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The effects of various microconstituents on crack initiation and propagation in high-cycle fatigue
(HCF) were investigated in an aluminum casting alloy (A356.2). Fatigue cracking was induced in
both axial and bending loading conditions at strain/stress ratios of 21, 0.1, and 0.2. The secondary
dendrite arm spacing (SDAS) and porosity (maximum size and density distribution) were quantified
in the directionally solidified casting alloy. Using scanning electron microscopy, we observed that
cracks initiate at near-surface porosity, at oxides, and within the eutectic microconstituents, depending
on the SDAS. When the SDAS is greater than , 25 to 28 mm, the fatigue cracks initiate from surface
and subsurface porosity. When the SDAS is less than , 25 to 28 mm, the fatigue cracks initiate from
the interdendritic eutectic constituents, where the silicon particles are segregated. Fatigue cracks
initiated at oxide inclusions whenever they were near the surface, regardless of the SDAS. The fatigue
life of a specimen whose crack initiated at a large eutectic constituent was about equal to that when
the crack initiated at a pore or oxide of comparable size.

I. INTRODUCTION research on small-crack propagation[24] in commercial alu-
minum castings is needed to better reveal the interaction ofTHE mechanical properties of widely used A356.2 alu- microstructures with the fatigue process.

minum castings have been related to microstructural features In this study, we investigated microstructural effects on
such as secondary dendrite arm spacing (SDAS),[1,2,3] micro- HCF crack initiation and the interaction of microstructure
porosity,[4,5,6] intermetallics,[7] and eutectic silicon parti- with the propagation of fatigue cracks during HCF in A356.2
cles[8,9] and to variations in heat treatment[10,11] since the specimens removed from a casting ingot with gradients in
late 1940s. Although the study of the relationship between SDAS and porosity. In related work,[25] the fatigue lives of
fatigue properties and microstructures in A356 can be dated the specimens are given for both LCF and HCF conditions,
back to the 1950s,[12] it has been only recently that there without the level of detail on microconstituents presented
has been a concerted impetus to use more aluminum castings here.
in automobiles[13,14] to achieve weight reduction and corres-
ponding improvements in fuel economy and emissions. As
sound commercial aluminum castings find more applica- II. EXPERIMENTAL PROCEDURES
tions, more information on the effects of microstructures on

A. Materials and Fatigue Testingfatigue properties would enhance both the practical improve-
ment of the current casting processing and the fundamental The A356.2 casting ingots were solidified with bottom-
understanding of fatigue processes in aluminum casting water cooling to effect a gradient in SDAS. The melt was
alloys. degassed with Ar, grain refined with an Al-3Ti-1B master

It is generally accepted that the fatigue process consists alloy, and modified with an Al-15Sr alloy. The composition
mainly of four important stages: microcrack initiation, (in wt pct) was 6.87 Si, 0.36 Mg, 0.03 Fe, 0.10 Ti, 0.006
microcrack coalescence and growth (small-crack propaga- Sr, 0.01 Cu, less than 0.001 B, and the balance Al. Additional
tion), macrocrack growth, and final fracture. From the point details can be found elsewhere.[23,26,27] After the castings
view of fatigue life, the crack propagation dominates the were cut into slices for the fatigue specimens, the slices were
low-cycle fatigue (LCF) life, and crack initiation controls heat treated to the T6 condition. The specimen geometry used
the high-cycle fatigue (HCF) life. Fatigue cracks in alumi- in axial fatigue testing was from ASTM E466-82.[28] The
num alloys have been found to initiate from slip bands, bending-fatigue specimen geometry was determined by a
constituent particle breakage and debonding, and grain- finite-element stress analysis and several trial fatigue tests,
boundary separation.[15] In hypoeutectic Al-Si casting alloys, to ensure a uniform strain distribution in the gage section.[23]

fatigue cracks usually initiate from shrinkage pores at or
close to the specimen surface,[16–23] often associated with a
small crack-initiation period.[23] However, research has been B. Microstructural Characterization and Fatigue
focused on fatigue-crack propagation of long cracks using Fracture Observations
linearly elastic fracture-mechanics methods. Much more

Using light microscopy, the line-intercept method[2,3] was
applied to measure the SDAS on samples removed from the
as-cast ingots. Failed fatigue samples, which contained main
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(a)
Fig. 1—Variation of SDAS along ingot height.

using SEM, which revealed the fatigue-crack initiation sites,
propagation paths, fracture modes, etc.

C. Number Density of Pores and Maximum Pore Size

Radiographs were made before mechanical testing to
reveal the porosity (maximum size and number density) in
the fatigue specimens removed from the bottom to the top
of the ingots. A radiography unit with a tungsten target of
an effective focal spot of 2.0 mm was used. Pores visible
on the radiographs at a magnification of 20 times were
counted within a grid of an area of 34.10 mm2 (5.84 3 5.84
mm). The number of pores in a total of 12 grid areas within
the gage section of each specimen was counted, and then
the number density was averaged. The size of the largest
pore, determined at a magnification of 20 times in each (b)
specimen, was further measured at a magnification of

Fig. 2—Pores detected by radiography in the casting ingots (a) variation38.75 times.
of maximum length and (b) number density of visible pores.

D. Area and Maximum Size of Crack-Initiation Sites
on Fractures the variation in SDAS shows a change in slope at about 40

mm from the chilled surface, in Figure 1. Beyond that point,The fatigue-crack initiation sites on the fatigue fractures
the SDAS increases almost linearly from 20 to 60 mm atwere identified with the aid of either a light microscope or
250 mm. According to a relationship cited by Spear andSEM, depending on the size of the sites. Both the maximum
Gardner[1] on SDAS as a function of cooling rate in solidifi-size and the area of the projection of the initiation sites
cation, the calculated cooling rate varies from 17 K s21 at(porosity, oxide inclusions, and eutectic constituents) were
the bottom of the casting ingot to 0.4 K s21 at 250 mm frommeasured. A grid with an area of 2.117 mm2 (1.455 3 1.455
the bottom.mm) was used for area measurement on photomicrographs.

Only the crack-initiation site that caused the fatal fatigue
crack was measured when multiple crack-initiation sites B. Porosity Distribution as a Function of SDAS
were found.

The variations of maximum length and density of porosity,
visible on radiographs of the fatigue specimens (3-mm thick)

III. RESULTS AND DISCUSSIONS with different SDASs, are summarized in Figures 2(a) and
(b). The pores are obvious when the SDAS . 28 mm; no

A. The Variation of SDAS along the Height of the Ingot visible pores, for specimens with a SDAS , 28 mm, could
be detected even under a magnification of 38.75 times. AsFigure 1 shows the variation of SDAS along the ingot

height, measured upward from the bottom chill. Below a the SDAS increases from 28 to 48 mm, the images of the
pores become clearer, and the maximum length increasesdistance of 50 mm from the bottom chill, the SDAS increases

slightly from 15 to 20 mm as the height increases. Twenty from about 0.08 mm (80 mm) to 0.7 mm (Figure 2(a)).
Using this radiographic technique, no pores were detectedseconds after pouring, a bottom plate was pulled so that the

casting butt was exposed to direct water impingement. Thus, in specimens that have an SDAS less than 28 mm. Figure 2(b)
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shows that the number density of visible pores is between
approximately 0.4 to 1.1 mm23 for most of the specimens,
with four of the number densities less than 0.2 mm23,
grouped at a SDAS of approximately 30 mm.

Although radiography did not detect the pores at the
smaller SDAS, using metallographic techniques, Fang and
Granger[27] found pores which were 50 to 25 mm in equiva-
lent diameter for SDASs from 30 to 16 mm, in a grain-
refined and modified A356.2, which was cast in the same
manner as the ingots studied herein. However, pores of such
small sizes are not active in terms of crack initiation, which
takes place at eutectic microconstituents of larger sizes, as
is discussed later. Results in Figure 2(a) show that, as the
SDAS increases (cooling rate decreases), the maximum
length of the pores increases, but, when the SDAS is greater
than about 34 mm, the visible pore density decreases. These
results are in agreement with the results from Tynelius et

(a)al.[29] and Shivkumar et al.,[30] where it was found that the
maximum porosity area increases as the SDAS increases,
and that, when the hydrogen content is above 0.22 mL/
100 g in the alloy, the areal pore density decreases as the
SDAS increases.

C. Fatigue-Crack Initiation at Near-Surface Porosity

Porosity has been widely reported to be the major initia-
tion site for fatigue cracks in casting alloys. In this study,
detailed observations of the fracture surfaces of the bending-
and axial-fatigue specimens revealed other types of initiation
sites in addition to pores, depending on the SDAS and
microconstituents.

Although most of the initiation sites are at the surface,
cracks initiated from subsurface porosity in a few of the
bending-fatigue specimens. Subsurface crack initiation,
related to preexisting defects and microcracks, has been (b)
reported in HCF at lower stresses for high-strength

Fig. 3—Crack-initiation sites in bending fatigue specimens: (a) a near-alloys.[31,32] The possibility that a subsurface pore or other
surface pore, where the crack initiated in a specimen with a SDAS of 35defect can initiate a crack depends not only on its size, but
mm; and (b) distribution of crack-initiation sites in terms of their lengths

also on its distance from the surface. The pore in Figure and distances from surfaces.
3(a) is approximately 360 mm in length, and its closest
distance to the surface is about 33 mm. Figure 3(b) shows
the maximum lengths of subsurface defects that initiated fatigue properties. Figure 4(a) shows a crack-initiation site
cracks and their distances from the surface. For the fractures at an oxide which is about 75 mm from the surface of a
resulting from axial fatigue testing, we did not find any specimen (SDAS 5 25 mm). The energy-dispersive X-ray
cracks that initiated from a subsurface pore, perhaps because (EDX) analysis reveals the oxide to be AlxMgyOz (probably
the number density of large pores in the axial specimens the spinel of Al2O3 and MgO or Al2O3 plus the spinel). On
was significantly less than in the bending specimens (Figure the surface of the oxide film, small particles (less than 5
2(b)). We found only one crack, which initiated from a mm) were detected, with different compositions: AlxMgyOz ,
subsurface oxide inclusion (200 mm in size, located at 250 AlxSiyOz , and AlxCy (possibly Al4C3). Its shape and higher
mm from the surface). Seniw et al.[33] used a reduced section Mg content indicate that it is an “old” oxide, which existed
in fatigue specimens to establish the relationship of fatigue in the melting ingot, as described by Campbell et al.[34]

life to pore-initiation size and the distance from the surface. Another old oxide with Mg was observed on the fracture of
They found that most of the initiation sites were subsurface an axial-fatigue specimen (Figure 4(b)). It consists of two
pores. So, whether the fatigue crack initiates from a subsur- layers of oxide films with small particles of AlxMgyOz (less
face defect depends on the extent to which the maximum Si, Sr, and Ti) sitting on the film.
stress is localized, the pore size, and the pore number density. The oxides are as deleterious to fatigue resistance as are

the pores. The fatigue life of a bending specimen with a
SDAS of 25 mm, whose crack initiated at an old oxide, isD. Crack Initiation at Oxides at or near the Surface
100 times less than that for a similar specimen with a crack
initiated from a eutectic constituent and is almost the sameDifferent types of oxides were found to initiate fatigue

cracks in both axial- and bending-fatigue specimens. Oxides as that for a specimen with a crack initiated from a pore of
267 mm in maximum length. Campbell et al.[34] and Wangpoured into molds with the melts are more deleterious to
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Fig. 5—Crack-initiation site at an oxide revealed by SEM (SDAS 5 17
mm, axial fatigue with maximum stress of 175 MPa, R 5 0.1, failed at
7.8 3 105 cycles).

their formation. Figure 6(a) shows such an oxide film, which
initiated the fatigue crack in a specimen with a SDAS of
16 mm. The film is AlxOy , with a small amount of Si and
barely a trace of Mg. At a higher magnification, we found
submicron particles of AlxOy (probably Al2O3) that decorated
the surface of the films. These are the new oxides described
by Campbell et al.[34] At a much lower magnification (Figure
6(b)), the oxide appears as folded films, which follow eutec-
tic constituents for several SDASs.

E. The HCF Crack Initiation at Eutectic Areas

When the SDAS is less than 25 mm and no large oxide
inclusions are present, HCF cracks initiate exclusively fromFig. 4—Oxides revealed by SEM: (a) initiation site at subsurface oxide

(SDAS 5 25 mm, bending fatigue with maximum strain of 0.0016, R 5 the eutectic constituent. Figure 7 shows a portion of a rather
21, failed at 1.4 3 106 cycles); and (b) initiation site at an oxide film large eutectic constituent (210 mm in maximum length),
(SDAS 5 17 mm, axial fatigue with maximum stress of 130 MPa, R 5 which initiated a fatigue crack at the surface. Many of the
0.2, failed at 5.0 3 106 cycles).

silicon particles in the eutectic constituent are debonded
from the aluminum-rich phase; EDX analysis shows that,
on the surface of a debonded silicon particle, there is a layer
of aluminum. Well-organized marks left by the debondedet al.[35] have stated that the fatigue cracks initiate from old

or “new” oxides, and that the fatigue lives of most aluminum silicon particles can also be seen in Figure 7, which indicated
that the debonding was from a sliding mechanism.alloy castings could probably be improved by a factor of

100 to 10,000 times by a combination of attention to metal Since the silicon particles in the interdendritic area are
stiffer than the matrix,[30] then the stress has to be distributedquality and casting technique.

Figure 5 shows a new oxide that developed on the surface in such a way that the clusters bear more load than the
rest of the matrix to satisfy the deformation compatibility.of the molten alloy during pouring. This oxide initiated a

fatigue crack in a specimen with a SDAS of 17 mm. Indica- Apparently, the stress concentration created in this area is
enough to cause microslips in the matrix close to the silicontion of debonding was seen on the other half of the fatigue

fracture that is not shown here. The oxide consists of particles, which led to the particle debonding and then crack
initiation. According to Lee et al.,[36] a Sr-modified eutecticAlxSiyOz with only a very slight indication of Mg, in contrast

to the old oxides, which showed clear indications of Mg. alloy (Al-12 wt pct Si-0.35 wt pct Mg) showed better fatigue-
crack growth resistance than the unmodified version of theSmaller particles sitting on the film were detected, with

qualitative compositions of AlxSiyOz and AlxCySiz. The alloy with coarse Si particles. Shiozawa et al.[24] investigated
fatigue behavior in squeeze-cast aluminum alloys usingfatigue life of this specimen was about the same as in speci-

mens in which the eutectic constituent initiated cracks. It smooth specimens subjected to rotary bending. Crack-initia-
tion sites were at the silicon particles within the eutecticseems that the new oxide is not particularly deleterious, if

it is not folded and aggregated. constituents at the surfaces of specimens. They suggested
that an improvement in fatigue strength can be expectedNew oxides formed during turbulent pouring were found

in specimens near the bottom of the casting ingot, even by refining the eutectic silicon rather than increasing the
static strength.though the mold was tilted during the pouring to minimize

2662—VOLUME 30A, OCTOBER 1999 METALLURGICAL AND MATERIALS TRANSACTIONS A



(a)

Fig. 6—New oxides: (a) initiation site at a folded oxide film (SDAS 5
(b)16 mm, axial fatigue with maximum stress of 175 MPa, R 5 0.1, failed

at 4.9 3 105 cycles); and (b) oxide films revealed by light microscopy Fig. 8—Distribution of sizes of crack initiation sites in axial fatigue speci-
(SDAS 5 22 mm, as cast). mens: (a) maximum length and (b) area.

The size of a eutectic area was found to significantly
affect the fatigue life. In a specimen with a SDAS of 22
mm, a fatigue crack initiated at a relatively small eutectic
constituent of 100 mm in maximum length. The specimen
exhibited the greatest life (2.49 3 107 cycles) among the
bending-fatigue specimens with a stress/strain ratio (R) of
21, which is 30 times greater than that for a specimen with
approximately the same SDAS but with an initiation site of
a eutectic constituent of 417 mm in maximum length.

F. Variation of Size of Crack-Initiation Site with SDAS

The maximum size and area of the fatal fatigue-crack-
initiation region was measured on each fatigue-tested speci-
men. Figures 8 and 9 show the size and area distribution as
a function of SDAS for both the axial- and bending-fatigue
testing, under R 5 21, 0.1 and 0.2. Both the maximum
length and the area distribution of the initiation site show
the same trends in Figures 8 and 9. For discussion, weFig. 7—Debonded Si particles in a crack-initiation site at an interdendritic
consider the maximum length. It should be noted that theeutectic constituent (SDAS 5 29 mm, axial fatigue with maximum stress

of 130 MPa, R 5 0.2, failed at 1.5 3 105 cycles). pore lengths measured at the initiation sites on the fracture
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(b)

Fig. 10—Bending fatigue life as a function of maximum length of initiation
site: (a) maximum strain 5 0.0016, R 5 0.1; and (b) maximum strain 5Fig. 9—Distribution of sizes of crack initiation sites in bending fatigue
0.0016, R 5 21.specimens: (a) maximum length and (b) area.

fatigue cracks overshadows the effect of the eutectic constit-
uent, as shown in Figure 10(a) for high-cycle bending fatiguesurfaces were larger than the lengths detected on the radio-

graphs (Figure 2(a)), due to much better resolution obtained with R 5 0.1. But for bending fatigue with R 5 21 (Figure
10(b)), there is a tendency that the fatigue life decreases asby the SEM images of the fracture surfaces. When the SDAS

is greater than ,25 to 28 mm, the cracks usually initiated the pore size increases. Sonsino and Ziese[19] also showed
that, as the “degree of porosity” and maximum pore sizeat pores with lengths no smaller than 100 mm, for both axial

and bending specimens. The lengths of the pores at the increased, the fatigue strength decreased.
For axial HCF testing with R 5 0.1 and 21 (Figuresinitiation sites increase as the SDAS increases, because the

pores tend to increase in size as the SDAS increases (Figure 11(a) and 11(b)), the fatigue life decreases as the pore or
oxide size increases. Larger eutectic constituents also result2(a)), when the SDAS is greater than 28 mm. All specimens

that showed porosity on radiographs had relatively short in shorter fatigue life, although there are a few exceptions,
as shown in Figures 10(b) and 11(b).fatigue lives.[25]

When the SDAS is less than ,25 to 28 mm, either oxide When the pore size is less than a critical size of about 100
mm, the eutectic constituent becomes the preferred initiationinclusions or eutectic constituents were found to be the sites

of fatigue-crack initiation. If there is no oxide near the sur- site, provided large oxides are absent. The larger the eutectic
area, the lower the fatigue life, as a result of shorter initiationface, then the eutectic constituent is the site of crack initia-

tion. Five bending-fatigue specimens with SDASs below 28 life. So, in addition to decreasing the pore size to below a
critical size and eliminating oxides and oxide films in themm had not broken after 2 3 107 cycles (maximum stress

5 115 MPa, R 5 0.1) when the tests were terminated. melt, measures that would reduce the stress concentration
within the eutectic constituent, such as a refinement of theThis may indicate an absence of oxide inclusions, eutectic

constituents, and large pores as possible initiation sites. With size of the silicon particles and reduction of the aspect ratio
of these particles, would increase fatigue life.the porosity in the alloy, it appears that its effect on initiating
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5. Since fatigue cracks sometimes initiate at eutectic constit-
uents in alloy A356.2, a refinement in the size and aspect
ratio of the silicon particles would improve the resistance
to the fatigue-crack initiation.
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