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[ Abstract] Al matrix composites reinforced with in situ ceramic phases by adding 20% SiO, were fabricated by pow der

metallurgy process. The interfacial microstructure of the composites was studied by means of SEM and HREM. It was

shown that the ceramic phases mainly composed of spinel MgAl,O4 are formed in situ in the original SiO, particle and the

size of small MgAl,O4 crystallites is about dozens of nanometers, which can adjacent to Al and Si. M gO could not found in

original SiO; particle but a little in matrix and may exist with Si, Mg;Si and Al. Si is mostly distributed in matrix and

forms some segregation zones. The size of Mg,Si is about 50~ 100 nm and can usually be seen in the matrix.

[ Key words] in situ composites; interface; microstructure

[ CLC number] TQ 343

[ Document code] A

1 INTRODUCTION

Owing to behaving outstanding properties such
as low density, high specific strength, excellent wear
resistance, etc, the particles reinforced aluminum
matrix composites attracted many attention' '~ 1.
Different interface structures, which was much more
important for the properties of the metal matrix com-
posites, would be formed by the reactions of particle
reinforcement and the matrix during fabrication of the
101 'S¢ the interface play a significant role
for the properties of the composites, and how to de

composites

scribe interfaces precisely and fully was one of the
most important foundations for understanding the na-
ture of interface and further controlling and improving
the properties of the composites''!. The authors fore
study found that'"', when adding SiO, particles into
AFMg matrix and sintering at 620 C for 30 min,
some ceramics mainly including MgAl,O4 spinel
(about 90% , according to the kinetics of SiO, and

AFMg measured by XRD and TEM) were found on
1

Si0, particles according to main reaction: Al+ 5 Mg

+ Si0s= '2LMgA1204+ Si, and the rest phases were

Si, Mg,Si, the matrix Al and a little MgO, so Al
matrix composites reinforced with in situ formation
ceramics mainly including MgAl,O4 were fabricated,
and this type of composites behaved much more excel-
lent wear resistance, in this work the interfacial mi
crostructure of Al matrix composites reinforced with
in situ formation ceramics mainly including M gA1,O4
is examined by means of scanning transmission elec
tron microscope( SEM) , transmission electron micro-
scope( TEM) and high-resolution electron microscopy
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(HREM).
2 EXPERIMENTAL

The composition of the composites is listed in
Table 1. Powder metallurgy process was used for fab-

rication of the composites and the procedure was as

. - - - .
follows: charge mixture sinter-
-

ing analyzing interfacial microstructure. The com-

mixing pressing

pressive stress for pressing was 865 MPa, the samples
were sintered at 620 C for 30 min under N, atmo-
sphere. Scanning transmission electron microscope
and energy dispersive X-ray spectroscopy were used to
examine the microstructure and the distribution of el
ements of the composites, then, the composite speci-
men was spark-eroded to slice of 0.5 mm, reduced
mechanically to 40~ 50 Pm, and dug into disc of 3
mm in diameter by ultrasonic drilling machine, final-
ly, the TEM foils were prepared by ion thinning ma-
chine ( model 600CD2F). Transmission electron mi
croscopy (TEM) and high-resolution electron mr
croscopy (HREM) were performed on the foils to ob-
serve the microstructure of the composites.

3 RESULTS AND DISCUSSION

3.1 SEM micrographs

Table 1 Chemical compositions of composites

Raw material Content/ % Powder size/ Pm

Pure magnesium pow der 10 < 147
Quartz( 99. 8% Si05) 20 38~ 61
Copper powder 2 43~ 74
Pure aluminum powder Bal. 43~ 74

The reinforcing particles keep the original shape
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(Fig. 1). Fig. 1(a), (b) show the SEM microgrophs
(BSE), some new phases ( showing different color:
dark, bright, gray and light gray) could be seen and
the EDS spectra of different areas are shown in Figs.
1(¢)~ (h). Figs. 1(¢), (d), (e), (f), (g) respec
tively correspond to A, B, C, D, E areas in Fig. 1
(a), and Fig. 1(h) corresponds to An area in Fig. 1
(b). An area (dark block) in Fig. 1(a) is the original
Si02 particle which retains the original shape. B and
C (bright) areas may be Al and Mg,Si according to
EDS spectra (Fig. 1(d) and (e)), which are similar
and both consist Mg, Si, Al and trace O. The EDS
spectra of D and E ( gray color) areas are uniform, in-
cluding only one element, which is Al matrix. Com-
pared with Fig. 1(a), An area(light gray rectangle)

Fig.1 SEM micrographs (BSE) show distribution
and interface of phases of composites
(a), (b) are micrographs; (¢), (d), (e), (f)
and (g) correspond to EDS spectra of A, B,
C, D, E areas in (a) respectively; and (h)
corresponds to EDS spectrum of A area in (b)

in Fig. 1(b) is clearly identified as Si by the EDS
spectrum ( Fig. 1(h)). So SiO2 must be reacted with
the matrix AFMg, furthermore, Si is rejected into
the matrix and reacted with Mg to form Mg,Si and
the excess Si is singly retained.

3.2 TEM and HREM micrographs
3.2.1 Interfaces of MgO/ M g,Si/ Si

Fig. 2 shows the TEM micrographs, diffraction
patterns and EDS spectra for MgO, Mg,Si and Si of
the composites. Layer structure composed of dark and
bright strips near Al matrix and Si, as shown in Fig.
2 (a). This verified Fig. 1(b) that Si is in excess
compared with Mg, so that both Mg,Si and Si can be
presented in the matrix. At higher magnification
(Fig.2(b)), layer structure is much more clear, but,
the diffraction patterns (Fig. 2(c)) of the layer struc
ture is more complex, which are identified as Si,
Mg,Si, MgO and Al matrix, and the zone axes of Si
and Mg,Si diffraction patterns are [ 237] and [ 289],
respectively. The diffraction pattern between the in-
terface of Si and layer structure is shown in Fig. 2( d)
and the zone axis of Siis [ 147]. The results obtained
by EDS spectra on dark strips (Fig. 2(e)) and bright
strips (Fig. 2(f)) show that Al peaks are both high,
which suggest that these new phases distribute in the
aluminum matrix, in addition, bright strips are rich
in Mg, O elements, and no Si; however, dark strips
are rich in Si and Mg elements, and no O element,
furthermore, the content of Si is more than that of
Mg. So it can be concluded that bright strips phase
may be MgO and dark strips phase may be Si and
Mg,Si, and the first type of interface, Si+ Mg,Si/
MgO/ Si+ MgoSi, is formed, namely, Si+ Mg;Si eu-
tectoid exists between MgO bright strips, in addr
tion, Si and Mg,Si may be separated, which results in
forming the second type of interface, Si/ Mg,Si/ MgO/
Mg,Si/ Si. Two type models are shown in Fig. 3.

Fig. 2 TEM micrograph (a), magnified image of layer

structure (b) correspond to (a), electron diffraction pattern of layer structure ( c),

electron diffraction pattern of Si (d) correspond to (a), and EDS spectra of

dark strip (e) and bright strip (f) of layer structure correspond to (b)
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3.2.2 Interface of MgAl,04/ Al matrix

TEM micrograph, diffraction patterns and
HREM image for MgAl,04( original SiO2)/ Al of the
composites are shown in Fig. 4. The interface outline
between the original SiO; and Al matrix is clearly
seen and the small crystallites of MgALO4 spinel
about dozens of nanometer in diameter were formed
irsitu in the original SiO» particles ( Fig. 4(a) ) main-
ly according to reaction

Al 4 I .

+ 2Mg+ Si0,= 2MgAle4+ Si (1

as shown in Fig. 1(a) the dark particles retain the o-
riginal SiO; shape. M gA1,O4 spinel belongs to a FCC
structure and a= 0. 832 nm, the (111) reflection of
MgAL,O4 has a d spacing of 4. 66 U As we all
know, MgO and MgAL,O4 have very similar structure
and thus, their diffraction patterns are similar
(shown in Fig. 4(b) and Fig. 5(c)) except for (111)
reflection. For MgO, the latter reflection has the
same spacing as the (311) reflection of MgALO4, but
(111) reflection of MgAl,0y4 is distinct from any oth-
er MgO reflections. According to the diffraction pat-
tern in Fig. 4(b) and the HREM in Fig.4(c) for
(111) reflection of MgAlO4, it can be concluded
that MgAL,O4 crystallites have formed in situ on the
original particles.
3.2.3 Interface of Mg>Si/ Al

According to reaction( 1) and the study on the
dynamics of reaction between AFMg and SiO,, it can
be concluded: (1) Al and Mg would diffuse into SiO,
particles and form in situ MgAl,O4 spinel, simultane
ously, (2) Si was rejected into AFMg matrix and
M g,Si was formed in the matrix by reaction

Si+ 2Mg= Mg,Si (2)

A smooth and clear interface of Mg,Si/ Al is shown
in Fig. 5(a) and no harmful phases are found. At higher
magnification in Fig. 5(b), the small Mg>Si crystallites
with 50~ 100 nanometer diameter are clearly seen and
distribute equally in irregular block. The diffraction pat-
tern and results of Mg,Si are shown in Fig. 5(c¢).

3.2.4 Interface of MgAl1,04/Si/ MgAl,04 and Si /
Al

Different types of Si are found as shown in Fig. 6( a)
and (d), in which Fig.6( a) shows the interface of
MgA1204/ Sl/ MgA1204
MgALQOy4, the original SiO; particle, whose diffraction

pattern is same to Fig. 4(b). Si distributes in the matrix

An area in Fig.6 (a) is

and in the middle of enforced particles and the zone axis of
Si diffraction pattern (Fig. 6(b)) is[ 112]. The model of
MgALO4/ Si/ MgAL Oy is shown in Fig. 6(c) . This result
is in accordance with the analysis of Fig. 1(b), except
forming Mg>Si, the excess Si distributes singly, in addr
tion, this result is similar to SUT et all*'. The next type
of interface, Si/Al, is shown in Fig. 6(d) and the zone
axis of Si in diffraction pattern (Fig. 6(e)) is[ 123]. In
Fig. 6(d), the dispersive Si particles can be seen with a
magnifying glass.

3.3 Analysis and discussion

According to the results of interface analyses
mentioned above, it can be concluded that small crys-
tallites MgAl,O4 will form insitu by reaction (1) and
several types of interfaces among MgAl,O4, MgO,
Si, Mg,Si and Al were seen. These interfaces formed

by element diffusion and reactions, but no harmful
First type of interface Second type of interface

Matnx (=)

SiOy,

fl)‘
Fig. 3 Interface model of SFM g,SrMgO/ Al
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Fig.4 TEM micrograph (a), electron diffraction pattern (b) and HREM (¢) of MgAlLOy4
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Fig.5 [Interface of Mg,Si/ Al (a), magnified image (b) of Mg,Si

diffraction pattern of Mg>Si (¢)
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Interface of MgALO4/ Si/ MgAlO4( a), electron diffraction pattern of

Si between two original SiO; particles (b), interface model of

MgALL,O4/ Si/ MgALO4(c), interface of Si/ Al (e), diffraction pattern of Si/ Al (d)

phases were found. All MgAl,O4 were observed in o-
riginal SiO; particles, none in matrix, however, MgO
was not found in particles, a little in matrix and only
existed with Si, Mg,Si and Al. Mg;Si can form
M g,Si/ Al by reaction(2) in the matrix and may exist
with Si, MgO and Al. Excess Si was seen respective
ly by SEM and TEM. MEI et al''* reported that the
interface resultant was none but MgAl,O4 and only
Mg,Si was found in matrix when studying on the
20% SiO2/ AF4% Mg composites under 800 C. No
MgO and Si were mentioned in their papers, more
over, none resultant was found below 700 C and
Si0, did not fully take part in reaction( 1) under 800
C, which is much more different with our results
that all SiO, particles ( below 0.3 mm in diameter)
were reacted when sintered under 620 C for 30 min.

4 CONCLUSIONS

1) The small crystallites MgALO4 can form in-

situ by the reaction of Al, Mg and SiO,; the rest re-
action products are MgO, Mg>Si and Si.

2) M gO is not found in particles and only a little
in matrix, moreover, the interfaces of M gO/Mg,Si/
Si or MgO/ M g>Si+ Si can form.

3) All MgA1,Oy4 are observed in original SiO, par-
ticles, none in matrix. The small crystallites
MgAl1,04 are about dozens of nanometer in diameter
and can form the smooth and clean interface with Al
or Si.

4) Excessive rejected Si from SiO; distributes
singly in the matrix and can co-exist with MgO,
Mg,Si and AL

5) M g,Si distributes in the matrix and the small
crystallites M g,Si are about 50~ 100 nm in size.
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