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The ring groove areas of squeeze-cast A1-12% Si alloy pistons can be selectively reinforced 
with Saffil (AI203) fibres or SiC whiskers to provide local high temperature strength and wear 
resistance: Since the reinforced region and the unreinforced alloy typically have different 
coefficients of thermal expansion, cyclic residual stress may occur at the macro-interface 
between them when it experiences thermal cycling. This could conceivably result in fatigue 
induced damage at the macro-interface, making it susceptible to failure. To investigate this, 
the strength of the macro-interface has been measured before and after thermal cycling 
using bimaterial tensile samples. Prior to thermal exposure, samples typically failed at the 
macro-interface with an average strength less than that of the unreinforced alloy alone. The 
low initial strength has been attributed to several factors, including poor 
alloy-reinforcement bonding and an accumulation of brittle particles or other material at the 
macro-interface. After being thermally cycled 1000 times between 50 ~ and 275 ~ or given 
an equivalent isothermal exposure, samples typically failed in the unreinforced alloy or at 
the macro-interface with average strengths less than those measured prior to thermal 
exposure. However, there was no clear evidence that fatigue induced damage had occurred 
as a result of thermal cycling and the strength drop associated with thermal exposure has 
been attributed to alloy overageing. 

1. Introduction 
There has been a great deal of interest in the develop- 
ment of discontinuously reinforced metal-matrix 
composites (MMCs) for a variety of applications. The 
automotive industry is particularly interested in devel- 
oping Al-alloy based MMCs for use in cast engine 
components because of their potential for weight sav- 
ings over conventional iron components. However, 
cost and manufacturing feasibility have played a large 
role in determining the extent to which composites 
have been used for such applications. This has given 
rise to the practice of selective reinforcement in which 
only those areas of a component which require in- 
creased strength or wear resistance are reinforced. 
This practice has been applied in the production of 
squeeze-cast A1-12% Si alloy pistons which are rein- 
forced only in the ring groove areas. The pistons are 
made by first placing a preform of fibres or whiskers 
into a die in the appropriate location. Liquid alloy is 
then cast under pressure to infiltrate the preform and 
fill out the rest of the die. This method has been shown 
to produce quality castings with a minimum of poros- 
ity and good alloy-reinforcement bonding [1]. How- 
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ever, there is some concern about the mechanical 
integrity of the macro-interface between the composite 
region and the unreinforced alloy. For example, it has 
been observed that the preform surface may act as 
a filter for solid particles in the infiltrating liquid alloy, 
causing their accumulation at the macro-interface [2]. 
It is conceivable that such a situation could influence 
its strength. Also, the macro-interface may be the site 
of residual stress because of the thermal expansion 
difference between the composite and the unreinforced 
alloy. This is a special concern for selectively rein- 
forced components, such as pistons, that experience 
thermal cycling because the magnitude of the residual 
stress will change with temperature changes. It is con- 
ceivable that the cyclic residual stress, produced by 
thermal cycling, could lead to fatigue induced damage 
at the macro-interface and possibly failure of the com- 
ponent. 

The objective of the present work was to investigate 
the microstructure and strength of the macro-interface 
in selectively reinforced castings and to determine if 
thermal cycling causes fatigue induced damage at the 
macro-interface, thereby degrading its strength. 
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TABLE I Nominal element composition of the alloy [3] 

Element Si Fe Cu Mn Mg Zn Ti Ni AI 

Composition % 11.0 13.0 0.9 1.5-3.0 0.5 0.6-1.5 1.0 0.25 0.5 1.5 balance 

2. Experimental procedure 
2.1. Material and heat t r e a t m e n t  
Selectively reinforced A1 12% Si alloy squeeze-cast- 
ings were obtained from the General Motors  Ad- 
vanced Material Development Center. All of the cast- 
ings contained a disc-shaped region approximately 
9 cm in diameter and 1.5 2.0 cm thick reinforced with 
either SiCw or Saffil (A1203) fibres. The nominal ele- 
ment composition of the alloy is listed in Table I [3]. 
Prior to casting, the SiCw and Saffil preforms were 
heated to 850 and 500~ respectively. The metal 
superheat was 760 ~ During casting, an infiltration 
pressure of 172 M P a  was used. 

Three different al loy-composite  groups were used 
in the present study and were distinguished by alloy 
type and reinforcement: 

1. Refined a11o~19% v/o SiCw composite; 
2. Unrefined al loy-16% and 19% v/o SiCw com- 
posite; 
3. Unrefined al loy-18% v/o Saffil composite. 

"Refined" or "unrefined" refers to whether or not the 
Si phase in the alloy was refined such that it formed 
blocky particles. Refinement is accomplished by 
adding phosphorus to the molten alloy where it reacts 
with aluminium to form AlP crystals. These crystals 
then act as nuclei for the growth of primary Si par- 
ticles since they have a similar crystal structure and 
lattice constant [4]. 

Test samples fabricated from the castings were 
given an initial T5 heat treatment prior to mechanical 
testing or thermal exposure. This consisted of holding 
them at 210 ~ for 8 h followed by an air cool. This is 
a precipitation heat treatment used to ensure dilrren- 
sional stability and provide some relaxation of resid- 
ual stresses [5]. 

2.2. Mechanica l  testing 
The most  straightforward method of measuring the 
strength of the macro-interface, as used by other inves- 
tigators, was to test bimaterial tensile samples [-2, 6]. 
A simple flat, rectangular geometry was selected for 
the tensile samples used in the present study (Fig. 1). 

2.3. Thermal cycling 
Thermal cycling was performed using an automated 
thermal cycling apparatus. Test samples were held in 
a fixture attached to a movable arm which was raised 
and lowered into and out of a resistance type furnace 
when the samples reached pre-set temperature ex- 
tremes. The temperature range used was between 50 
and 275 ~ the latter comparable to the temperature 
of a piston when an engine is running. A typical 
thermal cycle lasted roughly 14 min (Fig. 2). Test sam- 
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Figure 1 A schematic of a bimaterial tensile sample. 
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Figure 2 A plot of temperature versus time for the thermal cycle 
used in the present study. 

ples were given a maximum of 1000 thermal cycles in 
the present study. 

2.4. Isothermal  exposure 
Isothermal exposure of test samples was accomplished 
by holding them at an elevated temperature for a time 
equivalent to that for 1000 thermal cycles to occur. 
The purpose of this was to provide a control to distin- 
guish the effects of thermal cycling on the strength 
of the macro-interface from the possible effects of 
alloy ageing. The calculation to determine the isother- 
m a l  exposure temperature was based on the rate of 
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diffusion of Si in A1. It is the temperature at which Si 
will diffuse the same distance that it does during ther- 
mal cycling in the same amount of time. The isother- 
mal exposure temperature calculated for the thermal 
cycle shown in Fig. 2 was 237 ~ 

3. Results and discussion 
3.1. Microstructure evaluation 
Particles of primary Si and an undesirable Fe-Mn-Cr  
intermetallic phase, commonly known as "sludge" [-7], 
were present in both the unreinforced alloy and at the 
macro-interface in the refined alloy-19% v/o SiCw 
composite castings (Fig. 3). The density of these par- 
ticles was generally greater at the macro-interface than 
in the alloy, suggesting that they had been filtered by 
or preferentially nucleated at the preform surface dur- 
ing casting. Small AlP particles were also present at 
the macro-interface, both within the larger particles 
and in the aluminium. 

In the unrefined alloy-16% and 19% v/o SiCw 
composite castings, the unreinforced alloy and macro- 
interface were relatively free of the blocky Si and 
intermetallic particles which were found in the refined- 
alloy castings (Fig. 4). The small dark particles seen at 
the macro-interface in Fig. 4 are not AlP crystals, 
although they have a similar size and appearance. 
They were identified as being small Ca-rich impurities- 
which were inadvertently introduced during the cast- 
ing process. 

The unrefined alloy-18% v/o Saffil composite cast- 
ings were also free of particles (Fig. 5). However, there 
were indications of micro-porosity in both the unrein- 
forced alloy and the composite. The general appear7 
ance of the pores suggested that they resulted from gas 
entrapment in the alloy as well as incomplete infiltra- 
tion of the preform. Also, there appeared to be a 
lesser amount of eutectic Si present near the macro- 
interface compared to that in the unreinforced alloy as 
a whole. 

Figure 3 A section of the macro-interface in the refined alloy-19% 
v/o SiC w composite castings (indicated by the arrows) showing 
accumulated Si (dark grey), intermetallic (white) and AlP (small 
black) particles. 
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Figure4 A section of the macro-interface in the unrefined 
alloy-19% v/o SiC w composite castings (indicated by the arrows). 

Figure5 A section of the macro-interface in the unrefined 
alloy 18% v/o Saffil composite castings (indicated by the arrows). 

3.2. The strength of the macro-interface 
at various temperatures 

It was of interest to determine the strength of the 
macro-interface at the various temperatures that a se- 
lectively reinforced piston might experience in use. 
Bimaterial tensile samples fabricated from the un- 
refined alloy-19% v/o SiCw composite castings were 
used for this experiment. At least three samples were 
tested at each of the following temperatures: 50, 75, 
100, 125, 150, 200 and 250~ Fig. 6 shows the 
strength and break points of each sample tested. 

Sample failure typically occurred at the macro- 
interface at temperatures below approximately 125 ~ 
Above this temperature, samples typically failed in the 
unreinforced alloy, away from the macro-interface. 
The fracture surfaces of the samples which failed at the 
macro-interface all had the same characteristic ap- 
pearance (Fig. 7). Whiskers were present on the com- 
posite-side fracture surfaces and only their impres- 
sions were on the alloy-side fracture surfaces. Sub- 
sequent tensile tests of the macro-interface were con- 
ducted at room temperature where the strength of the 
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Figure 5 A plot of the measured tensile strengths of unrefined 
alloy 19% v/o SiC,~ composite samples as a function of temper- 
ature. The break point of each sample is also indicated. [] Macro- 
interface failure; �9 unreinforced alloy failure. 

macro-interface was likely to be less than that of the 
alloy alone. 

3.3. The strength of the macro-interface 
with thermal exposure 

To investigate the possibility of fatigue induced dam- 
age occurring as a result of thermal cycling, the 
strength of the macro-interface in each of the three 
casting groups was measured in the "as fabricated" 
condition and after 1000 thermal cycles or an equiva- 
lent isothermal exposure. It was hypothesized that if 
fatigue damage occurred, it would be reflected in 
a greater strength decrease for the thermally cycled 
samples. The average strength of both the refined [8] 
and unrefined alloy was also measured in the "as 
fabricated" condition for comparison and is shown in 
Table II. A summary of the strength data obtained for 
each macro-interface is shown in Table III. 

Figure 7 Matching alloy-side (a) and composite side (b) fracture 
surfaces of an unrefined alloy 19% v/o SiC w composite sample 
which failed at the macro-interface. 

TABLE II The as fabricated strength of each alloy type 

Alloy type Average tensile strength 

Refined 216 MPa [8] 
Unrefined 254 • 2 MPa 

3.3. 1. The refined afloy-19% vie SiCw 
composite macro-interface 

Examination of the thermally cycled samples of this 
alloy-composite system showed that many of the ac- 
cumulated primary Si and intermetallic particles at 
the macro-interface had cracked (Fig. 8). In most cases 
the cracks appear to have branched from one AlP 
particle to another, cutting the larger particles into 
two or more pieces. Particles at the macro-interface in 
the isothermally exposed samples did not exhibit this 
type of cracking. 

Samples tested in the as fabricated condition all 
failed at the macro-interface with an average strength 
of 184 _+ 5 MPa, approximately 15% less than that of 
the refined alloy alone. Thermally cycled and isother- 
mally exposed samples also failed at the macro-inter- 
face with average strengths of 166 4-3 MPa and 
164 _+ 8 MPa, respectively. 

The fracture surfaces of the as fabricated, thermally 
cycled and isothermally exposed samples were gener- 
ally indistinguishable from one another. Furthermore, 
for any given sample, the alloy-side fracture surface 
was virtually indistinguishable from that of the com- 
posite-side fracture surface (Fig. 9). The fracture surfa- 
ces were covered with large numbers of cleaved pri- 
mary Si and intermetallic particles with small areas 
around them showing ductility where the alloy failed. 
Whiskers were not found on any of the fracture surfa- 
ces. 

The presence of brittle particles at the macro-inter- 
face is most likely to be responsible for its low initial 
strength. It is also apparent that the particles were 
susceptible to cracking during thermal cycling. How- 
ever, the strength of the macro-interface decreased 
to comparable levels with both thermal cycling and 
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TABLE I I I  Summary of the macro-interface strength data 

Macro-interface 0 TC 1000 TC Isothermal exposure 
equal to 1000 TC 

Refined alloy-19% v/o SiCw 
Unrefined alloy 16% v/o SiCw 

Unrefined alloy 18% v/o Saffil 

184 • 5 MPa (MI) 
198 • 10 MPa (MI) 

214 • 7 MPa (MI) 

166 • 3 MPa (MI) 
165 • 4 MPa (MI) 
162 _ 5 MPa (alloy) 
197 • 15 MPa (MI) 
193 • 10 MPa (MI/C) 

164 +_ 8 MPa (MI) 
158 • 1 MPa (MI) 
160 • 1 MPa (alloy) 
193 MPa (MI) 
203 • 3 MPa (MI/C) 

MI Failure occurred at the macro-interface. 
Alloy Failure occurred in the unreinforced alloy away from the macro-interface. 
MI/C Failure occurred near the macro-interface in the composite. 

Figure 8 A cracked primary Si particle (a) and smaller AlP  particles 
(b) at the macro-interface in a refined alloy-19% v/o SiC w com- 
posite sample which had been thermally cycled 1000 times. 

Figure 9 A section of the alloy-side fracture surface of a refined 
alloy-19% v/o SiC W composite sample showing cleaved Si and 
intermetallic particles. 

isothermal exposure, even though the isothermally 
exposed samples did not display particle cracking. 
This suggests that a metallurgical change such as alloy 
overageing was responsible for the strength decrease, 
not particle damage. 
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3.3.2. The unrefined alloy-16% v/o SiCw 
composite macro-interface 

Examination of both the isothermally exposed and 
thermally cycled samples of this alloy-composite sys- 
tem did not reveal any damage caused by thermal 
exposure. 

Samples tested in the as fabricated condition all 
failed at the macro-interface with an average strength 
of 198 _+ 10 MPa, approximately 22% less than that 
of the unrefined alloy alone. This is also approxim- 
ately 12% less than the room temperature strength of 
the unrefined-19% v/o SiCw composite macro-inter- 
face. Thermally cycled test samples failed at both the 
macro-interface and in the alloy away from the macro- 
interface with average strengths of 165 _+ 4 MPa and 
162 _+ 5 MPa respectively. Isothermally exposed sam- 
ples also failed in both locations with average 
strengths of 158 _+ 1 MPa and 160 _+ 1 MPa, respec- 
tively. 

The fracture surfaces of the samples which failed 
at the macro-interface had the same general appear- 
ance as those of the unrefined alloy 19% v/o SiCw 
composite system (Fig. 7). Closer inspection of 
individual whiskers on the fracture surfaces of 
both the 16% and 19% v/o SiCw systems showed 
portions of an unidentified coating adhering to many 
of them (Fig. 10). To investigate this further, an 
untested sample was immersed in a 3% solution 
of NaOH to dissolve away the alloy so that the 
bare macro-interface could be observed. It was found 
that a layer of extraneous material was present at 
the macro-interface that extended several microns 
into where the composite previously existed (Fig. 11). 
It is hypothesized that the layer is actually excess 
binder material, silica, which is used to hold the 
whiskers together during the manufacture of the pre- 
form [9]. 

The presence of extraneous material at this macro- 
interface appears to be one explanation for its low 
initial strength (compared to the alloy alone). It is not 
known at this time why the initial strength of the 16% 
v/o SiCw system is lower than that of the 19% v/o 
SiCw system. The comparable strength decrease for 
both the thermally cycled and isothermally exposed 
samples again suggests that alloy overageing may be 
responsible. This is also supported by the fact that 
samples failed in the alloy away from the macro-inter- 
face only after thermal exposure. 



Figure 10 A section of the composite-side fracture surface of an 
unrefined alloy-16% v/o SiC w composite sample which failed at the 
macro-interface. The arrow indicates the fi'agmented coating ob- 
served on many of the whiskers. 

Figure 12 Matching alloy-side (a) and composite-side (b) fracture 
surfaces of an unrefined alloy 18% v/o Saffil composite sample 
which failed at the macro-interface. 

Figure 11 A section of the macro-interface in a heavily etched 
unrefined alloy 16% v/o SiC w composite sample. The layer of 
extraneous material, believed to be silica binder, is indicated by the 
arrow. 

3.3.3. The unrefined alloy-18% vie Saffil 
composite macro-interface 

As with the previous system, examination of both the 
isothermally exposed and thermally cycled samples of 
this al loy-composite  system did not reveal any dam- 
age caused by thermal exposure. 

Samples tested in the as fabricated condition all 
failed at the macro-interface with an average strength 
of 214 _+ 7 MPa,  approximately 16% less than that of 
the unrefined alloy alone. Thermally cycled test sam- 
ples failed at both the macro-interface and in the 
composite near the macro-interface, with average 
strengths of 197 + 15 M P a  and 193 4 - 1 0 M P a ,  re- 
spectively. Isothermally exposed samples also failed in 
both locations with average strengths of 193 M P a  and 
203 ___ 3 M P a  respectively. 

The samples which failed at the macro-interface had 
fracture surfaces similar in appearance to those ob- 
served in the previous alloy-composite system (Fig. 12). 

Fibres were present on the composite-side fracture sur- 
faces and their impressions were on the alloy-side frac- 
ture surfaces. Examination of individual fibres did not 
indicate the presence of a coating. In fact, most of the 
fibres appeared to be completely bare. This indicates 
that they were poorly wet by the liquid aluminium 
during casting. There was also evidence of microporos- 
ity on the fracture surfaces of samples which broke at 
both the macro-interface and in the composite: 

It has been already stated that there was a region 
near the macro-interface which appeared to have a les- 
ser amount  of eutectic Si. Since the fibres appeared to 
be poorly bonded to the aluminium, this may explain 
why failure occurred at the macro-interface. However, 
it was not understood why most  of the fibres remained 
on the composite-side fracture surfaces in this 
al loy-composite system. To investigate this, an untes- 
ted sample was etched in a similar manner  as that 
previously described to examine the bare macro-inter- 
face. Inspection of the etched sample did not reveal 
a material layer similar to that observed in the un- 
refined allo~SiCw reinforced composite systems. 
However, examination of the etched composite 
showed that the fibres were interconnected with a 
network of Si and intermetallic material (Fig. 13). 
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Figure 13 A section of the 18% v/o Saffil composite that was 
heavily etched to show the intermetallic network which exists 
around the fibres. The fibres are indicated by the arrow. 

A similar phenomenon was observed by B/ir, 
Klul3mann and Gudladt [10] in their etching experi- 
ments with Saffil reinforced A1-Si composites. It is 
hypothesized that this intermetallic network was re- 
sponsible for holding the fibres onto the composite-side 
fracture surfaces during failure at the macro-interface. 

Poor alloy-fibre bonding and the presence of 
micro-porosity, caused by incomplete infiltration of 
the preform, appears tO be the cause of the low initial 
strength of this macro-interface and why failure some- 
times occurred in the composite. Both of these features 
indicate that insufficient pressure was used during 
casting to compensate for these effectsl Since the ther- 
mally cycled and isothermally exposed samples have 
similar break points and average strengths, alloy over- 
ageing was again suspected to be responsible for the 
strength decrease with thermal exposure. 

3.4. Alloy overageing 
The strength decrease with thermal exposure observed 
for all of the alloy-composite systems was hy- 
pothesized to be the result of alloy overageing. To 
substantiate this, the hardness of the unrefined alloy 
was measured as a function of the number of thermal 
cycles (Fig. 14). It was found that there was a decrease 
in the hardness of the alloy from 63.7 _+ 0.5 HRB 
(hardness Rockwell B) in the 'as fabricated' condition 
to 22 _+ 2 HRB after only 270 thermal cycles. To con- 
firm that the hardness decrease was a result of precipi- 
tate coarsening, samples in the 'as fabricated' condition 
and ones which had been cycled 1000 times were solu- 
tionized, heat treated and tested for comparison. The 
measured hardness of each set was 70.5 + 0.9 HRB and 
64.5 _+ 0.7 HRB, respectively. Although there is a slight 
difference in hardness, the values are comparable. 

To determine which precipitate was coarsening, 
a microstructure comparison was made between the 
as fabricated and thermally cycled alloy. A sample of 
each was lightly etched to expose the Si and inter- 
metallic phases for examination (Fig. 15). It was found 
that small plate-like precipitates had coarsened within 
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Figure 14 A plot of the hardness of the unrefined alloy as a function 
of the number of thermal cycles. 

Figure 15 A lightly etched section of an aluminium dendrite in the 
unrefined alloy showing the precipitate which coarsened during 
thermal cycling (indicated by the arrow). 

the A1 dendrites of the thermally cycled sample. Their 
orientation within the dendrites indicates that they lie 
on { 10 0} type planes since they are either parallel to or 
perpendicular to the dendrite arms which are known to 
grow along <100> type directions [11]. X-ray micro- 
analysis of the precipitate indicated the presence of 
both Mg and Sil Both of these observations suggest 
that the precipitate is the [~-phase (Mg2Si) [12]. 

4. Conclusions 
The strength of the unrefined alloy 19% v/o SiCw 
macro-interface was found to be less than that of the 
unreinforced alloy alone at temperatures below ap- 
proximately 125 ~ It was assumed that this temper- 
ature dependence was shared by all of the macro- 
interfaces examined. 

The as fabricated strength of the macro-interface in 
each of the alloy-composite systems examined was 
less than that of the unreinforced alloy alone. This 
appears to be a consequence of a number of factors 
including poor alloy-reinforcement bonding, an accu- 
mulation of brittle particles or other material, and 
micro-porosity at the macro-interface. 



The only evidence of thermal cycling damage was the 
particle cracking observed at the macro-interface in the 
samples of the refined alloy system. The effect of this 
damage was apparently not critical since both the ther- 
mally cycled and isothermally exposed samples con- 
taining this macro-interface experienced a comparable 
strength decrease. This was also the case for the other 
alloy~zomposite systems. Therefore, there was no clear 
indication that fatigue damage, resulting from thermal 
cycling, was responsible for the observed strength de- 
crease. Instead, it was hypothesized that alloy overage- 
ing was responsible for the strength decrease, 

A layer of extraneous material was found to exist at 
the macro-interface in the unrefined alloy-16% and 
19% v/o SiC~ systems. It was hypothesized that this 
layer was excess binder material deposited during the 
manufacture of the preform. 

A network of intermetallic material was found to 
exist in the Saffil reinforced composite. This network is 
presumably responsible for holding the fibres onto the 
composite-side fracture surfaces during failure of the 
macro-interface in the unrefined alloy-18% v/o Saffil 
composite samples. 
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