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Metal-matrix composites reinforced by ceramic hollow microspheres were produced as special porous metals, called
metal-matrix syntactic foams (MMSFs). In this paper the microstructure of the ceramic hollow microspheres as reinforcing
elements is investigated in connection with the production of MMSFs with the pressure infiltration. SL150- and SL300-type
ceramic microspheres from Envirospheres Ltd (Australia) were investigated. They contained various oxide ceramics, mainly
AlO3 and SiO,. The chemical composition and the microstructure of the microspheres had a strong effect on their infiltration
characteristics; therefore, in the view of the MMSF production it was very important to know microstructural details about the
microspheres. Due to this energy-dispersive X-ray spectroscopy, maps were recorded from the cross-sections of the
microspheres’ walls. The results showed that the Al,O3 and SiO, distribution were not equal; the Al,O3; phase was embedded in
the surrounding mullite, while the SiO, phase occurred in the form of needles. Line energy-dispersive X-ray spectroscopy
measurements were performed in order to investigate the possible reaction between different aluminium alloy matrices and the
ceramic microspheres. The results showed that, due to an uneven distribution of Al,Os, rich particles of the molten aluminium
could reduce the SiO, rich parts of the microspheres and the walls of the hollow microspheres became damaged and degraded.
This chemical reaction between the microspheres and the walls could make the infiltration easier, but the resulting mechanical
properties will be reduced due to the damaged microsphere walls.

Keywords: microsphere, microballoon, energy dispersive X-ray spectroscopy, metal matrix syntactic foam, metal matrix
composite

Kompoziti s kovinsko osnovo, ojacano s kerami¢nimi votlimi mikrokroglicami, so bili izdelani kot posebna porozna kovina z
nazivom sintakti¢na pena s kovinsko osnovo (MMSF). V tem ¢lanku je opisana raziskava mikrostrukture keramic¢nih votlih
mikrokroglic v povezavi z izdelavo MMSF z infiltracijo pod tlakom. Preiskovane so bile SL150- in SL300-keramicne
mikrokroglice proizvajalca Envirospheres Ltd (Avstralija). Vsebujejo razli¢ne kerami¢ne okside, ve¢inoma AlLOs in SiO,.
Kemijska sestava in mikrostruktura mikrokroglic imata velik vpliv na sposobnost njihove infiltracije, zato je z vidika izdelave
MMSF pomembno poznati podrobnosti mikrostrukture teh mikrokroglic. Zaradi tega je bila na prerezu stene mikrostrukturnih
kroglic posneta razporeditev elementov z energijsko disperzijsko spektroskopijo. Rezultati kaZejo, da razporeditev Al,Os3 in
SiO, ni enaka: Al,Os-faza je vgrajena v obkrozajo¢i mulit, medtem ko se SiO,-faza pojavlja v obliki igel. Da bi preiskali
morebitne reakcije med osnovo iz razlicnih aluminijevih zlitin in kerami¢nimi mikrokroglicami, je bila izvrSena linijska
energijsko disperzijska rentgenska spektroskopija. Rezultati so pokazali, da zaradi neenakomerne razporeditve z Al,O3 bogati
delci v staljenem aluminiju lahko reducirajo s SiO, bogata podroc¢ja mikrokroglic, in stene votlih mikrokroglic postanejo
poskodovane in degradirane. Kemijske reakcije med mikrokroglicami in stenami lahko olajSajo infiltracijo, vendar pa se
mehanske lastnosti poslabSajo zaradi poSkodovanih sten mikrokroglic.

Kljuéne besede: mikrokroglice, mikrobaloni, energijsko disperzijska rentgenska spektroskopija, pena, skladna s kovinsko
osnovo, kompozit s kovinsko osnovo

damping capabilities. In these porous materials the po-
rosity is ensured by incorporating ceramic hollow
microspheres®. The microspheres are commercially
available and they mainly contain various oxide
ceramics*’. The quality of the microspheres has a strong
effect on the mechanical and other properties of the
foams. The behavior of the foams has been widely stud-

1 INTRODUCTION

Nowadays metallic foams are more and more impor-
tant and this is confirmed by the increasing number of
papers published on this topic. The Zconventional’ metal-
lic foams, which contain only metallic and gas phases,
are widely covered by the literature. However, there are
still unsolved problems, for example the foaming process ~ ied.
of the foams'2. The metallic foams belong to a special
class that also satisfies the definition of the particle-rein-
forced metal-matrix composites. These are the metal-ma-
trix syntactic foams (MMSFs). They were first produced

The most important properties of the foams are the
compressive strength and the absorbed energy. Wu et al.
examined the effects of the microballoon size on the
compressive strength. They found that smaller micro-

in the 1990s. The MMSFs have numerous promising ap-
plications, such as covers, hulls, castings, or they can be
used in the automotive and electromechanical industry
sectors because of their high-energy absorbing and
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spheres ensure higher compressive strength because they
contain fewer flaws in their microstructure than the
larger ones. The damage propagation of the foams was
also investigated. The fracture was initialized in the cor-
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ners of the specimens by the shearing of the micro-
spheres®. Rohatgi et al. also investigated the size effect of
the microspheres, but not only in view of the compres-
sive strength, but in view of infiltration, too. Their mea-
surements showed that larger microspheres can be infil-
trated easier’. Palmer et al. proved that larger
microspheres contain more porosity in their walls and
more flaws in their microstructure than the smaller ones®.
The results of the performed upsetting tests were com-
pared to the other research on this topic. The conclusions
were the same®!0. Balch et al. performed a special upset-
ting test. The loading was applied in small steps and af-
ter each test, X-ray or neutron-diffraction measurements
were carried out. The main aim of the work was to inves-
tigate the load transfer from the matrix to the
microspheres. They found a chemical reaction between
the microspheres and the matrix materials, which has a
detrimental effect on the load transfer and, through that,
on the mechanical properties of the foams!'. In their pre-
vious work Balch et al. found that the microspheres have
at least the same importance in the syntactic foams as the
matrix material. The fracture strength and the yield
strength of the matrix determine the failure stress of the
syntactic foams. Therefore, the investigation of the
microstructure and the quality of the microspheres is
very important®. In addition to the compressive strength,
other mechanical properties, such as the tensile strength,
or the hardness of the syntactic foams were investi
gated!>!3. The sliding behavior of the syntactic foams
was also examined because the ceramic microspheres
have high hardness and therefore the composites show a
better wear behaviour than the pure matrix'+'5,

As it can be seen in the previous paragraph, the qual-
ity and chemical composition of the microspheres influ-
ence many properties of the syntactic foams. And they
also have a strong influence on the production of the syn-

tactic foams. The foams are usually produced by the
mixing technique and gravitational casting or by the
pressure infiltration. In all these cases the contact angle
between the ceramic microspheres and the metal matrix
has a detrimental effect on the infiltration characteristics
and on the threshold pressure (in the case of pressure in-
filtration)'®'8, The contact angle is influenced by many
parameters like the chemical composition and the possi-
ble reaction between the reinforcement and the matrix
material. Therefore, the microspheres should be pre-
cisely investigated on the microstructure’s scale.

The ultimate method for this purpose is the scanning
electron microscopy and the energy-dispersive X-ray
spectroscopy (EDS). EDS is sensitive to the chemical
composition and able to investigate a point, a line or
even an area. These possibilities give extremely good op-
portunities for acquiring detailed information about the
microstructure of the microspheres and about the distri-
bution of their constituents. According to the published
works mentioned above, the main aim of this work was
to investigate the microstructure and the distribution of
the constituents in the ceramic hollow microspheres and
to investigate the interface between different alu-
minium-alloy matrices and the ceramic microspheres in
order to provide information about the metal-matrix syn-
tactic foam production and their expectable mechanical
behaviour.

2 MATERIALS AND METHODS

The investigated materials were the SL150- and
SL300-type microspheres provided by Envirospheres Ltd
(Australia)*. Their main parameters are listed in Table 1.
The phase composition was determined by X-ray diffrac-
tion measurements. For this purpose a Phillips X-Pert-
type diffractometer with 35-mA cathode heating current

Table 1: Morphological properties and the phase constitution of the applied hollow ceramic spheres
Tabela 1: Morfoloske znacilnosti fazne sestave uporabljenih votlih kerami¢nih kroglic

Type dﬁ;ggtgeer Size range Ssﬁ fgg: AlLO; Amé)irgl;()us Mullite Quartz Other
(um) (pm) (um™) w/%
SL150 100 56-183 0.060
SL300 150 101-330 0.040 30-35 45-50 P : bal.
Table 2: Calculated and measured density and porosity values of the MMSFs>
Tabela 2: Izracunane in izmerjene vrednosti za gostoto in poroznost MMSE?
. Density (g cm™) Porosity (%)

Specimen Theoretical Measured Particle Matrix Total
Al199.5-SL150 1.34 1.43 50.9 -6.2 44.7
Al199.5-SL300 1.42 1.52 48.2 -7.2 41.0
AlSi12-SL150 1.32 1.31 50.9 1.1 52.0
AlSi12-SL300 1.40 1.37 48.2 1.9 50.1

AlMgSil-SL150 1.34 1.52 50.9 -13.4 37.5
AlMgSi1-SL300 1.42 1.57 48.2 -10.5 37.7
AlICu5-SL150 1.37 1.53 50.9 -11.6 39.3
AlCu5-SL300 1.44 1.62 48.2 -12.2 36.0
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and a copper anode (Cu K,, 4 = 0.154186 nm) with a
40-kV voltage were used. The rotating speed of the
goniometer was 0.04° s~!. The Scanning Electron Micro-
scope (SEM) tests were performed by a Phillips
XL-30-type electron microscope equipped with an
EDAX Genesis EDS analyzer. The ceramic microspheres
were coated with carbon in order to put a conductive
layer on them, but basically they were investigated in
as-received condition. The excitation was 15 kV and
EDS maps were recorded from the surface of the micro-
spheres. Five typical microspheres from each SL-type
microsphere group were investigated.

Later the microspheres were incorporated in pure
aluminium (Al 99.5), aluminium-silicon (AISi12),
aluminium-magnesium-silicon (AIMgSi) or aluminium-
copper (AlCu5) alloys to create MMSFs. The foams
were designated according to their matrices and
reinforcement. For example, A199.5-SL150 denotes a
pure aluminium-matrix syntactic foam with an
SL15-microsphere reinforcement. The volume fraction
of the microspheres was maintained at a relatively high
volume fraction (=60 %) level and the production
method is described, in details, elsewhere’. The density
and the porosity values of MMSFs are listed in Table 2,
while the chemical compositions of MMSFs are shown
in Table 3. In Table 2 theoretical density and particle
porosity were calculated from the geometrical
parameters of the microspheres. The matrix porosities
were calculated as the difference between the theoretical
and the measured density divided by the theoretical
density. The negative matrix porosity refers to the
infiltrated microspheres (the particle porosity should be
decreased). However, the values of the matrix porosity
were always below 8 %, so the infiltration can be
qualified as good enough. The values of Table 3 were
determined with the XRD measurements described

above. EDS line measurements were carried out on the
foams to characterize the elemental distribution at the
interfaces, where the hollow microspheres are in contact
with the matrix. All EDS-line analyses were performed
on metallographically polished surfaces, and the
preparation steps for the EDS analysis with an automatic
grinding / polishing machine are listed in Table 4. The
excitation voltage for the EDS analysis was 20 kV. The
line EDS measurement started on the matrix material and
crossed the wall of a hollow sphere. One hundred points
were measured along each line; each point was excited
for 20 s with a 35-us detector acquisition rate.

3 RESULTS AND DISCUSSION

3.1 Investigation of the microspheres’ walls (map EDS
measurements)

In Figure 1 a typical site from the outer surface of an
SL150-type microsphere is shown, while in Figure 2, a
SEM micrograph from the cross-section of a micro-
sphere in an Al99.5-matrix foam sample is presented. In
both images needle-like structures can be clearly ob-
served. They are densely situated and they do not have
any distinguished direction. The different gray scale of
the needles on the back-scattered electron (BSE) images
indicates a somewhat different chemical composition.
The needles are very small, their length is between 5 pm
and 10 pym, while their diameter is smaller than 0.5 pm.
EDS maps provide information that is much more useful
than the single EDS spot measurements, because single
spots can be largely effected by the surrounding matrix.
This effect can be decreased, or avoided, with the EDS
maps, which can show the distribution of the elements.

Because of this reason the EDS-map analyses were
performed on the cross-sections of the microspheres to

Table 3: Phase constitution of aluminum-matrix syntactic foams according to the XRD measurements (in mass fractions, w/%)
Tabela 3: Fazna sestava pen, skladnih s kovinsko osnovo, izvrS§ena z XRD-meritvami (v masnih delezih, w/%)

Specimen Al Si Mullite a-AlLO3 y-ALO3 Amorph. CuAl,
A199.5-SL150 67 8 11 3 11 0 -
A199.5-SL300 78 0 11 0 0 11 -
AlSi12-SL150 72 7 13 0 0 8 -
AlSi12-S1.300 72 7 12 0 0 8 -

AlMgSil1-SL150 60 7 8 0 25 0 -
AlMgSi1-SL300 60 6 6 0 28 0 -
AlCu5-SL150 60 6 8 8 12 0 6
AlCu5-SL300 60 5 10 7 12 0 6

Table 4: Sample-preparation steps for the EDS analysis with an automatic grinding / polishing machine
Tabela 4: Stopnje priprave vzorcev za EDS-analizo z avtomatskim brusilno-polirnim sistemom

Abrasive material Duration of grinding/ Grinding/polishing force Rotation speed Rotation direction
polishing (min) (N) (r/min)
P 320 SiC 1 22 220 counter
6 um diamond 15 27 150 counter
3 um diamond 6 27 150 counter
0.05 um SiO 3 27 125 compliance
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Figure 1: SEM image from the surface of an SL150-type ceramic
hollow microsphere

Slika 1: SEM-posnetek povrsine SL150 votle kerami¢ne mikro-
kroglice

get additional information about the element distribution
in a microsphere’s wall. To illustrate this analysis, the
EDS maps of an SL300-type microsphere are presented
(Figure 3). It is important to emphasize that all of the
other microsphere types (SL150 and SL300) showed the
same features. Figure 3a shows a SEM image of the
investigated surface. The needle-like structure is again
very clear. Figure 3b shows the distribution of
aluminium. It is evident that the needles contain more Al
than the surrounding environment, but Al can be found
everywhere, not only in the needles. From the XRD
measurements it is also clear that Al,Os; and SiO, form
mullite (3A1,03-2Si0,), therefore — in accordance with
the EDS map and Table 1 — the wall of a microsphere is
built up from the mixture of mullite and amorphous
Si0,. This means that the distribution of Al,O; is uneven;
it can be found as a part of mullite in the wall and as

Acc.V  Spot Magn

200kv 46 3500x SL150

BSE 102 1

Figure 2: SEM image of the cross-section of an SL150-type ceramic
hollow microsphere’s wall

Slika 2: SEM-posnetek precnega prereza stene SL150 votle keramicne
mikrokroglice
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Figure 3: SEM image a) from the surface of an SL300-type
microsphere and EDS maps of this area showing element distributions
of: b) Al ¢) O and d) Si

Slika 3: SEM-posnetek a) povrSine SL300 mikrokroglice in EDS
posnetek razporeditve elementov: b) Al, ¢) O in d) Si

ALO; needles embedded in this wall matrix. Figure 3d
definitely confirms this conclusion by showing the
distribution of silicon. Si can be found everywhere on the
surface (mainly amorphous SiO, mixed with mullite)
except in the needles (the needles appear black in this
picture). This indicates that the needles do not contain Si
and, therefore, they are really Al,O; needles. Finally, as
it is expected, the oxygen distribution (in Figure 3c) is
totally balanced; it is built in both Al,O5 and SiO,.

The analysis above shows the formation of the ALLOs
rich zones and it also indicates the presence of the amor-
phous SiO, rich zones. The amorphous SiO, is undesir-

Figure 4: Micrographs of: a) damaged and b) undamaged micro-
spheres in the a) A199.5 and b) AlSil2 matrices

Slika 4: Mikroposnetek: a) poskodovane in b) neposkodovanih mikro-
kroglic v a) A199,5 in b) AlISil2 osnovi

Materiali in tehnologije / Materials and technology 46 (2012) 4, 375-382
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able, because — opposite to Al,O; and mullite — the
chemical stability of SiO, at an elevated temperature is
not good enough. During the production of MMSFs the
molten aluminium can reduce SiO, according to the fol-
lowing chemical reaction:

4Al(lig) + 3Si0, (sol) = 2AL0, (sol) + 3Si(sol)

At first sight this reaction is advantageous, because it
forms ALO; (with better properties) from amorphous
Si0O,. But this is a diffusion-controlled reaction leading
to a degradation of the microspheres’ walls as it is shown
in Figure 4a. This indicates a drastic drop in the com-
pressive strength and other mechanical properties as it
was shown in the previous papers*!>?. As indicated by
the XRD results of Table 3, the reaction mainly pro-
duced y-AlO; and it took place only in the case of a pure
aluminium matrix reinforced with the SL150- and
SL300-type microspheres. In the case of the SL300-type
microspheres the reaction was suppressed with a lower
infiltration temperature. The infiltration temperature had
a strong influence on the kinetics of the change reaction.
That is why there was no reaction in the case of the
Al99.5-SL300-type syntactic foams infiltrated at a lower
(690 °C) temperature’. This indicates that there is a limit
relating to the temperature. Above this temperature the
reaction is intensive, but below the temperature limit, the
reaction will not occur (for details see?). The reaction did
not take place in the case of the AlSil2-matrix material,
because the driving force of the diffusion-controlled
chemical reaction is the Si difference between the molten
matrix and the solid microspheres. In the case of the
AlSi12 metal, the large Si content decreased the driving
force; the reaction became suppressed and did not take
place. The walls of the microspheres remained unharmed
as it can be observed in Figure 4b. Most of y-AlL,O; was
found in the MMSFs with the AIMgSil matrix and the

Figure 5: SEM image: a) from an Al99.5-matrix MMSF with an
SL300-type microsphere and EDS maps of this area showing element
distributions of: b) Al, ¢) O and d) Si

Slika 5: SEM-posnetek: a) Al99,5 MMSF osnove z SL300 mikro-
kroglico in EDS razporeditev elementov: b) Al, ¢) O in d) Si

Materiali in tehnologije / Materials and technology 46 (2012) 4, 375-382

above mentioned reaction also took place in the samples
with the AlCu5 matrix. In the case of the MMSFs with
the AlCu5 matrix, the thermodynamic conditions also
enabled the formation of the CuAl, phase.

To summarize, the microspheres form the ALOs nee-
dles embedded in the mixture of the amorphous SiO, and
mullite. The chemically reactive molten aluminium can
damage the microspheres by reducing their amorphous
Si0,-rich parts. This is undesirable with respect to me-
chanical properties.

3.2 Investigation of the interface layer between micro-
spheres and the matrix

After a detailed examination of the microspheres’
surfaces, the investigations of MMSFs were carried out.

First, EDS overview-map measurements were
performed in the microsphere-matrix region of the
MMSFs with different matrices. For example, in the case
of an AlI99.5 matrix with SL300 microspheres, the
EDS-map results are shown in Figure 5. The area of the
SEM image (Figure 5a) was investigated for the distri-
bution of the alloying elements (Figures Sb to 5d). The
microstructure of the matrix-grain boundaries formed
after the solidification can be seen clearly in the con-
centration differences between aluminium (Figure 5b)
and silicon (Figure 5d) in the EDS images covering all
the samples. Oxygen in a higher concentration was only
detected in the walls of the microspheres (Figure Sc), for
all of the samples. In the case of the AlSil2 matrix larger
areas of primer silicon were detected as expected. In the
samples with the AlCu5 matrix copper-rich precipi-
tations can be observed (with a dimension of approx.
1 um x 20 pym in Figure 6); according to the XRD
measurements they are CuAl, particles. In the samples
with the AIMgSil matrix magnesium showed a uniform

Figure 6: EDS map of an AlCu5-matrix MMSF with an SL150-type
microsphere showing copper distribution and precipitations with the
CuAl, phase

Slika 6: EDS-razporeditev bakra in izlocki CuAl, faze v AlCu-osnovi
MMSF z mikrokroglico SL150
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Figure 7: EDS map of an AIMgSi-matrix MMSF with an SL300-type
microsphere showing Mg distribution and Mg enrichment in the
microsphere’s outer wall

Slika 7: EDS-razporeditev in obogatitev Mg v zunanji steni mikro-
kroglice v AIMgSi-osnovi MMSF z mikrokroglicami SL300
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Figure 8: BSE image and EDS
AlMgSi-SL150 syntactic foam

Slika 8: BSE-posnetek in profil EDS-linijske analize pene, skladne z
AlMgSi-SL50

line-scan profiles of the
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distribution in the aluminium areas, and no magnesium
was detected in the primer silicon precipitations at all.
Magnesium enrichment was detected alongside the
microspheres’ outer walls (Figure 7) indicating the
solution of magnesium in the microspheres walls. For a
more detailed investigation of the microsphere
interface-matrix region, EDS line measurements were
done at a higher resolution.

EDS line measurements were performed on polished
specimens perpendicular to the interface layer between
the microspheres and the matrix material. The interface
layer is very important, because it is responsible for the
load transfer from the matrix to the microspheres. The
line-scan profiles showed the alternation of chemical
elements along the line. The biggest advantage of the
EDS line method is that it offers a very good opportunity
to examine the interface layer and the changes in a
hollow-microsphere wall in the matrix. Examples for the
AlMgSil and the AlCu5 matrices are shown in Figures
8 and 9, respectively.

] Elements "

60 0 D
——Cu i

——Al 1

i

Chemical composition (m%)
(4]
o
| -

18 20 22

0 2 4 6 8 12 14 16
Distance (um)

Figure 9: BSE image and EDS line-scan profiles of the AICu5-SL300
syntactic foam

Slika 9: BSE-posnetek in profil EDS-linijske analize pene, skladne z
AlCu5-SL300

Materiali in tehnologije / Materials and technology 46 (2012) 4, 375-382
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In Figure 8, the wall of an SL150-type hollow
microsphere can be observed in the high-magnification
BSE image. It can be seen that the outer edge of the wall
is not very well defined. This means that the surface of
the microsphere is degraded. As mentioned above, the
exchange reaction produces Al,O;, which is advanta-
geous, but not at the price of degrading the hollow
microsphere’s wall. The diffusion process made a rela-
tively wide interface layer on the outer surface of the
hollow microspheres (i.e. from point B to point C). The
width of the interface layer was relatively wide =2—4 um
(in previous research it was 6 um ?°) and it was measured
between the significant changes of the derivation of the
fitted curves showing the changing of the Al. Along the
interface the Si and Al contents increased and decreased,
respectively, with a moderate slope. After point C the Al
content was alternated according to the actual composi-
tion of the wall. From point D the measurement is not re-
liable because of the curvature of the inner surface of the
hollow microsphere.

In all of the aluminium and Al-alloy matrices the
alternation of the Al and Si contents was observed
because of the presence of the primer-Si precipitations in
the alloy. In the case of the AIMgSil matrix (Figure 8)
such primer-Si precipitation can be seen between points
A and B. Points B and C were close to each other. This
indicates that there is a very narrow (i.e. less than 3 um)
observable interface layer. In the concentration-sensitive
BSE image, the lighter needle-like phases can be
observed again in the walls of the SL150 spheres. The
increase of the Mg content after point B confirms the
presence of the magnesium solution in the microsphere
wall, less than 4 um deep (this was also indicated by the
EDS map measurements). In the case of the AlCu5
matrix (Figure 9) a precipitation (the CuAl, phase) can
be observed between points A and B, while the interface
layer was about 3 um on both SL150 and SL300
microspheres. Parts of the microspheres’ walls were
covered with the Cu precipitations, which can be clearly
seen on the BSE image, but according to the EDS line
measurements (between point B and C) this is not a
solution in the microspheres’ walls, but just a precipi-
tation on them. In the case of the AlSil2 matrix the outer
surface of the microsphere was seemingly unharmed as
the exchange reaction was suppressed by the large Si
content of the matrix. The interface layer was less than
1.5 pm for both SL-type microspheres.

According to this, a well-defined Al and Si alterna-
tion occurred in the line of the EDS analysis diagram. In
the lighter areas, the Si content decreased, while the Al
content increased. There was no big fluctuation in the
oxygen content within the matrix and within the
microspheres’” walls. This implies that, again, the lighter
phases in the walls of the hollow microspheres are the
Al O; particles embedded in the SiO, and mullite matrix.
At point D, on the inner side of the hollow microsphere’s
wall, a very narrow Fe, Mg and K rich zone can be ob-
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served (originated from the various oxides of the hollow
microspheres).

Considering the possibility of chemical reactions be-
tween the microspheres and the matrix materials, it is
worth mentioning that the ceramic microspheres can be
used as a source of alloying elements in the MMSF sys-
tems. The appropriate choice and concentration of an al-
loying element in the wall material, or in the surface
coating® of the microspheres, can result in precipitation,
grain refinement, and microstructure as per the designed
scheme. These alloying elements can enhance the me-
chanical and/or other properties of the MMSFs. How-
ever, there is an effective range of the alloying elements
due to the limited time after the infiltration and before
the cooling. If the effective distance between the
microspheres is small enough, it is possible to guarantee
a homogenous microstructure. If the distance is larger,
then the alloying effects are only in the vicinity of the
microspheres.

To summarize, the EDS line measurements are appli-
cable when investigating the interface layer between the
microspheres and the matrix material. The investigations
proved the presence of the Al,Os; needles in the walls and
an exchange reaction between the SiO, content of the
microsphere and the molten aluminium during the pro-
duction. The suppressing effect of a high Si content was
also confirmed. The alloying, or the coating, of the
microspheres offers a great opportunity to influence the
microstructure and the properties of MMSFs.

The authors assume that the microspheres also have
an effect on the orientation and the size of the ma-
trix-material grains. Therefore, the following paper will
deal with the electron backscatter diffraction (EBSD) in-
vestigation of MMSFs.

4 CONCLUSIONS

From the results of the above mentioned and dis-
cussed EDS and XRD measurements, the following con-
clusions can be drawn:

The microstructures of the microspheres, their vol-
ume fraction and properties have a strong effect on the
properties of MMSFs. The SEM and EDS investigations
showed that Al,O; needles can be found in the walls of
the hollow ceramic microspheres. These needles are
packed densely and they are embedded in the mixture of
mullite and SiO,.

Due to the uneven distribution of Al,Os, SiO, rich
zones were formed on the surfaces of the microspheres.
During the MMSF production the molten aluminium
chemically attacked these zones and this reductive chem-
ical reaction resulted in a severe damage of the micro-
spheres’ walls.

In the case of the A199.5, AlCu5 and AIMgSil matri-
ces the reaction was intensive. The driving force of the
diffusion-controlled reaction was the Si concentration
gradient between the microspheres and the matrix. In the
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case of the AlSil2-matrix syntactic foams, the reaction
was suppressed by a considerable amount of Si in the
matrix alloy.

In the case of the AICu5 matrix, local-copper precipi-
tations were found on the microspheres’ walls, while in
the case of the AIMgSilmatrix, magnesium was solved
into the outer regions of the microspheres’ walls.

In addition to the concrete conclusions above, it is
worth mentioning that the ceramic microspheres can be
used as a source of alloying elements in the MMSF sys-
tems. The appropriate choice and concentration of an al-
loying element in the wall material, or in a surface coat-
ing, of the microspheres can enhance the properties of
MMSFs.
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