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Fatigue crack growth (FCG) behavior has been investigated for two different grades of
austempered ductile irons (ADIs). These ADIs were produced from an alloyed ductile iron
(DI) and heat treated respectively at two austempering temperatures, 300 and 360◦C, to
generate two different ausferrite microstructures. FCG tests using compact tension (CT)
specimens were conducted under load control with three load ratios, R = 0.1, 0.5 and 0.7.
The fatigue crack growth rates (FCGRs) of the given ADIs were compared with those of the
as-cast DI with a bull’s eye microstructure to examine the influence of austempering
treatment on the FCG behavior of DI. The FCG behavior for the given materials was found
to be dependent on the matrix structure with a demonstration that the as-cast DI had a
better FCG resistance than did the ADIs at low �K regime and vice versa at high �K regime.
As for the comparison made between the two ADIs, the one austempered at 360◦C
exhibited a lower FCG rate as a result of its coarse ausferrite microstructure, higher volume
fraction of retained austenite, and greater toughness. The ADIs also demonstrated a load
ratio dependence of intrinsic FCGR; that is, the enhancement of the FCGR with an increase
in R value could not be rationalized by the crack closure effects.
C© 2002 Kluwer Academic Publishers

1. Introduction
Austempered ductile irons (ADIs) have been recently
developed for an increasing number of engineering
applications such as gears, crankshafts, connecting
rods and others in heavy machinery and transportation
equipment because they offer excellent combinations of
high strength, ductility, toughness, fatigue strength, and
wear resistance over other grades of cast irons [1–3].
Different combinations of these mechanical properties
can be tailored to suit particular applications by proper
adjustment of alloy elements and austempering treat-
ments. The unique microstructure possessed by ADIs
consists of acicular, carbide-free ferrite with carbon-
enriched austenite. This microstructure has been called
“ausferrite” to distinguish it from the bainite structure
in steels [4]. The desirable mechanical properties of
ADI are comparable, or in some cases superior to those
of forged steel. Low cost and design flexibility are ad-
ditional advantages of ADIs over forgings for applica-
tions in transportation industry [1–3].

High-cycle fatigue (HCF) properties of ADI have
been studied extensively [5–16] by generating the
stress-life (S-N) curves under various base-iron compo-
sitions and heat treatments. It has been reported
that the fatigue limit of ADI is not propor-
tional to tensile strength or hardness [6, 7, 10–12,
14–16] as with most steels. In general, ADI with
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a larger volume fraction of retained austenite
and greater toughness has a better HCF perfor-
mance and higher fatigue limit [1, 5–7, 11–16].
It is believed that the retained austenite ahead of the fa-
tigue crack tip may transform to martensite under defor-
mation leading to crack growth retardation [7, 14, 15].
However, it has been reported by Lin et al. [14, 15, 17,
18] that the influence of ausferritic structure on the HCF
and strain-controlled low-cycle fatigue (LCF) behavior
of ADI was different. ADI with a larger volume frac-
tion of retained austenite showed better HCF resistance
but inferior LCF performance [14, 15, 17, 18]. This is
related to the stability of retained austenite and the as-
sociated fatigue loading modes and magnitudes during
test [14, 15, 17, 18]. As for the influence of retained
austenite content and ausferritic microstructure on the
fatigue crack growth (FCG) behavior of long crack in
ADI, there is still lack of consistent conclusions due to
limited number of studies in this area. For example, it
has been reported that a coarse ausferritic matrix struc-
ture with a higher volume fraction of retained austenite
in ADI austempered at temperatures ranging from 350
to 400◦C, would provide better FCG resistance in com-
parison to that austempered at a lower temperature [11,
19, 20]. However, another study [21] indicated that the
fatigue crack growth rate (FCGR) of long crack in ADI
was rarely affected by the difference in the ausferritic
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matrix structures generated at two austempering tem-
peratures, 260 and 360◦C. Apparently, more research
is needed to characterize the effects of austempering
treatment and, in particular, the associated ausferritic
matrix structure and retained austenite on the FCG be-
havior of ADI in long-crack regime.

As the applications of ADI in engineering compo-
nents involve using castings of various geometries sub-
jected to long-term mechanical, variable loads, it is im-
portant to understand the fatigue behavior and develop
a useful lifetime prediction methodology for this ad-
vanced cast iron under various loading and cracking
conditions. The fundamental fatigue damage processes,
such as HCF and LCF, of ADI have been studied exten-
sively by the first author and co-workers [14–18, 22].
As part of a series of studies on the fatigue strength
assessment of ADI, the current work is to characterize
the effects of austempering treatment and associated
microstructure on the long-crack FCG behavior of ADI
by conducting systematic FCG experiments at different
load ratios on selected ductile irons (DIs) in as-cast and
two differently austempered conditions.

2. Materials and experimental procedures
The material used in the current study is an alloyed
DI with a chemical composition (wt%): 3.53 C, 2.27
Si, 0.47 Ni, 0.43 Cu, 0.22 Mn, 0.17 Mo, 0.04 Mg,
0.026 P, 0.009 S, and balance of Fe. The DI was cast
into a standard Y-block form at a local high-production
commercial foundry using sand molds. The riser of
each Y-block casting was first cut off and the remain-
ing leg section in 25 mm thickness was used to make
specimens for metallography, tensile and FCG testing.
The graphite structure in selected casting portions has
the following measured data: average nodule diame-
ter of 34 µm, nodularity of ∼90%, and nodule counts
of ∼90 nodules/mm2. The tensile properties were ob-
tained by using tensile specimens having a cylindri-
cal gage section of 6 mm in diameter and 25 mm
in length. FCG experiments were performed in ac-
cordance with ASTM E647 on 6.35-mm-thick com-
pact tension (CT) specimens (Fig. 1) to determine the
da/dN -�K relationship.

Two different austempering treatments were applied
to investigate the influence of different ausferritic struc-

Figure 1 Geometry of compact tension specimen used in FCG test.

TABLE I Mechanical properties of various ductile irons tested

Tensile Yield Modulus of Elongation Impact
strength strength elasticity (in 25 mm) energy Hardness

Type (MPa) (MPa) (GPa) (%) (J) (HRc)

As-cast 772 448 160 7.09 36.5 21.8
ADI-I 1,333 1,320 171 0.20 70.1 50.5
ADI-II 1,036 901 167 1.64 143.0 38.0

tures on the FCG behavior. Test specimens were first
austenitized in salt bath at 900◦C for 1.5 h after which
they were quenched in salt bath either at 300◦C, 3 h
for a higher strength (designated as ADI I) or at 360◦C,
2 h for a greater toughness (designated as ADI II); they
were then cooled in forced air. Detailed description in
selecting these two austempering conditions for the DIs
with similar chemical compositions are given elsewhere
[14]. Mechanical properties in these two austempered
and the as-cast conditions are given in Table I which in-
dicates the austempering treatment indeed improves the
strength and hardness of the DI. In addition, the ultimate
tensile strength, yield strength, and hardness obtained
at 300◦C are respectively greater than those obtained
at 360◦C while the elongation and toughness take the
reverse trend. As reported previously [14], these differ-
ences in mechanical properties can be attributed to the
variation of matrix structure as shown in Fig. 2. The
microstructure of the as-cast DI consists of a bull’s eye
ferrite structure in pearlitic matrix (Fig. 2a) which is dif-
ferent from the ausferritic ones in ADI I and II. Note that
a change from a fine (Fig. 2b) to coarse (Fig. 2c) ausfer-
ritic matrix structure can be seen as the austempering
temperature increases. The greater toughness and duc-
tility obtained at 360◦C result from a greater amount of
retained austenite present in the matrix (Fig. 2c). X-ray
diffraction analysis results show the average volume
fraction of retained austenite, before any mechanical
testing, for ADI II is significantly greater than that for
ADI I; i.e., 30.3% versus 15.9%.

FCG tests were conducted on a closed-loop, servohy-
draulic machine under a sinusoidal loading wave form
with a frequency of f = 20 Hz and various load ratios,
namely R (minimum load/maximum load) = 0.1, 0.5,
and 0.7. Before any FCG testing, all CT specimens were

710
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Figure 2 Typical matrix microstructures: (a) as-cast DI, (b) ADI-I, and (c) ADI-II (f: ferrite; a: austenite).

711



first fatigue precracked under f = 20 Hz and R = 0.1
to satisfy the requirements of ASTM E647 Standard.
The crack length and crack closure level in the FCG
tests were determined by the compliance technique
recommended by ASTM E647 Standard using a clip
gage mounted on the front edge of the CT specimen to
monitor the crack-mouth-opening displacement during
testing. Characterizations of the fracture surface mor-
phology were made by scanning electron microscopy
(SEM).

3. Results and discussion
3.1. Influence of microstructure on the

fatigue crack growth rate
The FCGR data in the as-cast as well as two different
austempered conditions were plotted as (da/dN ) vs.
(�K ) in Fig. 3 under three various load ratios (R = 0.1,
0.5, and 0.7). The FCG behavior clearly shows a mi-
crostructural dependence as intersections of the FCGR
curves for the as-cast DI and two ADIs occurred at
certain transition �K values as shown in Fig. 3. For
a given load ratio, the as-cast DI with a bull’s eye ma-
trix structure exhibited the lowest FCGR in the low �K
regime and, presumably, a higher threshold stress inten-
sity range, �Kth. In the high �K region, the ADIs with
ausferritic matrix structures provided more or compa-
rable FCG resistance as compared to the as-cast bull’s
eye microstructure depending on the R value. In addi-
tion, ADI II with a coarser ausferrite matrix structure
and greater amount of retained austenite essentially ex-
hibited lower FCGRs for the entire �K regime ob-
served at R = 0.1 (Fig. 3a) than did ADI I with a finer
ausferritic microstructure and lower volume fraction of
retained austenite. The crack closure level (Kop value)
was monitored throughout each FCG test to evaluate
whether the observed microstructural dependence of
the FCG behavior was due to crack closure effect or not.
After factoring out the crack closure level, the FCGR
results presented as a function of the effective stress
intensity range, �Keff, still indicated similar trends to
those shown in Fig. 3. Therefore, the FCG resistance
is not only different from bull’s eye to ausferrite ma-
trix structure but also different between fine and coarse
ausferritic microstructures.

Consistent variations of the FCG behavior between
the as-cast and variously austempered DIs were re-
ported in an earlier study [19] in which the FCG resis-
tance of the bull’s eye microstructure was between that
of the coarse and fine ausferrite microstructures. How-
ever, other studies [21, 23] showed that no microstruc-
tural effect on the FCG behavior could be seen, as the
intrinsic FCGRs among the bull’s eye, ferrite, pearlite
and different ausferrite structures were not significantly
different after subtracting the crack closure effect. Al-
though the study by Greno et al. [21] indicated insensi-
tivity of the FCGR in Region II (Paris-equation regime)
to the microstructural effect for variously heat treated
ADIs, it still reported a microstructural dependence of
FCG behavior in the near threshold regime where an
ADI austempered at 360◦C exhibited greater values of
fatigue threshold range, �Kth, at R = 0.1 than did the

(a)

(b)

(c)

Figure 3 Comparison of fatigue crack growth rate curves for as-cast and
austempered ductile irons at various load ratios: (a) R = 0.1, (b) R = 0.5
and (c) R = 0.7.
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one austempered at 290◦C. This is consistent with the
trend between ADI I and ADI II shown in Fig. 3a and
is attributed to the difference in the ausferritic structure
as discussed below.

The graphite nodules, due to their low elastic moduli,
are readily debonded from the matrix when cast iron is
subjected to certain tensile loads. The stress concen-
tration around the debonded graphite nodules would
assist the nucleation and growth of microcracks from
the nodule voids. In the low �K region, where the ap-
plied load levels are small, the driving force for the
direct extension of the main crack is small such that the
processes of linkage of microcracks emanating from
the debonded-nodule voids and their coalescence with
the main crack become the dominant stage in determin-
ing the FCGR. Therefore, the greater FCG resistance
observed at low �K regime for the as-cast DI may be
attributed to its greater resistance to extension and link-
age of microcracks from the voids around the debonded
graphite nodules. As the ferrite ring around a graphite
nodule in a bull’s eye matrix structure is more ductile
than the ausferrite, it would be easier for the microc-
rack to nucleate from the nodule void in an ausferritic
matrix than in a bull’s eye structure. Therefore, there
would be more microcracks to link with each other and
readily coalesce with the main crack in the ADIs at
low �K regime when the driving force for the growth
of main crack is low. This might explain why the FC-
GRs were higher in the ADIs than in the as-cast DI at
low �K regime. Evidences for this postulation are sup-
ported by the fractography observations. Fig. 4 shows
the typical fractography observed at low �K regime
for both as-cast and austempered DIs. It can be seen
in Fig. 4b the microcracks emanating from the graphite
nodules grew to link with each other by cutting through
the debonded-nodule voids for the ADI. However, in
Fig. 4a only microcracks surrounding the nodule voids
were observed and no evidence of microcrack linkage
was detected for the as-cast DI.

In the high �K region where the driving force for
extension of the main crack became stronger, the main
crack would be prompt to interact with the graphite nod-
ules ahead of the crack tip. Therefore, the FCG behavior
at high �K regime would be influenced mostly by the
resistance of the matrix structure to the propagation of
the main crack, i.e., the fracture toughness. As the aus-
ferritic matrix structure in ADI provided more fracture
toughness (Table I) than did the bull’s eye microstruc-
ture, the FCGRs at higher �K values would be lower
in ADIs than in as-cast DI. In particular, ADI II having
a coarser ausferrite microstructure and greater fracture
toughness essentially exhibited the slowest FCGR at the
intermediate and high �K regions. It is believed that
transformation of the unstable retained austenite under
deformation to martensite around the highly stressed
crack-tip area may also retard the growth of the main
crack [7, 14, 15]. This deformation-induced martensitic
transformation would relax the stress concentration at
the crack tip and the accompanying volume change
would also urge plastically induced crack closure to
occur [7]. In this regard, ADI II with a greater volume
fraction of retained austenite would obtain more bene-

(a)

(b)

Figure 4 SEM fractography at low �K region for (a) as-cast and
(b) austempered ductile irons (m: microcracks).

ficial effects from this deformation-induced martensitic
transformation to reduce the FCGR of the main crack
as compared to the as-cast DI and ADI I in high �K
regime.

The micrograph in Fig. 5a shows the existence of
martensite laths (label M) within a blocky retained
austenite (label a) at a location very close to the path
of the main crack on an ADI II specimen after FCG
testing. However, as shown in Fig. 5b, no such mor-
phology of martensite laths within the blocky retained
austenite was observed at a region far away from the
path of the main crack in the same ADI II specimen.
X-ray diffraction analyses provided additional quanti-
tative data showing a similar trend. The average volume
fraction of the retained austenite along the crack path
on the post-fracture ADI II CT specimen was found to
be 24.7% which is lower than the value of 30.3% in the
area far away from the crack path. The decrease in the
amount of retained austenite along the crack path area
implied some of the unstable retained austenite around
the crack tip area had been transformed to martensite
during the propagation of the main crack. As the re-
tained austenite content in ADI I is considerably lower
than that in ADI II (15.9% vs. 30.3%), the crack growth
retardation effect induced by the martensitic transfor-
mation of unstable retained austenite at crack tip would
be less effective in ADI I. However, the crack closure
effect caused by this type of martensitic transformation
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(a)

(b)

Figure 5 Microstructures of blocky retained austenite in ADI II at two
different areas: (a) near the main crack path and (b) far away from the
main crack (f: ferrite; a: austenite; M: martensite).

became insignificant when the load ratio was increased
from 0.1 to 0.5 and 0.7 where Kmin was always greater
than Kop. This might explain why the FCGR differences
between ADI I and ADI II became smaller at higher R
values.

3.2. Influence of load ratio on the fatigue
crack growth rate

Fig. 6 shows the comparison of FCGR at various load
ratios for each material investigated. It can be seen in
Fig. 6 that the FCGR was increased with an increase in
load ratio for each material. The load ratio effects on
the FCG behavior were more pronounced in the ADIs
(Fig. 6b and c) than in the as-cast DI (Fig. 6a). In order
to examine whether the influence of the load ratio on
the FCGR was only due to the crack closure effect, the
results presented in Fig. 6 were replotted in Fig. 7 as
(da/dN ) vs. �Keff by taking into account the crack clo-
sure data. Here, �Keff = (Kmax − Kop) if Kop > Kmin,
or �Keff = �K = (Kmax − Kmin) if Kmin > Kop. As
shown in Fig. 7a, the influence of the load ratio on
the FCGR became negligible at low �Keff regime for
the as-cast DI. However, the load ratio effects on the
intrinsic FCGR were still existent at high �Keff regime
for the as-cast DI and in the entire �Keff region for
the two ADIs. In this regard, the mean stress effects on
the FCG behavior could not be simply rationalized by
the crack closure effect and might be related to certain

(a)

(b)

(c)

Figure 6 Comparison of fatigue crack growth rate curves at differ-
ent load ratios in three given materials: (a) as-cast DI, (b) ADI I and
(c) ADI II.
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(a)

(b)

(c)

Figure 7 Comparison of (da/dN )-�Keff curves at different load ratios
in three given materials: (a) as-cast DI, (b) ADI I and (c) ADI II.

static fracture mechanisms. It has been reported in lit-
erature [10, 17, 18, 24–26] that the typical crack prop-
agation path in various grades of DIs, including ADI,
depends strongly on the location of the next graphite
module ahead of the crack tip, and the crack front ap-
pears to connect the nodules along its path. Therefore,
a static fracture mechanism related to the decohesion
of graphite nodules ahead of the main crack tip is pro-
posed to account for the true load ratio effects observed
in the current study.

It can be seen in Fig. 7a that at �Keff < 12 MPa m1/2

the intrinsic FCGRs were not considerably affected by
the load ratio while a true mean stress effect became
effective at �Keff > 12 MPa m1/2 for the as-cast DI.
In the low �Keff region where the driving force for
the growth of the main crack was less intensive, the
highly stressed area ahead of the crack tip was small
and the nominal stress level at the ligament region in
the CT specimen was low. As a result, a smaller num-
ber of graphite nodules were debonded from the ma-
trix due to a lower tensile static stress level was pro-
vided to break the interface bond. In addition, since
the growth and linkage rather than the initiation of mi-
crocracks from the debonded-nodule voids played an
important role in determining the growth rate of the
main crack at low �K regime, the load ratio effects
became insignificant in the bull’s eye structure which
had more resistance to growth of microcrack than the
ausferrite. Accordingly, a high load ratio which would
produce more debonded-nodule voids might not sig-
nificantly affect the FCGR of the main crack at low
�K regime in the as-cast DI. On the other hand, at the
higher �K region, the main crack was provided with
more driving force in promptly propagating toward the
nodule-base microcracks or voids along its path. The
more microcracks or debonded-nodule voids are acces-
sible along the propagation path of the main crack, the
greater enhancement in the FCGR of the main crack
will occur. Consequently, an increase in the load ratio
would increase the static stress level and generate more
debonded-nodule voids leading to an increase in the
FCGR at high �K regime for the as-cast DI.

Fig. 7b and c showed the intrinsic FCGR for both
ADIs was enhanced with an increase in load ratio at all
of the testing �Keff region indicating the existence of
true load ratio effects on FCG regardless of the intensity
of the driving force for the extension of the main crack.
As described above, the resistance to the microcrack
growth from the debonded-nodule void was smaller in
an ausferrite matrix than in a bull’s eye structure result-
ing in more linking microcracks available to coalesce
with the main crack in ADI than in as-cast DI even
though in the low �K regime. Therefore, fatigue load-
ing with a higher load ratio would provide more nucle-
ation and extension of microcracks ahead of the crack
tip in an ausferritic microstructure such that the intrin-
sic FCGR of the main crack was essentially increased
in ADI with increasing R value.

4. Conclusions
1. In the low �K region, the FCGR was slower in the
as-cast DI than in the ADIs due to the greater resistance
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to growth of microcracks from debonded graphite nod-
ule voids in the bull’s eye matrix structure.

2. At high �K regime, ADIs having greater fracture
toughness from the ausferrite structures exhibited more
resistance to the extension of main crack and lower
FCGRs than did the as-cast DI.

3. More FCG resistance was observed in ADI
austempered at 360◦C as a result of the greater tough-
ness from its coarser ausferrite microstructure and
larger amount of retained austenite, as compared to
that austempered at 300◦C. A greater volume fraction
of retained austenite was likely to produce more ben-
eficial effects from the martensitic transformation of
retained austenite ahead of the crack tip to retard the
crack growth.

4. The FCGR in ADI was found to be increased with
increasing load ratio. A static fracture mechanism re-
lated to the decohesion of graphite nodules ahead of the
main crack tip was proposed to account for the true load
ratio effects on FCG behavior observed in the current
study.
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