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Abstract

We examine the growth of microstructurally small fatigue cracks in cast AM60B magnesium (Mg) cycled in a water vapor environment.
The behavior and growth rates of the small cracks were measured in situ during cycling using a fatigue loading stage contained within an
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nvironmental scanning electron microscope (ESEM). We provide quantitative data describing the interaction of representative sm
racks with microstructural features, along with the average growth rate data for approximately 20 different cracks. Small surface
racks, with sizes ranging from 20 to 200�m, are observed to interact strongly with the surface microstructure during growth. The
racks preferentially propagate through the dendrite cells, and the particle laden interdendritic regions typically act as barriers
rack propagation. As the small cracks approach the interdendritic boundaries, measured growth rates decrease and the crack
ecomes temporarily pinned at the boundary. Cracks smaller than 100�m experience more significant disruptions in crack growth rat

nterdendritic boundaries compared to the larger cracks that interact with the boundaries, but with less change in crack growth r
ominally identical loading conditions, isolated microstructurally small cracks grow, on average, two orders of magnitude faster in
ontaining a higher fraction of porosity. The significantly higher crack growth rates in the more porous sample were attribute
mplification of the nominal stress field in the vicinity of the microstructurally small cracks rather than explicit interactions between
racks and pores. Analogous to the wrought materials, the growth rate of microstructurally small cracks is observed to be significa
ompared to long fatigue cracks at equivalent maximum cyclic stress intensity values.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Microstructurally small fatigue cracks have a size on the
rder of characteristic microstructural features in a material
hich, depending on the material, ranges from micrometers

o hundreds of micrometers[1]. More important than ab-
olute size is the notion that microstructurally small cracks
nteract strongly with the microstructure during growth and,
hus, their behavior cannot be explicitly modeled without ac-
ounting for the effect of microstructural features. The growth
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behavior of microstructurally small fatigue cracks is often
ferred to as ‘anomalous’ since they typically grow faster t
long fatigue cracks at the same applied stress intensity r
grow below the long fatigue crack growth threshold, and
hibit considerable growth rate variability[1–23]. However
as a recent review has pointed out[22], the growth behavio
of long cracks at low stress intensity ranges, sometime
ferred to as ‘near threshold’ growth behavior, is more o
anomaly for real materials and structures. In materials us
engineering applications, small fatigue cracks usually g
under the influence of the same applied stress spectra a
cracks. Consequently, the growth of microstructurally s
fatigue cracks will dominate at ‘near threshold’ applied st
intensity ranges (small crack length,a) while long crack be
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havior is more relevant at relatively higher applied stress in-
tensity ranges (large crack length,a).

For approximately 20 years, the study of microstructurally
small cracks has been driven by the notion that 60–80%
of a wrought material’s high cycle fatigue life is typically
spend forming and growing a crack to a size on the order
of 100�m [4]. More recently, the growth behavior of mi-
crostructurally small fatigue cracks has emerged as a critical
research area driven by two basic needs. First, recent mod-
eling efforts[24] have explicitly incorporated the growth be-
havior of microstructurally small fatigue cracks into multi-
scale life prediction methodologies for bulk materials, a fu-
ture route for fatigue modeling suggested in[22]. Second,
metal [25] and ceramic[26] materials experiencing fatigue
in microsystems have spatial dimensions on the order of the
material microstructure, so cracks may never leave the mi-
crostructural regime prior to the failure. In both the instances,
it is critical to understand the interaction of small fatigue
cracks with the material microstructure. In the present paper,
we examine the growth behavior of microstructurally small
fatigue cracks in cast magnesium (Mg) motivated by the de-
velopment of a multi-scale fatigue model for this material.

Early work linking the growth behavior of small fatigue
cracks to the material microstructure was performed on the
wrought aluminum alloys[2,3,5,6,8]. These groundbreaking
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fatigue loading conditions. The fatigue behavior of such a
material will be characterized by rapid crack formation at the
largest pore followed by long fatigue crack growth until fail-
ure. However, in the absence of larger scale porosity, cracks in
castings can nucleate at small isolated pores or second phase
particles and subsequently experience a growth phase heav-
ily influenced by the microstructural features. For example,
in cast Mg, microstructurally small crack growth has been
observed in high-pressure dye castings at sizes up to and less
than a few hundred micrometers[32,33].

Advancements in casting technology for lightweight met-
als have helped to minimize porosity levels in high stress
regions of castings and have thus prioritized the study of mi-
crostructurally short cracks with sizes on the order of 100�m.
Several studies[28,31] have shown that the average crack
growth rate of small cracks in cast Al follows a power-law
dependence on the applied stress and scales linearly with the
crack length. Another discovery of previous studies on cast
Al alloys is growth retardation caused by Si particles or mi-
croporosity at small crack sizes[27–30]. The dendrite walls,
laden with Si particles, generally act as barriers to the prop-
agation of microstructurally small fatigue cracks in cast Al,
analogous to small crack blockage at grain boundaries in the
wrought materials[6–10]. To the best of our knowledge, min-
imal work has been performed to characterize the growth of
m
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xperimental studies revealed that microstructurally sho
igue cracks were often pinned at grain boundaries, resu
n a deceleration in the fatigue crack growth rate. A de
ration was not observed when the misorientation bet
djacent grains was small, indicating that the unfavorable
ntation of slip systems in the adjacent grain was the pri
river for the crack growth inhibition rather than the bound

tself [6]. Aside from the variable effect of grain boundar
n the small fatigue crack propagation, another key obs

ion in early[2–10] and more recent[11–23] studies is th
elatively high crack growth rates of microstructurally sm
atigue cracks compared to the long cracks. The high c
rowth rates in microstructually short fatigue cracks are o
ttributed to a lack of crack closure coupled with large-s
rack tip plasticity leading to relatively large crack tip op
ng and sliding displacements and high crack growth r
rom a fatigue life prediction point of view, the relatively h
rack growth rate of microstructurally small cracks is c
al since long fatigue crack growth data underpredicts gr
ates and overestimates the life of a component. In fact, a
ervative, “worst-case-scenario” life prediction methodo
onsiders an upper bound on growth rate for microstructu
mall cracks[22].

Compared to the studies in wrought materials, only a
esearchers have examined the growth of microstructu
mall fatigue cracks in lightweight cast materials[27–33].
he lack of small crack studies in lightweight castings ca
artially attributed to the presence of porosity in such ma
ls. If casting porosity exists on a scale greater than hun
f micrometers, then the microstructurally short crack gro
egime can be completely bypassed under typical high-
icrostructurally small fatigue cracks in cast Mg.
Recent in situ studies on cast Mg[32] demonstrated

hange in the fatigue growth behavior at a crack size o
roximately 100�m for a material cycled at a 90 MPa str
mplitude. In the cast Mg alloy of interest, 100�m corre-
ponds to approximately 6–10 times the average den
ell size[32]. Fatigue cracks smaller than 100�m appeare
ensitive to the microstructural features while cracks la
han 100�m propagated closer to the Mode I manner w
ess microstructural interaction[32]. Another recent study o
ast Mg[33] cycled at a 0.2% total strain amplitude (cor
ponding to a 90 MPa stress amplitude) showed a tran
o long fatigue crack growth behavior at a crack size gre
han 1000�m, based on the fracture surface observat
he transition behavior was rationalized in terms of a

cal maximum stress intensity factor necessary to cre
orward plastic zone capable of engulfing a statistically
ificant fraction of the microstructure ahead of the fati
rack. Given the crack size of 1000�m and stress of 90 MP
he critical maximum transition stress intensity value is
ulated as approximatelyKmax∼ 2.3 MPa

√
m, which is con

istent with the transition from the near threshold to P
aw long fatigue crack growth on da/dN–Kmax crack growth
urves[34]. The aforementioned work[32,33]has examine
he qualitative aspects of fatigue crack formation and s
rack growth in cast Mg in water vapor and vacuum envi
ents. However, this previous work has not quantitati

haracterized the growth rate of small cracks in Mg as
licitly influenced by the microstructural features.

Mayer et al.[34,35] have examined the fatigue behav
f cast Mg. The growth behavior of long fatigue cracks
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discovered to depend on the testing environment[34], consis-
tent with the results in[32]. In particular, humid environments
lowered the threshold for long fatigue crack propagation rel-
ative to a vacuum environment[34]. It was also discovered
that the fatigue life of cast Mg scales closely with the size
of the pore that forms a fatal fatigue crack[35]. From exper-
imental observations of fracture surfaces, Mayer et al.[35]
proposed a critical ‘threshold’ stress intensity factor required
to propagate a small fatigue crack from a pore. The threshold
stress intensity factor is based on the square root of the pore
size and is lower than threshold values determined for long
cracks in[34]. The results in[35] infer that microstructurally
small cracks in cast Mg grow at rates below the traditional
long fatigue crack growth threshold, as expected based on
the previous studies in cast and wrought materials. Although
the basic behavior of small cracks in cast Mg has been stud-
ied, work is needed to understand the explicit interaction of
such cracks with various microstructural features. Such fun-
damental knowledge can be used for optimal alloy design and
mechanism based multi-scale fatigue modeling.

In the present work, we examine the growth of microstruc-
turally small fatigue cracks in cast Mg. We place primary em-
phasis on understanding the interaction of small cracks with
the microstructural inhomogeneities, with secondary empha-
sis on studying the ‘average’ growth rates of small cracks
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Table 1
Chemical composition of AM60B Mg alloy

Mg Balance
Al 5.5–6.5
Mn 0.25 min
Si 0.10 max
Zn 0.22 max
Fe 0.005 max
Cu 0.010 max
Ni 0.002 max
Other 0.003 max (total)

Values in weight percent.

in local regions in the gage length. This helped reduce the
surface area that needed continuous inspection during test-
ing. As the present study focuses on obtaining quantitative
data on the interaction of small cracks with the microstruc-
tural inhomogeneities, artificial stress concentrations were
not employed.

The in situ tests were performed using a screw-driven
small-scale load frame fixed within an ESEM and completely
reversed (R=σmin/σmax=−1) fatigue tests were performed
at a displacement rate of 20�m/s (approximate strain rate
of 2× 10−4 1/s). Given this rather low maximum displace-
ment rate, such a set-up is normally limited to conducting
fatigue tests that employ stress amplitudes in the low-cycle
fatigue regime. However, for the application of the alloy
in mind, low stress amplitudes representative of the high-
cycle fatigue regime are of prime interest. Consequently, a
135 MPa ‘preloading’ stress amplitude,σa = (σmax–σmin)/2
was applied to the sample in order to accelerate the forma-
tion of cracks throughout the sample. Following precycling,
the cyclic stress amplitude was reduced to 90 MPa which
corresponds to about 60% of the 0.2% offset yield stress of
AM60B [32], and this stress amplitude corresponds to a fa-
tigue life of approximately 106 cycles when applied continu-
ously. In order to minimize the effects of precycling on crack
growth data, the cracks were not tracked directly after precy-
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n comparison to large cracks. Previous studies have
essfully employed traditional in situ scanning electron
roscopy (SEM) to monitor the growth and behavior of sm
atigue cracks in various materials[36–38]. However, pre
ious studies have shown that the testing environment
iderably influences propagation behavior of both the s
32] and large[34] cracks in cast Mg. Consequently, in
resent study, we employ an environmental SEM (ES
ith an in situ fatigue loading stage to track the growth

he microstructurally small cracks in cast Mg. The ES
s not limited by the high-vacuum constraints of traditio
EM and allows in situ imaging in a water vapor envir
ent. Based on the previous observations of the fatigue
rowth in cast Mg[32,33], we focus our attention to th
rowth of small surface fatigue cracks with sizes in the ra
f 20–200�m.

. Materials and experimental methods

We examined a cast AM60B magnesium alloy of
ominal composition shown inTable 1. As described i
ore detail in related work[32], flat dog-bone shaped spe

mens were machined at various spatial locations fro
0 cm× 15 cm× 3 mm plate cast in a permanent mold
igh-pressure dye casting. The test specimens had a
age length and a 3 mm× 1 mm (approximately) gage cro
ection and were all tested with a polished surface finish
imized for the in situ studies. For the details on optim
urface preparation, see Ref.[32]. In our earlier study[32],
mall dimples were used in order to favor crack nuclea
ling at 135 MPa. Instead the growth of selected cracks
onitored during cycling at 90 MPa only after 90 cycles,
ctual data was acquired only after the cracks had escap

nfluence of the larger plastic zone at the crack tips caus
recycling. In addition, we have used two different sam

or the study; one from a high porosity region of the cas
Sample 1) and one from a low porosity region of the cas
Sample 2). On each sample, we tracked the growth beh
f several dozen isolated microstructurally small cracks

The environmental effect on fatigue crack growth was
ured by conducting the tests in water vapor at a pressu
.6× 103 Pa (12 Torr). Water vapor at 12 Torr correspond
0% relative humidity at ambient room temperature co

ions, which is close to the environmental conditions exp
nced by many actual components. Note that the SEM

s capable of capturing images in such an environment w
perated at an accelerating voltage of 20 kV. It is well kno
owever, that the interaction of the electron beam with th
ironment can cause drastically different local gas fugac
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[39]. Moreover, environmental effects are usually most pro-
nounced during plastic deformation[40,41]. Thus, the high
voltage was always switched off during cycling. Thus, unless
otherwise noted, all SEM imaging was performed during a
hold period at one-half maximum tensile load to accentuate
crack opening. The holds were conducted in displacement
control and a minimal amount of stress relaxation (1% of max
stress) occurred during the hold. In all the images presented
here, the loading axis is vertical on the page. We also note
that the image quality generally decreased during cycling
in the water vapor environment. For this reason, we have
provided a high quality image of the fatigue crack growth
regions prior to crack advance. In subsequent in situ im-
ages, we have traced the dendrite cell boundaries using a grey
overlay.

Crack growth rates, da/dN, were determined by the secant
method, i.e. da/dN is set equal to�a/�N, where the crack
growth increment,�a, is calculated as the difference between
an initial and final crack size for a specified number of cy-
cles. In order to track the changes in crack growth rate with
different microstructural features, the cycle interval between
crack observations,�N, varied between 10 and 1000 cycles
depending on the observed crack. The crack size at a given
growth rate is given as the average of the initial and final
crack size for a given�N step. The effective resolution of
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Fig. 1. Schematic defining surface and corner crack locations and
geometries.

are used when crack length measurements are averaged over
adjacent cycle intervals.

To calculate stress intensity values for the small cracks,
we employed the square root area parameter for an elliptical
crack[42]. The aspect ratio,a/b, of the elliptical surface and
corner cracks was assumed constant at 1.25. The final stress
intensity solution for an elliptical surface crack, embedded
in a semi-infinite domain, with a total crack length of 2a is
given as[42]:

Kmax = 0.65σmax

√√
πa (2π/5) (1)

The stress intensity solution for an embedded elliptical
corner crack with a crack length ofa is given as[42,43]:

Kmax = 0.77σmax

√√
πa (2π/5) (2)

The validity of Eqs.(1) and (2) depends on several as-
sumptions that can break down for small fatigue cracks. In
particular, it is necessary to have an isotropic medium with
small scale crack tip yielding relative to the overall crack
length. In the case of small fatigue cracks, the crack is em-
bedded in an anisotropic medium and the isotropic elastic
fracture mechanics solution only provides an average esti-
mate of the crack tip stresses and strains. The plastic zone
s s can
b plied
m
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M ize
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he SEM at the employed magnification (1000×) is approx-
mately 200 nm, so the corresponding inherent crack gr
ate resolution is 2× 10−7 m/cycle. Based on the cycle obs
ation intervals of 5 and 1000, the average crack growth
esolutions are 4× 10−8 and 2× 10−10 m/cycle, respectively
n traditional long crack studies, averaging over consiste
arger cycle intervals creates smaller average crack gr
ate resolutions. In the present study, we are interested
nteraction of the fatigue crack over very small length sca
o we cannot average crack growth rates over large�Nvalues
ithout smearing out the effects we are investigating.
Two different crack types were observed during fati

ycling; surface cracks with tips contained on one spec
urface, and corner cracks with individual tips on the
acent surfaces. For the purposes of reporting crack le
nd calculating stress intensity factors[42,43], it is importan

o present the nomenclature used for the surface and c
racks (Fig. 1). Based on post-mortem fractography of cra

n the present material, coupled with previous crack obs
ions[42,43], it is assumed that the surface and corner cr
re semi-elliptical. The total crack length for surface cra

s defined by the long axis of an ellipse, 2a, while the depth
s defined by one-half of the short axis,b (Fig. 1). The crack
ength of the corner cracks is defined by one-half of the
xis of the ellipse,a, while the depth is defined by one-half

he short axis,b. The values of ‘a’ were directly measured
itu on the specimen surface, and for a few cracks final v
f ‘b’ were determined post-mortem. Throughout, we re
rack size as either “total crack length”, 2a, or “crack length”
, for surface cracks and “crack length”,a, for corner cracks
he terms “mean crack length” or “mean total crack len
ize for various crack lengths and applied stress value
e estimated using an Irwin type approach. For an ap
aximum stress intensity factor of 1 MPa m1/2 (in the typi-

al range for the small cracks) and a yield strength of
g of 150 MPa, the Irwin forward crack tip plastic zone s

s on the order of 7�m. The crack sizes in the present st
ange from 20 to 200�m, so only the relatively smaller crac
ould be in violation of small-scale yielding criteria. In

her case, the stress intensity factor is the best tool for bas
ormalization of the experimental results and compariso

ong fatigue crack growth curves.
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3. Small crack growth observations

Prior to presenting the experimental observations of small
fatigue crack growth, we briefly discuss two issues related
to the measurements. First, we recognize the measurements
of fatigue crack growth were only performed on the speci-
men surface. In reality, the observed cracks all possessed a
three-dimensional character. For example, one of the corner
cracks observed in situ was contained in the final fracture
path and the crack had a quarter-elliptical crack front pro-
file. Consequently, although there may be a difference in the
crack growth rate at the surface and farther into the material,
we assert that the observed changes in the growth rates asso-
ciated with various microstructural interactions mimic simi-
lar interactions seen along the crack periphery. Secondly, the
three-dimensional nature of the crack can alter the interaction
of the surface crack tip with inhomogeneities. For example,
although an obstacle may have suppressed the surface crack
growth rate, the crack front at other locations may or may
not have encountered such a microstructural obstacle. Es-
sentially, the progressing crack front in other locations may
help to drive crack growth at a surface obstacle. This effect
is insignificant when the crack is constrained to a few mi-
crostructural spacings in all the dimensions, and will become
more pronounced when the crack front samples enough of
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Figs. 2–13present crack growth measurements and cor-
responding images of crack advance at critical intervals. The
total crack lengths of the observed cracks vary from initial
sizes in the range of 20–70�m to final sizes in the range of
80–200�m. In Figs. 4, 7, 9 and 11, we present (a) the crack
length as a function of cycle number and (b) the crack growth
rate as a function of mean crack length. We have shown both
the raw and calculated data because both can provide insight
into the cracks interaction with local microstructural features.
Although the crack growth rate is reported near zero, the ac-
tual minimum resolvable crack growth rate at the small cycle
intervals employed is discussed in Section2. Determining
precisely how fast the crack is propagating, as a function of
cycle number, requires either averaging over a larger cycle
number or higher resolution. Based on the current methodol-
ogy, neither of these options are practical. From a practical
point of view, crack growth rates near zero represent relative
arrest of the crack for a finite cycle time.

Figs. 2–4present crack growth data and images for Crack
1, a relatively large “microstructurally small” corner crack.
Fig. 2 presents an overview image highlighting the mi-
crostructure prior to crack advance for Crack 1. Key locations
for future crack tip positions are indicated inFig. 2. Following
Figs. 3 and 4, we observe the first arrest of Crack 1 at point B1
when the crack tip reaches an interdendritic boundary. After
p es
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l rate
b the
c
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( f the
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F (vis-
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he microstructure. In either case, despite the above is
hanges in the surface growth rates of small fatigue cr
ere clearly linked to impingement upon microstructural

ures at the surface.
Although we have traced the crack growth behavio

pproximately 20 cracks, detailed results from four re
entative cracks will be presented here. Cracks 1–3 are
esentative examples from Sample 1, which was extra
rom a relatively high porosity region of the casting. Cr
is a representative example from Sample 2, which wa

racted from a relatively low porosity region of the cast
racks 1 and 2 were corner cracks while Cracks 3 a
ere surface cracks. Although Crack 4 began as a su
rack, it eventually became a corner crack by linking w
nother corner crack. We note that when two cracks lin

he stress intensity solution becomes strictly invalid but
oes not impact very many cracks. Prior to presenting t
itu images, we briefly discuss the metallurgy of cast AM
g as viewed in the SEM[32]. The most infrequent m

erial phase is AlMnSi particles which are represented
aised bright white regions a few micrometers in size.
ext darkest phase is the light grey�-Al12Mg17 particles
heir jagged shape and dispersion within the interdend
egions most easily identifies the�-Al12Mg17 particles. The
arkest and the most prominent phase is the hexagonal
acked (HCP)�-Mg which contains varying amounts of

n solid solution. The contrast between the� and� phases in
he SEM is relatively small under both backscatter and
ndary imaging. This lack of contrast makes in situ imag
f crack growth behavior in cast Mg particularly challe

ng.
assing the boundary at B1, the crack growth rate increas
n a fluctuating manner as it progresses halfway throug
arge dendrite cell. The drop in the average crack growth
etween points B1 and C1 was caused by the passage of
rack over the interdendritic porous region marked inFig. 2.
rack 1 makes a brief arrest at point C1 when it encoun

ers a region in the center of the cell with AlMnSi partic
Fig. 2). After passing these particles, the growth rate o
rack increases through the dendrite cell until it reache
nterdendritic region at D1 containing a�-Al12Mg17 particle
Fig. 2). A spike in the crack growth rate is experienced

ig. 2. Image highlighting the region of crack propagation for Crack 1
ble on the left). The locations A1–F1 are points of interest where the cra
ntersects during subsequent growth.
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Fig. 3. Selected in situ images during the growth of Crack 1 at locations
(a) A1, (b) B1, (c) E1 and (d) F1. Approximate dendrite boundaries are
highlighted by grey overlays.

the crack passes this boundary and progresses to region E1
(Fig. 3). Finally, Crack 1 grows steadily through another den-
drite cell prior to slowing down near another interdendritic
region, F1 (Fig. 3).

Figs. 5–7present crack growth data and images for Crack
2, a corner crack approximately half the total size of Crack
1. Although the surface growth behavior of Crack 1 was sen-
sitive to the microstructural features at the surface, the rel-
atively smaller Crack 2 demonstrated more severe changes
in growth with respect to the surface microstructure.Fig. 5
presents an overview image highlighting the microstruc-
ture and key positions prior to crack advance for Crack 2.
Figs. 6 and 7show the growth patterns and respective growth
data for Crack 2. Crack 2 makes three very distinct arrests
at an interdendritic region (A2), an Al rich region within
the dendrite cell (B2) and another interdendritic region (C2).
The crack growth suppression at regions A2 and C2 were
clearly associated with the passage of the small crack tip
through the interdendritic regions. In both the instances, the

Fig. 4. Plots of (a) crack size as a function of cycle number and (b) crack
growth rate as a function of mean crack length for Crack 1. The selected
locations fromFigs. 2 and 3are shown at appropriate crack sizes and cycle
numbers.

Fig. 5. Image highlighting the region of crack propagation for Crack 2 (vis-
ible on the left). The locations A2–C2 are points of interest where the crack
intersects during subsequent growth.
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Fig. 6. Selected in situ images during the growth of Crack 2 at locations (a)
91 cycles, (b) A2, (c) B2 and (d) C2. Approximate dendrite boundaries are
highlighted by grey overlays.

crack encountered�-Al12Mg17 particles (faintly visible in
Fig. 5). The inhibition of crack growth at region B2 was
linked to a material region containing a very high amount
of Al in solid solution (7.1% versus 2.5% in surrounding
areas).

Fig. 7. Plots of (a) crack size as a function of cycle number and (b) crack
growth rate as a function of mean crack length for Crack 2. The selected
locations fromFigs. 5 and 6are shown at appropriate crack sizes and cycle
numbers.

Figs. 8 and 9present images and crack growth data, respec-
tively, for Crack 3, an extremely small surface crack growing
in Specimen 1. Just after the formation, Crack 3 is contained
within a dendrite cell. A dendrite boundary lies just to the
right of Crack 3. During initial cycling (cycles 78–140), the
growth rate of Crack 3 steadily decreases (Fig. 9). On the
right, the crack growth is inhibited by a dendrite boundary
while on the left, it grows through a region containing some
second phase particles. Interestingly, upon further cycling,
the right crack tip hardly progresses through the dendrite cell
wall while the left crack tip moves across an open dendrite
cell (Fig. 8c and d). As the left crack tip impinges on another
dendrite cell wall, overall crack growth slows (Fig. 8d and 9).
However, soon after this impingement, the right tip passes the
right dendrite wall and overall crack growth rate increases
(Figs. 8e and 9). The final images and crack growth data are
presented for Crack 4 (Figs. 10 and 11). Crack 4 began as
a small surface crack with a length on the order of the den-
drite cell size. The growth rate of Crack 4 was much slower
than the Cracks 1–3. Crack 4 grows somewhat steadily from
cycles 2000 to 6000 (Figs. 10 and 11). Between cycles 6000
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Fig. 8. Selected in situ images during the growth of Crack 3 at locations (a)
78 cycles, (b) A3, (c) B3, (d) D3 and (e) F3. Relevant dendrite boundaries
are highlighted by grey overlays.

and 7000, Crack 4 links with a corner crack and thus expe-
riences a discontinuous increase in crack length. Numerous
observations were made on various cracks and the results
presented here are representative of the majority of observa-
tions.

Of the four cracks presented here, only Crack 1 was
contained on the fracture surface of Sample 1 after fail-
ure. A primary crack (initiated at a larger pore) linked with
Crack 1 during final overload failure.Fig. 12 presents an
image of the fracture surface of Crack 1 which formed and
grew from the corner of the sample (upper left-hand cor-
ner). The crack front is quarter-elliptical in shape indicat-
ing similar crack growth rates at the surface of the sample
and within the sample. Based on the equal progression of
the crack at the surface and into the bulk, the damage ob-
served at the surface was not exclusively a surface domi-
nated effect. In addition, there was no observable evidence

Fig. 9. Plots of (a) crack size as a function of cycle number and (b) crack
growth rate as a function of mean crack length for Crack 3. The selected
locations fromFig. 8are shown at appropriate crack sizes and cycle numbers.

of porosity or other defects at the nucleation site of Crack 1
(Fig. 12).

Fig. 13 provides a summary of the in situ small fatigue
crack growth data from Samples 1 and 2. Long fatigue
crack growth data for AM60hp[34] is included for refer-
ence. A few observations are noteworthy. First, the crack
growth rates are considerable faster than the long fatigue
crack growth data and growth occurs below the threshold
stress intensity value (Fig. 13). These observations are con-
sistent with the previous work on other cast and wrought
alloys. Second, the scatter in crack growth rates is consider-
able within a given specimen, spanning two orders of mag-
nitude for either specimen (Fig. 13). This scatter is consis-
tent with the observed interactions of cracks with the mi-
crostructural features (Figs. 2–11). Finally, the crack growth
rates of small cracks in Specimen 1 were consistently faster
than crack growth rates in Specimen 2 (Fig. 13). In fact, the
scatter in growth rates, considering data from both Spec-
imens 1 and 2 covers approximately four orders of mag-
nitude. The vast and systematic difference in growth rates
between the two specimens was an unexpected observa-
tion.
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Fig. 10. Selected in situ images during the growth of Crack 4 at locations
(a) 2000 cycles, (b) A4, (c) B4, and (d) C4.

Fig. 11. Plots of (a) crack size as a function of cycle number and (b) crack
growth rate as a function of mean crack size for Crack 4. The selected loca-
tions fromFig. 10are shown at appropriate crack sizes and cycle numbers.

Fig. 12. Image of Crack 1 (corner crack in the upper left) on the fracture
surface of Sample 1.
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Fig. 13. Plot of da/dN vs.Kmax for all cracks examined from Samples 1 and
2. The long fatigue crack growth data for AM60hp from[34] is included for
reference.

4. Discussion

In order to fully optimize the performance of Mg castings
in structural engineering applications, it is critical to under-
stand the operant fatigue mechanisms. Moreover, a recent re-
view[44] has re-emphasized the importance of understanding
the fatigue behavior of cast Mg under the influence of environ-
ment. As casting technologies continually decrease porosity
levels in high stress regions of castings, it becomes increas-
ingly important to focus on the earlier stages of fatigue life
such as fatigue crack formation and microstructurally small
crack growth. In the present study, we have focused on under-
standing the growth of microstructurally small fatigue cracks
in cast Mg cycled in a water vapor environment. The results
provide a foundation for the explicit micromechanical mod-
eling of microstructurally small fatigue crack growth[45] and
ensuing multi-scale fatigue life modeling of cast magnesium.

Consistent with the qualitative observations in the pre-
vious work [32], we observe that microstructurally small
fatigue cracks in cast Mg propagate preferentially inside
the dendrite cells. The interdendritic regions contain second
phase intermetallic particles and higher concentrations of Al
in solid solution[32,33]. The hard particles and stronger ma-
trix phase generally limit crack tip plasticity and opening and,
thus, restrict fatigue crack growth. Crack 2 provides a very
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right crack tip (Fig. 8) becomes pinned on a boundary as the
left tip propagates freely into the dendrite matrix. Once the
left tip of Crack 3 begins to approach a boundary (Fig. 8), the
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tion of small cracks through interdendritic regions typically
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properly aligned (Mode I) boundary, or interdendritic dam-
age due to plastic strain incompatibility between the adjacent
dendrite cells. The latter mechanism is more prevalent dur-
ing the high-stress, low-cycle fatigue of cast Mg where slip
occurs within many dendrite cells[46].

Qualitatively, cracks smaller and larger than 100�m in-
teracted observably with the microstructure. However, from
a quantitative crack growth rate standpoint, the boundaries
had a much stronger effect on smaller cracks. For example,
Cracks 1 and 2 differ in size by approximately a factor of
two. Although Cracks 1 and 2 both show arrest points in
Figs. 4a and 7a, respectively, Crack 2 spends many more cy-
cles pinned at the boundary (Fig. 7a). This point is critical
because it implies that even if a crack is noticeably interact-
ing with the microstructure, the quantitative effect on overall
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ropagation rate may be small. At this point, it is impor
o mention that the crack growth rate curves as a functio
rack length can be misleading since a pinned crack wil
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s only marked by a single point (Fig. 7b). For this reason
e have included plots of crack length versus cycle n
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rrest periods. The influence of crack length on the effec
ess of a hard second phase barrier has been examined
micromechanical finite element model[45]. The results in

45] demonstrate that in cast Al, longer cracks have relat
arger crack tip plastic zones and crack tip opening disp

ents that are less affected by the presence of distri
ard inhomogeneties.

Fig. 13provides a comprehensive synopsis of the s
atigue crack growth data for all of the cracks observe
he two different specimens. We have only used the s
ntensity value with the caveat that it represents a good
arative tool even though it may not accurately describ
rack tip stress and strain fields for small cracks as discu
n Section2. The long fatigue crack growth data[34] shows a
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his transition stress intensity value also corresponds cl
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he fracture surface roughness significantly increases
he crack begins to preferentially travel almost exclusi
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with evolving lengths spanning 20–550�m and correspond-
ing maximum stress intensity values ranging from 0.4 to
2.5 MPa m1/2. The cracks used for the representative observa-
tions inFigs. 2–12were all smaller than 260�m; thus, their
maximum applied stress intensity value was always well be-
low 2.3 MPa m1/2. Since the cracks observed inFigs. 2–12
grew primarily through the dendrite cells, the present obser-
vations are consistent with the fracture surface observations
inferring crack growth through the dendrite cells below a
maximum stress intensity of 2.3 MPa m1/2.

From a more quantitative perspective, a striking difference
is seen in the crack growth behavior of Sample 1 (high poros-
ity) and Sample 2 (low porosity). Samples 1 and 2 both show
the signature behavior for microstructurally small cracks; rel-
atively faster fatigue crack propagation rates compared to
long cracks at equivalent stress intensity values, and propaga-
tion below the long fatigue crack growth threshold. However,
the growth rates of Sample 1 are, on average, approximately
two orders of magnitude faster than the growth rates in Sam-
ple 2. Recall that the samples were subjected to identical
loading and imaging conditions with the only difference be-
ing the region of the casting they were extracted from. After
fatigue failure, the fracture surface of both the samples re-
vealed a very significant, but expected, difference; Sample
1 contained a significant fraction of porosity on the fracture
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field experienced by the microstructurally small cracks. This
enhancement leads to relatively higher small crack growth
rates in the higher porosity sample even in the absence of
explicit interaction between the small cracks and pores.

In closing, we mention future work is needed to fully un-
derstand the growth of microstructurally small fatigue cracks
in cast Mg. In particular, the present results have shown that
interdendritic regions serve as obstacles for small fatigue
cracks. However, unlike most wrought materials, the inter-
dendritic regions contain both hard particles as obstacles to
fatigue crack propagation in addition to possible crystallo-
graphic misorientations. At present, the relative influence of
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material) versus the second phase particles and hardened ma-
trix material at the boundary is unclear. In addition, further
work is needed to systematically quantify the effects of crack
length, porosity and nominal stress on crack propagation rates
uncovered in the present work.
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