Journal of Industrial Technology 11 (1), 2002, 37-65

FATIGUE AND FRACTURE BEHAVIOUR OF Al-Si-Mg
CASTING ALLOYS
Lee Fui Tong
School of Engineering, Monash University Malaysia
No. 2, Jalan Kolej, Bandar Sunway
46150 Petaling Jaya, Selangor, Malaysia.
(lee.fui.tong@engsci.monash.edu.my)

RINGKASAN: Kertas ini perihal kajian keatas ciri-ciri dan mekanisme tumbesaran
retak-lesu (FCG) didalam tuangan a/oi eutetik Al-Si-Mg mengandungi "0.35wt. %
magnesium dan O hingga 0.02wt. % stromtium" sebagai fungsi nisbah tegasan (R), ju/at
faktor keamatan tegasan (L1K), dan saiz zarah silikon (Si). Data ujikaji kadar tumbesaran
retak-/esu bagi tuangan aloi aluminium dagangan A356 juga dipersembahkan dan
dibandingkan menggunakan graf bertentangan dengan aloi Al-Si. Mengenakan ju/at
taktor keamatan tegasan yang sama, kadar tumbesaran retak-lesu didapati bertambah
dengan pertambahan nisbah tegasan dan saiz zarah silikon (Si). Terubahsuai (morfologi
Si ha/us) dan aloi A356 menunjukan rintangan tumbesaran retak-lesu yang lebih baik
daripada aloi tak terubahsuai (morfologi Si kasar) bagi mengenakan ju/at faktor keamatan
tegasan yang malar disebabkan pertambahan tutupan. La/uan perambatan retak-lesu
didapati bergantung kepada ciri-ciri zarah Si. Hasil ini juga menunjukkan ke/akuan
tumbesaran retak-lesu aloi bergantung kuat kepada nisbah tegasan, pengenaan tahap
keamatan tegasan dan saiz, bentuk dan agihan eutetik zarah silikon. Ciri-ciri zarah
silikon juga menentu ragam retak aloi. Ciri-ciri retak yang dilihat termasuk tak jeleket
dalam zarah silikon daripada matriks aluminium; retakan belahan zarah silikon dan satu
siri ja/uran dalam fasa aluminium, khususnya pada nisbah tegasan yang tinggi.
ABSTRACT: This paper describes a study of fatigue crack growth (FCG) characteristics
and mechanisms in Al-Si-Mg eutectic casting alloys containing 0.35wt% magnesium and
O to 0.02wt% strontium as a function of stress ratio (R}, stress-intensity factor range
(AK}, and silicon (Si) particle size. Experimental data for fatigue crack growth rates of
commercial aluminum casting alloy A356 are also presented and compared graphically
against the Al-Si alloys. At the same applied AK level, the crack growth rate was found
to increase with increasing stress ratio and Si particle size. Modified (fine Si morphology)
and A356 alloys showed better FCG resistance than the unmodified (coarse Si morphology)
alloys, for a constant applied AK, due to increased closure. The fatigue crack propagation
path is found to be dependent on the Si particle characteristics. The results also
indicated that the fatigue crack growth behaviour of the alloys showed a strong dependence
upon the stress ratio, applied stress intensity level and the size, shape and distribution
of the eutectic silicon particles. The silicon particle characteristics also determine the
fracture mode of the alloy. Fracture characteristics observed include decohesion of the
silicon particles from the aluminum matrix; silicon particle cleavage cracking and striations
in the aluminum phase, particularly at high stress ratios.
KEYWORDS: Fracture, fatigue crack growth, stress ratio, Si particle size, stress-intensity
factor range (AK), fatigue mechanisms, microstructures.
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INTRODUCTION
The Al-Si casting alloy is a well-known casting alloy with high wear resistance, low thermalexpansion coefficient, good corrosion resistance, and improved mechanical properties at a
wide range of temperatures. These alloy properties led to its favorable application in the
automotive and aerospace industry, and their usage are envisaged to increase with the
improvement in the quality of Si particulate and method of manufacturing the composites
at an acceptable cost. Factors that are principal to the fabrication of quality Al-Si alloy
castings are the microstructure and alloy constituents required to achieve optimum mechanical
properties. Some of these critical microstructural features are dendritic arm spacing, grain
size, and silicon morphology in the eutectic phase. Additionally, Al-Si alloys comprise 85%
to 90% of the total aluminum-cast parts produced (Gruzelski and Closset, 1990). For most
loads bearing components it is essential that the presence of Si particulate reinforcement
will not have any adverse effect upon the fatigue and fracture toughness properties.
A considerable amount of work has been reported on the mechanical, tensile, fatigue, and
plastic deformation behaviour of aluminum alloys. Among some of the works on fatigue
behaviour are those of McEvily (1977), Beevers (1977) and Lerch and Halford (1995) on
the factors affecting fatigue mechanisms, Mcintyre (1975) and Gerberich and Moody (1979)
on the fatigue fracture modes and crack propagation, and Davidson (1991) on the fracture
behaviour of aluminum reinforced alloys.
A few studies have also been reported regarding the effects of silicon particles and the
dendrite arm spacing (DAS) on the fatigue crack propagation behaviour, particularly for A356
and A357 alloys. For example, Gurland and Planteu (1963) and lnguanti (1985) have
investigated fracture and crack nucleation in cast A357 alloy, while Hoskin et al. (1988) have
studied the effect of the two-phase microstructure of as-cast Al-Si alloys and have shown
that a relationship exists between the silicon phase in the aluminum matrix and the propagating
fatigue crack. Couper et al. (1990) have investigated the effect of casting defects on the
fatigue properties in A356 aluminum alloy and showed their adverse influence upon the latter.
Seniw et al. (1997) showed that the reduction in fatigue life is related to the pore size and
distance of pores from that part of the surface where applied stress is maximum. They also
showed that the fatigue life of the metal in the casting decreases along the solidification path
in which the extent of porosity varies in a casting from low, where the casting began freezing,
to high in the last section of the metal to freeze.
Logsdon and Liaw (1986) have carried out a detailed investigation on the fatigue crack growth
properties of two aluminum matrix alloys, Al 2124 and 6061 reinforced with either SiC whiskers
or particulates. They found that the composite materials had similar threshold stress intensity
values but a lower resistance to crack propagation compared to the wrought aluminum alloys.
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Hasson et al. (1984) investigated similar reinforcement of Al 6061 and obtained an improvement
in rotating bend fatigue properties. They also noticed a difference in the fracture surface
appearance between the fatigued composite and non-reinforced material. Williams and Fine
( 1985) studied the initiation and early growth of fatigue cracks and concluded that the initiation
and early growth of short cracks occurred at the whisker/matrix interface with the subsequent
linking of these short cracks that contributed to the final fracture.
Changes in the mode of crack extension are normally explained in terms of the plastic zone
versus the size or inter-particle distance of the silicon particles (Lankford and Davidson,
1976; Lankford et al., 1976). Various techniques have been employed to measure the plastic
zone size, including electron microscopy (Klesnil and Lukas, 1969; Wilkins and Smith, 1970),
X-ray microbeam analysis (Yokobori et al., 1970), image distortion/interferometry (Pettit and
Hoeppner, 1973), the Moire technique (Chiang and Slepetz, 1973; Marsh, 1980), and etching
methods (Hahn et al., 1976; Clavel et al., 1975). The elastic stress-strain field near the crack
tip and the stress components of silicon particles in the vicinity of the crack tip determine
the critical stress for Si particle cracking and consequently whether the Si particles will
undergo cracking or decohesion from the aluminum matrix.
The present research article is a continuation of the work previously done by the author (Lee,
1993; Lee et al., 1995a; 1995b), which summarizes and evaluates the data obtained further
for the investigation of the fatigue behaviour and mechanism of Al-Si-Mg casting alloys. It
is hoped that such an investigation will provide useful information of fatigue properties for
automotive components (especially for cylinder blocks, cylinder heads, pistons, valve lifters,
and engine blocks) that requires application of materials with high strength, stiffness, good
fatigue resistance, and lower weight in their construction. Al-Si-Mg casting alloys, when
optimally heat-treated, are cost-competitive materials that can meet these requirements.

MATERIALS AND METHODS
The materials used in the present investigation consisted of aluminum, silicon, and Al-50
wt% Mg master alloy to produce the modified and unmodified Al-Si-Mg alloys. The unmodified
alloy was produced by adding silicon and Al-Mg master alloy to the liquid aluminum metal
to achieve near eutectic point composition, i.e., approximately Al-12wt% Si-0.35wt% Mg. This
composition was selected for the fatigue studies because the microstructure consists mainly
of Al-Si eutectic with a negligible fraction of a-dendrites. The Sr-modified alloy was obtained
directly from Alcan Guelph Works (Guelph, Ontario, Canada) to which Al-Mg master alloy
was then added to bring the Mg level to "' 0.35wt% as in the unmodified alloy. Strontium
additions improve the structures (Lee, 1993) by modifying the platelet morphology of the
eutectic phase to a fibrous, globular structure.
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The average chemical compositions of the present casting alloys investigated (i.e., with each
alloy type averaging from 10 casting runs) are shown in table 1.
Table 1. The composition of Al-Si-Mg Eutectic alloy castings used in this work
Al-Si-Mg

Element (wt%)
Fe

Cu

Ti

Si

Mg

Sr-modified

11 .67

0.36

0.024

0.15

O.Q13

0.025

< 0.037

Unmodified

11.73

0.35

0.002

0.19

0.003

< 0.001

< 0.029

Alloy

Sr

Others

The samples used for the FCG rate studies were obtained from a rectangular-shaped end-chill
mold, with dimensions 64 X 127 X 254 mm. The design for this mold to produce structurally
sound cast endchill block are similar to that used elsewhere (Tylenius et al., 1993). Prior to
casting, the mold was preheated to 350°C to drive out the moisture. The melt was held at 740°C
prior to pouring. The water was turned on the moment the liquid metal had half-filled the mold.
T~e experimental techniques were described in detail elsewhere by the author (Lee, 1993)..
The hydrogen content in the liquid melt was monitored in situ with an ALSCAN unit and by LECO
sub-fusion analysis. Degassing for a period of 40 minutes was found to be sufficient to reduce
the concentration of hydrogen down to about 0.1 ml H:/100 g Al. Samples for metallographic
observation, fatigue, and tensile testing were sectioned from the cast blocks in the horizontal
orientation at varying heights above the water-chilled copper base. All specimen blanks were
heat-treated as follows: solutionizing at 540°C for 3 hours, followed by water quenching at 65°C ,
natural aging at room temperature for 1 day, and finally artificial aging at 155°C for

6

hours.

Hounsfield tensile test bars were machined directly from the blanks in order to obtain the tensile
properties of the accompanying CT specimens. Table 2 lists the tensile properties of both unmodified
and Sr-modified castings. The Sr-modified alloy exhibited a much higher ductility and tensile strength
than the unmodified alloy. Ductility was seen to decrease with increasing silicon particle size.
Table 2. Mechanical properties of the Al-Si-Mg and A356 alloys used in the present work
Specimen/
(Particle size)

Tensile
Strength
(MPa)

Yield
Strength
(MPa)

Elastic
Modulus
(GPa)

Elongation
(%)

Modified {fine)

315

241

76.6

10.5

Unmodified
{intermediate)

306

230

76.5

6.8

Unmodified
{coarse)

287

234

79.8

1.4

A356 {25µm)

280

176

12.5

A356 {30µm)

267

181

-

9.7

A356 {56µm)

217

173

-

2.4
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Samples for metallographic observation were obtained by sectioning the cast ingots in the
vertical direction, that is, from the water-chilled copper bottom to the top of the casting. Image
analysis was used to quantify the morphology of the silicon particles in the microstructure
of each cast ingot, adjacent to where the compact tension (CT) specimen was cut. Table
3 lists some of the values of measured silicon particles in terms of average particle size,
number, aspect ratio, and inter-particle distance. The relationships of particle characteristics
and solidification rate are in agreement with those reported by Kato and Kobayashi (1980).
Table 3. Silicon particle characteristics for the Al-Si-Mg alloys obtained
from image analysis
Type of Si particles

Fine

Intermediate

Coarse

Average Si particle size (µm)

1.51

2.77

3.83

Maximum Si particle size (µm)

2.50

5.45

8.87

Minimum Si particle size (µm)

1.49

2.34

3.20

Aspect ratio

0.650

0.458

0.457

Volume percent of Si particles

5.10

5.24

5.78

Average Si inter-particle distance (µm)

6.58

12.99

15.38

Compact tension specimens (width W = 45 mm, thickness B = 10 mm) were machined from
the alloy specimens in accordance with ASTM specification E647 for tests at FCG rates (da/
dN) above 10-a m/cycle. ASTM E647 covers the determination of steady-state fatigue crack
growth rates from near-threshold to Kmax controlled instability using CT specimen: This test
method involves cyclic loading of notched specimens, which have been acceptably precracked in fatigue. Fatigue pre-cracking prior to fatigue tests ensures a sharp crack ahead
of the notch tip as suggested in the main body of ASTM Standard E647. CT samples were
fatigue pre-cracked for some 1 mm beyond the chevron notch tip prior to data collection.
Pre-cracking was performed at a load ratio of R=0.1 and at a cyclic frequency of between
2 and 20 Hz and with growth rates less than 1o-a m/cycle. Load shedding was employed
during pre-cracking to insure that the crack tip was sufficiently sharpened to provide suitable
data during fatigue testing.
The tests were conducted using an lnstron 8500 computer-controlled servo-hydraulic fatiguetesting machine operated in the load control mode. All tests were conducted in laboratory
air at constant positive stress ratios of 0.1, 0.3, 0.5, and 0.8 using a sinusoidal waveform
signal at 20 Hz. Data were obtained over a wide range of growth rates (10-10 to 1Q-4 m/cycle)
for the 3 types of silicon particle sizes. The guidelines for near-threshold testing were
followed to obtain data for Region I. A load-shedding technique was used to gradually
decrease crack growth rates to the near-threshold level. The fatigue threshold stressintensity range (AK1h) was defined at a maximum growth rate of 10-10 m/cycle.
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Crack length measurements were made via the crack-opening displacement (COD) technique,
which has been well documented by Kato and Kobayashi (1980), Yoder et al. (1981), and
Sullivan and Crooker (1977). Crack length was measured as a function of elapsed fatigue
cycles and these data were subjected to numerical analysis to establish the rate of crack
growth. Crack growth rates were expressed as a function of the stress-intensity factor range,

AK, which was calculated from expressions based on linear elastic stress analysis. Prior to
the actual test, the specimen was fatigue pre-cracked by cyclic loading at a low stress
intensity level to obtain a suitable sharp initial crack-tip condition at the tip of the fatigue
crack. The front and back CT sample faces were also measured, and the precrack is only
deemed unsuitable or invalid if the two crack lengths differ by more than 0.258 mm.
Crack-opening displacement measurements were made on the CT specimens using a clipgauge of sensitivity 2.5 V per mm of COD. The clip-gauge was attached to the CT specimen
at the notch mouth using knife edges (set at 10.0 mm apart) mounted with set screws driven
into drilled and tapped holes. All FCG data were processed by the secant method to obtain
da/dN versus AK. The value of AK was calculated using the expression:

AK=

] [a ]
[ AP..Ji
BW
f W

(1)

where 'a' is the crack length, AP is the tensile load range, and the function f(a/W) = 30.96
- 195.8 (a/W) + 730.6 (a/W)2 - 1186.3 (a/W) 3 + 754.6 (a/W)4, which is valid for the range
0.2 :,::; a/W :,::; 0.95.
The test was carefully interrupted at selected stress ratio and stress-intensity factor. The
specimen was removed from the lnstron machine and the sample surface (polished down
to 0.1 µm diamond paste prior to the test) was examined by scanning electron microscope
(SEM) using back scattering detection to determine the predominant fracture mode and/or
to examine the fracture surface mechanisms associated with fatigue crack propagation. An
etching reagent (0.5 pct HF) was used to enhance the surface topography.

RESULTS AND DISCUSSION
FCG Rate Measurements
Figure 1 shows the fatigue crack length, a, plotted against the applied cycles, N, for an
Al-Si-Mg casting alloy tested at various stress ratios and for different silicon particle
morphologies. The results, obtained from constant load amplitude tests, show good
reproducibility; that is, the crack extends in a stable and smooth manner. However, from the
macroscopic viewpoint, the tortuous crack path observed at the sample surface increases
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with crack extension and LlK. This causes the surface crack path to oscillate around the
nominal crack length, resulting in a lengthening of the actual crack path. Additionally, the
crack tortuosity also increases with the number of cycles for any given silicon particle size
and stress ratio. The presence of this tortuous crack path behaviour will tend to retard the
rate of fatigue crack growth, by the process of crack closure. It is expected that crack growth
rates will be significantly influenced both by conditions ahead of crack tip and the degree
of crack face contact behind the crack tip.
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Figure 1. Fatigue crack length versus number of cycles
at various stress ratios ;and for different Si particle sizes

All crack growth rates studied in the present investigation satisfied the following equation
in accordance with ASTM E647 (1999):
2
Kmax
W-a- ~-4 [ -]

•

1t

(2)

(Jys

where Kmax is the maximum stress intensity, O"vs is the yield strength, and (W-a1) is the
specimen's uncracked ligament. Figure 2 shows the variation in the FCG rate, da/dN, as
a function of the closure-corrected effective stress-intensity-factor range, Lll<,,tt (where ill<,,«
= Kmax - f<ctosure), for alloy specimens containing fine, intermediate, and coarse silicon particles
at stress ratios of 0.1, 0.3, 0.5 and 0.8. K.:iosure is the stress intensity to close the crack
(~ Kmin), and since the fatigue crack cannot propagate while it remains closed, the net effect
is to locally reduce the nominal stress intensity range LlK to a slightly lower effective value
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~K..tt experienced at the crack tip.

Generally, alloys containing finer Si particle morphology
showed considerably increased closure levels at near-threshold levels, consistent with their
higher ~Kiti values in the da/dN-applied ~K plots. Elber ( 1971) proposed that crack closure
should occur from interface between crack surfaces in the wake of the crack tip, arising from
the constraint of surrounding elastic material on the residual stretch in material elements
previously plastically strained at the tip.
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Figure 2. Variation in fatigue crack propagation rate, da/dN, with effective
stress intensity factor range, t1.K.r,, at (a) R = 0.1, (b) R = 0.3, (c) R = 0.5,
and {d) R = 0.8, for fine, intermediate, and coarse Si-type particles

Two or three distinct regions are apparent in the FCG rate curves in Figure 3 which are
classified as follows: (I) the near-threshold region below 1o-s m/cycle where crack closure is
the predominant shielding mechanism, (II) the log-log linear or intermediate growth rate region
between 1o-s and 1o-s m/cycle, and (III) the high growth rate beyond this region of > 1o-6 ml
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cycle, approaching plastic instability. Region ill in the complete sigmoidal curve for these cast
alloys was not very distinct but appeared more definitely at higher stress ratios (e.g., R > 0.5).
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The crack growth rate dependency on silicon particle size is more evident at growth
rates of < 1o·8 m/cycle, where a coarser Si type morphology appears to slightly increase
the threshold (AK1h)ett values. However, the FCG characteristics in the Paris's law region
are not greatly influenced by the Si particle size for stress ratio R ~ 0.5. However, for
R ~ 0.8 the influence of Si particle size on FCG characteristics is significant in the
Paris's crack growth region. For example, at AK= 15 MPa.../m, da/dN for coarse Sitype particles is an order of magnitude higher than for fine Si material. The scatter band
associated with this sort of growth rate data is generally wide, and an expected error
of about ± 10% is estimated after data smoothing.
Figure 3 shows a plot of da/dN against AK.n for the three types of silicon particle
morphologies at various stress ratios, in which the relationship varies with the stress
ratio. For equivalent AKett level and close to the lower end of the Paris region (e.g.,
AK ~ 5 MPa...J m). the FCG rate is observed to decrease with increasing stress ratio
for the Sr-modified (fine Si) alloy (Figure 3a). However, at higher AK values towards
the upper Paris region and Region Ill, (e.g., AK~ 7 MPa...J m), the FCG rate behavior
appears to be greater with higher stress ratio. Conversely, the effects of stress ratio
on FCG behaviour for the unmodified alloy (Figures 3b and 3c) are observed to be
opposite in nature. The stress ratio effect also appears to be more evident at the
highest stress ratio of 0.8 and near the (AK1h)ett region and less significant for stress
ratios ~ 0.3 over the entire range of AK. From the results, it can be deduced that the
inferior fatigue crack growth properties of coarser silicon particles occur due to the high
stress ratio condition around the crack tip.
Figure 4 compares the present results with data obtained from A356 casting alloy (solid
line) for the same heat-treatment condition. For a stress ratio of 0.1 (Figure 4a) and
at near-threshold levels below 10-9 m/cycle, the modified and A356 alloys have similar
FCG rates, whereas in the intermediate region (> 10-9 m/cycle), these rates become
progressively slower in the A356 and unmodified alloys (i.e., intermediate and coarse
silicon). The A356 alloy appears to have better resistance to FCG than the modified
and unmodified alloys (Figure 4b), although the effect may not be very significant due
to the large scatter bands in the data.
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at (a) R = 0.1, and (b) R = 0.5 for fine, intermediate and coarse
Si-type particles in Al-Si-Mg alloys and A356 alloy

Table 4 shows the effective threshold values, (LiKth)ett, determined from the da/dN - iiKe« plots
for each type of Si morphology and stress ratio.
Table 4. Fatigue crack growth parameters of Al-Si-Mg and A356 alloys
Stress
Ratio

0.1

0.3

0.5

Alloy/Si
Morphology
Al-Si-Mg/
Fine Si
Al-Si-Mg/
Intermediate Si
Al-Si-Mg/
Coarse Si
A356/fine Si
Al-Si-Mg/
Fine Si
Al-Si-Mg/
Intermediate Si
Al-Si-Mg/
Coarse Si
Al-Si-Mg/
Fine Si
Al-Si-Mg/
Intermediate Si
Al-Si-Mg/
Coarse Si

t.K~
(MPa m"' )
7.5

(t.K~),n
(MPa m 112)
2.8

Paris
Exponent (m)
6.9

Paris
Constant (A)
7.6X10-"

5.1

3.4

7.8

2.5X1Q·IS

5.0

3.7

7.0

3.0X10-"

6.2
5.0

3.0
3.0

8.5
6.8

5.4X10·11
1.7X10·"

4.5

3.9

6.2

1.2x10·13

4.3

4.0

6.0

6.3X10·"

4.0

3.7

6.1

4.4X10·1>

3.6

3.6

5.7

0.ox10·13

3.7

3.7

5.3

1.ox10·11

A356/fine Si

3.6

3.6

7.9

1.ox10·"
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Here, (AK1h)eth was defined as the effective stress-intensity-factor range corresponding to da/
dN = 10-10 m/cycle. The table indicates higher closure levels for finer Si particles and lower
stress ratio R ~ 0.3, resulting in higher threshold levels. However, very little closure was
detected in all the tests conducted at R ~ 0.5; hence (AK1h)ett or AKett "" applied AK1h or AK,
respectively. The Paris exponent, m, in the crack growth-rate relationship, da/dN MKm,
has close values for a given stress ratio, with A356 alloy showing a slightly higher m value

=

than the present Al-Si-Mg alloy. Higher m values will have a significant implication for fracture
mechanics life-prediction methods for structural components. The values for the Paris constant
(A) for A356, however, differ considerably. Smaller values of A decrease the crack growth
rate and therefore result in better FCG properties. Thus, those alloys whose microstructures
contain fine, spherical Si particles will be more favorable when used in automobile applications
that are subjected to cyclic stress since this type of Si morphology increases the fatigue
resistance of the aluminum matrix.

Crack Propagation Morphology
The relationship between fatigue crack propagation and silicon particle morphology is followed
by carefully observing the propagation of the crack tip on well-polished surfaces of CT
specimens possessing different microstructures and tested at different values of AK, stress
ratio and number of cycles. Figure 5 and Figure 6 show SEM micrographs of fatigue surface
cracks formed in CT specimens of modified and unmodified alloys, respectively, tested at
various AK levels for a given stress ratio (R 0.1 ). The direction of crack propagation for
all surface cracks is from bottom to top in the micrographs. The fatigue crack is macro~copically
straight where the crack is initiated at the notch and propagates to within ± 3 degree from
the plane of symmetry (i.e.,± 3 deg to the initial notch direction). This is accompanied by
microscopic irregularity due to the interactions of silicon particles with the propagating fatigue
crack. The Al-Si-Mg alloy with an average 3.8 µm silicon particle size showed a greater
tendency for particle fracture than those containing a 2.7 µm silicon particle size. No particle
cracking occurred for silicon particles with an average size below 1.5 µm.

=

Decohesion of the silicon particle occurs when the stress field created at the crack tip for
a specific AK level is not able to fracture the silicon particle but is able to overcome the
interfacial strength of the silicon/matrix interface (Figures 5 and 6). Generally, the propagating
fatigue cracks penetrate through the coarse silicon particles relatively easily. It is observed
that most fractured intermediate Si-type particles are oriented perpendicular to the crack path
especially at low AK, indicating a strong particle-matrix interface bonding. Consequently, the
probability of decohesion is an unfavorable FCG mechanism for unmodified alloy. At higher
AK levels (Figures 5b and 6b), the presence of slip lines is evident along the crack path.
The slip lines appear to be caused by plastic deformation of the aluminum matrix within the
plastic zone envelope.
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(a)

(b)

Figure 5. Fatigue crack extension observed on polished sample surface
of a modified (fine Si-type) Al-Si-Mg alloy, tested at R = 0.1 3d
(a)

(b)

Figure 6. Fatigue crack extension observed on the polished sample
surface of an unmodified (intermediate Si-type) Al-Si-Mg alloy, tested
at R = 0.1 for (a) LlK = 8.0 MPa.m 112 and (b) LlK = 13.0 MPa.m 112
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Figure 7 and Figure 8 show typical SEM micrographs of fatigue crack propagation through
microstructure exhibiting fine and coarse silicon morphologies. The finer and more spheroidal
silicon particle sizes in Figure 7a are more resistant to cracking, and the fatigue crack
appears to propagate along the interface between the silicon and the aluminum matrix. As
the particle size is increased (Figure 7b) and especially when the particle shape becomes
more plate-like or elongated, the mechanism of crack extension via silicon particle cracking
becomes more noticeable. Slip lines or bands are observed in Figure 7a and the observation
is more evident under polarized light in Figure 8 along the crack. These bands were also
more dominant in CT specimens that were well polished prior to fatigue testing and lightly
etched by HF prior to examining in the SEM (using the backscattering technique).
(a)

(b)

Figure 7. Typical SEM micrographs of fatigue crack propagation observed
on the polished sample surface, tested at R 0.5. (a) Modified (fine Si-type),
L!K 7.5 MPa.m 112 and (b) Unmodified (coarse Si-type), L!K 4.5 MPa.m 112

=

=
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Figure 8. Typical optical micrograph of a polished sample
showing the formation of shear bands around the fatigue
crack path, observed under polarized light (200X)
The surface crack morphology of an unmodified alloy analyzed at R = 0.5 under constant load
amplitude fatigue testing is displayed in the four consecutive micrographs of Figure 9, where
the direction of the crack path is from Figure 9d (near the notch of the CT specimen) to Figure
9a (at the crack tip). The tendency toward Si particle fracturing was found to increase with
increasing i'.\K level and particle size (extent of particle fracture being estimated from optical
and scanning electron microscopy). By following the advancing fatigue crack tip, the crack
commences gradually to seek out silicon particles ahead of the crack tip. The probability of
finding an eligible silicon particle that will crack is enhanced at very high i'.\K levels. For alloys
containing Si particles (> 1.5 µm), the increase in the tendency for Si particle fracture ahead
of the crack tip resulted in coalescence of these macrocracks with the main crack Jip. This
increased the crack growth rate compared to microstructures containing finer silicon particles.

(c)

(a)

(b)

Figure 9. Typical SEM micrographs of a single surface crack morphology of unmodified
(intermediate Si) Al-Si-Mg alloy, tested at R = 0.5 and constant load of 2.4 kN. (a) AK =
8.9 MPa.m 112, (b) AK= 7.5 MPa.m 112, (c) AK= 6.1 MPa.m 112, and (d) AK= 5.6 MPa.m 112•
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Crack branching (Figure 9b) is also evident at higher AK levels. This phenomenon leads
to a reduction in crack growth by increasing the total crack length while reducing the effective
stress intensity at the crack tip when the crack branches or meanders. The mechanism of
crack extension for fine Si particles, however, will be different, as the crack advances through
the Al-Si matrix by the process of decohesion of the silicon particles. If the interfacial strength
between Si particle/matrix is weak, then it is likely to get particle pull-out which can enhance
toughness as the true surface area of the crack is now much greater; i.e., more work is
required to form the larger area of the cracked interface. However, excessive decohesion
of particles degrades the material ahead of the crack tip as well as reducing the effectiveness
of crack tip deflection at the particle/matrix interface and overall resistance to FCG rates.
For example, the crack is readily attracted to the decohered interfaces and crack growth
is enhanced similar to the effect of unzippering. The presence of this non-deforming and
non-fracturing Si particles can also act as bridging stress between the matching fracture
surfaces near the crack tip. However, if the particle-matrix interfacial strength is stronger
relative to the fracture strength of the aluminum matrix, then the smaller silicon particles that
are resistant to cracking will tend to deflect the crack path and/or reduce the FCG rates by
blocking or pining down the motion of the crack front like anchor points. The stress/strain
field generated at the fatigue crack tip is not strong enough to fracture the fine Si particles
and therefore the crack path is forced to deviate considerably and develop along the weakest
path in the microstructure.
Fatigue Mechanisms

The parameters controlling the fracture characteristics of Al-Si-Mg casting alloys are: (1) the
size, orientation, and local distribution of the Si particles and, (2) the resistance of the Si
particles and their interface to cracking, decohesion, and plastic flow in the matrix. Fatigue
failure behaviour of these alloys can be classified into four stages: (1) crack initiation in the
silicon and intermetallic particles, (2) growth of cracks into cavities, (3) crack propagation
across the Al-Si matrix via linkage of microcracks/voids generated as a result of decohesion
and/or particle cracking, and (4) rapid crack growth leading to rupture of the aluminum matrix,
characterized by the formation of dimples on the fracture surface.
During plastic cyclic deformation, nucleation of cracks occurs by particle-matrix interface
separation and/or by particle cracking. The competition between particle fracture and interfacial
decohesion as well as plastic flow in the matrix will determine the critical fatigue strain
necessary for void formation or particles fracture to occur. lnterfacial strength between
particle and matrix is the major factor in crack nucleation. Other factors that may contribute
to the void/microcrack initiation process are (1) particle size, shape, and volume traction,
(2) particle strength, (3) particle location, and (4) particle orientation. The presence of large
and irregularly shaped Si particles with large aspect ratios will accelerate crack nucleation
due to the additional stress concentration effect on particles as well as facilitate crack
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nucleation, even at low dK levels. Multiple internal fracturing of silicon particles with large
aspect ratios occurs in the early stages of cyclic deformation, and the extent of fractured
Si particles increases with increase in dK. The orientation of the elongated silicon particles
with respect to the tensile direction also determines the propensity for microcrack nucleation.
The trend for internal particle cracking is found to increase as the angle between the longest
axis of the elongated particles and the tensile direction decreases similarly to that observed
by Lindley et al. (1970). Additionally, the presence of larger Si particle size can be detrimental
to the alloy strength as the strength distribution of the Si particulate population obeys Weibull
statistics. Table 2 shows that the tensile strength of the composite increases with decreasing
Si reinforcement particle sizes. Hence, larger particles are more likely to contain cracks,
which severely reduce their strength, than smaller particles.
Microcrack nucleation occurs when the elastic energy of the particle exceeds the surface
energy of the newly formed microcrack surfaces, causing particle fracture (Pettit and Hoeppner;
1973). In the case of spherical particles, the critical stress cr for Si particle cracking can be
calculated from the Curry and Knott (1979) formula:

O"
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81 -
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nEy.

(3)

2(1 - u 2)R

for plane strain condition, and
O"s .

'

=

J

nEy.

(4)

2R

for plane stress condition, where Ys is the effective surface energy for the dynamic
propagation of microcrack initiated at a Si particle and into the Al matrix, u is the
Poisson's ratio (u = 1/3), and R is the radius of the cracked particle.
Table 5 shows an example of some calculated values of fracture strength, O"s;, and the
resultant stress, cry , of Si particles in the vicinity of a fatigue crack tip of Al-Si-Mg casting
alloys. The value of cry can be calculated using Irwin (1960} formula:
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cry are functions of the angular position (0) relative to a crack tip. Clearly, when the
stress cry exceeds the effective particle strength crs1 of the silicon particle, particle cracking
will occur. If O"s; is greater than cry (e.g., with smaller Si particle}, the particle will not fracture,
but the crack tip will be arrested at the particle/matrix interface, with further crack growth
possible only via the mechanism of crack deflection and/or decohesion. However, crack

where
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deflection is viewed more favorable for the toughening of the alloy composites wherein the
finer Si particles acting as obstacles in the path of the crack enhances the apparent
resistance to crack growth by tilting or twisting the crack front. Evans et al. (1985) have also
suggested that crack blunting results when crack arrest occurs at the particle/matrix interface.
Table 5. Calculated fracture strength of Si particle and the resultant acting
stress (* plane strain condition otherwise plane stress condition is assumed)
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From the preceding analysis, the propensity for crack propagation is then related to the
number of eligible silicon particles having strength cr5, less than av within the plastic zone
of the fatigue crack. Evidently, progressive fracturing of Si particles in the plastic zone ahead
of the advancing fatigue crack tip creates a fast increment of crack extension that can
increase the crack growth rate (Figure 1Oa). The pile-up of dislocations at the Si particle
is considered responsible for cracking of the Si particle and/or interfacial debonding with the
attendant inception of a fatigue crack within the matrix. This particle cracking is assumed
to be initiated when a critical elastic strain energy was reached inside the particle near the
site of dislocation pile-up. Therefore, crack extension involves a repeated process of microcrack
nucleation due to cracking inside the brittle Si particle, and onset of advancing crack linkage
occurring ahead of the crack tip from the brittle Si particle into the ductile matrix. Growth
of microcracks to form macrocracks at and near the crack tip also proceeds by the separation
between closely spaced fractured Si particles, leading to eventual linkage of adjacent
microcracks generated during the process. The ductility of the matrix between the fractured
particles will determine the crack growth rate since a ductile matrix will have a tendency to
blunt the crack tip as well as increase the level of crack closures.
In ductile Al-Si-Mg alloys, fatigue damage results from void nucleation and formation at the
interface of fine equiaxed, nonfracturing Si particles by interfacial separation. For void
nucleation by interfacial decohesion, the stress at the particle/matrix interface must exceed
the interfacial strength and the larger particles usually nucleate voids earlier than the much
smaller Si particles, i.e., enough elastic energy must be released by the particle to create
a new interfacial area. If the bond between the Si particles and the matrix is weak, then
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decohesion will occur at the interface. The work of decohesion which is dependent on the
specific surface energy y can be expressed as y ='Ym + "{p - 'Yi , where 'Ym is the surface energy
of the matrix, "{p that of the particle and 'Yi that of the particle/matrix interface. In addition
to the attainment of a critical stress at the particle/matrix interface, the magnitude of y is
dependent on the value of Yi, such that larger y, will be easier to separate than finer particles
with low y,.

(a)

(b)

Void coalescence

(c)

Along slip bands

Figure 10. Schematic diagram showing proposed crack propagation mechanisms
for Al-Si-Mg alloys by (a) microcrack, (b) void growth and coalescence around
Si particles, and (c) crack extension along slip bands in the ductile Al matrix

If the bond is strong and O's 1 > cry, fatigue crack tip blunting at the interface will most likely
occur by decohesion of a low strength interface. However, it is also possible that if a
propagating crack reaches the particle/matrix interface with a strong bond (low toughness),
the high stress intensity associated with the crack tip might cause fracture of the brittle Si
particle [Kup > (Kd;nterlacel· The direction of crack propagation is likely to be through a
preferential path along the aluminum matrix, with the advancing crack seeking to avoid the
Si particles. Crack-tip blunting and deflection of the Si particles can contribute to the overall
decrease in crack growth rates as noted for the fine Si and A356 alloys. Therefore, the overall
fatigue strength of these alloys depends on the interaction between the Si particles and the
matrix and on the strength of the particle/matrix interface formed during solidification.
When the interfacial stress cr1 , at the particle/matrix exceeds a critical value, void nucleation
occurs through decohesion along the interfaces of average-sized Si particles. This can be
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expressed as (Argon et al., 1975):
(6)
where era is the applied cyclic stress and c:rP is the normal stress due to blocked slip bands,
which is directly proportional to the flow stress, F, and the square root of the slip-band length,
r. Hence,
(7)
Figure 1Ob shows a simplified model for the formation and coalescence of micro-voids during
the crack extension process. As the fatigue stress field near the crack tip is more intense,
large voids are created that decrease in size as their distance from the crack tip increases.
Therefore, the growth of voids or cavity enlargement is a process enhanced by localised
cyclic plastic deformation.
Slip bands are formed in the length of the unbroken ductile matrix ligaments between the
microcracks/voids within the intense plastic zone. Figure 1Oc shows fatigue crack propagation
along these slip bands created in the vicinity of the crack tip, resulting in the eventual linkage
of favorably oriented microcracks generated by fractured elongated Si particles. The intensity
and extent of slip band formation increases with increasing AK or with increasing crack length
for a constant load-amplitude fatigue test. The fatigue crack advances along the most favorable
plane of these slip lines, but the crack tip gradually becomes blunted as it advances into the
matrix. This primary slip plane also undergoes a work hardening effect which therefore leads
to alternating shear on another slip plane. The changed crack tip direction into another plane
allow for resharpening. However, the crack tip is soon blunted and needs to be reversed again
for resharpening. This alternating process of crack-tip blunting and resharpening is repeated
again and again through shear formation at the crack tip that involves the simultaneous or
alternating flow along two slip systems. Therefore, the advancing crack tip converges from
one void or microcrack into another along the slip bands created between fractured Si particles.

Fractographic Observations
On a macroscopic scale, the fatigue fracture surface of CT specimens showed the following
features: (a) rougher texture regions at high AK values or higher crack growth rates, (b) a
smoother texture at near-threshold growth rates, and (c) very flat features in the final fracture
regions, caused by cleavage-type of fracture mechanism. These observed fractographic
trends are found to be in agreement with the results of Wigant and Stephens (1988) on the
fatigue crack growth behaviour of A356 cast alloy. The smoother features observed at nearthreshold growth rates are due to the continued fretting or rubbing of the crack surfaces
during fatigue testing, as suggested by Wigant and Stephens (1988) . Such fretting behaviour
results from crack closure, especially during testing at low da/dN rates.
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Figure 11 shows typical SEM micrographs of the fracture surfaces of the modified and unmodified
Al-Si alloys, respectively, tested at stress ratio of 0.8. In the modified alloy (Figure 11a), evidence
for the occurrence of decohesion of silicon particles from the surrounding aluminum matrix is
clearly noticeable, with no evidence of particles cracking (i.e., the interfaces between the Si
particles and the eutectic matrix being the weakest links). The micrograph shows the holes in
the Al matrix with or without Si particles sitting inside, as well as the presence of small spherical
silicon particles on the fracture surface of the Al matrix. The fine Si particles range in size from
3.0 to 3.5 µm. The fatigue crack appears to advance mainly in the softer aluminum matrix
between these fine particles. The hard silicon particles may act as a wedge to nucleate voids
ahead of the crack tip during fatigue crack propagation. The simultaneous linkage of these voids
may accelerate crack growth rates in this alloy, especially at low stress ratio levels.
(a)

(b)

Figure 11. Typical SEM micrographs of fatigue fracture surface
of Al-Si-Mg alloy. (a) Fine Si particles, R=0.8, L!K 5.0 MPa.m'12
and (b) Coarse Si particles, R=D.1, L!K 10.0 MPa.m. 112

=

=

However, the fatigue fracture surface morphology for the unmodified alloy (consisting mainly of
coarse Si particles), showed fracture of silicon particles by a cleavage mechanism (Figure 11b),
which is quite similar to those observed for tensile fracture surfaces. Striation formation in the
aluminum matrix region of the fracture surfaces are also frequently observed, especially when
the crack growth rate, da/dN, is less than 10-s m/cycle. These striation features, however, are
not usually noticeable for aluminum alloys containing high silicon levels. The striation patterns
indicate the preferential propagation paths for the growth of these cracks from one crack plane
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to another. Secondary cracking is also evident in Figure 11 b, indicating cracking normal to the
main fracture plane. In addition to the observed Si particle cracking, interface debonding or pulling
out of the flat silicon platelets from the Al matrix is also evident in the photomicrograph.
The scanning electron micrograph of Figure 12a shows typical example of the fracture
morphology at AK level of 9.36 MPa'1m, for specimens tested at stress ratio of 0.1. At AK
levels greater than 15 MPa'1m (Figure 12b), rapid cleavage fracture of the silicon platelets
with tearing of the aluminum matrix appears to be the dominant fracture mode. Secondary
cracking was also observed on the fracture surfaces. The formation of secondary cracking
during fatigue crack growth appears to be due to the low fracture toughness of the alloys.
However, the extent of secondary cracking appears to decrease as the AK level decreases.
The silicon particles fractured by cleavage were more noticeable in the Paris region than
in the near-threshold region. The formation of striation patterns in the aluminum matrix also
appeared to increase with decreasing AK. The mixed mode of particle cracking and decohesion
is associated with low AK levels and intermediate Si-type morphology. The faceted silicon
platelets reveal the presence of cleavage planes that lie in orientations that differ from one
particle to another, resulting in the crack propagating along different planes, and giving the
general appearance of a very irregular fracture surface.
(a)

'

(b)

Figure 12. SEM micrographs of fatigue fracture surfaces of
unmodified Al-Si-Mg alloy containing coarse Si particles, tested
at R = 0.1 for (a) .J.K = 9.36 MPa.m. 1~. and (b) .J.K = 15.0 MPa.m. 1~
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Figure 13 is a typical example of SEM fractographs for a stress ratio of 0.5, showing an
overall evolution in fracture morphology similar to that observed in Figure 11 b. The propensity
for particle cracking as well as the extent of secondary cracking increases as the AK value
increases, whereas particle decohesion and fatigue striation formation increase as the AK
levels decrease. The colonies of striations observed on the fracture surface seemed to be
orientated in specific directions in these regions, indicating that the direction of fatigue crack
propagation is perpendicular to each specific striation region.

(a)

(b)

Figure 13. SEM micrographs of fatigue fracture surfaces of
unmodified Al-Si-Mg alloy containing coarse Si particles, tested
at R = 0.5 for (a) LlK = 4.9 MPa.m. 1~. and (b) LlK = 10.0 MPa.m. 1~

The SEM micrographs shown in Figure 14 broadly represent the fatigue fracture surface
features observed in the modified alloy over a wide range of stress intensity factors. At low
AK values (e.g., 5 MPa'1 m in Figure 14a), the fatigue fracture surface was found to contain
small holes and fine, near-spherical Si particles of diameter range 2 to 2.5 µm, sitting on
the Al-matrix. The small holes were generated as a result of silicon particles being pulled
out of the fracture surface. No evidence of particle cracking could be found when the AK
level was less than 15 MPa'1m. Thus the fracture strength of the silicon particles may be
greater than the maximum principal stress generated at the crack tip or within the plastic
zone of the stress-strain field, leading to their decohesion.
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(a)

{b)

(c)

Figure 14. SEM micrographs of fatigue fracture surfaces of
unmodified Al-Si-Mg alloy, tested at R = 0.8 for (a) fine Si particle,
LlK = 5.0 MPa.m 112, (b) fine Si particle, LlK = 20.0 MPa.m 112, and
(c) coarse Si particle showing cleavage fracture, LlK 7.0 MPa.m 112

=

At very high crack growth rates of high AK levels (e.g. AK= 20 MPa--/m in Figure 14b), the
fatigue fracture surface was covered by ductile dimples with decohered and/or cracked
silicon particles. In such cases, the primary fatigue process is dominated by ductile rupture
of the soft aluminum matrix involving the growth and coalescence of voids, as well as the
mechanism of cleavage in the silicon particles. The cleavage of these particles appears to
produce a large, flat area at the centre of the dimples. This trend toward the formation of
ductile-dimple fracture becomes less evident as the silicon particle size increases, when the
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failure mechanism is dominated by cleavage of the Al-Si matrix at high 8K levels. This is
to be expected, because of the lower ductility of the unmodified Al-Si-Mg alloy in comparison
with the modified alloy, where the possibility for brittle-type matrix failure is greater.
The results obtained from this work indicated that the fatigue crack growth behaviour of AlSi-Mg casting alloys depends on the stress ratio, stress intensity level and micro-morphology
of the material. The size, shape and distribution of the eutectic Si particles, matrix strength
and interfacial strength between eutectic Si particles and matrix determine the mode of fracture
of the alloy. The presence of fine Si particles in A356 and modified alloys slightly increases
the FCG rate at lower stress ratios (R ::;;; 0.3) but decreases them at stress ratios ~ 0.5.
Depending on the stress ratio level, therefore, this effect has important implications in the
design of wheel alloys; Al-Si-Mg casting alloys containing fine Si particles display better
ductility, strength, and fatigue performance compared with A356 alloy (Table 2). The fracture
processes identified in the alloys studied were classified as follows:
1. Decohesion of the silicon particles from the surrounding aluminum matrix (Figures 14a-b)
2. Cleavage/particle cracking of silicon (Figure 14c)
3. Striated growth in the aluminum phase, especially at high stress ratios (Figures 7a,
8 & 11 b); these striations were more or less set out perpendicularly to the direction
of the crack.
For alloy containing an average Si particle size of less than 1.5 µm, it was found that the
fatigue crack path preferentially propagates along the interface between the eutectic silicon
particles and the Al-matrix. Such observations have also been reported by Plumtree and
Schafer (1986) and Hoskin et al. (1988).

CONCLUSIONS
1.

The fatigue fracture behaviour of Al-Si-Mg casting alloys depends on:
• the size, orientation and local distribution of the Si particles
• the stress-intensity-factor range
• the plastic zone size
• the stress ratio, and
• the resistance of the Si particles and the Si particle/matrix interface to cracking,
decohesion, and plastic flow in the matrix

2.

The plots of da/dN versus applied 8K showed that the crack growth rates are strongly
dependent on the stress ratio and particle size, consistent with the higher closure levels
obtained at low stress ratios. For the same applied 8K level and Si particle size, the
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crack growth rate was found to be greater at a higher stress ratio. The stress ratio effect
on the crack propagation was more pronounced in the near-threshold region.
3.

Fracture processes were identified by:
• decohesion of the Si particles from the aluminum matrix; this type of fracture
behaviour occurred when the interfacial strength was weakened relative to the
matrix fracture strength. The fracture surface exhibited, ductile dimples at very
high da/dN (> 10·5 m/cycle) or LiK levels,
• cleavage/particle cracking of silicon, which became more noticeable in the Paris
region (i.e., at da/dN "' 10-s - 10-5 m/cycle), and
• striated growth in the aluminum phase, especially at high stress ratios and da/dN <
1o-0 m/cycle where the striations appeared approximately perpendicular to the direction
of the crack.
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