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Abstract

Thermal stability of Al-Si alloys and their composites is an important property for their
application in engine components. In this work the thermal expansion and the physical Coef-
ficient of Thermal Expansion (CTE) of AlSil.1, -1.7, -7, -12 alloys and AlSi7/Al,O3/20s short
fibre composite material are presented. The higher the Si content the more decreases the
expansion of the alloys. Random planar alumina fibres reduce the in-plane thermal expan-
sion, but the transverse expansion is significantly increased with respect to the matrix. The
precipitation kinetics of Si is studied by means of Differential Scanning Calorimetry (DSC).
Precipitation peaks correlate with an increase in the CTE of the alloys and the composite.

Al-Si alloys with 7 wt.% and higher content of Si present a percolating Si-network in the
as-cast condition. The disintegration of this network during solutionizing results in a decrease
of the hardness of the alloy. On the other hand, the hardness of the composite is increased
during solution treatment via the formation of Si bridges between the short fibres, which
strengthen the Si/AlyOs-network. The reinforcing networks’ architecture is revealed by deep
etching. It causes reversible viscous flow of the Al-matrix at temperatures > 300°C.

Key words: thermal expansion, Si precipitation, differential scanning calorimetry, hard-
ness, spheroidization, Al-Si alloys, metal matrix composites
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1. Introduction

Al-based alloys are used widely due to their light
weight and high strength, compared with pure Al
Metal matrix composites are considered attractive
choices for use in automotive engines because of
the advantageous thermal and mechanical proper-
ties, such as enhanced specific strength and stiff-
ness provided by the ceramic reinforcement and some
ductility by the Al-alloys [1]. Particularly, the coef-
ficient of thermal expansion is one of the important
thermomechanical properties. The dimensional stabil-
ity can be a critical issue for the service lifetime of
engine components that are exposed to thermal cyc-
ling like pistons [2].

Thermal treatments of age hardening alloys like
Al-Si containing Mg and/or Cu are to improve the
mechanical properties appropriate for the final applic-

ation. During solution treatment, the as-cast micro-
structure is reheated to below the eutectic tempe-
rature, which is appropriately termed during a time
t. This process is followed by water quenching to
maintain supersaturation, and can be followed by an
ageing treatment at moderate temperature to pro-
duce a high density of small precipitates, increas-
ing the hardness of the alloy. The Al-Si binary sys-
tem is designated as non-age-hardening. The main
reason for a solution treatment is not to dissolve the
Si phase, the solubility of which is only 1.6 wt.%
at the eutectic temperature (1.2 wt.% at 540°C).
Actually, the solution treatment of alloys contain-
ing more than 2 wt.% Si is a spheroidization treat-
ment, the main objective of which is to improve the
ductility of the eutectic material. After solution treat-
ment, dimensional stabilization becomes important
for hot parts in Al-engines, where local dimensional
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Table 1. Composition of the alloys (wt.%), rest Al

Alloy Si Fe Cu Ni

AlSil.1 1.11 0.0897 0.0029 0.0036
AlSil.7 1.74 0.0655 0.0024 0.0049
AISi7 7.04 0.0656 0.0024 0.0066
AlSil2 11.87 0.0803 0.0023 0.0065

changes with exposure time would induce additional
stresses.

Intensive work has been done in order to invest-
igate the effect of Si spheroidization on microstruc-
ture and mechanical properties in Al-Si alloys [3, 4].
Aluminium alloys with 7 wt.% or higher content of Si
show a percolating Si network in the as-cast condition,
which disintegrates during solution treatment due to
Si spheroidization [5]. In the present work, the spher-
oidization effect on the microstructure and hardness
as well as the thermal expansion of Al-Si alloys and
composite materials after different cooling rates from
solution treatment temperature were studied.

2. Experimental procedures
2.1. Description of materials

Different Al-Si alloys and a composite material
were produced using a squeeze casting process by LKR
Ranshofen, Austria. A preform with randomly planar
distributed short Saffil fibres (produced by Thermal
Ceramics de France S. A.) was infiltrated with AlSi7
in order to obtain a 20 vol.% SFRM. Hereafter, the
composite will be referred to as AlSi7/Al;03/20s. The
composition of the matrix and the unreinforced alloys
is depicted in Table 1.

Figure la shows an optical micrograph of the as-
cast SFRM looking onto the plane of random planar
fibre orientation. A uniform distribution of the rein-
forcement can be observed. The microstructures of as-
-cast AlSil.7 and AlSi7 alloys are depicted in Figures
1b and 1lc, respectively. The AlSil.7 material consists
of an a-aluminium phase (comparable to AlSil.1) but
with a small amount of eutectic Si phase along the
grain boundaries. The a-phase of AlSi7 is enclosed by
the eutectic structure with lamellar Si, while AlSil2
is mostly eutectic.

2.2. Thermal expansion and DSC
measurements

Samples of 15 x 4 x 2 mm? size were cut in order to
perform dilatometric measurements in a TMA (Ther-
momechanical Analyser) 2940 CE equipment from TA
Instruments, Inc. Specimens of the composite mate-

Fig. 1. Optical micrographs of a) AlSi7/Al>03/20s look-
ing onto the plane of random planar distribution of fibres,
b) AlSi7 and c¢) AlSil.7 as-cast.

rial were cut with their longitudinal axes within the
random fibre plane and in the perpendicular direc-
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tion. Samples for dilatometry were solution treated
(ST) at 540°C during 15 min for the unreinforced al-
loys and 4 h for the SFRM, water quenched to T4
condition. Some specimens were subsequently heated
again to 540°C/15 min and cooled to room tempera-
ture at cooling rates of 20 or 1 K/min in the TMA
device, which will be referred to as T4a and T4b con-
ditions, respectively. After solution treatment, dilato-
metric tests were carried out where the expansion (Al)
of the specimens was measured between RT and 540 °C
at a heating rate of 3 K/min in a nitrogen atmo-
sphere. A numerical derivative of the Al vs. T-curve
smoothed within intervals of +12.5 K provides the in-
stantaneous coefficient of thermal expansion (CTE)
as ar = (1/L) -dL/dT, where L is the length of the
specimen at the respective temperature.

DSC (Differential Scanning Calorimetry) runs of
AlSil.7 samples were carried out after T4 and T4a,b
solution treatments in order to compare phase changes
with the CTE. The measurements were performed in a
DSC 2920 equipment using a heating rate of 5 K/min
in nitrogen atmosphere.

2.3. Microstructural analysis of
Si-Al503 structures — hardness tests

AlSi7/Al;03/20s cubes of 10 x 10 x 10 mm? size
were solution treated at 540°C during 20, 80 and 240
min and subsequently water quenched. Brinell hard-
ness tests using a load of 10 kg and a 1 mm diameter
ball were performed by means of an universal hard-
ness tester model M1C010 provided by Emcotest. The
a-Al of the SFRM was dissolved using 17 wt.% of HCI
solution until no more reaction bubbles were observed
(approx. 24 h). Vickers hardness using a load of 0.1
kg was measured on the plane of randomly distributed
fibres producing a contact area of about 0.6 mm? on
the remaining Si/Al,O3 network structure extracted
from specimens submitted to different solution treat-
ment periods. The resulting Si/Al,O3 networks were
observed by means of an FEI strata DB 235 electron
microscope at Saarland University.

3. Results and discussion

3.1. Influence of Si precipitation on
the thermal expansion

Figure 2a shows the thermal expansion of the dif-
ferent AlSi alloys and the composite material after a
slow cooling at 1 K/min from solution treatment tem-
perature (T4b). All these are reversible for dilatomet-
ric cycles at 3 K/min without remaining change in
the specimens’ length. The alloys expand more or less
linearly, but at a lower rate with increasing Si con-
tent due to the lower CTE of Si (Si: 2.5-4 ppm/K, Al:

23-34 ppm/K between 25-530°C [6]). The thermal ex-
pansion of AlSil.1 T4b is close to that of pure Al. The
addition of 12 wt.% Si reduces the linear expansion of
Al from RT to 500°C by 0.2 %.

The thermal expansion of AlSil.7 after different
cooling rates from the solution treatment, i.e. T4 and
T4a,b, is depicted in Fig. 2b. The length of AlSil.7
samples after slow cooling at 1 K/min from 540°C in-
creases as pure Al. By increasing the cooling rate after
solution treatment to 20 K/min, a small deviation
from pure Al for temperatures higher than 350°C is
observed. This deviation is considerably increased for
the water quenched samples presenting an increment
in the linear expansion of about 0.07-0.10 % with re-
spect to pure Al or slowly cooled AlSil.7 between 200—
300°C, producing a corresponding permanent length
change. The permanent length change of the dilato-
metry samples in the different initial condition can be
seen at the end of the dilatation curves in Fig. 2b at
540°C. There, the length change of about 0.05 % can
be read from the difference between the T4 test res-
ults and the reproducible curve obtained for the T4b
condition. All dilatometric cycles at 3 K/min heating
and cooling rate reproduce the T4b dilatation curves
after the first similar cycle with any initial material
condition.

DSC runs of water quenched AlSil.7 samples show
an exothermic peak between 200-300°C (Fig. 3a-A)
due to the formation of Si precipitates, which agrees
with previous investigation [7]. Si dissolves in an fcc
Al-cell during solution treatment which has an atomic
volume of 6.60 x 10723 cm3/at. Si precipitates by
forming a diamond structure with an atomic volume
21 % higher (8.01 x 10723 ¢cm?/at) than in fcc Al-
-Si. Therefore, Si precipitation causes an expansion of
the alloys, which could reach 0.25 vol.%, if all 1.2 %
Si dissolved at 540°C could be quenched in and pre-
cipitated afterwards. A corresponding volume change
of 0.2-0.3 vol.% is expected from the increment meas-
ured in linear expansion of the T4 condition from RT
to 300°C.

The exothermic peak (A) for T4 condition of
about 0.015 W/g observed by DSC coincides with the
CTE peak calculated from Al vs. T-curves (about 56
ppm/K). The precipitation peak is followed by an en-
dothermic reversion up to the end of the measured
temperature interval (Fig. 3a-B). This peak (B) at
510°C is due to the dissolution of Si causing a reduc-
tion in the atomic volume to that of Al-fcc again. This
is confirmed by the reduction of the CTE, which drops
below that of pure Al.

Figure 3b depicts the coefficient of thermal expan-
sion and heat flow vs. temperature of AlSil.7 samples
after slow cooling at 1 (T4b) and 20 K/min (T4a)
from solution treatment temperature. T4a condition
presents an exothermic peak at 420°C (Fig. 3b-A) of
about 0.006 W /g, whereas in T4b no exothermic form-
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Fig. 2. Influence of a) Si content on the thermal expansion of Al-Si alloys and of fibre orientation in the SFRM (in-plane
|| and transverse L) after slow cooling (T4b = 1 K/min) from ST temperature, b) different cooling rates from ST on
thermal expansion in AlSil.7 and AlSi7/Al2O3/20s in fibre plane.

ation of Si precipitates was observed. This tempera-
ture range (A) agrees with the CTE peak for T4a,
which amounts to 35 ppm/K. An endothermic peak
(B) at about 510°C was observed after the exothermic
precipitation of Si (A) in the DSC curve for T4a con-
dition. AlSil.7 in T4b presents only an endothermic
effect starting at lower temperatures (~ 360°C). Both
endothermic effects are related to the dissolution of
Si causing a reduction in the measured CTE at the
same temperature range, similar to the T4 condition.
It can be noted that both the exothermic (A) and en-
dothermic (B) peak shift considerably from lower to
higher temperatures from the T4 to the T4a condition.
The smaller the cooling rate the more Si precipitation

takes place during cooling from ST. Therefore, less
Si remains to precipitate during the following heating
during dilatometric or DSC measurements producing
less expansion and smaller precipitation peaks, respec-
tively.

The CTE(T) curves AlSi7 submitted to different
cooling rates from solution treatment temperature are
depicted in Fig. 4a. The CTE of AlSi7 is smaller
than that of AlSil.7 for the whole temperature range,
but shows similar precipitation peaks. A precipitation
peak between 200-350°C was observed after T4 solu-
tion treatment: somewhat smaller but shifted by 20 K
to higher temperatures than for AlSil.7. A precipita-
tion peak of 30 ppm/K at 400°C was observed after
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Fig. 3. Instantaneous CTE and DSC heat flow vs. temperature of AlSil.7 in comparison with that of pure-Al after a) 4 h
of ST at 540°C + water quenching (T4) and b) 540°C/4 h + slow cooling at 1 (T4b) and 20 K/min (T4a) to RT.

T4a, similarly to that of the slowly cooled AlSil.7.
The AlSi7 alloy behaves like an Al-matrix reinforced
by 7 wt.% Si according to the thermoelastic models
in the low temperature range. The CTE(T) curves
of the AlSi7 alloy follow the elastic estimation by
Schapery [8] only below 200°C, when precipitation
starts from T4 condition. This deviation begins at
300°C for the T4a condition. The CTE curves drop
below the thermoelastic prediction after the precipit-
ation peak mainly due to re-dissolution of Si precip-
itates. The CTE(T) curve of AlSi7 in T4b condition
follows the Schapery prediction until dissolution of Si
precipitates starts at 400°C. Yielding of the a-Al is
not expected in the unreinforced AlSi7 alloy during

heating as the Si network is not percolating after ST.
If matrix yielding occurred, the CTE(T) should raise
above the elastic model independent of Si precipita-
tion.

3.2. Influence of the short fibre
reinforcement on thermal expansion

The thermal expansion of the composite (Fig. 2a)
in the plane of fibre orientation is significantly below
that of the matrix, but complementarily increasing in
the transverse direction. 20 vol.% alumina fibres (5.5
7.9 ppm/K between RT — 500°C [5]) in AlSi7 decrease
significantly the in-plane expansion to half of that of
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Fig. 4. Instantaneous CTE of a) AlSil.7 T4 (light grey) and AlSi7 unreinforced matrix, and b) SFRM in fibre plane and
perpendicular at different cooling rates from ST in comparison with elastic models.

AlSi7 from RT to 500°C, whereas the transverse ex-
pansion increases by about 30 % with respect to the
unreinforced matrix. The volume expansion of AlSi7
from RT to 540°C amounts to 3.9 vol.% whereas that
of the SFRM reaches only 3.1 vol.%. This means that
the transverse expansion does roughly compensate the
reduced in-plane expansion of the SFRM, if it is com-
pared with the total expansion of the composite es-
timated by the rule of mixture: 0.8 x 3.9 vol.% + 0.2
x 1 vol.% = 3.3 vol.%.

The expansion of the T4b condition of all the al-
loys proceeds relatively linearly, while the expansion
rate of the SFRM, i.e. the coefficient of thermal ex-
pansion, changes with temperature (see Fig. 2a). Fig-

ure 2b shows an additional expansion close to 300°C
increasing with the preceding cooling rate. The differ-
ence in the length change of the SFRM sample in the
fibre plane between T4 and T4b condition up to 300°C
amounts to about 0.07 %, similar to that observed
for the unreinforced alloy. The corresponding length
change produced after the first heating of the SFRM
in T4 condition in the dilatometer amounts to a lin-
ear shrinkage of about 0.15 % in the fibre plane com-
pared with T4b. If dilatometric cycles are performed
at 3 K/min heating and cooling rate, dilatation curves
of any initial SFRM condition reproduce after the first
cycle that of the stabilized T4b condition.

The CTE(T) curves of AlSi7/Al;03/20s submit-
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Fig. 5. Si/Al;O3 structure obtained after dissolution of the a-Al for the AlSi7/Al;03/20s material in a), b) as-cast
condition, ¢), d) after 20 min at 540°C and e), f) after 4 h at 540°C.

ted to different cooling rates from solution treatment ing of 1 and 20 K/min from ST, which suggests that
temperature are depicted in Fig. 4b. The composite precipitation has been completed during slow cooling.
material in the fibre plane as well as transverse ex- The theoretical CTE of the SFRM was calculated ac-
hibits a precipitation peak in T4 condition between cording to the quoted thermoelastic models using the

200-320°C. This effect disappears after slower cool- experimental CTE of the matrix according T4b and
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Fig. 6. Hardness test results for different solution treatment times by HB 1/10/10 for the AlSi7 alloy, AlSi7/Al>O3/20s
composite and by HV 0.1/10 for the corresponding extracted Si/Al;Os network.

that of Al;O3 from [5]. The experimental in-plane and
transverse CTE of the SFRM follow the thermoelastic
model reasonably well up to 200°C. In this tempe-
rature range tensile stresses build up in the matrix
during cooling, which are relieved again during heat-
ing. The internal stresses produced by the mismatch
between Al, O3-fibres and AlSi7 [8] invert from tension
into compression during heating somewhere around
300°C, while the yield stress of the matrix drops fa-
cilitating relaxation. The viscoplastic deformation of
the matrix causes the in-plane CTE to drop below
the thermoelastic models according to Schapery and
Turner [9] (the later assumes a percolating architec-
ture of the Al,O3 phase). The CTE of the SFRM ap-
proaches that of alumina fibres, which is interpreted
as a consequence of the percolating AloO3-Si network.
The reinforcement compresses the expanding Al mat-
rix in the fibre plane at temperatures > 250°C, which
may creep into the transverse direction and into pre-
-existing pores. The later was observed for Al/SiC/70p
composites [10].

3.3. Influence of Si spheroidization
on the rigidity of A1Si7/Al,05/20s

Figure 5 shows SEM micrographs of the struc-
tures obtained after dissolution of the «-Al from
AlSi7/Al,03/20s in the as-cast condition (Figs. 5a,b),
solution treated during 20 min (Figs. 5c,d) and 4 h
(Figs. 5e,f). The addition of the AlyO3 short fibres has
inhibited the disintegration of the three-dimensional
network within the matrix, which takes place rap-
idly for hypoeutectic Al-Si alloys [11]. The result is
a Si/Al;O3 structure [12], which is stable for all the
studied thermal conditions. Thin Si plates from the
eutectic structure were observed in the as-cast con-

dition bridging the fibres (Fig. 5a). During solution
treatment, Si coarsens at Al,Oj3 fibres (Figs. 5¢,d).

By increasing the solution treatment time to 4 h,
many of the Si bridges have coalesced into individual
Si particles located on the surface of the ceramic fibres.
All these changes may affect the mechanical resistance
of the network and hence of the composite. This is
confirmed by the results of the hardness tests shown
in Fig. 6, where the results for the AlSi7 matrix, the
AlSi7/A1,03/20s composite and the Si/Al;O3 net-
work are displayed as a function of solution treatment
time. A continuous decrease of the hardness by ap-
proximately 15 % takes place for the unreinforced mat-
rix with increasing the solution treatment time up to
4 h. Contrarily to the matrix, the composite presents
an increase of the hardness with a small peak at 20
min of solution treatment time. This is in qualitative
agreement with the results obtained for the Si/Al2O3
network where a maximum is also observed at the
same ST time. Thus, the spheroidization of the Si af-
fects the resistance of the Si/Al,O3 network and is re-
sponsible for the “peak hardening” effect observed for
the SFRM after 20 min ST at 540°C (this observation
would be confirmed by means of tensile tests, actually
in progress). The same effect was observed for similar
composite materials at a lower temperature (300°C)
but after longer exposure times [11].

4. Conclusions

Fast quenching of Al-Si alloys causes Si-super-
saturation. Slow heating causes an additional linear
expansion (compared with pure Al) of about 0.07—
0.1 %, i.e. 0.2-0.3 vol.%, for water quenched alloys and
composite material due to Si precipitation. The pre-
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cipitation peak observed in both CTE and DSC curves
moves from 250°C in T4 to 420°C for slower cooled al-
loys. The retardation of Si precipitation may be correl-
ated to reduced diffusivity with respect to the T4 con-
dition, where supersaturation of vacancies is expected.
The expansion of the materials due to Si-precipitation
decreases after slow cooling (1-20 K/min) from solu-
tion treatment temperature, compared with the water
quenched condition. CTE measurements for the com-
posite material did not show any precipitation peaks
for the T4a,b conditions, which is probably due to
stable incoherent Si precipitation already during slow
cooling. The addition of short fibres to AlSi7 may
accelerate precipitation by introducing heterogeneous
nuclei and easy interface diffusion paths.

The combination of Al;O3 short fibres and Al-Si
alloys with more than 7 wt.% Si results in the form-
ation of a three-dimensional Si/Al;Og structure. Si
spheroidization affects the rigidity of the Si/Al2Os3
structure forming Si bridges connecting the ceramic
fibres. While the unreinforced alloys loose in hardness
due to spheroidization of the eutectic Si, the SFRM
exhibits a temporary hardening effect. This percolat-
ing network reduces the CTE of the composite in the
plane of fibre orientation, but not transversally. Above
300°C the in-plane CTE approaches that of the rein-
forcement, while the transverse CTE remains constant
at a level of almost twice the CTE of the matrix. The
volume expansion of the SFRM is smaller than that
estimated by the rule of mixtures. As the dilatometric
curves after slow cooling are reproducible, this can be
explained by reversible matrix creep activated by the
elastic expansion of the reinforcement network.
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