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Fatigue studies on aluminum 6061/SiC
reinforcement metal matrix composites

Fatigue is a process of progressive localized plastic
deformation occurring in a material subjected to cyclic
stresses and strains at high stress concentration locations
that may culminate in cracks or complete fracture after a
sufficient number of fluctuations. Fatigue testing is carried
out using the ASTM D3479 with a notch or crack for
investigating the initiation of crack. Several fatigue tests
were conducted in tension-tension and/or tension-
compression loading at a frequency of 10Hz or sinusoidal
wave's frequency of 5Hz, and at constant-amplitude. The
fatigue tests were interrupted by the researchers at regular
intervals after a predetermined number of cycles to monitor
crack advance and to observe the failure modes by various
ways such as visual observation, digital camera, traveling
microscope, CCD camera, efc.
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1.0 Introduction

he initiation and subsequent propagation of cracks in
a material due to cyclic loading is termed as fatigue. It

begins with the initiation of a crack and grows
progressively by small amounts with each loading cycle,
typically producing striations on some parts of the fracture
surface. The crack continues to propagate until it reaches a
critical size, which is the point at which the stress intensity
factor of the crack exceeds the fracture toughness of the
material. This, therefore produces rapid propagation and then
ultimately leads to complete fracture of the structure [1].

Conventionally the term fatigue was used interchangeably
with metal fatigue, i.e., failure of metal components. In the
nineteenth century, the sudden failing of metal railway axles
was thought to be caused by the metal crystallizing because
of the brittle appearance of the fracture surface, but this has
since been disproved. Most materials seem to experience
some sort of fatigue-related failure such as composites,
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plastics and ceramics.

Fatigue tests are carried out to predict the fatigue life of a
given component. Coupons are used to measure the rate of
crack growth by applying cyclic loading at constant amplitue
and averaging the measured growth of a crack over
thousands of cycles. However, in special cases, the rate of
crack growth may be found to be significantly different
compared to that obtained from constant amplitude testing.
One such case would be the reduced rate of growth that
occurs for small loads near the threshold or after the
application of an overload; and the increased rate of crack
growth associated with short cracks or after the application
of an underload.

If the loads are above a certain threshold, microscopic
cracks begin to initiate at stress concentration zones such as
holes; persistent slip bands (PSBs), composite interfaces or
grain boundaries in metals. The stress values that cause
fatigue damage are typically much lesser than the material’s
yield strength.

2.0 Fatigue studies — rotating fatigue testing machine

Experiments were conducted using a rotating-beam fatigue
testing machine as shown in Fig.1. The governing principle
behind the rotating-beam fatigue-testing machine is the
technical theory of bending. This principle is based on the
cantilever loading elastic beam bending principle [2]. A
relatively long member that supports loads perpendicular to
its axis is termed as a beam. Bending stress refers to the stress
on a beam, on which applied moments tend to bend its layers.

The cantilever loading type of rotating bending fatigue
test is an adaptation of this theory. A round specimen is
subjected to a known constant bending stress (due to a
bending moment) on the free end, while the other extreme end
of the specimen is fixed, combined with the rotation of the
sample-around the bending stress axis until failure occurs.
The rotation and instantaneous bending on which the fatigue
machine operates ensure that the bending stresses that lead
to stretching of the upper layers of the specimen and
compress the bottom layers are applicable in stationary
beams, for which it should be evenly distributed around the
entire circumference of the specimen. The stress-test is carried
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Fig.2. Fractured fatigue specimen’s

out by selecting a percentage (%) of the tensile strength of
the test material and converting that value into a bending
moment [3].

Once the specimen is mounted onto the machine collcts,
the machine is brought up to the desired speed by adjusting
the speed control. The poise weight is then positioned on the
calibrated beam to the bending moment previously calculated
and locked into place. The machine automatically stops when
the specimen fractures and the number is recorded from the
cycle counter (digital indicator up to 9,99,999). The applied
radial load is measured using a the load cell connected
between the specimen holder and the loading lever. Below the
bearing support, a part catcher is fixed to collect the specimen
after fracture. Specimens tested at various loads provide data
for plotting a stress versus number of cycles (S/N) curve.
Fig.2 shows the specimen mounted on the collect.

3.0 Fatigue properties

Fatigue tests were carried out in load control with a hydraulic
test machine. A comparison of the stress versus strain cycles
to failure behaviour of the unforged, 20%, 40% and 60%
forged specimens for both matrix and the composites is given
in Table 1 and Fig.3 shows how an increase in the content of
SiC resulted in enhanced fatigue resistance of the composites
independent of orientation. The magnitude of enhancement
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of fatigue resistance is higher at lower wt% of SiC (0-2 wt%);
however, no significant change can be seen at higher
percentages (4 and 6 wt%). Several studies have shown that
increasing the wt% of MMC particles enhanced the fatigue
strength [4].

SiC particulates can bear the maximum fatigue load. The
fatigue life of SiC-Al MMC:s is usually longer than that of as-
cast condition materials. The enhancement is due to the
higher strength of SiC than the matrix materials.

The change in fatigue resistance versus forging condition
is shown in Fig.4 for the matrix alloy and MMC specimens.
The fatigue signature show that both forged and un-forged
specimens showed a similar behaviour with the number of
cycles.

The fatigue strength in the forged-condition specimen
(20%, 40% and 60% forged conditions) shows that there is
no significant change in the matrix alloy, but in the 2% SiC-
reinforced MMCs, there are significant changes in their
behaviours, as shown in Fig.5. On the contrary, there is no
significant effect of forging on the fatigue resistance of the
4% and 6% reinforcements. The enhancement of fatigue
strength is due to the addition of higher-stiffness SiC
particulates into the Al MMC:s; they help to load the transfer
capacity of the interface. Sometimes, the elastic modulus
reduces due to porosity and micro or macro cracks. It can also
be confirmed that deformation contributes to the reduction
of the elastic modulus in the presence of porosity. Forging
reduces porosity to a great extent and this in-turn enhances
mechanical strength as well as elastic modulus [5].

190

a) Unforged condition

~
O
=
= 130
£ 110
-
90
70
1 10 100 1000 10000 100000 1000000 10000000
No of Cycles
(@)
190

b) 20% forged

Stress in MPa
8

% of SiC
20 —p— -2
—ar— —_—
70
1 10 100 1000 10000 100000 1000000 10000000

No of Cycles

Fig.3: (a) Wo hler curves for Al and Al/SiC MMCs for (a) unforged
and (b) 20% forged conditions



TABLE 1. DATA SHOWING THE STRESS VALUES (MPA) AS A FUNCTION OF THE NUMBER OF CYCLES FOR Al AND AISiC COMPOSITE AT DIFFERENT
FORGING LEVELS

% SiC Fatigue cycle

0 10! 102 103 1004 105 106 107

Unforged Condition

0 180 150 126 105 98 90 83 79
2 180 152 139 116 108 99.5 91.7 86.3
4 180 153 136 115 108 98.8 91.1 86.3
6 180 168 151 126 118 109 100 96.1
20% forged
0 180 150 126 105 99 91 84 80
2 180 155 143 121 114 106 100 96
4 180 157 142 121 115 107 100 96
6 180 168 151 126 118 109 100 96
40% forged
0 180 155 132 111 104 96 89 86
2 180 156 144 122 115 106 101 96
4 180 159 144 122 116 107 101 98
6 180 170 153 127 120 111 102 97
60% forged
0 180 152 128 107 100 92 85 82
2 180 154 142 120 112 104 98 93
4 180 156 141 119 113 104 97 93
6 180 169 152 126 119 110 101 96
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60% forged conditions different forged conditions
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c) Al/4% SiC composites
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Fig.6: Wo'hler curves for (c) Al/4% SiC and (d) Al/6% SiC MMCs
for different forged conditions

4.0 Fatigue fracture studies

Typical fractured surfaces of matrix and Al-2 wt% SiC after
fatigue fracture are shown in Fig.6(a) and (b) and Fig.6(c) and
(d), respectively. From Fig.6(a), it can be seen that once crack
initiation takes place at the pores two dissimilar fracture
morphologies were observed, which marked the same ‘A’
(ductile fracture) and ‘B’ (brittle fracture), and fatigue crack
(FC) propagated between these two regions. Region ‘A’
dominates more than region ‘B’, and fatigue cracks develop
in the severely damaged region. Fig.6(b) shows the fracture
surfaces of both stages of forging [6]. Al alloy, after fatigue
failure, contains two regions ‘A’ (ductile failure) and ‘B’ (brittle
failure). Region B dominates more than region ‘A’, which is
because forging reduces the porosity and refines the grain
boundaries of the matrix alloy. Similar to the unforged
specimen, the crack (C) and FC are continuous and are
formed in the severely damaged region Fig.6 show the fracture
surface of the as-cast and forged conditions of Al-6wt% SiC
particle-reinforced composites specimens, respectively. Unlike
the Al matrix alloy, they do not show any two clear distinct
regions in both as-cast and forged conditions [8]. Cavaliere
noted that as the interspacing decreased, the degree of
control due to triaxiality of stress increased, so striation
formation was hindered and the dominant damage mechanism
changed to void formation. After stable crack propagation, a
fast fracture region was typically observed [9].

The large-scale fracture can be attributed to the high crack
velocity associated with this portion of the fracture surface. The
fracture surfaces also displayed the presence of very few cracks
(Fig.6-b), probably originating from casting defects or during
cooling in the fabrication process. This is in agreement with
the increased density of the composite after forging [10]. The
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Fig.7: (a-b): Fracture surface of (a) unforged and (b) forged alloy
specimen after fatigue failure. A-ductile fracture; B-brittle fracture;
FC-fatigue crack; V-void in matrix

Fig. 8(a-b): Fracture surface of (c¢) unforged and (d) forged Al-6%
SiC composite specimens



reduction in porosity causes the increase of ductility in the
composites and this further leads to large elongated dimples,
tear ridges and shear bands, which appear on the fracture
surface. In the present work, the effects of SiC content and the
forging process on the fatigue properties of Al/SiC MMCs are
studied, and the following conclusions are drawn from the
experimental observations. The microstructures of the as-cast
and forged Al/SiC MMC:s exhibit uniform distribution of SiC, and
the porosity in the forged specimen substantially reduces [11].
The matrix alloy and MMCs behave more like monolithic
materials because the homogeneous spatial distribution of the
SiC enables efficient load transfer from the matrix to the
reinforcement particle without producing stress concentration
sufficient to initiate fatigue cracks. With increasing SiC content,
the values of fatigue increased up to 4%, after which it decreased.
Both forging of 20% and 40% stages increased the fatigue value
for 2 wt% and 4 wt% SiC-reinforced MMCs, but had less-
significant effect on other materials. SEM analyses of the fracture
surfaces showed broken particles, surrounded by a ductile
region and de-cohesion at the matrix and particulate interfaces.
The tear ridges in the MMCs can be explained by the high local
plastic constraints induced by a particle cluster [12].

5.0 Conclusions

Cold forging of an Al6061wt% SiC composite was tested at
room temperature (25°C). This flow stress-strain curve is
obtained from the cold forging experiment. The stress-strain
curve data are uploaded in the Deform-3D software for FEA
analysis. Furthermore, the microstructure characterization of
Al-SiC material by using optical and SEM techniques is also
studied. By using the Deform-3D FE tool, cold forging of Al-
SiC composites was performed to evaluate the damage, velocity,
and effective stress-strain distributions at different points of
the trial. From the studies carried out, it can be concluded that:

*  Al6061-SiC composites were successfully cold forged with
height reduction of 35-40% without fracture. The damage
in the billets were observed after 40—50% decrease in height
and extreme damage occurs at 60%.

* Higher degrees of forging also affects mechanical
properties, wear fatigue and corrosion properties of Al/SiC
particles.

* Al-SiC with 6% SiC reinforcement possesses higher
effective stress formation in all 12 cases studied with a value
0f 273 MPa in Deform.

* Analysis of forging of composite was performed using
Deform-3D, and the distribution of effective stress, effective
strain, effective strain rate, and velocity vector profile was
determined. Higher magnitudes of effective stress and
strain were found at the corners and edges of the billet. This
was also confirmed by the presence of severe cracks at
those regions during the present experimental
investigations.

* The trend of increasing wear rate with the increase in wear
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track distance in a linear fashion is obtained from the wear
results. In forged conditions, the wear rate is found to be
lower as opposed to higher wear rate in unforged
conditions. The wear steadily increases with increasing
sliding speed with the exception of sliding speed of 700 rpm,
where it shows a lower wear rate. This is owing to the fact
that the time taken to cover the sliding distance is lesser at
higher speeds than that at lower speeds, considering
constant sliding distance.
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