
JOURNAL OF MATERIALS SCIENCE 30 (1995) 2605-2609 

Statistical analysis of the tensile strength 
of an AI203 short-fibre-reinforced 
aluminiurn composite 

A. GARCIA-ROMERO, X. ALBERDI 
Inasmet R&D Centre, Department of Composite Materials, Camino de Portuetxe 12, 
San Sebasti#n 20009, Spain 

J. TEZANOS 
Sidenor, Paseo de Alejandro Calonge no 1, Reinosa 39200, Spain 

M. ANGLADA 
UPC, Dpt de Cionc. dels Mater. i Engin. Metal Avda. Diagonal 647, Barcelona 08208, Spain 

Metal matrix composites are presently being introduced in various industrial applications; 
specifically 8-alumina short-fibre-reinforced aluminium composites are already employed 
by some Japanese companies for the production of car pistons. Many studies on the 
fundamental properties of these composites can be found in the literature. However, in spite 
of what would be expected from an industrially employed material, some relevant aspects 
still remain to be studied. One of these important aspects scarcely found in the literature is 
the reliability of the material. This paper presents a statistical evaluation of the tensile 
strength of a ~5-alumina short-fibre-reinforced aluminium alloy by means of Weibull 
statistics, in order to determine the reliability and repeatability of the material. 

1. Introduction 
Light metal matrix composites reinforced with ce- 
ramic particles and short fibres are increasingly being 
introduced in structural applications because they can 
offer advantageous properties, such as wear resistance 
and high-temperature capabilities, at competitive pri- 
ces [1]. The automotive industry is a pioneer cus- 
tomer of them. Specifically, some Japanese companies 
have already introduced aluminium alloy pistons par- 
tially reinforced with 8-alumina short fibres in the ring 
land area, improving their wear resistance and the 
mechanical durability at elevated temperatures [2]. 
The working temperature in the bowl edge of the 
engine pistons may approach 500 ~ and aluminium 
alloys suffer a rapid loss of strength at temperatures 
over 150 ~ while the strength of the composites re- 
main at levels near to those of room temperature [-3]. 
In addition to the high temperatures, the crown is 
subjected to severe thermal and mechanical cyclic 
stresses which give rise to cracking. Alumina short- 
fibre-reinforced composites seem to extend lifetime 
under these severe conditions [4]. 

Although many papers in the literature focus on the 
mechanical behaviour of these types of composites, 
few of them mention the reliability of the material and 
the repeatability of fabrication. The aim of the present 
work was to study the reliability of an alumina short- 
fibre-reinforced composite specifically developed for 
the production of car pistons. The material was sup- 
plied by the company FOARSA (Foarsa presently 
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Sidenor, Paseo de Alejandro Calonge 1, Reinosa 39200, 
Spain). It consists of aluminium alloy AS12 UNG rein- 
forced with 15% Saffil TM (ICI, Runcorn, UK) alumina 
short fibre. Owing to the simplicity and typical use in 
the evaluation of reliability of materials, Weibull statis- 
tics was selected for the present study. The properties 
evaluated are the room-temperature ultimate tensile 
strength and the yield strength of both the composite 
and the unreinforced alloy. A microstructural and frac- 
tographic analysis has also been performed in order to 
determine the critical features of the composite, and to 
compare them with those of the alloy. 

2. Experimental procedure 
The materials consisted of 160 mm diameter circular 
discs produced by squeeze casting and composed of 
two zones: the upper part is made of aluminium-sili- 
con eutectic alloy AS12 UNG (composition shown in 
Table I) 15 mm thick, and the lower part is of 15% 
alumina short-fibre ("Saffil" preforms supplied by Ver- 
naware Ltd, Bolton, UK)-reinforced aluminium alloy 
AS12 UNG, 20 mm thick. The discs were produced 
and supplied by Foarsa. Microstructural observation 
and analysis of the phases present in the alloy and the 
composite was done by optical and scanning electron 
microscopy in a Jeol microprobe, aided by X-ray 
energy dispersive analysis. 

Four discs were cut and machined into cylindrical 
tensile specimens, both from the composite and the 
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TABLE I AS12 UNG alloy composition 

AlIoying elements (%) 

Si Cu Mg Ni Ca Fe Mn Pb Sn Ti Zn A1 

12.05 1.24 0.98 1.05 0.002 0.36 0.04 0.002 0.001 0.008 0.009 Bal. 

unreinforced alloy, for the determination of the ulti- 
mate tensile strength (UTS) and the yield strength 
(YS). The specimens and the tests were carried out 
according to ASTM D 3552-77 at a crosshead speed of 
5 mm min-  1. The deformation was measured by axial 
extensometry over a 25 mm gauge length. 

In order to check the homogeneity of the material in 
each disc and the reproducibility from disc to disc, two 
of the discs were cut following the schedule of Fig. la, 
and the other two follow the schedule of Fig. lb. In all 
48 tensile specimens of each material were tested. 

The tests were carried out in randomized order, and 
the results were studied by Weibull analysis [5], ac- 
cording to the following two-parameter equation 

In{in[I/(1 - P)]} = K + In cy m (1) 

where K is a constant, c~ is the evaluated property (the 
ultimate and the yield strength in this case), P is the 
probability, and m is the Weibull modulus. Plotting 
the left part of the equation versus in c~ should give 
a straight line, its slope being the Weibull modulus. 
The higher the modulus, the narrower is the disper- 
sion of the results, and the more reliable the material. 

A study of the composite results in randomized 
groups was also made in order to determine the error 
committed when a small number of specimens is tes- 
ted. Therefore, 7 groups of 4 data, 4 groups of 10 data, 
and 3 groups of 20 data, all randomly selected, were 
formed from the 48 tested specimens, and the average 
values calculated. Finally, in order to determine the 
repeatability of the materials characteristics from 
batch to batch, the results were evaluated in groups 
corresponding to each disc. 

Determination of the most relevant and critical 
features in the composite and the unreinforced alloy 
was performed by fractographic observation in a Jeol 
microprobe. 

Discs 1 and 2 

(a) (b) 

Figure I Schedule of the specimens from each disc. 

Discs 3 and 4 

Figure 2 Microstructure of the alloy ( x 400). 

3. Results  
3.1. M i c r o s t r u c t u r e  
The microstructure of the alloy is composed of multiple 
phases, as corresponds to the highly alloyed composi- 
tion. Fig. 2 shows an unetched micrograph, where 
many different phases can be clearly distinguished. 
Most of them are complex compounds of different 
proportions of aluminium, silicon, nickel, copper and 
iron. The lightest phases contain higher proportions of 
copper and nickel, while the darkest ones are enriched 
in silicon. The black phase visible in the micrograph' of 
Fig. 2 corresponds to the compound Mg2Si. 

The microstructure of the composite is shown in 
Fig. 3. Although the nature of the phases is the same 
as in the alloy, some relevant differences are observed: 
the size of the phases is much smaller, the Mg2Si phase 
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Figure 3 Microstructure of the composite ( x 400). 

is now precipitated around the fibres, and also some 
primary silicon precipitates are sporadically detected 
(grey regular particles visible in Fig. 3), while almost 
none could be seen in the alloy. 



Observation of transverse sections of the several 
discs shows an apparently homogenous distribution 
of phases and fibres in both the composite and the 
unreinforced alloy. Nevertheless, in the unreinforced 
alloy the size of the phases is smaller in the upper part 
(where refrigeration was located) than in the lower 
part. 

Two isolated huge inhomogeneities were detected in 
a couple of sections. One was a large zone with no 
fibres at all due to a deficient fibre distribution, shown 
in Fig. 4. The other one is a zone with an extremely 
large number of primary silicon precipitates (Fig. 5). 
Although these features cannot be considered repre- 
sentative of the composite structure, they are huge 
defects that can be present in many discs due to their 
large size. 

3.2. M e c h a n i c a l  tests results 
The mean UTS and YS of each disc and of the entire 
composite population are shown in Fig. 6, as well as 
the coefficient of variance ( =  standard deviation 
divided by the mean and multiplied by 100). The 
results of the aluminium specimens are shown in 
Fig. 7. Both the UTS and YS of the composite and 
the unreinforced alloy specimens did not show any 

dependency on the zone of the disc from which they 
were extracted. 

3.3. Stat ist ical  analys is  
The Weibull plots of the UTS and YS of the composite 
and the unreinforced alloy populations are shown in 
Fig. 8, and the Weibull modulus of both properties 
can be seen in Table II. 

In order to determine the reliability of the results 
when only a small number of specimens are tested, 
groups of random data were formed. The average 
UTS and YS values of these groups, and of the groups 
formed with the data from each disc, are shown in 
Fig. 9. The percentage difference between each group 
average and the average of the total population 
("error") are marked with vertical bars on each group 
value. 

3.4. F rac tograph ic  analys is  
Several fractured specimens were observed in order to 
find the most critical features or defects in the com- 
posite. The presence of clusters or bundles of fibres 
perpendicular to the load direction appeared to be the 
fracture origin in many of the "weak" specimens, espe- 
cially when they are located close to the surface of the 
specimen. As an example, Fig. 10 exhibits the fracture 
of the specimen Disc2-C4, where the presence of 
a bundle of fibres perpendicular to the load can clearly 
be observed. Other "weak" specimens from different 
discs and locations presented similar defects in their 
fractures. The stronger specimens did not show special 
features that could be assigned as fracture origins, 

Figure 4 Inhomogeneous fibre distribution ( x 100). 
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Figure 6 Mean values and coefficient of variance of composite 
populations. 

Figure 5 Clusters of silicon precipitates ( x 100). 
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Figure 7 Mean values and coefficient of variance of alloy popula- 
tions. 
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Figure 8 Weibull plots of(a) the ultimate tensile strength and (b) the 
yield strength of (~) the composite and (~) the unreinforced alloy. 

TABLE II Weibu11 modulus of the composite and the unrein- 
forced alloy 

Property Weibull, modulus, m 

Composite AS12 UNG 

Ultimate strength 7.46 35 
Elastic limit 14 24.5 
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Figure 9 (~) UTS and (I1,) YS of various groups of data, and error 
percentage with respect to the total population average. 

Figure 10 Fracture origin of a composite tensile specimen. 

except for a large silicon precipitate detected in speci- 
men Disc 3-6, which broke at 229.36 MPa. 

The fractographic observation of the unrein- 
forced specimens showed a macroscopically brittle, 
microscopically ductile behaviour, as could be ex- 
pected from the highly alloyed, untreated, aluminium 
alloy. 
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4. D iscuss ion 
The mean UTS and YS values for both the unreinfor- 
ced alloy and the composite are in accordance 
with the data found in the literature. A UTS of 
190 MPa and YS of 150 MPa are usually expected 
from the unreinforced alloy E6], which is largely over- 
come by the material studied in the present work. In 
the case of the composite data, various UTS values are 
found in similar composites (same alloy, alumina-sil- 
ica short-fibre reinforcement, and volume fractions 
from 15%-18%) ranging from 185-273 MPa 
[7-9]. 

A first comparison between the data from the com- 
posite and those from the unreinforced alloy show 
that, although the room-temperature UTS of the com- 
posite is slightly lower (around 10 MPa difference) the 
YS increases favourably (around 20 MPa increment). 
This is due to the effect of the fibrous ceramic rein- 
forcement, which confers rigidity and, therefore, in- 
crements the YS, while the UTS can even decrease 
slightly with respect to the unreinforced base alloy. 
This behaviour changes at higher temperature, when 
the properties of the alloy rapidly fall, while the com- 
posite ones remain close to the room-temperature 
values El0]. 

The dispersion of the composite population, how- 
ever, is significantly larger than that of the alloy, and 
the variation in the results from different batches is 
also larger in the composite in spite of having been 
produced at the same time and, therefore, conditions. 
The comparison of the results from the centre of the 
discs (see Fig. 1), C-0/C-1/C-2, from the middle part, 
C-3/C-4/and 1-12, and from the outer zone, L-1/L- 
2/L-3/L-4/and 13-16, showed that the strength distri- 
bution and the scattering are uniform, and no macro- 
scopic stronger or weaker zones were found in the 
material. 

The strength distributions of Fig. 8 clearly indicate 
the high reliability of the unreinforced alloy, with 
Weibull modulus of 35 and 24.5 for the UTS and 
the YS, respectively, showing a large margin on 
the mean strength for design of components, 
while the strength distributions of the composite 
specimens give Weibull modulus close to those offered 
by typically brittle materials Ell]. This means that 
those applications that require certain strength 
levels should be overdesigned, and an important safety 
coefficient ought to be applied. Special care was 
taken during the production of the discs in order to 
guarantee similar production conditions. Therefore, 
from both the UTS/YS and the Weibull modulus of 
the unreinforced alloy, it can be inferred that the 
processing conditions are adequate, and that the dis- 
persion of the composite results is mainly due to other 
factors. 

The intrinsic heterogeneity observed in the micro- 
structural and fractographic analysis is an important 
factor that is conducive to a large scattering in the 
results. The large inhomogeneity in the distribution of 
the fibres (which was initially inadequately considered 
to be uniform) and the existence of defects such as 
those of Fig. 5 (zones with almost no fibres)and 
Fig. 1 (fibres forming clusters or bundles) is finally 



responsible for the high scatter of the results. Addi- 
tionally, the bundles of fibres located perpendicular to 
the applied load appeared to be the fi'acture origin of 
many of the weakest specimens, and this indicates the 
strength increment that could be obtained if they were 
avoided. The large presence of silicon precipitates in 
the composite could also help to increase further the 
scattering. Primary silicon precipitates are almost un- 
avoidable when the composite base alloy is a eutectic 
AI-Si, because they are produced by the reaction of 
the SiO2 on the fibres with the magnesium of the alloy 
producing Mg2Si/MgO around the fibres and silicon 
precipitates [121. It also seems possible that the SiO2 
could react with the aluminium, producing A1203 and 
primary silicon [13]. 

The results of the groups formed with random data 
show that the error that can be produced when only 
four specimens are tested is in the range from 
10%-20% with respect to -the average of 48 speci- 
mens. The groups formed with ten specimens showed 
errors below 5%, and the groups of 20 specimens gave 
also errors below 5%. Hence, care must be exercised 
when evaluating these properties with a small number 
of specimens. 

Automotive pistons are usually partially reinforced 
with small preforms and, consequently, better homo- 
geneity can be expected than in the present study. 
Nevertheless, the scattering of the results will still be 
much larger than in the unreinforced alloy, being the 
avoidance of large de, fects, especially fibre bundles 
perpendicular to the load direction, and the refine- 
ment of the preform fibre distribution the most impor- 
tant factor in the enhancement of the materials tensile 
properties and reliability. 

5. Conclus ions  
1. Composites made of aluminium alloy AS12 

UNG 15%Saffil alumina short fibre produced by 
squeeze casting, exhibit a UTS of 236.5 MPa and a YS 
of 207.5 MPa. The UTS of the unreinforced alloy 
produced together with the composites is 245.3 MPa, 
and its YS 188 MPa. 

2. The scattering of the composite results is very 
large, with a UTS Weibull modulus of 7.4, and a YS 
Weibull modulus of 14. The corresponding moduli for 
the unreinforced alloy are 35 and 24.5, respectively. 

3. The most important factor for the large scatter- 
ing of the results is the non-uniform fibre distribution 
of the preform, and the presence of fibre bundles. 

4. The fracture origin in the "weakest" specimens is 
usually a bundle of fibres perpendicular to the load 
direction. 

5. More reliability in the results could be obtained 
if the distribution of the fibre in the preform was 
optimized, and defects such as bundles of fibres were 
eliminated. 

6. A minimum of ten specimens is recommended for 
the determination of the UTS and YS. A smaller 
number of specimens could lead to an important de- 
gree of error. 
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