examinations show that most of SiC particles are present
intergranularly in the Al matrix. EDS analysis indicated that Mg tends to segregate and form
oxide phases in the vicinity of SiC particles and that there is no compositional variation of
Mg across grain boundaries in the Al matrix. © 2000 Kluwer Academic Publishers

1. Introduction introduce reinforcing particles into metallic matrices.
Spray forming has been applied for manufacturing parin principle this co-deposition technigue can reduce or
ticle reinforced metal matrix composites (MMCs) for eliminate the extreme thermal excursions which may
about one decade, and has attracted attention in recergsult in interfacial reaction and extensive macrosegre-
years with the in-depth understanding of the procesgation of reinforcements as well as porosity formed
fundamentals involved in spray forming. Ideally, metal during slow solidification that normally exist in the
matrix composite materials would combine the proper-conventional fabrication of MMCs. This will in turn
ties of metallic matrix materials (toughness and ductil-improve the mechanical properties of MMCs [5, 6].
ity, in general), and those of reinforcement phases (higiin extensive review of the spray forming of MMCs is
strength, stiffness and thermal stability). Conventionalavailable elsewhere [6]. It has been reported [1] that
techniques of manufacturing metal matrix compositeghe volume fraction of particle up to 20-25% can be
include squeeze casting, stir casting, mechanical alloysuccessfully incorporated using spray atomization and
ing, and the blending of particles with metallic powdersco-deposition technique. Inspection of literature finds
[1, 2]. However, inhomogeneous distribution (segre-that the mean diameter of particles is normally in the
gation) of reinforcement particles as well as chemicarange of 5-2Qum [2, 7-10].

reaction between melt and reinforcement phase, asso- Thermomechanical processing including conven-
ciated with these conventional methods, will inhibit the tional forging, extrusion and rolling is generally ap-
full potential applications of particle reinforced metal plied to modify the microstructure of conventionally
matrix composites [3]. In addition, powder metallurgy manufactured MMCs for improving mechanical prop-
approach (blending method) needs extra procedures farties, and/or to form the material to an end-use prod-
consolidation, such as rolling, extrusion, solid phaseuct shape [11]. As MMCs generally demonstrate low
sintering etc. [4]. Spray forming, which combines rapid tensile ductility and poor toughness at room tempera-
solidification characteristics and near-net-shape manuure, and limited tensile ductility at elevated tempera-
facturing of materials, was developed as an alternativéure, conventional fabrication techniques are relatively
to the conventional technigues as mentioned above. Califficult for complex mechanical shaping [12]. It is
injection of reinforcements during spray forming canwell documented [11-14] that Al-based and Mg-based
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MMCs show superplasticity. Superplastic forming is posite consolidation stage [22]. It is worthy noting that
an attractive alternative for shaping MMC materials.P/M processed composites show a more homogeneous
In superplastic forming, one important microstructuralmicrostructure, that is less pronounced particle inho-
requirement is fine-grain feature that is typically aboutmogeneous distribution, than I/M composites. With re-
10 um or less. Since it is generally believed that grainspect to the influence of the particle clustering on the
boundary sliding is responsible for superplastic deforperformance of MMCs, it has been reviewed [17] that
mation, fine-grain feature can provide the short dis-such kind of local inhomogeneity promotes the ten-
tances which facilitate slip and diffusional accommo-dency of void nucleation, growth, and coalescence. In
dation of strain incompatibility among grains, and avoidgeneral, deformation often occurs inhomogeneously in
or delay the cavity formation. It is well accepted that composites with a non-uniform distribution of the rein-
superplastic strain-rate varies inversely with grain sizeforcing particles. Plastic deformation is often initiated
As the grain size decreases, the superplastic flow rat@ those microstructural regions with a low concentra-
increases. Achievement of such a fine-grain structuréion of particles, whereas in those regions with a high
has led to the discovery of one important and in-particle density, initiation and growth of cracks are more
teresting phenomenon, high strain rate superplastidavorable to occur resulting in low fracture toughness
ity (HSRS) demonstrated by MMCs [15]. Compared[23]. This was evidenced by experimental results of SiC
to the conventional superplastic forming rate (approxiparticle reinforced Mg matrix composite that cavities
mately 10 s~1), high strain rate superplasticity can be formed in association with SiC agglomeration where
carried out at much higher rates (normally3910°)  the local stresses were escalated [24]. As described be-
[13]. High strain rate superplasticity can make materi-fore, thermomechanical processing is an important step
als undergo superplastic forming at high deformationto modify the microstructure of conventionally manu-
rate, and this is desirable for production of large quanfactured MMCs, and accordingly for improving me-
tities of parts economically [11, 13]. Compared to thechanical properties. However, there are some existing
MMCs by conventional fabrication methods such as in-problems resulted from thermomechanical processing,
got metallurgy (I/M) or powder metallurgy (P/M), those such as particle/matrix decohesion or particle fracture.
made by spray forming technique necessitate less profypically, decohesion occurs for very fine size of parti-
cessing steps to achieve the fine-grain structure. Thisles in P/M made MMCs due to relative weak interface
is attributed to the fact that spray forming can formbetween particle/matrix. Large particles, for example
fine grains resulted directly from the rapid solidifica- greater than 1@um however, are more prone to frac-
tion of the melts, generally saying, in the range of 30—ture during thermomechanical processing.
50 um [6], whereas the starting grain size is gener- Another interesting phenomenon in MMCs is the in-
ally larger than 15@:m for materials processed by I/M fluence of the reinforcing particles on the refinement
method [16]. of grain size of matrix materials. The solid reinforcing
Homogeneity of particle reinforcements in the ma-particles can reduce the grain size of the matrix when
trix is anotherimportant factor that influences the superthey act as heterogeneous nucleation catalyst for the
plastic behavior, mechanical properties, and afterwardnatrix metal phase. A higher volume fraction of the
the performance of MMCs. In general, the reinforc- reinforcing particles would result in a finer grain size
ing particles are more or less non-uniformly distributeddue to more nucleation sites. However, the effects of
(particle clustering) in the metal matrix materials. Par-particles on the grain size is generally evaluated with
ticle clustering and the resultant local inhomogeneitythe Zener limitation, indicating the maximum achiev-
is one of the detrimental factors to the performanceable grain size due to the effect that particles exhibit in
of particle reinforced MMCs, and is resulted from reducing grain boundary mobility [17].
the manufacturing processes [17]. In I/M processing, In order to approach the superplastic forming of
the reinforcing particles may be pushed or engulfedMCs by spray forming, very fine reinforcements
by the advancing solidification front. During solidifi- should be incorporated into the metal matrix for accom-
cation, the liquid/solid front may become instable andmodation of microstructural requirement. However, co-
break down into cell, dendrite, or equiaxed grain struc4njection of very fine particles (i.e., a few micrometers
ture. In this case, the particles, if pushed at the lig4n size) is typically avoided as a result of the following
uid/solid interface, may be entrapped at the end ofssues: (i) strong tendency to agglomerate during pro-
local solidification, resulting in the formation of par- cessing, which limits mechanical performance; (ii) high
ticle clustering. The solidification rate is an important reactivity of fine particles which can lead to undesirable
parameter in determining if the particle clustering oc-interfacial reactions; (iii) high cost associated with fine
curs. At lower rate, the advancing solidification front particles which requires a high yield during fabrication
pushes the particles along continuously, leading to ain order to maintain economic feasibility and (iv) the
increase inthe particle clustering [17-19]. Itis well doc- lack of fundamental information related to the behav-
umented [20, 21] that however, increasing the advancior of MMCs that are reinforced with fine particles.
ing solid/liquid front rate changes the particle behaviorAccordingly, in the present investigation, co-injection
from pushing to entrapment. In P/M method however,of ultra-fine SiC particles with mass median dia-
particle clustering may be formed due to: (1) the finemeter of 1.2—2:m was introduced to produce Al metal
particles remain in agglomeration at the blending andnatrix composites. Distribution of SiC particles in the
mixing stage for making composites [17]; and (2) thematrix as well as the interfacial regions between ma-
relatively coarse alloy powders used in the initial com-trix and SiC particles were characterized. The influence
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of thermo-mechanical processing (extrusion herein) orin order to compare the influence of SiC particle size
the distribution of SiC particles was also investigated. on the spatial distribution characteristics, a larger size
of SiC particles, with a volume median diameter of

9.0 um, was also used in the present work. The matrix

Fig. 1 presents a schematic diagram showing the spr _aterial used for these studies was a Al-4.5% wt. Cu
forming used in the present study. A 5182 Al-Mg al- Pinary alloy. , _ ,
loy (Al-4.5% Mg-0.35% Mn) was selected for the syn- In the co-injection of SiC particles, high pressured

thesis of MMCs reinforced by ultra-fine SiC particles. nitrogen was used and regulated to the desired pressure

For the atomization of the matrix materials, the mas-2S 9as source into the injector. In general, increasing

ter alloys were remelted and superheated to tempthe fluidization pressure can result in an increase in the
atures of 150 K above the equilibrium liquidus, andMaSS flow rate of SiC particles. This is attributed to the

maintained for 15—20 minutes to ensure uniform temJfact that increasing the fluidization pressure results in

perature of melts. The melts were then atomized into &" increase in the volumetric gas flow rate of the carrier
distribution of micrometer-size droplets using high ve-9as- In the present study, inlet gas pressure for injection

locity nitrogen gas jets. To reduce oxidation, the exper2f fine SIC particles was used as 0.38 MPa (55 psi).
iments were conducted inside an environmental cham! N€ co-injection angle was chosen as 80 degree.
Hot extrusion was used to reduce the micrometer-

ber, which was evacuated and backfilled with nitrogen | ; : h
to apressure of.05 x 1P Pa prior to melting and atom- sized porosity generally associated with spray formed

ization. As a distribution of atomized droplets traveledMaterials [25], as well as to modify the microstructure

towards a water-cooling substrate for deposition, Sico the sprayed materials [16]. The samples of the as-

particles were injected into the metal spray cone using §Pray deposited Al/Simaterials were sectioned and

coaxial injector, designed on a fluidized bed principle.faPricated into 25.4 mm (@) diameter of billets and
In the present studies, two types of ultra-fine cerami¢n€n hot extruded at 40Q in an extrusion area reduc-

particles ofa-SiC were used for co-injection into the ton ratio of 16:1. In the present study, effort was de-
matrix materials. First size distribution is designated a&/0ted to understanding of the effects of hot extrusion on
UF 1.2, hereafter, and exhibits a volume median diam&limination of the porosity in the spray formed MMCs,
eter of 1.1um and 3% volume of particles which are and distribution of SiC particles in the matrix materi-

larger than 5:m. Second one is designated as UF 2.02S- In addition, a specimen was extruded ar&@ith
and exhibits a volume median diameter of 210 and the same area reduction ratio in order to provide some

3% volume of particles which are larger than.én. insight into the influence of extrusion temperature on
the resultant microstructure.

The volume fraction of SiC patrticles present in the
spray formed MMCs was determined by chemical dis-
solution, followed by filtering to separate the SiC par-
ticles. To dissolve the sample, a solution of 37.5% hy-
drochloric acid (HCI) was used. The SiC particles were
dried in a vacuum furnace and the volume fractigp) (
was calculated from the following equations:

WSIC
Psic

2. Experimental procedures
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'ﬁ.‘\\é‘\ where Wsic and Wywc are the weight of the filtered
Droplets ot N SiC particles and the spray deposited MMC sample,
respectivelypsic, ommc, andpmatrix are the density of

SiC particle, MMC sample and aluminum alloy matrix,

respectively.

/ As-spray formed and as-extruded samples were ex-
amined under optical microscopy. A modified Poulton’s
regent was used: 50 mL Poulton’s regent (12 mL HCI
(conc.), 6 mLHNQ (conc.), 1 mL HF (48%),and 1 mL
H>0), 25 mL HNG; (conc.), 40 mL of solution of 3 g

Rotation and/or  chromic acid per 10 mL of k. Scanning electron mi-

—— ranslation croscopy (SEM) and transmission electron microscopy

movement .
(TEM) were also used to characterize the morphology

Figure 1 A schematic showing spray forming and co-injection deposi- @Nd distribution of SiC particles in the Al matrix as well

tion. as the matrix microstructure.

Deposit

Water-cooled
copper
» substrate
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3. Results dent in Fig. 3. Figs 5 and 6 reveal SiC clustering (ag-
Following co-injection of reinforcing particles during glomeration) in the as-deposited and as-extruded con-
spray forming, the distribution of SiC particles in the ditions, respectively. Voids are sometimes associated
matrix necessitates a further characterization, since ivith these clusters, shown in Fig. 5b.

affects the thermo-mechanical processing and the me- TEM observations of both as-deposited and as-
chanical properties of the spray formed MMCs. Thisextruded samples indicated salient microstructural fea-
is due to that for fine particles, they have less massures associated with the processing history. Fig. 7
momentum for injection and are easy to agglomeratshows typical distributions of SiC particles in the Al
compared to large particles. Fig. 2 shows SEM imagesnatrix for: (a) the as-deposited composite, and (b) the
of the as-deposited microstructure, indicating a homo€omposite viewed normal to the extrusion direction.
geneous SiC particle distribution in the matrix of 5182 The size of the SiC particles varies fror0.2 um to
Al-Mg alloy. It can be seen, however, that agglomera-—2 um and their shapes are irregular. Particles were
tion of SiC particles, to some extent, is present, whichsituated both along grain boundaries and near to grain
was related to co-injection of very fine particles lessboundaries. Larger SiC particles tended to be inter-
than 10xm in diameter. The as-extruded microstruc-granular, while smaller SiC particles were both inter-
tures are shown in Figs 3 and 4, parallel to the extrusiornd intragranular.

direction and perpendicular to the extrusion direction, Fig. 8 presents a comparison of SiC particle distribu-
respectively. Banded structure of SiC particles is evition both in perpendicular to and parallel to extrusion
direction. The SiC particles tended to become oriented
parallel to the extrusion direction as shown in Fig. 8b.
However, as shown in Fig. 8a, no such alignment is
evident in samples in perpendicular to the extrusion
direction.

Fig. 9 shows two dark field images from as-extruded
samples sectioned parallel (a) and perpendicular (b) to
the extrusion direction, respectively. Acommon feature
in both images is that there is some type of interface
structure in the vicinity of SiC particles. EDS spectra,
taken from the interface regions and shown in Fig. 10,
indicate Mg enrichment in the vicinity of the SiC parti-
cles. The oxygen content is also higher in this area than
in matrix. The spectral data lead to prediction that Mg
tends to form an oxide at the interface between SiC and
the Al matrix.
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Figure 2 As-deposited distribution of SiC particles. Figure 3 SiC particle distribution in longitudinal to extrusion direction.
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Figure 4 SiC particle distribution in perpendicular to extrusion direc-
tion.

Figure 5 Two types of SiC particle agglomeration (as-deposited).

Figure 6 SiC particle agglomeration (as-extruded).

Two typical Al grain boundaries in as-deposited and
as-extruded samples are shown in Fig. 11a and b, re-
spectively. The boundaries are generally “clean” and
free of participates. EDS analysis was carried out in-
side one grain and at the grain boundary. There is no
indication of composition variation between the bound-
ary and the inner grain.

4. Discussion

A homogeneous distribution of the reinforcing parti-
cles is an important factor in the superplastic forming
of the spray formed MMCs. Typical thermomechani-
cal processing is in general necessary to achieve the
microstructural features required for the superplastic
forming. Accomplishment of ultra-fine SiC particle in-
jection into the metal sprays, in the present study there-
fore, would be challenging. This is due to that for fine
particles, they have less mass momentum for injection
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Figure 7 (a) TEM morphology of SiC particles in 5182 Al-Mg matrix  Figure 8 (a) TEM image indicating SiC distribution in 5182 Al-Mg
(VF =5.3%, as-deposited); (b) TEM morphology of SiC particles in matrix (VF=5.3%, as-extruded, perpendicular to extrusion direction);
5182 Al-Mg matrix (VF=5.3%, as-extruded). (b) TEM image indicating alignment of SiC particles along extrusion
direction (VF=5.3%, as-extruded).

and are easy to agglomerate compared to large particles.

In this section, preliminary results relating to above is- Preliminary results, as shown in Fig. 2, indicate al-
sues will be discussed, in particular addressing on theéhough it was possible to co-inject the fine particles,
SiC particle distribution and effects of hot extrusion agglomeration of the SiC particles was still noted. Un-

processing. der the current research conditions, there are basically
two types of agglomeration observed (Fig. 5). First one
4.1. Particle distribution involves clusters SiC particles that retain connectivity

Itis documented [6] that in the spray forming processeswith the matrix (Fig. 5a). Second one involves the pres-
the reinforcing particle size distribution significantly ence of voids located inside of the SiC clusters (Fig.
influences the co-injection behavior, and therefore théb). In general, particle clustering, and the resultant lo-
final spatial distribution. For example, large reinforc- cal heterogeneities are detrimental to the performance
ing particles tend to exhibit a homogeneous distributiorof particle reinforced MMCs. For example, particle
(less agglomeration), partly because they are easily fluslustering promotes void nucleation, growth, and co-
idized and injected, partly due to their higher inertia.alescence [17]. It also initiates inhomogeneous plastic
As a result, inspection of the scientific literature re-deformation resulting in low fracture toughness [23].
veals that most published studies on spray forming ofl his phenomenon was evidentin an experimental study
MMCs use reinforcing particles which are on the or-of SiC particle reinforced Mg matrix composite which
der of 10-2Qum [5, 7, 9, 26, 27]. From a mechanical showed that cavities formed in regions of SiC agglom-
behavior standpoint, it is well documented that thereeration where the local stresses were high [24]. One
are benefits to be gained by co-injecting a distributionapproach that can be used to disperse the SiC particles
of particles in the Jum size range [13, 28—-30]. These is to extrude the as-deposited MMCs, which will be
benefits include: grain refinement [28, 30], increasedliscussed in the following section.

fracture resistance [29], and the possibility of super-

plasticity [13]. In view of the above discussion, the 4.2. Effects of thermomechanical

objective of this effort was to study the co-injection of processing

fine particles during atomization. SiC particles with the The influence of hot extrusion on the distribution of
median diameter of 1.2m and 2.0um, were used for SiC particles was also examined, as shown in Figs 3
the reinforcements. and 4. It can be seen that in the direction parallel to
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Figure 9 (a) Darkfield image showing formation of magnesium oxide in
the vicinity of SiC particle (VF=5.3%, as-extruded, parallel to extrusion Figure 11 (a) Typical TEM image showing Al grain boundary
direction); (b) Darkfield image showing formation of magnesium oxide (VF = 5.3%, as-deposited); (b) Typical TEM image showing Al grain
in the vicinity of SiC particle (VF=5.3%, as-extruded, perpendicularto boundary (VF=5.3%, as-extruded).
extrusion direction).
ventional manufactured MMCs (I/M) [11]. In the I/M

[alKa1 ‘ s00  processing of MMCs, the reinforcing particles are
pushed toward the grain boundary due to low solidi-
fication rate. Distribution of the reinforcing particles in
«on  the region of grain boundaries results in the formation
of the banded structure when grains are deformed dur-
ing thermomechanical processing. In the spray formed
wm  MMCs, the results show that SiC particles also exist

along grain boundaries, as shown in Fig. 12. Compar-
’ ing Fig. 12a and b demonstrates that the size of the
w0  reinforcing phase has insignificant influence in chang-

Me j‘:l ing the particle distribution. It can be also seen in Fig.
OKal i i Kal 12 that the grain size in the spray formed MMCs is
e 5~ R R B much refined in the range of 20-%0n, compared to

that in the I/M MMCs which has been reported in the
Figure 10 I_EDS spectra taken from th_e interface region showing high range of larger than 150m [16].
concentration of oxygen and magnesium. As described before, thermomechanical processing

can modify the microstructure of the MMCs example,
the extrusion direction, banded distribution of SiC par-reduction of porosity and refine of grain size, and then
ticles developed. This may be attributed to that: (1)improve the mechanical properties. For superplastic
extrusion processing resulted in the redistribution offorming of the MMCs in particular, thermomechani-
SiC particles; and (2) original layered structure of SiCcal processing is generally needed to achieve the re-
particles may, more or less, form during co-injectionquired fine grains. However, it is documented [11] that
and deposition. In the cross-section perpendicular téor conventionally manufactured MMCs some prob-
extrusion direction however, SiC particles showed dems, fracture of large reinforcing particles and parti-
relative uniform distribution. The banded structure ofcle/matrix cohesion, are accompanied by thermome-
SiC particles was commonly formed after thermo-chanical processing. In the present research of the
mechanical processing, such as hot extrusion, for corspray formed aluminum composite with very fine SiC
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pores [31, 32]. For strength and ductility critical ap-
plications, porosity should be reduced to the lowest
possible value by optimizing the spray forming condi-
tions or by thermal mechanical processing. The origin
of porosity in spray formed materials may be attributed
to one or a combination of the following mechanisms:
(a) gas rejection, (b) solidification shrinkage, and (c)
interparticle porosity. For MMCs however, there is an
additional resource of porosity introduced by reinforc-
ing particles. In the present study, this type of void
most like forms during co-injection, which is due to
the agglomeration (clustering) of very fine reinforcing
particles without filling by liquid phase, as shown in
Fig. 5b. The following thermomechanical processings,
for example, extrusion and rolling, can not eliminate
the voids, because the reinforcing particles (herein SiC)
are rigid and difficult to be deformed. The existence of
these voids is very detrimental to the mechanical prop-
erties of the spray formed materials and processing per-
formance. Another phenomenon is higher dislocation
densities in the region of matrix/SiC interface than in
the matrix. Increased dislocation density in the vicinity
of Al/SIC interface was resulted from (1) differential
thermal expansion of Al and SiC during cooling [28]
and (2) differential deformation behavior of Al matrix
and SiC particles during hot extrusion.

5. Conclusions

/ : 1. SiC particles were dominantly in intergranular dis-

—— : tribution the Al matrix. SiC particles tended to align

Figure 12 (a) SIiC particle distribution in 5182 Al-Mg matrix (as- along the extrusion direction in the as-extruded sam-

deposited), showing that most of SiC particles along grain boundaryple

(b) SIC particle distribution in Al-4.5Cu matrix (as-deposited), showing 2. Two types of the particle agglomeration were ob-

that SiC particles along grain boundary. served. One is that SiC particles clustered with inter-
connection via Al matrix, and in this case, hot extru-
sion has insignificant promotion for the crack formation

reinforcement, hot extrusion was conducted to investiwithin the clustering. Another is that SiC agglomerated

gate the effects of thermomechanical processing on thig accompany of the formation of voids inside, and hot

possibility of SiC fracture and SiC/matrix cohesion. extrusion does not help eliminate the voids.

As evidenced in Fig. 6a and b, extrusion processing did 3. Mg showed a tendency to segregate in the vicin-

not show any effect on SiC fracture and SiC/matrix co-ity of SiC particles and forms oxide. The formation

hesion, even for the clustered SiC particles, the worspf the oxide promote initiating the crack in the region

case. This suggests that cohesion between SiC and maf oxide/SiC/matrix. However, there is no composition

trix is good and no reaction occurred during solidifi- variation of Mg across Al grain boundaries.

cation, which can be supported by the clean interface 4. There was no evidence that interfacial reaction be-

also shown in Fig. 6b. As discussed previously, howtween Al matrix and SiC occurred, which was superior

ever, this interfacial reaction existed in the conventionato conventional processing of MMCs associated with

fabrication of MMCs which were associated with slow interfacial reaction.

solidification. In Fig. 6¢, there exists a crack observed in

the vicinity of SiC particles. Inspection of composition

in the region reveals that it is a Mg-rich oxide which Acknowledgements
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