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bstract

Austempered ductile iron (ADI) is a candidate material for camshafts, where however, the early stages of fatigue damage are of major concern
uring service. A fundamental microstructurally based assessment of the mechanisms of fatigue failure is important. An ADI microstructure
ustenitised at 900 ◦C and austempered at 390 ◦C has been investigated in detail. Crack initiation and growth behaviour was assessed under three-
oint bend testing conditions. Primary initiation events occurred exclusively at pores with further micro-crack initiation occurring at decohered
raphite nodules in the monotonic plastic zone ahead of the advancing dominant macro-crack tip. Lifetime was however determined by propagation

ehaviour rather than coalescence events. The changes in the as-cast microstructure generated by this heat treatment have resulted in improved
atigue crack propagation performance due to the reduction in eutectic carbides and the relatively high quantity of retained austenite compared
ith previous studies, giving rise to greater crack path tortuousity and shielding.
2006 Elsevier B.V. All rights reserved.

es; He

e
p
(
d
u
a
a
o
[
w
f
c
o
i

p

eywords: Austempered ductile iron; Crack growth behaviour; Graphite nodul

. Introduction

Austempered ductile cast iron (ADI) has attracted consider-
ble interest in recent years because of its excellent properties,
uch as high strength with good ductility [1,2], good wear [3]
nd rolling contact resistance [4], and resistance to fatigue [5–8].
he manufacturing cost of ADI is also substantially lower [9–13]

han wrought or forged steel. Furthermore, the density of ADI
s lower than steel [14]. Thus, ADI has the advantage of higher
pecific strength than steel [15]. As a result, ADI is consid-
red a very promising engineering material, and an economical
ubstitute for wrought or forged steel in several structural appli-
ations in the automotive industry (crankshafts, transmission
ears, connecting rods), defence (cannon shells, aircraft landing
ears, etc.), earth-moving machinery, railroads, etc. It is these
ttractive properties that are currently placing ADI as a can-

idate material for camshaft manufacture. However, due to a
emand for improved engine performance, the service condi-
ions for a camshaft in a combustion engine and in advanced
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ngine designs have been changed. This changes the demands
laced on the camshaft material, requiring resistance to rolling
as oppose to sliding) fatigue resistance, and high strength and
uctility. Contact fatigue is now a significant concern for man-
facturers of this type of camshaft and it is clear that both wear
nd fretting fatigue play an important role. Fretting fatigue is
very situation-specific service problem, and the construction
f appropriate tests is extremely complicated. Typically failure
16] is due to the initiation and growth of very small cracks,
hich leads to surface pitting, resulting in further wear-induced

ailure. Therefore, the study of initiation and early growth of
racks and the effect of various microstructural features of ADI
n such growth is particularly important, which can provide an
nsight into the resistance of a microstructure to fatigue damage.

The mechanical properties of ADI can be tailored to suit
articular applications by adjusting heat treatment parameters
r material compositions. This has the effect of altering the
roportions of the major phases present in the microstructure:
ainitic ferrite, carbide, high carbon austenite and graphite (in
he form of nodules). The process comprises the production of

ductile iron casting, austenitisation (800–950 ◦C), subsequent
uenching to a temperature (250–400 ◦C), suitable for the final
tage, the isothermal transformation (austempering) of some
f the austenitic matrix to other phases, prior to subsequent

mailto:pasr1@soton.ac.uk
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ooling to room temperature. The effect of varying both the
ustenitising and austempering times and temperatures on
he short through crack fatigue resistance has been examined
n ADI alloys [17]. Austempers of 275, 300, 350, 400 and
75 ◦C were tested. It was found that the 350 ◦C austemper
ave the best fatigue crack growth resistance. Austempers
f 400, 475, 300 and 275 ◦C, exhibited progressively poorer
atigue crack growth resistance. Austenitising temperatures
f 850, 900 and 950 ◦C under the same austemper were also
onsidered. It was found that the 900 ◦C condition gave the best
atigue performance with both the 850 and 950 ◦C conditions
xhibiting slightly less fatigue crack resistance. No convincing
echanistic explanations in terms of the microstructure were

ut forward for these observations. Previously, we have con-
ucted work on an ADI alloy with four different heat treatment
onditions, which consisted of austenitising at 950 or 850 ◦C for
h followed by austempering at 250 or 400 ◦C for 2 h, denoted

950/400, 850/400, 950/250, 850/250 [18]. These results have
emonstrated that ADI alloys austempered at 400 ◦C gave better
atigue crack initiation and growth resistance than those austem-
ered at 250 ◦C at similar stress ranges. The toughness ranking
as 950/400 > 850/400 > 950/250 > 850/250 indicating that the

ower temperature austemper produced a higher hardness, but
ower toughness material and the higher temperature austemper
enerally improved toughness and damage tolerance, but with
ower strength/hardness. It was concluded that the coarser lath
ize and large amounts of retained austenite promoted by the
00 ◦C austemper promote a more tortuous crack path, and
ntrinsic crack shielding [18]. We have also shown that a carbide
nitiated failure mechanism is dominant for another ADI alloy
ustenitised at 800 ◦C and austempered at 260 ◦C due to sig-
ificant numbers of brittle carbides remaining from insufficient
ustenitising [19]. Obviously, the combination of alloying com-
osition together with the austenitisation and austempering heat
reatments, determines the microstructure produced and sub-
equently the dominant fatigue failure mechanisms [18,20,21].
inking microstructural models (based on alloy composition
nd heat treatment parameters) to micromechanistically based
odels of relevant mechanical properties will provide a much

etter informed route to alloy optimisation. However, detailed
icromechanistic understanding of fatigue processes for a

ull range of possible ADI microstructures is still somewhat
acking. The objective of this research is to explicitly study
atigue initiation and crack propagation in another ADI material
ustenitised at 900 ◦C and austempered at 390 ◦C (which is
xpected to show improved damage tolerance). Particular
ttention has been paid to the influence of graphite nodules on
rack growth behaviour. It is important to understand the early
tages of the fatigue process in order to allow development of
uantitative performance optimisation criteria.

. Experimental
An ADI with composition: 3.7C–1.5Si–0.3Mn–1.0Cu–
.5Mo (all numbers are wt.%) and balance Fe was supplied
y Federal Mogul Camshafts as a sand cast block, which
ubsequently was austenitised at 900 ◦C for 1h and austem-

w
a
o

ig. 1. Three-point bend short crack fatigue test set-up. P, applied load; S,
eparation.

ered at 390 ◦C for 2 h. A three-point bend set-up (Fig. 1)
as used for short crack tests which were performed on
2 mm × 12 mm × 80 mm cross-section standard bend-bar
pecimens, in air, at room temperature on a digitally controlled
nstron 8501 servo-hydraulic at 5 Hz. A peak opening stress was
roduced above the centre roller in three-point bend, decreasing
o zero above the outer rollers. The maximum applied top
urface stresses were 500, 600, 700 and 800 MPa, at R = 0.1; 800
nd 1100 MPa at R = 0.5. The top surface of each bend bar was
round and polished before testing. Etching (using 2% Nital)
f the top surface was used to reveal the matrix microstructure
or some specimens. Complete replica records of the specimen
op surface were taken at suitable intervals (between 200 and
000 cycles) under mean load. This was achieved by softening
locks of acetate in acetone and pressing them onto the top
urface of the bend bar. These were then left to harden for about
min and were removed for subsequent analysis. From study
f the replica record, the number of cracks, their positions and
elative lengths were determined as a function of the number of
ycles. Measurements of projected crack lengths normal to the
ensile axis from the digital images of the acetate replica record
ere performed using KS 300 on a PC running WinNT. The

alculation of �K was performed using equations as proposed
y Scott and Thorpe [22] based on assumptions made for a
emi-elliptical short crack. Values of the specimen surface crack
ip intensity factor (K) are given by the following equation:

I =
⌊[

Mf0

(
1 − 0.3

a

W

) (
1 −

( a

W

)12
)]

+
[

0.394E (k)
( a

W

)12
√

a

c

]⌋
σ

E(k)

√
πa (1)

here the surface correction factor is:

f0 =
[

1.21 − 0.1
(a

c

)
+ 0.1

(a

c

)4
] √

a

c
(2)

nd the elliptical integral is:

(k) =
[

1 + 1.47
(a)1.64

]0.5

(3)

c

here a is the crack depth, c half the surface crack length
nd W is the specimen height (as shown in Fig. 1). In order to
btain a more detailed assessment of the interactions between
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of 800 MPa. Further R = 0.5 tests were therefore carried out at
higher maximum stress levels. Failure occurred at approximately
32,000–43,000 cycles for R = 0.5 tests with a maximum applied
stress of 1100 MPa. When this is considered in terms of applied
76 B. Stokes et al. / Materials Science an

he propagating crack and the matrix microstructure, a number
f short fatigue crack tests were interrupted after a chosen
umber of cycles. The specimens were then removed from the
esting apparatus and subsequently analysed in detail using

FEG-SEM. In order to investigate the effect of specimen
icrostructure on crack propagation under well defined stress

tates, a number of three-point bending long fatigue crack
ests were performed on single-edge notched-bend (SENB)
ars with a pre-existing slot of an a/W = 0.25. The notch was
harpened with a razor blade to promote crack initiation. Long
rack growth behaviour was established by load shedding
own to threshold (da/dN ∼ 10−8 mm/cycle) in 10% steps in
K, each load shedding step was preceded by growth through

our monotonic plastic zone sizes at constant �K levels.
hresholding was followed by growth of the crack under
onstant load and increasing �K conditions until fast fracture
ccurred. The final Kmax value achieved prior to final failure
as taken to be an approximation of the cyclic KQ value of the
aterial. Crack length was monitored by conventional D.C.P.D.

echniques.

. Results

.1. Microstructure

The matrix microstructure generally consists of coarse bai-
ite laths, large blocky pools of retained austenite and graphite
odules (Fig. 2). The near total absence of carbide structures
resent in the as-cast microstructure in the microstructure indi-
ates that the austenitising temperature of 900 ◦C is sufficient
o cause their dissolution. However, the bainite structure is
ar from homogeneous. During the austempering, the nucle-
tion of bainite occurs at the graphite/austenite interface [23]
nd grows by sympathetic nucleation of further plates into the
ustenite. At the same time, the growing bainite rejects car-
on into the austenite. Due to the growth of bainite sheaves
way from the graphite, these regions of supersaturated austen-
te exist in areas remote from nodules. Hence, for a conven-
ional ADI alloy, as the distance from the graphite nodules
ncreases, the proportion of austenite increases. However, in
his case, there are large regions free of blocky austenite pools,
he location of which appears unrelated to that of graphite
odules.

.2. Short fatigue crack testing

Thirteen short fatigue crack tests have been conducted within
he 500–1100 MPa maximum applied stress testing range. Typ-
cal fatigue behaviour is observed where increasing lifetime
s observed with a decrease in applied stress (Fig. 3). Failure
ccurred at approximately 28,000, 46,300 and 70,200 cycles for
= 0.1 tests with, respectively, a maximum applied stress of 800,

00 and 600 MPa. It is particularly noteworthy that no failure

ccurred when a specimen was tested at a maximum stress of
00 MPa with an R-ratio of 0.1. High R-ratio tests (R = 0.5) were
lso performed on the specimens. No failure was observed after
0 million cycles for a specimen tested at a maximum stress

F
a

ig. 2. ADI microstructure: (a) low and (b) high magnification, etched in 2%
ital (GN, graphite nodules; RA, retained austenite; B, bainite).
ig. 3. S–N curve for both heat treatment conditions in terms of the maximum
pplied stress.
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tress range it becomes apparent that these R = 0.5 tests with a
tress range of 550 MPa exhibited shorter lifetimes than R = 0.1
ests with a stress range of 630 MPa. This implies that lifetime
s dependent on absolute stresses as well as applied stress range,
ith shorter lifetimes being shown for higher overall stresses

nd higher applied stress range. No further R = 0.5 tests were
erformed since it was identified that R = 0.1 was more repre-
entative of the service condition.

.2.1. Crack initiation and propagation
Initiation of the dominant fatigue cracks occurred exclusively

t pores, present either on the surface (Fig. 4a) or immediately
elow (Fig. 4b). In general, these pores are angular in mor-
hology and hence act as significant stress raisers. Evidence
f initiation was present on the first replica for all tests per-
ormed at an R-ratio of 0.1 suggesting a rather easy initiation
tage seemingly not affected by magnitude of applied stress.
urther initiation events occurred ahead of the propagating dom-

nant crack tip throughout the lifetime of the specimen. Initiation
ccurred at decohering graphite nodules (see Fig. 4c, regions
–F).

Not all of these micro-cracks coalesced with the advancing
ominant crack, and crack interactions were limited to events
ollowing initiation events ahead of the advancing dominant
rack tips. Typically, the formation of one or two large fatigue
racks was observed which ultimately coalesced at final spec-
men fracture. Decohesion of graphite nodules and subsequent
nitiation and growth of micro-cracks may lead to deflection of
he dominant crack system as they approach coalescence. Region

in Fig. 4c is a particularly good example. Fig. 5 shows the
ominant crack paths at 90% life for the polished fatigue crack
est samples at 800, 700 and 600 MPa, respectively. Greater
eflection is shown by the dominant crack as applied stress is
ncreased. The projected length of the largest crack as a function
f number of fatigue cycles has been plotted for specimens tested
t an R-ratio of 0.1 in Fig. 6a. Crack growth rate is faster for tests
erformed at higher values of applied stress at comparable crack
engths (Fig. 6b). The rather erratic crack growth shown by the
pecimen tested at 800 MPa is a direct result of the coalescence
vents from the dominant macro-crack. This macro-crack was
ormed by the coalescence of approximately 16 micro-cracks.
he number of micro-cracks coalescing to form the dominant
acro-crack for the 700 MPa test was far fewer, only 6; and

he 600 MPa test suffered no coalescence events before final
racture.

.2.2. The influence of graphite nodules on crack
ropagation

To examine more quantitatively the influence of graphite nod-
les on ADI fatigue crack propagation and the extent of graphite
odule/crack interaction, the number of nodules present along
he crack path have been counted at approximately 90% of the
otal lifetime using replica records. At the same time, to assess

hether the advancing fatigue cracks were ‘seeking out’ graphite
odules, these data were compared to the number of nodules
ntercepted by simulated ‘straight cracks’ of equivalent length.
his has been done by placing 30 random lines of equal length to

I
t
t
2

ig. 4. An example of short fatigue crack initiation at a surface pore (a), at a
ub-surface pore (b), and crack initiation ahead of advancing dominant crack tip
nd subsequent coalescence event tested at σmax = 800 MPa, R = 0.1 (c).

he fatigue crack at 90% life on images of each specimen to sim-
late non-deflected crack growth. It can be seen from Table 1 that
here is a significant increase in the frequency of graphite nodules
long the crack path as the applied stress levels are increased.

t is also clear for the tests performed at 800 and 700 MPa that
he crack path intercepts significantly more graphite nodules
han the equivalent non-deflected crack. An increase of at least
00% was observed for both tests. The dominant crack for the
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Table 1
Summary of the influence of graphite nodules on crack propagation at 90% life

σmax (MPa) 800 700 600
No. of nodules on crack path at 90% life 17 16 9
No. of nodules on crack path at 90% life as a function of crack length (nodules/mm) 6.5 5.2 2.7
N dules
N ules/m
P head o

t
s
g
o
t

c
F
c
7
d
0
c
F
u
t

F
(

s
cracks in the 600 MPa specimen is comparable, suggesting min-
imal influence of graphite nodules on crack propagation. This
analysis was extended to determine the effect of �K on the num-
ber of graphite nodules on the dominant crack path. These are
o. of nodules on simulated non-deflected crack as a function of unit length (no
o. of nodules decohering ahead of crack tip as a function of crack length (nod
ercentage of nodules on crack profile at 90% life that were seen to decohere a

est performed at 600 MPa intercepted no more nodules than the
imulated non-deflected cracks. Table 1 shows that 47% of the
raphite nodules along the dominant crack path initiated ahead
f the crack at 800 MPa. This compares to 25 and 14% for the
ests performed at 700 and 600 MPa, respectively.

The number of graphite nodules as a function of dominant
rack length was also investigated. The data are presented in
ig. 7a together with the ‘simulated non-deflected’ cracks for
omparison. It is apparent that the data for both the 800 and
00 MPa specimens deviates from the respective ‘simulated non-
eflected’ cracks. At corresponding crack lengths greater than
.5 mm, significantly more graphite nodules had been inter-

epted by the dominant crack than the ‘non-deflected’ crack.
urthermore, the 800 MPa test exhibited more graphite nod-
les on the dominant crack than the 700 MPa test. However,
he ‘non-deflected’ cracks for these two specimens showed a

ig. 5. Dominant crack at 90% life in specimens tested with σmax = 800 (a), 700
b) and 600 MPa (c), R = 0.1.

F
d
d

/mm) 2.9 2.4 2.8
m) 9.6 4.9 0.8
f the crack tip 47 25 14

imilar trend. The data from the dominant and ‘non-deflected’
ig. 6. Crack length plotted as a function of the number of fatigue cycles with
ifferent stresses (a), crack growth rate plotted as a function of crack length with
ifferent stresses (b).
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Fig. 7. The variation of the number of graphite nodules on the dominant crack
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ath with crack length (a) and with �K (b), compared with simulated non-
eflected cracks for each stress level.

gain compared to the ‘simulated non-deflected’ cracks for the
orresponding specimen (Fig. 7b). It is clear that above a �K
f 20 MPa m1/2 the number of nodules on the dominant crack
ath exceeds that on the ‘simulated non-deflected’ cracks for
oth the 800 and 700 MPa specimens. At lower values of �K,
he dominant cracks intersect fewer graphite nodules than the
non-deflected’ crack. It is probable that this reflects the initia-
ion of the dominant cracks from porosity. No such restriction
xists for the ‘simulated non-deflected’ cracks.

The mechanisms of crack propagation within the matrix
icrostructure between graphite nodules in porosity initiated

hort cracks were investigated during interrupted tests. Both
eflected and non-deflected short fatigue crack growth has been
bserved. Microstructural features that have been observed to
ause crack deflection include: graphite nodules, the interface
etween retained austenite and bainite, and bainite packets.
hese features do not cause crack deflection on every occasion
owever. Fig. 8 shows high magnification images of an inter-
upted short crack test. Propagation along the interface between
ainite and retained austenite causing significant crack deflec-
ion can be seen in the top of region A. In the centre of region
, the crack appears to have propagated around the perimeter

f a bainite packet. In region B the crack can be seen to deviate
n order to impinge on a graphite nodule. Several examples of
rack propagation through pools of retained austenite are visible
n region C.

a
s
n
T

ig. 8. (A–C) SEM images showing crack development in interrupted test spec-
men with σmax = 700 MPa, R = 0.1.

.3. Long fatigue crack testing

Long fatigue crack testing has identified values of �Kth
threshold) and KQ (nominal cyclic toughness). The value for
atigue threshold (8.0 MPa m1/2) for the current heat treatment is
igher than that of the as-cast ductile iron (6.0 MPa m1/2) whilst
alues of KQ seem highly variable (from 24 to 32 MPa m1/2) [24].
atigue threshold and constant load amplitude growth out tests

llow the observation and comparison of fracture surfaces corre-
ponding to varying values of �K (Fig. 9). Decohered graphite
odules are highly visible and are present at all values of �K.
he fracture surface at lower values of �K and those approach-
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ig. 9. Fatigue surface of threshold and growth out test specimens: (a) �K = 8 M

ng threshold show quite differing features to the higher �K
mages. At the lower �K, some brittle facets, perhaps repre-
enting occasional cracked eutectic carbides are visible. As �K
ncreases the fracture surface images suggest an increase in sur-
ace roughness. The long fatigue crack data have been plotted

ith the data from the short crack test which showed the least
umber of coalescence events at a maximum stress of 600 MPa
Fig. 10). It is apparent that the short crack test data merges with
he long crack regime at values of �K above 14 MPa m1/2. This

Fig. 10. Comparison of long and short fatigue crack data.
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1/2; (b) �K = 15 MPa m1/2; (c) �K = 25 MPa m1/2; (d) �K = 30 MPa m1/2.

epresents short cracks with lengths in the order of 620 �m. It
s also noticeable that the short crack grows, with ‘classic’ short
atigue crack behaviour, at values of �K below the long crack
hreshold and faster crack growth rates at comparable values of

K.

. Discussion

.1. Microstructure

The mechanical properties of ADI vary over a wide range of
alues, mostly controlled by microstructural factors [25]. Some
f these factors depend on heat treatment, as in the case of phases
resent (quantity, size and distribution). Others may be related
o solidification, such as graphite nodules (number, size and
hape), and defects (porosity, inclusions, segregated elements,
econd phase particles or unwanted eutectics) [26]. In general,
he microstructural factors that contribute to a loss of tough-
ess are: reduction in percentage nodularity, high percentage or
ontinuity of intercellular or interdendritic carbides and micro-
orosity. For the current ADI microstructure the matrix itself
s formed by two main constituents (retained austenite and bai-
ite). Since retained austenite is a softer phase than bainite the
ardness values are quite different. Graphite nodules are com-
aratively very soft and they have a significantly lower effective
oung’s modulus than the surrounding matrix, decohere easily

nd may be considered to act as holes in a mechanical sense.

One of the most important factors in determining the mechan-
cal properties of the final ADI component is the relative
olume fraction (Vf) of retained austenite (RA) and bainite
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resent in the matrix, and their associated carbon concentra-
ions. In general, tensile strength and hardness decrease as the
f of RA increases (and that of bainite decreases) [7]. The
mount of bainite in ADI as a function of composition and
eat treatment parameters has been predicted on the basis of
he limiting carbon content for diffusionless transformation by
sing thermodynamic and kinetic theory [24,27,28]. The pre-
icted result is that the matrix microstructure contains 44.5%
etained austenite and 46.4% bainite at the current austempering
ondition.

.2. Crack initiation

Primary crack initiation in the microstructure occurred exclu-
ively at pores, either surface or sub-surface. The number of
rimary initiation sites has a profound impact on the mecha-
ism of failure and ultimately the lifetime of the specimen. For
he interval tests performed at an R-ratio of 0.1, cracks were
bserved on the first interval acetate replica. This would indi-
ate a rather easy initiation stage for all microstructures and
uggest primary initiation is dependent on local microstructure
ather than the maximum applied stresses. Additionally, micro-
rack initiation events were observed throughout the lifetime and
ppeared dependent on one or more of the following: microstruc-
ure, load ratio and stress range. The angular nature of the crack
nitiating pores clearly provides points of stress concentration.
ther authors [29–31] have observed initiation of this type. It is

uggested that in the absence of pores and other such defects,
rimary initiation occurs at graphite nodules [21].

In this ADI material secondary crack initiators were graphite
odules. Decohesion of the interface between the graphite
odules and matrix is likely to be caused by mechanical
roperty mismatch occurring in the stress field ahead of the
dvancing crack, leading to the subsequent initiation of micro-
racks. Greno et al. [31] identified the irregular surface of the
raphite–matrix interfaces (sharp micro-notches) as high stress
oncentrators. These act as preferential initiation sites in the
ncreased �K region in the vicinity of the advancing crack tip.
urther tests at progressively lower maximum stresses showed
ewer crack initiation events ahead of the crack tip. As a direct
esult there were fewer coalescence events visible for these
pecimens until the failure mechanism was almost exclusively
ropagation controlled. It is reasonable therefore to suggest that
ecohesion and subsequent crack initiation is in fact sensitive
o the crack tip stress intensity factor and hence the locally
aised stress field experienced by the graphite nodules, fitting
n with previous observations [31]. The plastic zone ahead of
he advancing crack increases with increasing stress intensity
actor. The larger the plastic zone ahead of the crack tip, the
reater number of graphite nodule interfaces will be subjected
o the increased stress and strain values associated with this
egion.

The location of micro-crack initiation events with respect

o the advancing dominant crack tip has been investigated for
he fatigue crack tests performed at an applied stress of 800 and
00 MPa. Both the distance of the initiation event from the crack
ip and angle of inclination were considered [24]. Estimations

n
l
w
c

ig. 11. Comparison of monotonic and plastic crack tip plastic zone size and
roximity of micro-crack initiation events ahead of the advancing dominant
acro-crack for fatigue crack specimens tested with σmax = 800/700, R = 0.1.

f monotonic and cyclic plastic zone sizes (ry) were made using
he following equations [32]:

Monostonic : ry = 1

4π

(
Kmax

σy

)2 [
1 + cos α + 3

2
sin2 α

]

(4)

yclic : ry = 1

4π

(
�K

2σy

)2 [
1 + cos α + 3

2
sin2 α

]
(5)

here σy is the yield stress taken from predictions based on
he relative properties and amounts of the major matrix con-
tituents [27]. Eqs. (4) and (5) consider the size and shape of
he plastic zone with regards to the angle of inclination (α)
rom the crack tip. The redistribution of stress due to plastic-
ty however, is not taken into account in estimating the extent
f plastic zone size. Fig. 11 compares the size of monotonic
nd cyclic plastic zones at the tip of the advancing domi-
ant macro-crack and the proximity of near tip micro-crack
nitiation events. All data points below the x = y line indicate
here micro-crack initiation occurred within the crack tip plas-

ic zone. It has been estimated that 83% of all near-tip initi-
tion events occurred within the monotonic plastic zone and
nly 17% within the cyclic plastic zone, implying that initia-
ion ahead of the crack tip mostly occurs within the monotonic
rack tip plastic zone. This indicates that graphite nodule deco-
esion does not require globally reversed plasticity to occur,
lthough the local stress state around the nodules is likely to be
omplex.

.3. Crack propagation

As identified in Fig. 7a the number of graphite nodules on the
ominant crack with a microstructure appears to decrease with
corresponding decrease in the applied stress level. When com-
ared to the ‘simulated non-deflected cracks’ it is clear that the
ominant crack for tests at 800 and 700 MPa intersected a greater

umber of graphite nodules. This suggests that at these stress
evels, the dominant crack was ‘seeking’ out graphite nodules,
hich provide the lowest energy path in linking [29]. Identifi-

ation of whether all these graphite nodules decohered ahead of
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he crack tip before intersection was prevented by the frequency
f the replica records for these tests. The data summarised in
able 1 show that for the test performed at 800 MPa, only 47%
f the graphite nodules on the crack profile were seen to decohere
head of the crack tip. This falls to 25% for the test performed at
00 MPa. It is expected however, that these figures are an under-
stimation, with the decohesion of graphite nodules, micro-crack
nitiation and subsequent coalescence occurring in the period
etween replicas. The test performed at 600 MPa showed no
ncrease in the number of graphite nodules intersected by the
ominant crack over the ‘simulated non-deflected crack’. This
ould suggest that the path of the dominant crack was not influ-

nced by graphite nodules at this lower stress level. The lower
umber of coalescence events before fracture for the 600 MPa
aximum stress test may be the reason for the relatively sta-

le crack growth rates shown for this specimen in Fig. 6b. It is
lso reasonable to suggest that the lower number of initiation
vents and subsequent crack coalescence is responsible for the
ess deflected dominant crack path shown in Fig. 5.

Fig. 7b suggests the number of graphite nodules intercepted
y a dominant crack is controlled by �K. At values of �K above
0 MPa m1/2 the dominant crack intercepts a greater number
f graphite nodules than the corresponding ‘simulated non-
eflected cracks’. At lower values of �K fewer initiation events
re observed ahead of the crack tip. Furthermore, observation
f fatigue crack fracture surfaces shows increased numbers of
raphite nodules and surface roughness with increasing values
f �K. It is reasonable to suggest this reflects the increase in size
f monotonic crack tip plastic zone associated with increasing
K. More graphite nodules will be encompassed by the plastic

one effectively giving the crack tip a greater ‘sampling area’.
he greater extent of the near tip plastic zone is likely to increase

he probability of graphite nodule decohesion and micro-crack
nitiation ahead of the crack tip and in turn, subsequent deflec-
ion of the dominant crack by coalescence events. Therefore, it
s reasonable to propose higher stress intensity factors cause the
dvancing dominant crack to ‘seek out’ graphite nodules. This
ay cause increased crack deflection and fracture surface rough-

ess and consequently may decrease global crack growth rates
y roughness induced closure mechanisms and shielding effects
33]. It has been proposed that as micro-cracks simultaneously
ropagate besides the main crack, the available elastic energy for
he propagation of the main crack is diminished mainly because
f the creation of a larger crack surface [34]. In addition, there
s growing evidence of the shielding effect that micro-cracking
as on the tip of a dominant macro-crack, redistributing and
educing the average near-tip stresses [35]. Sources of stress
edistribution are the reduction of elastic moduli resulting from
icro-cracking and inelastic strains arising from the release

f residual or transformation stresses when micro-cracks are
ormed. The above-mentioned mechanisms provide evidence to
xplain the relatively low propagation rates and high effective
ropagation threshold values of ADI when compared with those

f steels [34].

Investigation of the mechanism of micro-crack initiation
head of the advancing crack tip has been conducted by means of
2D elastic computational model developed using the bound-

w
b
c
e

ig. 12. The orientation of micro-cracks with respect to the graphite nodule.

ry element method [31]. A graphite nodule was modelled as
aving nucleated micro-cracks fore and aft with respect to the
ominant crack at varying positions along the nodule perime-
er. Stress intensity factors were calculated for the dominant
rack and the micro-cracks nucleated from the graphite nodule.
t was found that the effect of interaction between crack and
odule is more marked for the micro-cracks emanating from
raphite nodules than for the dominant crack with the great-
st increase observed for the micro-crack facing the dominant
rack. The value of stress intensity factor for this crack increases
0-fold and approaches that of the dominant crack. The crack
acing away from the dominant crack showed an increase in
tress intensity factor, although to a lesser extent. Predictably,
he nearer the nodule to the dominant crack tip, the greater the
ncrease in stress intensity factor. It was also shown that the
ngular position of the graphite nodule with respect to the dom-
nant crack tip has only a minor influence on any increase in
tress intensity factor. It was noticed in the present study that
rack initiation from the interface between graphite nodules and
atrix occurred at various orientations around the graphite nod-

le. The orientation of crack initiation from graphite nodules
ith respect to the nodule has been measured and is summarised

n Fig. 12. It suggested that the majority of crack initiation events
acing the advancing dominant crack tip occur at an orientation
f 15–30◦ from the tensile axis. This is in good agreement with
he work of Greno et al. [31] who investigated the effect of crack
nitiation from various orientations around the graphite nodule
θ). They pointed out that the greatest increase in stress inten-
ity factor for micro-cracks initiating and propagating towards
he dominant crack occurred when θ is also between 15◦ and
0◦. The increase in stress intensity factor for micro-cracks
nitiating and propagating in the same direction as the domi-
ant crack was less pronounced and varied less with θ. There
s a greater variability in orientation for micro-cracks that ini-
iated and propagated in the same direction to the dominant
rack [31]. Not all micro-cracks initiating from decohered nod-
les coalesce with the advancing dominant macro-crack. It is
ot clear at the present time why one crack should coalesce

ith the dominant crack whilst another does not. It is possi-
le that the matrix microstructure between two cracks and the
rack spacing are significant factors in selecting coalescence
vents.
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a
p

4

r
i
r
‘
t

Fig. 13. An example of crack coalescence.

Three-dimensional FE models produced by Soboyejo and
nottt [36] on pairs of coalescing cracks in steels have pre-
icted parallel offset non-coplanar semi-elliptical cracks would
row independently until adjacent crack tips overlap. Subse-
uent growth in the region of overlap is associated with devi-
tions of the adjacent crack tips. The deviations do not appear
o significantly affect crack growth outside the region of over-
ap. Similar behaviour for parallel offset non-coplanar cracks
as observed in this study. The deviation of the adjacent crack

ips is clear for Cracks A and B in Fig. 13. Furthermore, any
eviation does not appear to take place until the adjacent crack
ips overlap. Fig. 14a shows the crack tip separation and over-
ap compared with the crack growth rates, respectively, of the
wo cracks in Fig. 13. Reducing crack tip separation appears
o have little effect on crack growth rate. Soboyejo et al. sug-
ested offset cracks may coalesce at depth positions without
oming into contact at the surface. Additionally, it is sug-
ested in the literature that there is a sudden increase in stress
ntensity factor as cracks coalesce [37,38]. The high stress
ntensity factors in the region of coalescence result in a rapid
ransition to a semi-elliptical crack. The stress intensity fac-
or then decreases as the crack forms a semi-elliptical shape
37,38].

Microstructural features such as the boundaries between
rior austenite grains in the so-called “ausferrite”1 microstruc-
ure were observed to significantly retard the propagation of

short fatigue crack, owing to the additional requirement to
ilt and twist the crack plane for crystallographic propagation
nto the next grain [39,40]. Boundaries between “ausferrite”
bainite) packets (shown in the centre of region A of Fig. 8)
ave been observed to retard and arrest the propagation of

racks by blocking planar slip along the austenite {1 1 1} plane
40,41].

1 The authors believe “ausferrite” to be a common misnomer in the ADI field,
here “ausferrite” is simply upper or lower bainite.

t
h
d
f
a
t

s a function of number of fatigue cycles (a), and comparison of fatigue crack
ropagation data from long crack testing (b).

.4. Comparison with other heat treatment conditions

The number of fatigue cycles to failure of the same ADI mate-
ial austenitised at 800 ◦C and austempered at 260 ◦C (800/260)
n a previous study [19] has been compared with the current
esults (900/390) in Fig. 3. Only a small percentage of the
800/260’ specimens show comparable fatigue lifetimes and
he majority have shorter lifetimes than the ‘900/390’ condi-
ion at comparable stress levels. The short crack data for both
eat treatments have also been plotted compared in Fig. 10,
emonstrating that short cracks in the ‘800/260’ material exhibit

aster crack growth rates than in the ‘900/390’ condition. In
ddition, very different mechanisms of short fatigue crack ini-
iation were observed for the material in each heat treatment
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ondition. The ‘800/260’ material contained numerous eutectic
arbides retained from insufficient austenitisation and cracked
arbides formed a prolific source of micro-crack nucleation
ites in the ‘800/260’ condition. However, in the ‘900/390’ heat
reatment, which was predominantly free of eutectic carbides,
nitiation of the fatigue crack occurred at pores, of which there
ere far fewer. Secondary initiation occurred at graphite nod-
les and it may be supposed that in the absence of pores these
ould act as crack initiation points, albeit after a greater num-
er of cycles. The variable distribution of the carbide structures
hroughout the ‘800/260’ microstructure produced a range of
atigue failure behaviour from coalescence to propagation dom-
nated failure, whereas fatigue in the ‘900/390’ material was
argely propagation dominated. The mechanism of failure has a
istinct effect upon the specimen lifetime. Generally speaking,
he greater the extent of crack propagation (i.e. the less coales-
ence events), the longer the lifetime of the specimen. However,
limited number of coalescence events directly attributable

o initiation ahead of the crack tip may lead to extended
atigue life by creating a more tortuous crack path, leading to
ncreased crack tip shielding, due to both reduced local crack
ip stress intensities and possible roughness induced closure
ffects.

The comparative propagation behaviour in the as-cast duc-
ile iron, the ‘900/390’ and ‘800/260’ heat treatments has been
ssessed using long crack fatigue testing, shown in Fig. 14b.
rack growth rates for the as-cast ductile iron and ‘800/260’
re generally faster than the ‘900/390’ for comparable values
f �K (the propagation data for these two alloy conditions lie
n the upper range of the ‘900/390’ scatter band). This means
hat the changes in the as-cast microstructure generated by the
900/390’ heat treatment have resulted in improved fatigue crack
ropagation performance. No such improvement was promoted
y the ‘800/260’ heat treatment. The ‘900/390’ heat treatment
s tougher and has a higher fatigue threshold than the other
wo variants. The improvement in toughness may be due to
he lack of eutectic carbides and the relatively high quantity
f retained austenite in the ‘900/390’ microstructure. Previous
orkers [42,43] have observed that blocky regions of austenite
ear the crack tip in similar austempered irons undergo marten-
itic transformation under the influence of the local crack tip
tress state. This should give rise to a transformation toughen-
ng effect that effectively lowers local crack tip stresses due to
he local volume change from the phase change, improving both
racture toughness and propagation resistance (with an addi-
ional effect of increased closure due to the local volume increase
t fatigue threshold). It is also likely that the greater number of
rittle eutectic carbides in the ‘800/260’ heat treatment decrease
he toughness of a microstructure by increasing the proportion
f static failure modes [24]. The long fatigue crack tests have
dentified crack deflection by bainite sheaves at near threshold
alues of stress intensity factor. Other authors [23,27,44] have
oticed a retained austenite film surrounding bainite sheaves. It

s possible this ductile film provides a sufficient barrier to cause
rack deflection at these low values of �K. It is believed this
eature causes roughness induced crack closure and therefore
s another possible factor responsible for the elevated fatigue
ineering A 445–446 (2007) 374–385

hreshold compared to the as-cast ductile iron and the ‘800/260’
eat treatment.

. Conclusions

. An ADI microstructure austenitised at 900 ◦C and austem-
pered at 390 ◦C has been investigated and compared to results
in the literature. Initiation of the dominant fatigue cracks
occurred exclusively at pores, present either on the surface
or immediately below. Further initiation events (confined
to graphite nodules within the crack tip monotonic plastic
zone) occurred ahead of the propagating dominant crack tip
throughout the lifetime of the specimen. However the lifetime
was principally propagation rather than coalescence domi-
nated.

. Decohesion of graphite nodules and subsequent initiation
and growth of micro-cracks may lead to deflection of the
dominant crack system as they approach coalescence. The
number of micro-cracks coalescing to form the dominant
macro-crack increases with increase in applied stress levels,
leading to greater overall crack path tortuosity, and possible
shielding effects.

. The number of graphite nodules intercepted by a dominant
crack is a factor of �K. At values of �K above 20 MPa m1/2

the dominant crack intercepts a greater number of graphite
nodules. The greater extent of the near tip plastic zone is likely
to increase the probability of graphite nodule decohesion and
micro-crack initiation ahead of the crack tip.

. The changes in the as-cast microstructure generated by this
heat treatment have resulted in improved fatigue crack prop-
agation performance. This is due to the lack of eutectic
carbides and the relatively high quantity of retained austen-
ite in the microstructure. Near threshold, greater deflection
at bainite sheathes is observed and this is believed to give
rise to greater roughness induced closure and to improved
near-threshold performance.
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