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The melt structures above the liquidus
in SiCp/Al composite

TONGXIANG FAN, ZHONGLIANG SHI, DI ZHANG, RENJIE WU
State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University,
Shanghai, 200030, People’s Republic of China
E-mail: SKLMMC@mail.sjtu.edu.cn

The properties and the structures of liquid melt above the liquidus play an important role in
determining the resultant properties of the alloy and the composite. In this paper, the melt
structures of SiCp/Al composites with two different reinforcement volume fractions were
investigated using liquid metal X-ray diffraction and differential scanning calorimetry. The
experimental results showed that the melt structures of SiCp/Al composite are different
from that of liquid matrix alloy, a Si–Si hump in the pair radial distribution function in
SiCp/Al composite melt and the DSC trace indicated that Si is not well distributed above the
liquidus, the size change of short-range-order (SRO) in SiCp/Al composite melt indicated
the diffusion of Si from chemical reaction between SiC and molten Al is possible only after
a given temperature or after some extent concentration fluctuation of Si. The mechanisms
for the observed phenomenon are also discussed in this paper. C© 1999 Kluwer Academic
Publishers

1. Introduction
Discontinuously reinforced metal matrix composites
(DRMMCs) are very attractive in aerospace and auto-
motive industries for their properties, such as high mod-
ulus, high specific stiffness, high temperature strength,
low coefficient of thermal expansion, good wear resis-
tance and good workability and isotropy. A large and
increasing proportion of DRMMCs are presently pro-
duced by solidification processing, in which the metal
matrix is molten before it is combined with the particles,
whiskers, or fibers that are to serve as its reinforcing
phase in the final composite material. Fluid flow, mass
and heat transfer, chemical reaction and solidification
phenomena take place in the composite material before
it is fully solidified, due to the existence of reinforcing
particles, the solidification processing of the metal ma-
trix composite is different from that of the matrix alloy.
The properties and the structures of liquid melt above
the liquidus play an important role in determining the
resultant properties of the alloy and the composite.

Recently, studies on the structure and properties
of the liquid are receiving more attention and some
progress has been made [1–3]. On the other hand,
SiCp/Al composites are one of the most important
DRMMCs and it is now established that SiC reacts
with molten aluminum, producing Al4C3 and silicon,
according to the following reaction

4Al + 3SiC−→ Al4C3+ 3Si (1)

Silicon formed in this reaction dissolves in unreacted
aluminum, giving rise to an Al-Si liquid alloy [4–6].
The melt structures and the distribution and diffusion

of silicon is responsible for the further reaction between
SiC and molten aluminum above the liquidus, and,
meanwhile, the knowledge of melt structure, especially
the local melt structure around the reinforcement is
more important, since it may control (at least partially)
the following stage of the interface reaction zone, and
thereby affect the final microstructures and properties
of the interface. With regard to metal matrix compos-
ite, and, in particular, the particle reinforced aluminum
matrix composites, very few studies have been carried
out on the melt structures of composites. In this paper,
the melt structures of SiCp/Al composites above the
liquidus were investigated for the first time using liq-
uid metal X-ray diffraction (LMXRD) and differential
scanning calorimetry (DSC) in order to provide basic
profiles of melt structure in SiCp/Al composites.

2. Experimental procedures
2.1. Composite fabrication
SiCp/pure Al composites used in this study were
fabricated using vacuum-high pressure infiltration
processing. The dominant phase of SiCp used as the
reinforcement wasα-SiC(6H) and the average size of
the SiCp was∼7µm. The SiCp used in this study had
not undergone any surface modification such as surface
oxidation, surface coating, etc. Two types of SiCp/Al
composite (10 and 40 vol %SiC) were used to vary the
melt structure characteristics during the remelting.

2.2. Liquid metal X-ray diffraction
X-ray diffraction was carried out using aθ–θ type liq-
uid metal X-ray diffractometer in the Ukraine Academy
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Figure 1 Schematic illustration of the liquid metal X-ray diffraction.

TABLE I Temperatures (◦C) of the diffraction measurement with
different composition

Pure Al 675 775 875 1075

10 vol % SiCp/Al 675 775 875 1075
40 vol % SiCp/Al 675 775 875 1075

of Science. Fig. 1 shows the schematic illustration of
the liquid metal X-ray diffraction for SiCp/Al com-
posites. MoKα radiation (wavelengthλ= 0.07089 nm),
allowing data to be taken from Q∼ 10 nm−1 to
Q∼ 120 nm−1, is reflected from the free surface of
the specimen, reaches the detector though a graphite
monochromator in the diffraction beam. High temper-
ature X-ray diffractions were carried out in a high purity
helium atmosphere of 1.3× 105 Pa before the cham-
ber was cleaned in vacuum of 2× 10−6 Pa. Specimens
were placed in an alumina crucible of 30× 25× 8 mm
in size, using a Ta sheet as heating element, and the
surface of the specimen was fixed to one horizontal po-
sition using a laser calibrator. Some other parameters
used in this experiment included: scanning voltage 40
kV, current was 30 mA, exposure time 30 s, measured
angle 2θ was from 5–90 deg. The experimental tem-
perature and composition of the material were listed in
Table I.

2.3. Data processing for liquid structure
The information on the structure of composite melt was
obtained after the solid phase information was filtered
from the diffraction intensity profiles [7]. The details of
the data processing for the liquid melt can also be seen
in [8]. The following is an outline of the processing.

The scattering intensity measured in arbitrary units
can be converted into the coherent scattering intensity
per atom in an electron unitI coh

a , using the generalized
Krogh–Moe–Norman method. Compton scattering is
also corrected using the values reported by Cromer and
Mann. Multiple scanning, resulting in an accumulation
of more than 3× 104 counts per angle, reducing the
total estimate of error for the structure factorS(Q), to

less than±2%. The total structure factor can be written
as

S(Q) = I coh
a

〈 f 2(Q)〉 = c1k2
1S11(Q)+ c2k2S22(Q)

+ 2(c1c2)1/2k1k2S12(Q) (2)

in Equation 2, the partial structure factors

Si j (Q)= δi j +
∫ o

0
4πr 2[ρi j (r )− cjρ0]

sin (Qr )

Qr
dr

(3)

The pair distribution functiong(r ) was a Fourier trans-
formation of the structure factorS(Q) deduced from
I coh
a :

g(r ) = 1+ 1

2π2ρ0r

∫ o

0
Q[S(Q)− 1] sin(Qr ) dQ (4)

where Q is the scattering vector,Q= 4π sin(θ )
λ

, 2θ is
the scattering angle,λ is the wavelength of the diffrac-
tion beam,ci = Ni /N, andci , Ni are concentration and
number of atom typei in the melt,N is the total num-
ber in the scattering volume,ki = fi

[ f 2(Q)]1/2 , [ f 2(Q)]=∑
i ci f 2

i fi is the atomic scattering factor of atom type
i , In addition,ρ0 andr , are the average number den-
sity of atoms and the distance from the reference atom,
respectively.

The size of short-range-order (SRO) in the liquid melt
rc= g(±1.02), representing the lower limit of the atom
cluster [9].

2.4. Calorimetric measurements
The composite samples after the thermal history in liq-
uid metal X-ray diffraction were remelted in a high
purity alumina pan in a Netsch DSC404 instrument.
Runs were carried out at a heating rate 20◦C min−1

from ambient to 850◦C, subsequently cooling to am-
bient temperature at 20◦C min−1, and under dynamic
high purity argon atmosphere (80 ml min−1). High pu-
rity corundum was used as a reference, and all DSC
thermograms were normalized to the actual amount of
metal (in weight percent) in each composite.
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3. Results of liquid metal X-ray diffraction
3.1. The structure factor and pair

distribution function of the SiCp/Al
composites melt

It is generally noted that the melting of the mea-
sured sample is not a simple process, but one that is
rather time, temperature and composition dependent.

Figure 2 Temperature dependence of the structure factorS(Q) and pair distribution functiong(r ) for pure Al melt (a)S(Q) and (b)g(r ).

Figure 3 Temperature dependence of the structure factorS(Q) and pair distribution functiong(r ) for 10 vol %SiC/Al melt (a)S(Q) and (b)g(r ).

Figure 4 Temperature dependence of the structure factorS(Q) and pair distribution functiong(r ) for 40 vol %SiC/Al melt (a)S(Q) and (b)g(r ).

The temperature variation of the structure factorS(Q)
and the distribution functiong(r ) of melts are given
in Figs 2 to 4 using the results of molten pure Al and
SiCp/Al composite with 10% and 40 vol % reinforce-
ment volume. The effect of increasing temperature on
S(Q) andg(r ) is, in general, to decrease the amplitude
of the oscillating behavior, rather than to change the
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position of the peaks. The temperature effect on the
structure certainly depends on the melt composition.

Even though the data for the liquid Al and the
SiCp/Al composite melt were measured at the same
temperature, some differences are still demonstrated
in structure factorS(Q) and pair distribution function
g(r ). As shown in Fig. 2, the melt of pure Al produced a
very similar structure factorS(Q) and pair distribution
function g(r ) at different temperatures. All the results
for the liquid Al maintain the same general features in
the structure factor profiles. Namely, they all show a
relatively sharp first peak and subsequent small peaks
on the highQ region. This implies that the fundamen-
tal feature in atomic distributions for a liquid melt are
approximated more or less by a random mixture. But
the structure of SiCp/Al melt, as shown in Figs 3 and 4,
is different from that of liquid pure Al, with the tem-
perature increasing, the first peak of theS(Q) curve
becomes broader and more asymmetric, while theg(r )
is characterized by splitting of the second main peak
into a large peak and two small ones, implying the melt
is not well distributed [10].

It is immediately evident from Figs 3 and 4 that a
small Si–Si hump [11] in the first main peak ofg(r ) was
observed, with increasing temperature. For 10 vol %
SiCp/Al composite melt, the hump peak progressively
emerged while holding at 875◦C, while it is very clear
at 1075◦C. For 40 vol %SiCp/Al composite melt, the
hump peak always exists in the first main peak of the
g(r ) above 775◦C, the position of this hump is 0.32 nm
or so.

3.2. The size of short-rang-order in SiCp/Al
composite melt above the liquidus

Fig. 5 shows the temperature dependence of the size of
short-range-order (SRO) in liquid Al and the two kinds
of SiCp/Al composite melt, the size of SROrc in liquid

Figure 5 Temperature dependence of cluster size in liquid Al and
SiCp/Al composite melt.

Al reduces with increasing temperature, agreeing with
the feature in theg(r ) of the liquid Al (see also Fig. 2b),
implying that the fundamental features in the atomic
distribution for the liquid are approximated more or
less by a random mixture, whereas the size of SRO
in SiCp/Al composite melt are reduced only above a
given temperature, while it is more or less a constant,
indicating the melt structure in SiCp/Al is different from
that in liquid Al.

4. Discussion
4.1. The distribution of Si from the

interfacial reaction
The Si–Si hump is the main characteristic feature of hy-
pereutectic Al-Si with super high Si content [12], but
our DSC study shown in Fig. 6 showed that SiCp/Al
composite did not emerge as a feature of hypereutec-
tic Al-Si melt after the thermal history in liquid metal
X-ray diffraction and subsequent remelting. As illus-
trated in Fig. 6, for each kind of composite, the com-
parison of onset and end temperature of the Al-Si eu-
tectic reaction and the changed liquidus temperature in
the DSC heating and cooling trace suggested that the
mean melt composition of the two kinds of SiCp/Al
composites lies in the Al-Si hypoeutectic field. Both

Figure 6 DSC trace for the remelting of SiCp/Al composites (a) 10 vol %
and (b) 40 vol %.
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results suggest that in the SiCp/Al composite melt a
solute-rich region with much more Si content exists.

4.2. The diffusion of Si above the liquidus
It is well known that the liquid metal is characterized
by short-range-order and the cluster sizerc is the lower
limit of the atom cluster, from the standpoint of the
hard-sphere model in liquid metal structure theory [13],
rc is associated with the packing densityη of the atom
cluster, which is defined byη= (π/6)n0σ

3, whereσ is
atom diameter, the temperature dependence of packing
density is expressed, in the first order approximation,
by the following exponential function:

η(T) = Aexp(−QT) (5)

where T is absolute temperature, the parameterA,
based on experimental data for various metals, is a
constant,Q is the diffusion active energy. As seen in
Equation 5 as the temperatureT increases, the pack-
ing density η decreases, so the size of SROrc is
small, but not linear. The size change in liquid Al
implied that the fundamental features in the atomic
distribution for the liquid are approximated, more or
less by a random mixture, and agreed with the above
equation. In SiCp/Al composite melt, according to
Equation 1, with temperature increasing, Al+SiC→
[Al-Si] +Al4C3+SiC, liquid Al is progressively be-
coming liquid Al-Si, and the theoretical calculation re-
sults showed that in Al-Si melt, the SRO is mainly Si–Si
cluster [14], because the bond energy on Si–Si pairs is
the strongest among Al–Al, Al–Si and Si–Si pairs. The
size change of SRO in SiCp/Al composite melt sug-
gested that the diffusion of Si from the chemical reac-
tion between SiC and molten Al can diffuse only after
a given temperature or the concentration fluctuation of
Si.

4.3. The nature of the distribution and
diffusion of Si above the liquidus

The emergence of Si–Si humps and the size change
of SRO are attributed to the chemical reaction between
SiC and the melt and the variation of the viscosity in the
composite melt. It is well known that molten metals and
alloys are Newtonian fluids, viscosity is independent of
shear rate and decreases with increasing temperature
following the Arrhenius relation. When solid particles
are dispersed in a liquid metal, two types of interaction
can occur: a hydrodynamic interaction between liquid
and the particles, and a non-hydrodynamic interaction
between the particles themselves [15, 16]. Both inter-
actions produce an increase in the apparent viscosity of
the composite melt, these show that the apparent viscos-
ity of various composite slurries are significantly higher
than the unreinforced matrix alloy, often by orders of
magnitude; on the other hand, additional variations in
apparent viscosity may result from chemical reaction
between the reinforcement and the matrix which al-
ter the shape and volume fraction of the reinforcement.
This effect has been shown to increase the apparent vis-

cosity of Al-SiC particulate slurries [17, 18], at 750◦C,
the spiral fluidity remains about constant with holding
time, however, at 800◦C, resulting in a marked decrease
in fluidity until, after 250 min, the composite will not
flow. This is because SiC particles are relatively stable
in Al-7Si below 750◦C, while they react at high tem-
perature. Because the reactivity between SiC and pure
Al is high, the effect of the chemical reaction upon the
viscosity in SiCp/pure Al is much more than that in
SiC/Al-7Si.

For a particle (atom or molecular) with radiusri , the
relationship between the diffusion coefficient and the
viscosity of the melt agrees with the Stockes–Einstein
equation [19]:

Di = kBT

6πri ν
(6)

WhereDi represents the diffusion coefficient,ν repre-
sents viscosity of the melt, andkB is the Boltzman con-
stant,T is the absolute temperature. As seen in Equa-
tion 6, whenν becomes larger, the diffusion coefficient
Di is reduced, so the diffusion of atomi is more diffi-
cult. In fact, the effect of temperature change is more
complex. In conventional liquid alloys, the viscosity
decreases with increasing melt temperature, whereas
the viscosity in SiC/Al composite decreases with in-
creasing temperature and increasing SiC particle vol-
ume fraction due to the formation of Al4C3.

The decrease of apparent viscosity results in the dif-
ficulties of atom (Si and Al) diffusion and heat convec-
tion, thus impeding the solute Si, Al from the chemical
reaction redistribution, with increasing temperature, the
chemical reaction is more serious, the apparent viscos-
ity is higher, Si from the chemical reaction is accumu-
lated in local zones around the SiC particles, with an
emerging Si–Si hump in the radial distribution function
g(r ). As discussed above, only after a given tempera-
ture or a degree of concentration fluctuation of Si, is the
diffusion of Si possible.

5. Conclusion
In the present work, liquid metal X-ray diffraction and
DSC have been used to investigate the melt structure
of SiCp/Al composite, the following results were ob-
tained:

(1) A Si–Si hump emerging in the pair radial distri-
bution function suggested that a Si-rich region exists in
the SiC/Al composite melt above the liquidus, implying
the Si is not well distributed above the liquidus;

(2) The size change of SRO in SiCp/Al composite
indicated that the diffusion of Si from the chemical
reaction between SiC and molten Al is possible only
after a given temperature or a degree of concentration
fluctuation of Si;

(3) The existence of the Si–Si hump and the size
change of SRO are attributed to the chemical reaction in
the SiCp/Al composite and the existence of reinforcing
particles, high volume fraction has a greater influence
on the Si–Si hump and the size change of SRO than the
low volume fraction.
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