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howsoever caused arising directly or indirectly in connection with or arising out
of the use of this material.
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Abstract
Reversed plane bending fatigue tests were conducted on SiC particle-reinforced aluminum composites. The
initiation and growth behaviors of small surface fatigue cracks were continuously monitored by the replica
technique and investigated in detail. The fatigue life of MMC is shorter than that of matrix because there
exists interface debonding of SiC particles and matrix on the whole face of the notch part in the casting metal
matrix composite (MMC). The coalescence of small cracks was observed in the surface after conducting
fatigue tests at high stress levels. Due to the coalescence, a higher crack growth rate of small cracks rather
than that of long cracks was recognized in da/dn − Kmax relationship.
© Koninklijke Brill NV, Leiden, 2010
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1. Introduction

Nowadays, when machine structures are operated in more extreme conditions, new
materials are developed to meet these conditions quickly. Metal matrix compos-
ites (MMCs) are examples of such materials and contain ceramic reinforcement
phases with high strength and high elasticity. Therefore, MMCs have higher spe-
cific elasticity, higher specific strength, better heat resistance, and wear resistance
than metals without reinforcement. These materials are widely used as light struc-
tural materials and functional materials in the field of aerodynamic, aerospace, and
defense industries and automobile manufacture [1–3]. The composites of aluminum
matrix with discontinuous SiC fibers are more widely used than composites of alu-
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minum matrix with long continuous SiC fibers because they can be easily fabricated
in the same metallurgical processing method as aluminum alloys with low costs.

Discontinuous SiC fibers can be prepared in two types: as whiskers and parti-
cles. Whisker type fibers have the better mechanical properties but incur higher
manufacturing costs. The particle-reinforced composites have been more actively
studied than the fiber-reinforced composites because of lower costs [4–8]. MMCs
in practical use should have better fatigue characteristics, corrosion resistance, en-
vironmental resistance and thermal cyclic characteristics in order to be used widely
as structural materials. Among those properties, the excellent fatigue resistance is
perhaps the most important property required for structural materials. Fatigue crack
propagation rate, da/dn, can be expressed as a linear function of stress intensity
factor, �K , in Paris’ equation. If crack tip closure behavior is considered as El-
ber indicated, the effective stress intensity factor, �Keff can be the most effective
governing parameter when the crack is opening [9, 10].

Shang and Ritchie showed that composites with coarse SiC particles have high
crack closure level and resistance to crack propagation because of crack tip shield-
ing by roughness-induced crack closure in long crack propagation. However, when
the �Keff with the effect of crack closure was considered, composites with fine
SiC particles showed high resistance to crack propagation [11]. Kobayashi et al.
measured the crack closure in particle-reinforced composites with the compliance
method and found that the crack closure in low �K and near the �Kth region was
due to the surface roughness-induced crack closure and the oxide particle-induced
crack closure, and the crack closure in low �K came from the plasticity-induced
crack closure [12]. Other experimental results for the long crack propagation behav-
ior in MMCs can be found elsewhere [13–15]. However, in practice, small surface
cracks from surface defects give rise to more damages than the long through cracks
in real structures. The small surface cracks propagate in the region below �Kth

and propagate more quickly than long cracks in same �K region [16–18]. Accord-
ing to the study of SiC particle-reinforced Al alloys, the small surface cracks were
initiated from the interfaces between SiC particles and Al matrix. Cracks stopped
at the interfaces of SiC particles in the low �K region and cracks did not stop in
the high �K region [8]. Even though some results about the initiation and prop-
agation behavior of small surface cracks in MMCs can be found elsewhere, it is
not sufficient for the understanding of fatigue failure and the reliability establish-
ment of MMCs [19–22]. In this study, to find out the initiation and growth behavior
of small surface cracks in SiC particle-reinforced composites fabricated by molten
casting, plane bending fatigue tests were employed and cracks were continuously
monitored with the replica method. After fatigue tests, the fracture surfaces were
observed with the scanning electron microscope.
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2. Experimental Details

2.1. Test Specimens and Test Apparatus

The material used in this study was the composite material with matrix of molten
cast Al–Si–Mg alloy, Al6061-T6 and SiC particles of 20% volume fraction, which
were developed by the ALCAN Company in Canada. The composition and mechan-
ical properties of material are shown in Tables 1 and 2, respectively. Figure 1 shows
the microstructure of the material after etching taken by optical microscope. Al par-
ticles with 50–100 µm diameters appeared in white color and the mixed phases of
Al matrix and SiC particles of 10–30 µm diameters can be seen around the white
Al particles. From these materials, specimens with the length of 50 mm, width of
12 mm, an elliptical notch with major axis length of 6 mm, minor axis length of
3 mm and depth of 0.3 mm were machined for the fatigue crack growth tests. The
specimen geometry adapted in this study is shown in Fig. 2. Fatigue tests were
conducted on a small coin-shaped plane bending fatigue test machine.

2.2. Experimental Procedures

All fatigue tests were conducted using a small coin-shaped plane bending fatigue
machine. All tests were done with the completely reversed constant amplitude load-
ing with a frequency of 30 Hz. The small surface crack length was measured with
the optical microscope from the replicas taken periodically in the vicinity of the
notch, 4 mm × 8 mm area. The fractured surfaces after fatigue tests were ob-
served on the scanning electron microscope. In this study, the crack initiation life,
Ni, and fatigue fracture life, Nf, are defined as the cycle numbers of total crack
length 2a = 0.2 mm and 2a = 2.0 mm, respectively. The stress intensity factor, K ,
was calculated with the crack length in the projected plane vertical to loading axis.
Newman–Raju equation was used in this calculation [21].

Table 1.
The chemical compositions of matrix material (wt%)

Si Fe Cu Mn Mg Zn Cr Ti B Ni V Ga Al

0.834 0.262 0.306 0.01 1.263 0.003 0.107 0.20 0.002 0.01 0.01 0.02 Bal.

Table 2.
The mechanical properties of matrix and composite materials

Materials and 2% proof stress Tensile strength Elongation Young’s modulus
matrix σ0.2 (MPa) σb (MPa) δ (%) E (GPa)

A6061-T6 346 365 16.0 66.9
SiCp/A6061-T6 407 460 3.6 103
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Figure 1. Microstructure of SiC particle-reinforced Al composites.

Figure 2. Test specimen configuration (units: mm).

3. Results and Discussion

3.1. S–N Curves

Figure 3 shows S–N curves with the crack initiation life and fatigue fracture life
versus stress amplitude, where the stress concentration factor was determined as
1.67 from the finite element method. In the figure, the open circle (!) represents
the crack initiation life and the closed circle (") means the fatigue fracture life.
Fracture life shows some data scatterings; however, the crack initiation life can be
drawn on one line. For comparison, the crack initiation life (!) and the fatigue
fracture life (Q) of Al6061 alloys were expressed in the same figure. It shows that
SiC particle-reinforced MMC has higher fatigue strength than Al matrix material.

3.2. Fatigue Crack Initiation Pattern

Figure 4 depicts the positions for crack observation, A, B and C on the specimen.
Figure 5 shows SEM photographs of the near-notch part of the specimen after
repeating 3.2 × 105 cycles at a low stress level of σa = 140 MPa. In the figure,
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Figure 3. S–N curves for SiC particle-reinforced Al composites.

Figure 4. Example of observation of crack initiation.

(a) (b)

(c)

Figure 5. SEM photographs of near-notch part of specimen after repeating 3.2 × 105 cycles at a low
stress level of σa = 140 MPa in SiCp/Al composites: (a) Point A in the near-notch part of specimen;
(b) point B in the near-notch part of specimen; (c) point C in the near-notch part of specimen.
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Figure 6. SEM photograph of near-notch part of specimen after repeating 3.7 × 104 cycles at a high
stress level of σa = 180 MPa in SiCp/Al composites.

Figure 7. SEM photograph depicting the crack initiation points in SiCp/Al composites.

photographs 5(a), 5(b), and 5(c) correspond to A, B and C in the near-notch part
of the specimen. It can be seen that cracks were initiated in the near-notch part
of the specimen at low stress level. Figure 6 shows SEM photographs of the near-
notch part of the specimen after repeating 3.7 × 104 cycles at a high stress level
of σa = 180 MPa. In Fig. 6, many small arrested-cracks with main crack were ob-
served. These cracks after initiation were grown up to ∼40 µm and stopped. The
crack was initiated at the defect made by a parting of an SiC particle from the ma-
trix and merged to main crack. As shown in the SEM photograph of Fig. 7, there
are many crack initiation points from the interface debonding between SiC particles
and matrix metal. It was caused by high extrusion ratio during the manufacturing
process and reduced the fatigue strength.

3.3. Small Fatigue Cracks and Crack Propagation Curves

Figure 8 is an example of continuous observation of small fatigue cracks at low
stress level of σa = 150 MPa by replica method. As can be seen, small cracks de-
veloped after 26 149 cycles at the stress level of σa = 150 MPa (Fig. 8(a)). Every
crack merged into two cracks and finally made one main crack. All the cracks in the
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(a)

(b)

Figure 8. Successive observation of crack growth behavior in SiCp/Al composites (σa = 150 MPa):
(a) 2.61 × 104 cycles; (b) 3.09 × 105 cycles.

figure repeat very small flexions microscopically; however, the direction of crack
growth is vertical to the loading direction macroscopically. Several cracks grow
and merge to one crack with near cracks in high stress level and cracks in different
propagating directions stop at the crack tip. Figure 9 is an example of continu-
ous observation of small fatigue cracks at the stress level of σa = 200 MPa. Initial
small cracks developed after 4062 cycles (Fig. 9(a)) and coalesced into one crack
(Fig. 9(b)). The crack propagation pattern at high stress level is the same as that
at low stress level. Two or three cracks developed and merged to one crack after
growth vertically to the loading direction at high stress level and at low stress level.
Figures 10–12 show the fatigue crack propagation curves. Crack length, 2a, is the
projected length vertical to the loading direction and the dashed line in the figure
means coalescence of cracks.

Figure 10 shows crack growth curve at the stress level of σa = 150 MPa. In this
figure, several cracks developed at low stress level and merged to one crack. Coa-
lescence of the main crack and small cracks increase the crack length and make the
discontinuous crack growth curves. However, some cracks show the lower crack
growth rates after coalescence, because cracks after coalescence grow in the depth
direction of the specimen and the cracks observed on the surface do not grow thor-
oughly. Figure 11 is the crack growth curve at the stress level of σa = 200 MPa.
The crack length increases rapidly in the slant direction to the loading axis at the
beginning and then cracks repeat the stopping and growing occasionally at several
places. After the coalescence of the main crack and small cracks, the crack length
increased and all data were put in one line. Figure 12 shows crack growth curves at
the stress levels of σa = 140 MPa, σa = 150 MPa, σa = 160 MPa, σa = 180 MPa and
σa = 200 MPa, respectively. Crack growth patterns are very similar to the curves
described previously.

3.4. Small Crack Growth Patterns and Fractography

Crack growth paths in the surface of specimens were observed in detail by scanning
electron microscopy (SEM). Figure 13 shows an example of crack growth observa-
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(a)

(b)

Figure 9. Successive observation of crack growth behavior in SiCp/Al composites (σa = 200 MPa):
(a) 0.46 × 104 cycles; (b) 4.64 × 104 cycles.

tion at the fatigue crack tip in low Kmax region (Kmax = 1.51–2.09 MPa m1/2) with
σa = 140 MPa. Several cracks with a few tens of µm developed at a short distance
from the notch tip and propagated independently until they finally joined together.
After that, the crack growth behavior is similar to crack growth at the high stress
level. However, the micro-cracks, which develop into the relatively long lengths,
or cracks, which do not merge into the main crack, are not identified at low stress
level, as shown in Fig. 13. The distance between main crack and small cracks is
∼25 µm. Figure 14 shows the crack growth paths at the fatigue crack tip in high
Kmax region (Kmax = 6.39–6.53 MPa m1/2) with σa = 200 MPa. It can be observed
that the initiation of the same types of micro-cracks and merging to main crack are
similar to those at low stress level. Especially, it shows the initiation of micro-cracks
including the fracture of SiC particles without initial defects. Several bridgings in
both the high and low Kmax region were identified (arrow D in Fig. 14(a)).

These bridgings were remaining in all the regions from crack tip to the rear and
the number of bridgings increased in the approach to the crack tip. The cracks were
propagated into the matrix materials or along the interfaces between SiC particles
and matrix materials. Mostly the cracks propagate by avoiding SiC particles (arrow
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Figure 10. Crack growth curves in SiCp/Al composites (σa = 150 MPa).

Figure 11. Crack growth curves in SiCp/Al composites (σa = 200 MPa).

A in Fig. 14(b)). Micro-cracks of approximately 10 µm developed near the main
crack tip in the main crack plane in high Kmax region (2a = 1.02 mm; N = 1.82 ×
104 cycles) and joined with cracks in the other plane after 1000 cycles. SiC particle
(indicated as A in Fig. 14(b)) with initial defect becomes the crack growth path. As
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Figure 12. Crack growth curves in SiCp/Al composites with different stress levels.

shown in Fig. 14(b), some cracks cut through the SiC particles without making any
defects and propagated.

Figure 15 is SEM photograph showing the macroscopic surface fractured at high
stress level, σa = 200 MPa. This is the fatigue fracture surface of which two fatigue
cracks joined together and each fracture surface has a semi-circular pattern. As
indicated with an arrow in the figure, there are two large discontinuities. These
are due to the coalescence or the overlapping of three cracks. For comparison, the
fracture surface of matrix material Al6061-T6 is shown in Fig. 16. Two cracks
developed and propagated at this stress level and made one fracture surface with
joining two fracture surfaces together. Each fracture surface shows a semi-circular
pattern with aspect ratio, λ (= c/a) of approximately 0.56: here a is surface crack
length and c is thickness-through crack length.

3.5. da/dn − Kmax Relationship

Figure 17 shows the da/dn − Kmax relationship for small surface cracks. At low
stress level, there are some scatterings in crack growth rates due to the initiation of
many cracks, some of which join together. At high stress level, meanwhile, it shows
the relatively small scatterings. Even though the small cracks are propagating by
repeating the initiation and coalescence of small cracks, the length of small cracks
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(a)

(b)

Figure 13. The details of fatigue crack growth path in SiCp/Al composites (σa = 140 MPa):
(a) N = 2.6 × 105 cycles, 2a = 0.40 mm, Kmax = 2.09 MPa m1/2; (b) N = 3.30 × 105 cycles,
2a = 1.31 mm, Kmax = 3.70 MPa m1/2.

(a) (b)

Figure 14. The details of fatigue crack growth path in SiCp/Al composites (σa = 200 MPa):
(a) N = 1.82 × 104 cycles, 2a = 1.02 mm, Kmax = 4.69 MPa m1/2; (b) N = 6.47 × 104 cycles,
2a = 2.01 mm, Kmax = 6.47 MPa m1/2.

is shorter than that of the main crack and the other crack growth data are in the
acceptable scattering range.

Generally, the small cracks are propagating faster than the long cracks at the
same �K level and even propagating in lower �Kth values. For the long cracks,
plasticity-induced crack closure, oxide particle-induced crack closure, or fracture
surface roughness-induced crack closure can be employed to explain the growth
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Figure 15. SEM photograph of fracture surface in SiCp/Al composites (σa = 200 MPa).

Figure 16. SEM photograph of fracture surface of Al matrix (σa = 120 MPa).

Figure 17. da/dn − Kmax relation for SiCp/Al composites.
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behavior. In the case of small cracks, the cracks are closed in all tensile loading
conditions and the crack closure effect is negligible. The shielding in crack tip wake
by crack deflection or bridging is affecting in the growth behavior of small cracks.
The growth rate of small cracks is affected by the obstruction of SiC particles in
low stress level and is higher than that of long cracks.

4. Conclusions

Reversed plane bending fatigue tests were conducted on SiC particle-reinforced
aluminum 6061-T6 composites. The initiation and growth behaviors of small sur-
face fatigue cracks were continuously monitored by the replica technique and SEM
observation. The results in this study are summarized in the following.

1. The fatigue life data for SiC reinforced Al composites can be drawn on one S–
N curve and show that SiC particle-reinforced MMCs have the higher fatigue
strength than Al matrix material in the crack initiation stage.
The fatigue life of MMC is shorter than that of the matrix because there exists
interface debonding of SiC particles and matrix on the whole face of the notch
part in the casting metal matrix composite (MMC). The coalescence of micro-
cracks was observed in the tests conducted at high stress levels. Due to the
coalescence, a higher crack growth rate of small cracks rather than that of long
cracks was recognized in the da/dn − Kmax relationship.

2. The small cracks were initiated and propagated at the near notch part of spec-
imens regardless of stress level. The crack initiation points were identified as
the defects made by detachment of SiC particle from the matrix, the interfaces
between the matrix and SiC particles, or the places where SiC particles were
broken.

3. The fatigue cracks were propagated into the matrix materials or along the inter-
faces between SiC particles and matrix materials. During the crack growth, the
micro-cracks in the crack growth path were merged into the main crack. These
micro-cracks were initiated and stopped by cyclic loading regardless of high
stress field at the main crack tip.

4. There are some scatterings in the da/dn−Kmax relationship at low stress level.
These were caused by the initiation of many cracks and joining together. In high
stress level, meanwhile, it shows the relatively small scatterings.
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