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Abstract

The aim of this work was to explore the effect of the presence of 8iGhe solidification kinetics and the microstructural characteristics
of A356/SiG, cast composites by using the Fourier thermal analysis (FTA) method. The tests were performed in order to identify changes in
the solidification kinetics of the metal matrix that could be caused by the presence of particle reinforcement. FTA results were complemented
with information provided by microstructural characterisation. The outcome of this work suggests that the presengafiéGiGe
solidification kinetics of both the primary dendritic phase and the eutectic microconstituent. These effects are apparently due to two main
causes: (1) the decrease of the latent heat released during solidification associated to the presgnaad{Bithe change in the growth
kinetics and morphology of the eutectic present in the metal matrix alloy produced by the nucleation of eutectic §i on SiC
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction particle and the metal matrix, there can be effects on the
solidification kinetics (nucleation and growth) of the metal
Metal matrix composites (MMC) are produced by several matrix. Also, chemical reactions between particles and metal
processing techniques, and many of the synthesis procedurematrix can produce microconstituents that affects the be-
involve the presence of a liquid alloy in contact with the haviour of the composite. Finally due to the fact that most of
reinforcement mediurfi]. the reinforcement particles do not show phase transforma-
The properties that the composite will show during its tions during composite processing, there is a decrease in the
work life are intrinsically linked to the nature of the micro- latent heat released during solidification of the composite,
constituents present in the solid composite. The microstruc-compared to the monolithic metal matrix alloy.
tural characteristics present in the solidified MMC are de- It has been foundR] that the presence of silicon carbide
termined in turn by the physicochemical interaction within particles (SiG) reinforcement in Al-Si-based alloys pro-
the liquid metal and the reinforcement during processing, duces a marked difference in the observed thermal analysis
and by the kinetics of the phase transformations of the metal parameters between the reinforced and the unreinforced ma-
matrix, occurring during its solidification and cooling. From terials. In a previous wor3] it was found that an increase
this, it is of prime interest to understand the effect of ceramic in SiG, content produces a statistically significant increase
reinforcement on the solidification kinetics and microstruc- in the maximum eutectic temperature during recoalescence,
tural characteristics of the metal matrix. Tec, and a decrease in the local solidification time, The
During MMC production, the role of reinforcement parti- decrease iris was explained as a result of the decrease of
cles on the final microstructural characteristics of the com- the latent heat during solidification as the giCbntent is
posite has not been sufficiently understood. It can be ex-increased, such as was indicated by the latent heat data ob-
pected that, depending on the nature of the reinforcementtained from the numerical processing of the experimental
cooling curves by the Newton thermal analysis method. It
- was suggested that the increasdigg could be associated
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of the SiC particles during the solidification of the eutectic heat flow exchanged with the surroundings @lis the
silicon. Nucleation on ceramic particles in MMC has been volumetric heat flow accumulated within the system.
analysed by Kim and Rohat{]. As the major concern of FTA method is the study of
In recent years there have been important advances in thesolidification,Eq. (1) can be rearranged in terms @§ as:
thermal analysis techniques enabling systematic studies on 9T
. (- )

the solidification kinetics of monolithic alloys. The use of

these techniques in the study of MMC can contribute to a

better understanding of the influence of ceramic reinforce- wherex = k/C, is the thermal diffusivity of the liquid—solid
ment on the solidification and microstructure of the metal mixture (n?/s), and ZF, the Fourier thermal analysis zero

0s=C, (aa—j - aV2T> = 3)

matrix.
The solidification kinetics characterisation of alloys has

curve, is given by the parametel2T.
FromEq. (3) it can be seen that the prevalent volumetric

been addressed by using the method of thermal analysisheat flow released as a result of solidification can be found

called Fourier thermal analysis (FTA$]. This method is

based on the numerical processing of the readings of two

if ZF, aT/ot and C,, are known.
It has been proposed that in symmetric temperature fields,

thermocouples situated at different radial positions into a with respect to the vertical axis of the system (which can
cylindrical mold, which contains the melt under study, dur- be obtained in cylindrical molds thermally isolated at the
ing its cooling and solidification. top and bottom), the temperature Laplacian can be obtained

Since this method is based on measurements of the actuafrom the readings of two thermocouples, located®Ratnd

thermal field of the liquid metal during solidification, and
according with the results obtained from its application to
several alloy systems of metallurgical inter€st10], it is

expected to be reliable in its predictions with regards to

R> distances from the symmetry axis, according to:

A -T)

V2T = (4)
> 2
R — R

the solidification kinetic characterisation. The fundamental Fyrthermore, in the absence of latent heat releagihg=
concepts and implementation, including the considerations o) Eq. (3) shows thatx, the thermal diffusivity, can be
that need to be taken into account for its application to the cajculated from the temperature Laplacian and the cooling

case of MMC, is the subject of the next section.

The purpose of this work was to explore the roll of the
presence of Sig on the solidification kinetics and mi-
crostructural characteristics of the metal matrix A356 alloy

rate data:
T/t

= a7 (5)

by microstructural characterisation and Fourier thermal Consequently, whedT/at and V2T are known before and

analysis.

2. Fourier thermal analysis

after solidification, the thermal diffusivities of the liquig, ,
and the solidgs, can be found.

Eq. (3) shows that before and after solidificatién/ot
and ZF are identical. During solidification, the instantaneous
value of ZF and’,, of the liquid—solid mixture are calculated

FTA method assumes that the macroscopic heat flow as follows:

present in the melt during its cooling and solidification is

governed by conductive heat transfer and latent heat gen-a
eration due to solidification. The energy balance applied to ¢, — Co (1= f5) + Cusfs

the melt during its solidification can be written as

oT s
Cy— = kV2T + L —> 1
v 5 + Lt o ( )

where C, (J/m?°C) is the volumetric heat capacit§T/at

(6)
(7)

Using the data provided biggs. (6) and (7)the latent heat
released by solidification can be calculated according with
Eq. (3)

The volumetric latent heat of solidification can be ob-

=aL(l— fs) +asfs

(°CIs) is the rate of change of the temperature of the sys-tained from the integration d@s from tss, the time of start

tem as a function of time arklis the thermal conductivity
(W/m°C) of the liquid—solid mixtureV2T is the tempera-
ture Laplacian {C/mP), Ls is the volumetric heat of fusion
(J/m3), fs is the solid fraction andfs/at is the rate of solid
formation.Eq. (1) can be explained in terms of the instan-
taneous volumetric heat flows (W#nacting during the so-
lidification process of the melt:

Qa= Qc+ 0Os 2

where Qs is the volumetric heat flow associated with the
release of latent heat of solidificatioQ; is the volumetric

of solidification, totgs, the time of end of solidification:

ES
L+ =/ Qsdr
1ss

The instantaneous solid fraction, at timecan be obtained
from
l t

= — dr
fs 7 rssQS

(8)

(9)

Due to the fact that the solid fraction evolution as a func-
tion of time is not known at the beginning of the numerical
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Table 1 achieve a Sr content of 0.015wt.% in the modified A356
Thermophysical properties of metal matrix and ceramic reinforcement meatallic matrix alloy.

used in this study Two cases of interest were studied in this work: (1)

Parameter  Description Magnitude  Reference metal matrix alloy A356, without Sigreinforcement; (2)
oML Density of liquid A356 alloy  2430kg/M  [10] A356/8% SiG MMC.
PMS Density of solid A356 alloy ~ 2680kg/m  [10] Predetermined quantities of molten composite were
Pp Density of SiC particles 3200kgfn  [5] poured with minimum turbulence, directly into a sand
Com Heat capacity of liquid 1360J/kgK  [10] mould with a cylindrical casting cavity of 0.025m of in-
A356 alloy . ternal diameter and 0.15 m in height (with an insulated top
Cous Heat capacity of solid 1211J/kgK  [10] .
A356 alloy and bottom). The pouring temperature was #200°C.
Cpp Heat capacity of SiC 690J/kgK  [5] In order to record the thermal history of the alloy during
particles cooling, two 0.0003m diameter bore, type K thermocou-

ples, with alumina sheath, 0.0016 m o.d., were introduced
processing of the cooling curves, a simplified, first approx- at the mid height of the sand mould cavity at two different
imation of this evolution must be proposed, followed by an distances from the centre of the casting. The thermocouple
iterative procedure. outputs were recorded by using an lotech Tempscan 1100

The numerical processing of the cooling curves involves data acquisition system. A calibration proced{t&] was

then, an iterative procedure where, in order to start the iter- Performed with 99.9% aluminium after each experiment.
ation, the solid fraction is assumed to be linear with respect  The solidified rods were cut in halves, in order to verify
to the times of start and end of solidificatidggs. (6)—(9) the positions of the thermocouples and the surfaces were
are used to calculate the instantaneous ZF, the latent heafn€tallographically prepared, and the two sections were used
releasedQs, the volumetric latent heat released during so- for metallographic analysis.

lidification of the system, antl¢, the solid fraction evolu- ~ The experimental Sigcontent was measured by using an
tion as a function of time, and this procedure is iterated until image analysis system, indicating for the MMC considered
convergence is reached. in this work, SiG, contents of B + 1.2vol.%. Scanning

It is interesting to note that the only parameter not ob- €lectron microscopy with electron microprobe analysis was
tained from the numerical processing of the experimental USed to identify the different microconstituents in the sam-
cooling curves is the volumetric heat capacity of the system Ples under study. The tests were performed by triplicate.
during the change of phase. The cooling curves obtained were numerically processed

In order to apply FTA method to the MMC under study, USing the FTA method7] in order to obtain information
the volumetric heat capacities of interest in this work were about the solidification kinetics of the region of the casting
calculated by using the data shown Table 1and the  near to the thermocouples.

Egs. (10) and (11yherefy is the volume fraction of particle
reinforcement

CUS = fpppcpp + (1 - fP)pMSCpMS (10)

_ Fig. 1 shows typical cooling curves associated with the

Co = JoopCop + (L= fo)om Cpue (1 two g<J:ases of int)gzest. It Cangbe seen that, as a result of
the presence of the Sidn the A356 metal matrix alloy,

3. Experimental procedure there is a decrease in the local solidification time, which
can be inferred from the shortening of the cooling curve

The SiG reinforced aluminium alloys were prepared COrresponding to the composite of interest.

by the melt stirring technique in a clay silicon carbide

crucible placed inside a resistance furnace under an argon 700

atmosphere. The SiCwere mixed into the melt using a

pitched-blade turbine impeller driven by a variable speed

4. Results and discussion

&)
motor. The metal matrix used in this study was a com- & s
! ; ey c 2 A356+8%SiCp
mercial foundry alloy A356 with the chemical composition B i
shown inTable 2 A Sr master alloy was added in order to g
g
[—1
Table 2 1
Chemical composition of the alloy (in wt.%) 500
Alloy %Si %Fe %Cu %Mn  %Mg %Zn %Al “ % s s

Time (s)

A356 6.56 0.51 0.12 0.23 0.10 0.06 Balance . . . . .
Fig. 1. Cooling curves typically associated with the cases under study.
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(a) (®)

Fig. 2. Microstructures associated with the cases under study.

Another feature that can be readily seen on this figure is ogy of the eutectic microconstituent, from modified fibrous
the increase of the maximum eutectic undercooling temper-in the monolithic A356 alloy, to eutectic lamellar in the case
ature and of the maximum eutectic recoalescence temperaof the MMC under study. This change in morphology and

ture as the Sigcontent is increased. of the associated growth mechanism could explain the mea-
Fig. 2 shows the microstructures commonly observed in sured changes of both the initial nucleation and horizontal
the experimental probes. It can be seefig 2(a)that un- parts of the eutectic cooling arrest, which increases as a re-

reinforced A356 alloy shows two main microconstituents, sult of the presence of SidseeFig. 1).
the primary phase rich in aluminium, which correspond to  Fig. 4 shows additional features commonly observed
the dendritic light gray matrix and the eutectic microcon- on the experimental composites studied in this work, the
stituent, present as the dark gray, modified Al-Si eutectic nucleation of intermetallic and eutectic microconstituents,
at the interdendritic regionszig. 2(b) corresponds to the on the SiG, including the intermetallic Ak(Fe, MnkSi>
A356/8% SiG, composite. Here it can be observed that the (Fig. 3(a) and the eutectic microconstituent Fiig. 3(b).
particles were pushed to the interdendritic and intergranular This evidence probes that ceramic reinforcement in this case
regions, as it was the case of all the probes containing.SiC shows a physicochemical interaction with the melt which is
Particulate reinforcements are generally segregated in thetraduced in effects on the nucleation of microconstituents
last-freezing zone, as a result of the absence of nucleation ofof the metal matrix.
the primary phase on the particle and also, the particles are In order to generate quantitative information on the so-
rejected by the solidifying interfaces (particle pushing phe- lidification kinetics of the experimental probes, the Fourier
nomeng12]). The absence of nucleation @Al on SiG, in thermal analysis methdd] was applied to the experimental
hypoeutectic Al-Si alloys has been explained as a result of cooling curves.
the high interfacial energy associated to the aluminium/SiC  Fig. 5shows the latent heat released by unit volume of the
interface[5]. cast during solidification as a function of $i€Content, as

It can be noted irFig. 2, the change of morphology of revealed by FTA analysis. It can be observed that one of the
the eutectic microconstituent as a result of the presenceeffects of the presence of reinforcement particles in MMC is,
of SiCp. This feature is shown in more detail Fig. 3(a) as expected, the decrease of the latent heat released during
and (b)where it can be observed a change in the morphol- solidification. This effect in turn enhances the cooling of the

(a) ' (b)

Fig. 3. Eutectic microconstituent morphologies associated with the cases of interest.
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- (d) - - | M L Sty _(b)

Fig. 4. Nucleation of microconstituents on Gi@articles in the composite under study.

cast under more severe conditions, and cause the shortening 6
of the cooling curve$3].

The dendritic coherency point is defined as the fraction /
of solid at which dendrite tips come into contact whit each
others all over the casting, forming a solid skeleton and
marking the transition from mass feeding to interdendritic
feeding.

The temperature difference between the inner and outer
thermocouple can be used to evaluate dendrite coherency A356
because, due to the higher thermal conductivity of the solid, 0 R
the dendritic coherency can be identified from the maximum 0 0.2 0.4 0.6 0.8 1
in AT, the difference of temperature of the two readings fs
of the thermocouples placed into the casting, plotted againstrig. 6. pendrite coherency point, as revealed by FTA procedure applied
the solid fraction, calculated by FTA, as is showrFig. 6 to the cases under study.
for the cases under study.

It could be expected th"’.‘t. the presence Ofpg"as. an ef- . Experimental results on dendrite coherency, with a solid
fect on the average dendritic growth rate, by the increase IN ¢~ ction at coherency point of 090,04 for A356 alloy and
the cooling rate associated with the decrease in the IatentO 175+ 0.03 for the MMC under stLidy shows that there is a
heagrelza_fe(:-and a:js?hby thet_lnlteractlgrli between the ?rt?]wfrend that indicates the decrease of the solid fraction at the
INg dendrite tips an € particles an € presence o ecoherency point as a result of the presence of the particles.

parlzlcle F:_Ulslh'_ngtrl? h(_ar][omenonl, that dvyllltlo(cj:atedt.r:.e parFches However the related confidence intervals are overlapped and
preferentially in the intergranular and interdendritic regions. ¢ w00 is needed to confirm this trend.

From this it can be expected that the coherency solid frac- Fig. 7 shows the solidification rate evolution that results

t|9n of the primary phas_e n thg presence O.f ‘5.‘@" be from the numerical analysis of the experimental cooling
different from that associated with the monolithic alloy.

A356+8%SiCp
/

16 0.03
o 13 .
E
=T € 0.024
2 <.
pe |

ﬁ .

7 w
W
< % 0.014
= 4

1 : . . . . 0

0 2 4 6 8§ 10 o 50 100 15 200
% SICp Time (s)

Fig. 5. Latent heat released during solidification as a function of, SiC Fig. 7. Solidification rate as a function of §j@ontent, as revealed by
content, as revealed by FTA procedure. FTA procedure applied to the cases under study.



536 J.C. Baez et al./Journal of Materials Processing Technology 153-154 (2004) 531-536

curves for the cases studied in this work, following the FTA the metal matrix alloy produced by the nucleation of eutectic
procedure. The presence of JiGives place to changes in  Si on SiG,.
the solidification kinetics of the dendritic primary phase, as
can be seen from the position of the first maximum of the
solidification rate associated to each case of interest. ThisAcknowledgements
could be a thermal effect caused by an increasing cooling
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