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ABSTRACT: Short fatigue crack nuclei in austempered ductile cast iron have been studied 
using optical microscopy, scanning electron microscopy, electron backscatter diffraction 
analysis and X-ray microtomography.  The aim of the investigation was to determine the 
mechanisms of crack initiation, propagation and arrest, with the objective of developing a 
microstructure fracture mechanics model for the statistical distribution of the fatigue 
endurance limit. 
 
Short fatigue cracks nucleate at graphite nodules in rising load fatigue tests.  The crack 
nuclei are arrested and retarded by barriers in the microstructure, by either blocking of 
slip at phase boundaries or the requirement for tilt and twist of the {111} crystallographic 
crack at the prior austenite grain boundaries.  The most significant barriers are the prior 
austenite grain boundaries.  The size of the defects such as graphite nodules and porosity 
and the size of the prior austenite grains control the largest crack nucleus that can develop, 
and hence determine the fatigue limit. 
 
 
INTRODUCTION 
 
The fatigue behaviour of austempered ductile cast iron has been examined 
in terms of the microstructure short crack mechanisms.  Previous 
observations in an austempered ductile cast iron [1-3] showed a strong 
correlation between the length of stable crack nuclei from defects and the 
length of the ferrite laths in the ausferrite microstructure, which were 
equivalent to the prior austenite grain size (Figure 1) of approximately 
25 µm.  Fractography and X-ray microtomography [3] showed an inclined 
and facetted region adjacent to nucleating defects (Figure 2), which was of 
the order of the austenite grain size and the maximum ausferrite packet size.  
These crack nuclei were shown to be stable below the fatigue limit. 



Electron backscatter diffraction (EBSD) measurements of grain 
crystallographic orientation (Figure 3) at stable crack nuclei confirmed that 
the cracks were parallel to the austenite {111} plane, which implies that the 
facets were due to stage I crack nuclei [3].  EBSD was also used to 
demonstrate that cracks were retarded and arrested at ausferrite packet 
boundaries and austenite grain boundaries.  This may be due to blockage of 
slip and the requirement for tilt/twist of the crack plane to maintain stage I 
crack propagation.  Atomic force microscopy of the surface deformation 
associated with arrested cracks found no evidence for martensite 
transformation as an arrest mechanism for short cracks [3]. 

These observations indicate that for cracks nucleated at graphite nodules, 
the maximum crack nucleus size depends on the nodule diameter and the 
ausferrite matrix microstructure.  This observation may be used to model the 
fatigue limit. 

 

 
Figure 1: Distribution of stable crack 
nucleus length below the fatigue limit and 
the distribution of ausferrite lath lengths 
[1].  The maximum crack length observed 
was 55µm.  All cracks were nucleated at 
graphite nodules. 

 
Figure 2: High resolution X-ray 
tomographic image of an arrested 
crack nucleus [3].  The inclined 
plane of the crack nucleus is 
observed.  The stress amplitude 
was parallel to the X direction. 

 
 
A MODEL FOR THE FATIGUE LIMIT 
 
A simple linear elastic fracture mechanics model for the relationship 
between microstructure and the fatigue limit in austempered ductile cast 
iron is proposed.  A critical stress intensity factor range, ∆Kth, which must 
be exceeded for the crack nucleus to propagate, describes the strength of the 
prior austenite grain boundary barriers.  The stress intensity factor for a 



crack adjacent to a spherical stress concentration [4] was calculated for a 
crack of length a, extending from a nodule of radius r using equations (1) 
and (2), subjected to tension-tension cyclic stress amplitude ∆σ. 
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Figure 3: Determination of the retained austenite crystallographic orientation for an 
arrested crack nucleus using electron backscatter diffraction (EBSD) [3].  The angle 
of the crack plane was measured by serial sectioning.  The crack was nucleated at a 
graphite nodule. (a) EBSD map, (b) SEM image, (c) Stereographic projection of {111} 
austenite poles and crack plane. 

 
Figure 4 shows the critical stress amplitude to exceed ∆Kth for a crack 

that propagates from a 45 µm radius nodule.  The interaction between 
increasing stress intensity factor and decreasing stress concentration gives a 
maximum critical stress amplitude of 160 MPa approximately 40 µm from 
the nodule.  The position of this critical stress amplitude maximum 
increases proportionally with the nodule radius, and the distance to the 
maximum is approximately equivalent to the nodule radius.  In a material 
that behaves as a homogeneous continuum, this critical stress amplitude 
maximum would be the fatigue limit.  However, the crack size is 



comparable to the microstructure scale, and the discrete nature of the 
barriers in this heterogeneous material must be considered. 
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Figure 4: The stress required to exceed the theshold value of ∆Kth, as a function of the 
distance of the crack tip from the nodule.  The data is for a 45 µm radius nodule, with 
a threshold ∆Kth of 4.2 MPa√m. 

In a material that contains many crack nuclei, failure will result from the 
weakest link, i.e. the combination of a graphite nodule and crack length at 
the grain boundary that becomes unstable at the lowest stress amplitude.  
For example, in a material with a maximum grain size of 50 µm, the lowest 
stress amplitude necessary to cross the first microstructure barrier occurs 
when the grain boundary is at the maximum possible distance of 50 µm 
(Figure 4).  This is beyond the stress amplitude maximum and results in a 
fatigue limit that is lower than 160 MPa.  Grain boundaries that lie closer to 
nodules of the same radius can arrest crack propagation, producing stable 
crack nuclei.  Increasing the grain size, e.g. to 75 µm, will further decrease 
the fatigue limit. 

With decreasing grain size, the relative size of the grains and nodules 
must be considered.  If the grain size is greater than approximately half the 
distance to the critical stress amplitude maximum at approximately the 
nodule radius, the stress amplitude to cross the second barrier can be less 
than the stress to cross the first barrier.  Thus the strongest first barrier 
controls the fatigue limit.  This is the case for a grain size of 25 µm (Figure 
4).  However, in a material with a smaller grain size, e.g. 10 µm, the stress 
amplitude necessary to cross the second furthest barrier at 20 µm is greater 
than the stress necessary to cross the first furthest barrier.  This implies that 



if the nodule radius is greater than approximately the grain size, the crack 
nuclei are not necessarily arrested at the first austenite grain boundary 
encountered.  The length of arrested cracks can therefore be greater than the 
maximum austenite grain size.  This is consistent with observations [Figure 
1].  With decreasing grain size, there therefore is an increased likely-hood 
that barriers encountered close to the critical stress amplitude maximum will 
arrest the crack nucleus. The effect of microstructure therefore becomes less 
significant as the grain size becomes small in comparison to the nodule 
radius.  Similarly, the effect of microstructure diminishes for larger graphite 
nodules and the material behaves in a homogeneous manner. 

The interactive effect between the austenite grain size and the nodule size 
on the fatigue limit was therefore predicted.  The model assumes that if the 
distance to the maximum critical stress amplitude is greater than twice the 
grain size, the material is heterogeneous and fatigue limit is determined by 
the critical stress amplitude to overcome the microstructure barrier at the 
maximum distance of one grain from the nodule.  For smaller grain size, the 
material is considered to be homogeneous and the maximum critical stress 
amplitude dictates the fatigue limit. 

The results are shown in Figure 6, in comparison with test data [3] for an 
austempered ductile cast iron with an ausferrite grain size of approximately 
25 µm.  This data records the critical stress amplitude for failure, measured 
in rising load tension-tension fatigue tests performed in four-point bending 
at an R-ratio of 0.1.  In each case, the size of the critical defects, which were 
graphite nodules or small shrinkage pores, was measured after failure. 

The predicted fatigue limit is directly proportional to the assumed 
threshold value, ∆Kth.  Good agreement was obtained for a grain size of 25 
µm and a threshold value, ∆Kth, of 4.3 MPa√m.  Agreement between the 
model and data could not be obtained for smaller or larger grain size using 
different thresholds.  The model predicts that increasing grain size tends to 
decrease the fatigue limit, and the effect of grain size becomes negligible at 
larger nodule radius. 

This proposed model for short crack nuclei in austempered ductile cast 
iron is consistent with literature observations of the fatigue behaviour of 
austempered ductile cast iron.  Decreasing the size of the largest nucleating 
defect, for example by decreasing the graphite nodule size through increased 
nodule count [5-7], increasing graphite nodularity (i.e. reducing the 
maximum aspect ratio of the nodules) [8] or refining the austenite grain size 
through reduced austenitisation temperatures [9-13] all increase the fatigue 
limit.  Increasing the volume fraction of retained and increased retained 



austenite carbon content [9,11,7,14] are suggested to increase the intrinsic 
resistance to stage I crack growth, thus increasing the fatigue limit. 

 

 
Figure 5: Fatigue failure nucleated at a graphite nodule [3] 
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Figure 6: Effect of nodule radius and austenite grain size on the fatigue limit. 

 
The proposed model predicts that the influence of the austenite grain size 

on the fatigue limit will diminish with increasing defect radius, as the grain 
size becomes small in comparison to the defect.  However, the 
microstructure will also influence the fatigue endurance limit and fatigue 
life above the fatigue limit by crack retardation at barriers close to the 
defect, even if the initiating defect size is larger than the austenite grain size.  



The model has been compared to test data from small specimens machined 
from castings.  In all the specimens, failure nucleated at graphite nodules or 
similar sized shrinkage pores.  Larger pores may occur in real castings, but 
their tip radii are similar to nodules, and of comparable size to the austenite 
grain size.  Larger pores may also act as stress concentrators that act on 
adjacent nodules.  Consequently, the fatigue behaviour of real components 
is also expected to be sensitive to graphite nodularity, nodule count and the 
matrix microstructure as predicted by the proposed model. 

The range of defect sizes in a casting will control the statistical 
distribution of the fatigue limit or fatigue endurance limit.  Increasing the 
specimen size will decrease the fatigue endurance limit by increasing the 
probability of occurrence of larger defects in the test population [15,16].  
Work is now in progress to develop a microstructure fracture mechanics 
model for the relationship between the distribution of defect size and shape 
and the statistical distribution of the component fatigue limit in austempered 
ductile cast iron components.  This will be tested against measurements of 
the fatigue limit, correlated with the initiating defect size and the 
microstructure. 
 
 
CONCLUSIONS 
 

• Stage I crystallographic microstructure short cracks, parallel to the 
austenite {111} slip planes, are nucleated at graphite nodules. 

• The crack nuclei are retarded and arrested by microstructure barriers, 
such as ausferrite packet boundaries and prior austenite grain 
boundaries. 

• The largest crack nucleus, which determines the fatigue limit or 
endurance limit, depends on the combination of largest defect and 
the prior austenite grain size. 
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