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FATIGUE LIFE AND MICROSTRUCTURE AFTER MULTIPLE REMELTING OF A359 MATRIX COMPOSITES REINFORCED

WITH SiC PARTICLES

The article presents the results of fatigue life tests and microstructure examinations of A359 alloy matrix composites
(F3S.10S and F3S.30S) containing 10 and 30wt% of SiC particles, subjected to multiple remelting by conventional gravity
casting. Mechanical characteristics were determined in a modified low cycle fatigue (MLCF) test, enabling rapid estimation
of fatigue life and other mechanical parameters in practice of any material. Qualitative and quantitative metallographic
examinations were also carried out. The quantitative evaluation of microstructure was performed by computer image analysis.
A set of geometrical parameters of the reinforcing particles, pores and eutectic precipitates present in the metal matrix was
determined. The relationships between the mechanical parameters, structural characteristics and the number of remelting
operations were presented. It was found that up to the fourth remelting, the mechanical characteristics, including fatigue life,
are slightly deteriorated but decrease gradually in the subsequent operations of remelting. The observed effect is mainly due
to the shrinkage porosity occurring as a result of gravity casting. To eliminate this defect, the use of squeeze casting process
was recommended. It has also been shown that multiple remelting can be an easy and economically well-founded alternative

to other more expensive recycling methods.
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1. Introduction

In the group of attractive engineering materials, various
composites, including those based on metal matrix, occupy
an important place. For many years, particular interest has
been focused on metal matrix composites based on light
metal alloys, mainly due to their low weight and high level of
performance properties which, compared to other alloys, made
them very popular and opened the way for their potential use
in industry, e.g. automotive or aerospace [1].

On the other hand, with the constantly growing volume of
produced materials or ready products, an increase in the amount
of produced waste has also been observed. In accordance with
the EU requirements, there is a need for recycling carried
out in such a way as to obtain full-fledged re-materials or
products. That is why so much attention is paid to the methods
of recycling. It should be noted that in the case of metal matrix
composites, various methods of recycling are usually used [2],
but nearly all of them are expensive and demanding at least
a two-step procedure.

Based on previous own studies [2-4] concerning A359
matrix composites bulk reinforced with SiC or Al,O; particles
it was possible to demonstrate that they can be successfully
recycled also by means of direct multiple remelting [2-4]. The
influence of this process, carried out by conventional gravity
casting, on the mechanical properties examined in static tensile
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test, resistance to friction wear, damping capacity, a series of
physical properties such as density, electrical conductivity,
thermal expansion coefficient, etc. was presented. It was
demonstrated that up to the fourth remelting the functional
properties are slightly deteriorated, to decrease later slowly
with the subsequent remelting operations [2].

In this article, the effect of multiple remelting of the A359
matrix composites (F3S.10S and F3S.30S) bulk reinforced
with SiC particles (10 wt% and 30 wt%) was examined in
terms of the resulting fatigue life of the composites.

After repeated remelting, the quality of castings was
examined by X-rays to eliminate castings with defects. To
assess the fatigue life, the original modified low cycle test
(further referred to as MLCF) was used [5-7]. In the authors’
opinion, this test can be used as a method for the rapid
estimation of fatigue parameters. The microstructure was
described both qualitatively and quantitatively using a set of
geometric parameters of its individual constituents.

2. Test material

When selecting the test material, two requirements were
taken into account, i.e. the restrictions imposed on the content of
Si in the metal matrix of the composites bulk reinforced with SiC
particles and the required temperature regimes [8-10] (Fig. 1).
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It should be underlined that too low Si content leads
to disadvantageous reactions at the reinforcement/matrix
interface with the subsequent formation of Al,C;, which is the
compound whose presence causes a significant degradation of
the mechanical parameters.
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Fig. 1. Conditions of AL,C; formation: (a) the required Si content in the
matrix of SiC reinforced composites preventing the Al,C; formation
at different temperatures [8]; (b) the stability area of SiC depending
on the Si content and casting temperature [9], and (c) barrier oxide
coatings on SiC inhibiting the Al,C; formation [10]

3. Mechanical properties

To estimate fatigue life, a modified low cycle fatigue test
(MLCF) was used [8-10]. This test enables the determination

of parameters which result from the Manson-Coffin-Morrow
relationships:
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where

C, - amplitude of cycle stress,

G’ - ,»stress coefficient” roughly equal to the
ultimate tensile strength (UTS),

& — true plastic strain caused by stress ¢’

2N - number of load cycles to sample failure,

€ - plastic strain (the true strain caused by 2N;
load cycles),

K’ - cyclic strength coefficient,

n’ - strain hardening exponent under cyclically
varying loads,

c - fatigue ductility exponent [4-7].

The fatigue strength necessary for the calculation of
equations (1), (2) and (3), in the case of the MLCF method is
assessed from an experimental graph (Fig. 2), which has been
plotted as a result of long-lasting experiments and is valid
for a group of various engineering materials, including pure
metals as well as ferrous and non-ferrous metal alloys [4-7].
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Fig. 2. Experimental curve to evaluate the fatigue life of various
materials [8, 9, 10]

The determination of b, ¢, n’ and K, as well as €., 1S
possible owing to the following guidelines adopted in the
studies [4-7] one-sided cycles are applied during tension in
fatigue test to eliminate the risk of specimen buckling, the
permanent deformations occurring in the case of a preset low
number of cycles are characterized by similar dependence on
the cycle amplitude as the deformation which occurs in the
sample upon its failure [4-7], all tested mechanical properties
are determined on one sample only, the run of the straight lines
based on equations (2) and (3) plotted in a double logarithmic
scale is determined by the position of points with the following
coordinates: [Ln 20 In R,,] and [In (2Ny), In (Z,)]: equation
(2), and [In20, In &] and [In (2Ny), In €z]: equation (3), for



the assessment of fatigue life during rotational bending an
experimental graph shown in Figure 2 is used [4-7].

The accommodation limit (R,) defined as stress above
which the permanent deformation is not stabilized and Ry,
defined as the yield point were included into the range of the
above mentioned mechanical parameters, examined on a single
specimen only. This is very important because all the static
mechanical parameters and those which are responsible for
the low cycle fatigue allow for very precise characterization
of the examined material irrespective of the degree of its
heterogeneity. Examples of the stress-strain relationship
recorded during cycling of A359 alloy specimens [4] and
specimens of F3S.10S, F3S.20S [4] and F3S.30S composites
are shown in Figure 3.
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Fig. 3. Stress-strain relationship during cycling of specimens
according to the methodology described in [5-7]

The diagram in Fig. 3 shows that the highest stress was
achieved for the F3S.20S composite [4] and the lowest — for the
F3S.30S composite. These curves also illustrate the effect of
sample cycling, where from it follows and is hardly surprising
that A359 alloy is most susceptible to deformation and F3S.30S
composite with the highest content of reinforcement (30 wt%
SiC) is most brittle.

The mechanical parameters determined during the
MLCEF test as a function of the number of remelts for both
F3S.10S and F3S.30S composites are presented in Figs 4 and
5, respectively.
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Fig. 4 Mechanical parameters of the F3S.10S composite vs number
of remelts:

a) R, —ultimate tensile strength; Ry s-stress limit; Ry ,-yield point; Z,,
—assessed fatigue life; R, —accomodation limit; K’ — stress coefficient
under cyclically varying loads; b) b— Basquin’s coefficient; c — fatigue
ductility exponent; &y, — maximum allowable strain; n’ — strain
hardening exponent under cyclically varying loads, ¢) E — Young’s
modulus

The courses of the curves (Fig. 4a) plotted for the
F3S.10S composite prove that up to the fourth remelting,
most of the determined mechanical parameters slightly
decrease and continue decreasing when more remelts follow.
Only the values of the stress coefficient under cyclically
varying loads (K °) presented in Fig. 4a, the fatigue ductility
exponent (¢) shown in Fig. 4b and Young’s modulus (E)
shown in Fig. 4c are characterized by larger fluctuations.

The courses of the curves shown in Fig. 5a-c plotted
for the F3S.30S composite show that up to the fourth
remelting, the determined mechanical parameters of the
composite slightly decrease and continue decreasing as in
the case of F3S.10S composite when more remelts follow.
Only the values of the stress coefficient under cyclically
varying loads (K’) are characterized by larger fluctuations
(Fig. 5a); other fatigue parameters practically remain at the
same level up to the ninth remelting.
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Fig. 5 Mechanical parameters of the F3S.30S composite vs number
of remelts:

a) R, — ultimate tensile strength; Rops — stress limit; Ry, — yield
point; Z,, — assessed fatigue life; R, — accomodation limit; K’-
stress coefficient under cyclically varying loads; b) b — Basquin’s
coefficient; ¢ — fatigue ductility exponent; €., — maximum allowable
strain; n’ — strain hardening exponent under cyclically varying loads,
¢) E — Young’s modulus

4. Microstructure

Examples of the microstructures of the F3S.10S and
F3S.30S composites after the first and the ninth remelting are
shown in Figs. 6 and 7. Figure 6 shows the microstructure of the
F3S.10S composite, while Figure 7 shows the microstructure
of the F3S.30S composite. It should be underlined that the
images shown in these pictures are of an illustrative character
only and as such should not be interpreted quantitatively.
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F3S.10S composite — the ninth remelting

Fig. 6. The microstructure of F3S.10S composite after the first and
ninth remelting, phase contrast, magn. 100x

Due to the fact that the successive remelting operations
were done by the technique of conventional gravity casting, the
microstructure of both tested composites showed the tendency
to the formation of shrinkage porosity. Especially after the
ninth remelting, the locally occurring pores of a relatively
large size were identified. However, it should be pointed out
that photographs of the microstructures were taken using the
maximum criterion characterized by the worst field of view.
Therefore, only the results of quantitative metallographic
examinations can be used as a basis for interpretation.
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30S composite — the ninth remelting

F38S.
Fig. 7. The microstructure of F3S.30S composite after the first and
ninth remelting, phase contrast, magn. 100x

The set of geometrical parameters of the eutectic
precipitates occurring in metal matrix, of the SiC reinforcing
particles and pores was determined by image analysis. As
a result of this analysis, the mean free distance (L) between
the above mentioned microstructure elements was recognized
as the most important factor. This parameter linked by the
relationship A = (1-Vy)/N results from the volume fraction
(V,) of the measured elements and from the estimation of their
relative areas (N).
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Fig. 8. The distribution of eutectic precipitates in the tested composites
depending on the number of remelting operations

The diagrams in Figs. 8-10 show the influence of the
number of remelting operations but only on the parameter
A defined as a mean free distance between the individual
elements of the microstructure. It was found that the number
of remelting operations practically did not affect the mean
free distance between the eutectic precipitates (Ae.), as
shown in Fig. 8.

On the other hand, differences observed in the values of
the mean free distance between the reinforcement particles
(Asic) were due to the tendency of these particles to form SiC
aggregations. This tendency was much more pronounced
and the aggregations were formed more easily when the
content of SiC was low (Fig. 9). The result was a decrease
in the Agc value recorded with the growing number of
remelting operations in the F3S.10S composite.
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Fig. 9. The distribution of SiC particles in the tested composites
depending on the number of remelting operations.
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Fig. 10. The distribution of pores in the tested composites depending
on the number of remelting operations

The differences observed in the values of the mean
free distance between the pores (A, are caused by the
shrinkage porosity increasing with the increasing number of
remelting operations (Fig. 10). This shrinkage porosity can
be eliminated by the application of squeeze casting during
remelting process.

5. Conclusions

Based on the studies of fatigue life using MLCF test
and microstructure examinations of A359 matrix composites
reinforced with SiC particles and subjected to multiple
remelting it is possible to formulate the following concluding
remarks:
®  the number of remelting operations has no major impact

on the distribution of eutectic precipitates in the composite

matrix,

® the tendency of the reinforcing SiC particles to form
aggregations increases with the decreasing content of SiC
and with each next remelting operation,

® the distribution of pores controlled by the presence of
shrinkage porosity increases with the increasing number
of remelting operations, due to the simultaneous increase
in the size and volume fraction of pores (lower value of

Ny and higher value of Vy),
® the observed structural changes are small enough to leave
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(1]

(2]

the mechanical characteristics unaffected,

the positive research effect is connected with the absence
of any undesired reactions at the composite reinforcement/
matrix interface,

the usefulness of the proposed MLCF method in rapid
assessment of fatigue life was proved,

to prevent the occurrence of shrinkage porosity, the
process of multiple remelting should be carried out by the
squeeze casting method,

the results of previous studies of the A359 alloy and
F3S.20S composite as well as the results of the present
studies have proved that the best properties are obtained
in the F3S.20S composite,

the multiple remelting of the examined composites may
be an alternative to other more expensive methods of
recycling.
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