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Abstract

The complete fatigue process involving the growth of microstructurally
small fatigue cracks prior to macrocrack initiation and the subsequent large
crack propagation in notched compacted graphite iron, EN-GJV-400, spec-
imens subjected to thermo-mechanical fatigue has been investigated. It is
shown that microcracks are initiated at graphite tips within an extended vol-
ume at the notch which eventually leads to an abrupt microcrack coalescence
event. As a macrocrack is generated in this way, the crack growth switches
to conventional characteristics which is assessed in terms of elasto-plastic
fracture mechanics parameters. Consequently, two important implications
regarding lifetime assessment are identi�ed; possible underestimation due
to (i) how the stress is evaluated in view of the spacial distribution of mi-
crocracking and (ii) the crack retardation e�ect associated with the crack
growth transition.

Keywords: Cast iron, Notches, Delta J, Crack tip opening displacement,
Life prediction

1. Introduction

Due to increasing demands on sustainability exerted by the market and
society, heavy-vehicle engine manufacturers are enforced to increase the
combustion e�ciency while simultaneously minimising the wear of the en-
gine parts during operation. A higher engine e�ciency is motivated with
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a resulting decrease in fuel consumption, as well as a reduction in carbon
and toxic emissions. However, it is also associated with an increased rate of
degradation of the engine materials since higher combustion temperatures
are involved which e�ectively reduces the service lifetime. Thus, there is a
great industrial interest to �nd material and design solutions from which
high engine e�ciency can be achieved without compromising the engine
durability.

Previously, the damage processes of di�erent heavy-vehicle diesel engine
components have been studied at operation conditions for typical materials
used in these applications, typically cast irons [1�4]. Most importantly, it
has been identi�ed that the slow heating up and cooling down cycle due
to engine start up and shut down, is the dominating cause to premature
failure and crack initiation. In order to gain understanding of how the en-
gine materials are degraded due to such thermo-mechanical loading condi-
tions, attention has been directed to material fatigue testing involving both
varying mechanical loads and temperatures, commonly known as thermo-
mechanical fatigue (TMF) testing. Thus, the TMF testing procedure has
become the most commonly applied measure to assess the durability by eval-
uating and comparing the e�ect of loading variables, i.e. the temperature
and mechanical strain, or stress, on di�erent engine materials.

Accordingly, to prolong the engine lifetime, the resistance to the TMF
load condition must be enhanced, which implies that either the material
must be improved or the component geometry optimised to reduce the in-
tensity of thermo-mechanical loading at critical locations in the engine.
Dealing with the latter option, this methodology relies extensively on nu-
merical tools, such as �nite element (FE) analysis. In turn, this requires
constitutive and fatigue lifetime assessment models which have been stud-
ied and developed for cast iron materials in numerous investigations [5�9].
For instance, Seifert and Riedel [5] presented a successful constitutive and
lifetime assessment model for cast irons subjected to TMF, based on the
idea of a crack-tip blunting model previously put forth by Schmitt et al. [6].
Another lifetime assessment approach implemented for TMF life prediction
of silicon-molybdenum spheroidal graphite irons is the energy approach [7].
Furthermore, a mechanism-based lifetime assessment model approach in-
spired by the observed microstructural fatigue damage processes was pro-
posed by Norman et al. [8] for TMF out-of-phase conditions. More precisely,
it was experimentally demonstrated that the fatigue life of cast irons sub-
jected to TMF is dominated by growth of numerous microstructurally small
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fatigue cracks initiated homogeneously over the specimen cross-section at
graphite particles and casting defects. Moreover, the �nal failure of the
tested specimens was attributed to the rapid coalescence of these small
cracks leading to an abrupt fracture.

Common for the mentioned TMF lifetime assessment models is that the
model coe�cients are �tted to TMF tests performed on smooth specimens.
Due to the nature of the fatigue process occurring in smooth specimens
described above, this infers that the models are based on small crack growth,
as pointed out by Metzger et al. [9]. This might, but will not necessarily,
induce discrepancies when performing lifetime computations in structures
containing stress gradients, e.g. notches or holes. If, for instance, a high-
stress region is very localised, i.e. extending over a region comparable in
size with the characteristic length of microstructural variation, then the
fatigue process might be substantially di�erent since it will likely depend
on individual microcracks rather than the concurrent microcrack growth
and coalescence seen in smooth specimens subjected to TMF conditions.

The purpose of this study is therefore to investigate the small crack
growth at a stress concentration, and how this develops into a macroscop-
ically large fatigue crack, in order to gain a better understanding of the
physical process and to guide the development of improved lifetime assess-
ment models. The selected representative engine material for this purpose
is a compacted graphite iron grade which is commonly used in the cylinder
head of heavy-vehicle diesel engines. To this end, small and large fatigue
crack propagation have been monitored by metallographic studies and op-
tically, using a camera mounted in the test rig, in TMF tests conducted on
a notched specimen geometry. Consequently, this paper highlights the dif-
ference between the two fatigue crack growth regimes and in particular the
crack retardation e�ect observed in the transition between the two regimes.

2. Materials and experimental procedure

2.1. Materials and specimens

The studied material was a fully pearlitic compacted graphite iron grade,
EN-GJV-400, which is a commonly used material for cylinder heads in
heavy-vehicle diesel engines. All test specimens were cut from the inside
of a 16 mm thick cast plate, i.e. from regions solidi�ed following a similar
cooling curve, and then machined into the speci�ed test specimen geome-
try. The chemical composition is given in Table 1 and measured mechanical
properties at room temperature are displayed in Table 2. Furthermore, the
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characteristic microstructure of the material is shown in Fig. 1a. The aver-
age size of the eutectic cells of the material batch was measured previously
to a diameter of 293±17 µm [8].

The specimen geometry for the TMF tests is given in Fig. 1b. The grip
section of the specimen was cylindrical with a diameter of 12 mm while
the middle section had an approximately rectangular cross-section with a
thickness of 3 mm and a width of 12 mm. The notch had a radius of 1

Table 1: Chemical composition in weight percent of EN-GJV-400.

C Si Mn S P Ni Cu Sn Ti Fe
3.38 1.90 0.374 0.010 0.019 <0.050 0.97 0.09 0.011 bal.

Table 2: Mechanical properties of EN-GJV-400 at room temperature, including the elas-
tic modulus (E), 0.02 % o�-set yield strength (Rp0.02%), tensile strength (Rm) and per-
cent elongation after fracture (A) [10].

E [GPa] Rp0.02% [MPa] Rm [MPa] A [%]
154 252 476 2.50

Figure 1: (a) Characteristic appearance of the microstructure of EN-GJV-400, (b) spec-
imen geometry for the TMF tests and (c) mesh used in the FE analyses.
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mm and a notch depth of 0.5 mm, corresponding to an estimated elastic
stress-concentration factor of 2.35 at the centre of the notch. The specimens
were manufactured through turning and wire electrical discharge machin-
ing, without application of any additional surface �nishing process. In this
investigation, no e�ect of the surface condition on the fatigue behaviour has
been observed, since the fatigue cracks are initiated in the microstructure
of the material rather than from surface defects, as it will be seen later.

2.2. Thermo-mechanical fatigue tests

A TMF test is a generalised low-cycle fatigue test for which the tempera-
ture is allowed to vary together with the applied mechanical load [11]. Most
commonly, the mechanical load is applied with reference to a prescribed me-
chanical strain with the same cycle period as the thermal cycle. However,
di�erent phase shifts between the two cycles are often tested, for instance
in out-of-phase (OP) and in-phase (IP) con�gurations, which correspond to
180o and 0o phase shift respectively.

A TMF test is complicated by the varying temperature since this in-
duces a varying thermal expansion, thereby a�ecting the applied strain.
For clarity, the extensometer strain εe is written as

εe(t) = εTh(t) + εMech(t) (1)

where εTh is the thermal strain, i.e. the thermal expansion which varies
with the temperature, and εMech is the mechanical strain which is prescribed
and explicitly related to the resulting stress.

In this investigation, the TMF tests were conducted in an OP con�gura-
tion, with a temperature cycle between 100 oC and 500 oC. The total cycle
time was 450 s involving 200 s ramp up and down in temperature, and 25
s hold time at both maximum and minimum temperature. The mechanical
load corresponded to a prescribed mechanical strain following the above cy-
cle, with the maximum mechanical strain at 0 % and the minimum at -0.37
%, hence �xing the mechanical strain range to 0.37 % which corresponds
to ∆εMech/∆εTh ratio of 0.64. The employed TMF cycle was intended to
simulate the start-operate-stop cycle and was selected to be in the vicinity
of the conditions found in accelerated tests usually conducted on cylinder
heads by engine manufacturers.

All TMF tests were conducted in an Instron 8801 servo hydraulic test
machine, in which the specimens were heated by induction heating using an
encircling copper coil. The cooling during the decreasing temperature ramp
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was assisted by compressed air �ow directed towards the specimen through
three circumferentially positioned nozzles. The tests were controlled and
monitored using a dedicated TMF software developed by Instron, which
automatically performs a pre-test procedure, involving thermal stabilisa-
tion, thermal strain measurement and validation. When �nished, the test
is started and then regulated by the extensometer strain composed of the
measured thermal strain and the prescribed mechanical strain, according to
Eq. 1, and measured by an Instron extensometer with a gauge length Le
of 12.5 mm. The temperature was measured using a thermocouple spot-
welded in the centre of the side surface of the specimen and at the same
axial position as the notch root, see the rightmost �gure in Fig. 1b.

2.3. Strain �eld and crack length measurements

The intention of the TMF tests with a notched geometry was to generate
an on beforehand known crack initiation location. To observe the initiation
and following macrocrack propagation, a camera was mounted on the test rig
and equipped with an additional ocular in order to achieve a magni�cation of
x40. The camera was positioned to view the notch from a lateral direction,
however it was occasionally shifted horizontally in order to keep the crack
tip in the centre of the view. E�ectively, the purpose of the camera was two-
folded, to measure the crack length over the cycles and to obtain images
for digital image analysis prior to crack initiation. To this end, images
were captured with a frequency of 0.5 Hz during the �rst twenty cycles,
but afterwards, only at the instant of maximum and minimum mechanical
strain, i.e. twice every cycle at maximum crack closure and opening.

Using digital image correlation (DIC), an image analysis technique which
correlates locations in a sequence of images, the displacement and strain
�eld during the �rst twenty cycles were evaluated by analysing the images
taken by the camera. The DIC analyses were performed using an open-
source Matlab code written by Eberl et. al. at the John Hopkins University
and distributed by mathworks [12]. The images were taken at 1600x1200
pixel size and the pixel subset size for the DIC analysis was chosen as 70x70
pixels with a step size of 10 pixels. Within this software, the obtained
displacement �eld was smoothed, using a Gaussian distribution of weights
with a Gaussian kernel size of 31 control points and three smoothing passes.
The smoothed displacement �eld is then subsequently di�erentiated in order
to obtain the strain �eld.

After crack initiation, the crack length visible in the camera images
was measured for each cycle as the projected distance in the horizontal
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direction between the crack tip and the notch root. However, at multiple
occasions, secondary cracks emerged in front of the main crack tip, which
were neglected until the point of coalescence. Thus, the measured crack
length corresponds to the length of the longest continuous crack visible
at the surface. Furthermore, the number of cycles to crack initiation was
determined as the cycle at which the crack length exceeded 200 µm since
this was the shortest distinguishable crack length imposed by the camera
resolution.

2.4. Metallography

A metallographic investigation was conducted on three specimens sub-
jected to the TMF condition described above but interrupted at di�erent
cycles, namely at the 40th, 200th and 400th cycle. The specimens were then
cut in order to retrieve the rectangular middle section, which in turn were
cut with a cutting plane perpendicular to the crack face and parallel with
the width dimension. In this way, microstructural damage was studied both
at the side surface of the specimen and on a plane in the centre of the notch,
i.e. at half the thickness. The metallographic surfaces were then ground
and polished using a standard program for cast irons.

The microscope equipment used were an optical microscope and a scan-
ning electron microscope (SEM). The former was a Nikon Optiphot opti-
cal microscope and the latter a HITACHI SU-70 �eld emission gun SEM,
equipped with a solid state 4-quadrant backscattered electron detector, us-
ing 10 kV acceleration voltage and a working distance between 7 mm and
8 mm.

3. Modelling procedure

For the purpose of this study, it is of relevance to know the magnitude of
the crack driving forces, i.e. the stress state at the notch root and suitable
fracture mechanics parameters, which requires the mechanical modelling of
the specimen geometry and the associated crack con�guration.

3.1. Stress analysis

For the FE procedure to compute the stress and fracture mechanics
parameters, explained later in Sec. 3.3, Abaqus CAE version 6.12 was
employed. The TMF test specimen geometry was implemented as a 3D
model, for which symmetry was exploited thereby reducing the model to
one quarter of the real specimen. For the stress analysis, only the cycles
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prior to macrocrack initiation were modelled, by applying the force and
temperature obtained in the TMF experiments, see Sec. 2.2. The force
boundary conditions was applied at the grip section of the specimen as a
uniform displacement with the resultant force prescribed to the experimen-
tally measured uniaxial force. The temperature was applied uniformly over
the whole specimen, however varying over time according the experimen-
tally measured temperature signal. A strain measure output, comparable
with the extensometer strain measured in the TMF testing, was de�ned as
the average node displacement in the tensile direction at the location of the
extensometer arm divided by half the gauge length.

In total, the FE model consisted of approximately 7600 eight-node brick
elements. The part of the mesh close to the notch is shown in Fig 1c, in
which the element size at the notch root was about 50 µm.

Regarding the constitutive behaviour of EN-GJV-400, standard material
constitutive models included in Abaqus were utilised [13]. More precisely,
the material was supposed to be isotropic linear elastic prior to plastic
deformation, and that the von Mises yield criterion is applicable. The sub-
sequent plastic �ow was modelled using the Armstrong-Frederick kinematic
hardening law [14] with two back stress terms, where the linear term is de-
scribed by Ci and the recovery by γi. Furthermore, the creep deformation
was described by the Norton law using the exponent m and the coe�cient
A.

All material parameters are assumed to be temperature dependent and
were obtained by �tting the constitutive equations to tensile tests and low-
cycle fatigue tests with hold times, performed at di�erent temperatures but
with the same strain rate as in the performed TMF tests. The employed
material parameters are given in Table 3. For intermediate temperatures,
the parameters in Table 3 were interpolated.

The above assessment of constitutive behaviour is a simpli�ed approach.
At multiple occasions, cast iron has been proven to possess a complicated
constitutive behaviour involving non-linear elasticity and yield stress asym-
metry [15, 16], which have led to the development and application of dif-
ferent constitutive models [5, 17, 18]. However, it is for the purpose of this
investigation assumed that the proposed modelling procedure yields su�-
cient accuracy, as also con�rmed by the experiments presented in the paper.
In addition, EN-GJV-400 is a compacted cast iron for which the constitutive
complexities are less prominent, in contrast to grey cast irons.
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Table 3: Material parameters used in the stress analysis and in the computation of the
crack growth characterisation variables.

T E ν σy C1 C2 γ1 γ2 α A m
[oC] [GPa] [-] [MPa] [GPa] [GPa] [-] [-] [1/oC] [MPa−m] [-]
20 138 0.3 197 627 63.2 7846 91 1.18·10−5 1.00·10−33 3
250 127 0.3 195 627 63.4 7846 91 1.35·10−5 2.40·10−31 3
350 116 0.3 155 767 88.9 7846 91 1.41·10−5 2.73·10−32 3
450 116 0.3 115 665 84.9 7846 91 1.45·10−5 2.41·10−31 3
500 115 0.3 113 483 55.4 7846 91 1.46·10−5 5.8·10−31 3

3.2. Assessment of the number of cycles to macrocrack initiation

To estimate the number of cycles to macrocrack initiation at the notch,
the lifetime assessment model developed for cast irons proposed by Norman
et al. [8, 10] was used. The model is based on microstructrual observa-
tions regarding the nature of multiple small crack growth. Accordingly, the
underlying assumption for this model is that in a representative volume
element of the material, the average microcrack length follows Paris law
behaviour and that the microcrack growth is initiated in the �rst cycle.
Thus,

dā

dN
= CMicro[∆KI(∆σ, ā)]nMicro = CMicro[Ȳ∆σ

√
πā]nMicro (2)

where ā is the average length of the microcracks, ∆KI is the mode I
stress-intensity factor range applied to the averge microcrack, ∆σ is the
stress range applied to the representative element volume, Ȳ is the geomet-
rical constant related to the microcrack geometry in an average sense, nMicro

and CMicro are the Paris law exponent and coe�cient. Furthermore, it is
assumed that crack closure e�ects are negligible since the cracks are small,
which is also experimentally supported by an investigation made on the
same material [10]. As a consequence, ∆KI and ∆σ in Eq. 2 are replaced
with the respective maximum values, KI,Max and σMax.

An equation to estimate the number of cycles to macrocrack initiation
is obtained by integrating Eq. 2, giving

DMicro

∫ Ni

0

[σMax(N)]nMicrodN = 1 (3)

where Ni is the estimated number of cycles to macrocrack initiation and
DMicro is given by
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DMicro =
CMicro

(
Ȳ
√
π
)nMicro∫ āf

ā0
ā−

nMicro
2 dā

(4)

where ā0 and āf are the initial and �nal average microcrack length,
interpreted as the typical size of a graphite particle and the crack length
after microcrack coalescence respectively.

The assumption of linear elastic fracture mechanics given in Eq. 2 is a
subject of discussion, since the test specimen is subjected to macroscopic
yielding and creep deformation, inferring that the small-scale yielding cri-
teria might not be ful�lled. Nevertheless, the model has shown good agree-
ment with experimental results, both regarding lifetime assessment and
crack length pro�les [8, 10]. Furthermore, the use of the model can also
be motivated by its close resemblance with the Basquin relationship. If the
maximum stress in Eq. 3 is approximated with a constant value, such as
the average value or the maximum stress at half-life, the equation can be
rewritten by carrying out the simpli�ed integration as

σ̄Max = (NiDMicro)
− 1

nMicro (5)

where σ̄Max is the average value or the maximum stress at half-life.
As a �nal remark, average microcrack length pro�les can be acquired by

integration of Eq. 2 and the substitution of CMicro

(
Ȳ
√
π
)nMicro using Eq.

4, which yields

[ā(N)]1−
nMicro

2 = ā
1−nMicro

2
0 +D

(
ā

1−nMicro
2

f − ā1−nMicro
2

0

)∫ N

0

[σMax(N)]nMicro dN

(6)
The required parameters, DMicro, nMicro, ā0 and āf have been �tted and

measured previously for the same material and temperature cycle [8], and
were reused here, see Table 4. The outcome of �tting the microcrack model,
i.e. Eq. 5 in which Ni is interpreted as the number of cycles to failure Nf ,
to OP TMF tests on smooth EN-GJV-400 specimens with the temperature
cycle 100-500 oC, is shown in Fig. 2a.

3.3. Macrocrack propagation

To evaluate the macrocrack propagation in the TMF testing, it has been
related to the stress-intensity factor ∆KI = KI,Max de�ned within linear
elastic fracture mechanics,
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KI,Max = Y σMax

√
a (7)

where σMax is the maximum value of the cyclic nominal stress, a is

Table 4: Material parameters used in the computation of the number of cycles to macro-
crack initiation [8].

D [MPa−nMicro ] nMicro [-] ā0 [µm] āf [µm]
9.95·10−35 12.65 74.3 1000

971
891
810
729
648
568
487
406
325
245
164
83
2

σeN[MPa]N

-0.4 -0.3 -0.2 -0.1 0 0.1

Mech
[%]

-200

-100
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200

300
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P
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(εMax,σMax)N

101 102 103

MeasuredNN
f

101
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M
od

el
le

dN
N

f

(a) (b)

ε

(c)

Figure 2: (a) Outcome of �tting the microcrack model to OP TMF tests on smooth
EN-GJV-400 specimens with a temperature cycle of 100-500 oC and di�erent prescribed
mechanical strain ranges [8]. (b) Illustration of the computation of the integral in Eq. 9,
i.e. the work done on the specimen which equals the area under the stress-strain curve
during loading. (c) Mesh used in the FE analyses of the specimen when containing a 2.5
mm crack and the resulting von Mises stress distribution at maximum load.
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the macrocrack length and Y is a geometrical factor corresponding to the
loading and crack geometry. The stress-intensity factor at minimum load
was set to zero since it is assumed that the crack closes for compressive
loads.

As similar to the previous section, using linear elastic fracture mechanics
concept to characterise the crack growth is questionable due to the lack of
ful�lling the small-scale yielding criterion, even though many investigators
have argued for its validity for similar test conditions [19, 20]. In order to
evaluate the limit of validity of linear elastic fracture mechanics, the crack
growth in this paper has also been correlated to the cyclic J-integral and
the crack-tip opening displacement (CTOD), where the former is estimated
by [21]

∆J(εMax, a) =
η

t (wn − a)

∫ δMax

δOpen

(P − POpen) d∆L (8)

=
ηwLe
wn − a

∫ εMax

εOpen

(σ − σOpen) dεMech (9)

where η is a geometrical constant dependent on the crack geometry, t
is the thickness, w and wn are the nominal and e�ective width, see Fig 1b,
δ and P are the uniaxial displacement and load applied distantly from the
crack. The displacement δ was assessed by the mechanical strain measured
by the extensometer, i.e. Leε, where Le is the gauge length, while the
load P and crack-opening load POpen were directly related to the stress and
crack-opening stress respectively, times the nominal area. The expression
is a generalisation of the J-integral to cyclic loading [22], for which the
integral represents the work done on the specimen when loading from the
crack opening level εOpen to the maximum value εMax, which is illustrated
in Fig. 2b. E�ectively, the cyclic J-integral is related to the work calculated
from experimental hysteresis loops.

The CTOD parameter, as well as the crack length dependence of Y and
η, were obtained through numerical analyses. To this end, FE analyses of
the above modelled test specimen were carried out in which planar cracks
were incorporated with di�erent through-crack lengths between 0.5mm and
5.5 mm. For the calculations of CTOD and η, the material was described
by the elasto-plastic material model given in Sec. 3.1 with the parameters
in Table 3, while in the calculation of Y , the material was only modelled
as elastic with the elastic properties of Table 3. In the former, CTOD was
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assessed using the commonly used de�nition, i.e. the opening distance in
the tensile direction between the intercept of 45o-lines drawn from the crack
tip and the deformed pro�le [21, 23], at the maximum strain value εMax.

Basically, the same FE mesh as in Sec. 3.1 was utilised except for the
addition of the crack and a mesh re�nement at the crack tip, see Fig. 2c.

For all the conducted FE analyses, the following approximations were
adopted.

i The crack front is planar and perpendicular to the width of the specimen.

ii Crack closure occurs at zero nominal stress.

iii When the crack is open, the temperature dependence of the mechanical
constitutive behaviour is neglected and hence only the material param-
eters at 100 oC in Table 3 are needed.

iv Creep deformation is negligible when the crack is open.

v Regarding CTOD and η, they can be estimated with their counterparts
in monotonic loading, i.e. any local residual values of the plastic strain
and backstress tensor due to prior cycling are negligible.

Approximation i and ii are well motivated by the experimental work
presented in this paper. Similarly, approximation iii and iv are also easily
accepted since the crack opens during low temperature (<300oC) due to the
out-of-phase TMF con�guration, during which the mechanical properties
are fairly constant, see Table 3, and creep deformations can be neglected.

Regarding approximation v, it is a reasonable approximation, both for
η when implementing the cyclic J-integral [21], and for CTOD. Firstly, the
parameter η is purely geometric and hence independent of the material
hardening behaviour [21, 22], such as cyclic hardening or dynamic strain
ageing e�ects seen in pearlitic steels [24]. Moreover, the η solution obtained
here is in close accordance with a previous investigation in which cycling
history was considered on a similar test specimen [25]. As a further valida-
tion, a linear relation between CTOD and the cyclic J-integral results from
this approach, see Sec. 4.4, which is expected for monotonic loading [21, 23]
and also numerically shown to be valid for cyclic loading [26].

For the computation of Y , Eq. 7 was used, however inserting the stress-
intensity factor KFE

I and stress level σFEMax obtained in the FE model, and
solving for Y . The former is obtained directly in Abaqus, which uses contour
integral evaluation to estimate the J-integral and stress-intensity factor at
crack tips de�ned by the user [13], and was taken as the average value
over the whole crack front. From the same FE solution, the maximum
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stress σFEMax was taken as the average gauss point stress over the nominal
area. The boundary condition used was an uniform displacement at the
grip section of the specimen. Having KFE

I and σFEMax, Y is then obtained by
insertion into

Y (aFE) =
KFE
I,Max

σFEMax

√
aFE

(10)

where aFE is the incorporated crack length in the model. Note that the
tensile displacement boundary condition can be selected somewhat arbitrar-
ily in the calculation of Y since KFE

I,Max and σ
FE
Max scale proportionally.

The same FE models were used to obtain η, except for the addition of
the plastic behaviour and the use of Eq. 9, for which solving for η becomes

η(aFE) = JFE
wn − aFE

wLe

(∫ εMax−εOpen

0

σFEdεFE
)−1

(11)

where JFE is the average J-integral over the crack front, calculated in
Abaqus, σFE and εFE are the modelled stress and mechanical strain ob-
tained as the average gauss point stress over the nominal area and average
nodal displacement at the extensometer location divided by half the gauge
length, respectively. The upper limit of the integral, εMax − εOpen, illus-
trated in Fig. 2b, was acquired from experimental hysteresis loops from
the particular cycle during which the experimentally measured crack length
equalled the corresponding modelled crack length aFE.

The computed dependence of the crack length on Y and η are given in
Fig. 3 and are �tted with polynomials, which were used in the subsequent
calculation of KI,Max and ∆J using Eqs. 7 and 9 respectively. As men-
tioned, the η solution given in Fig. 3b is in good agreement with an earlier
investigation [25] in which η was calculated for a nearly identical set-up
except for a larger notch depth.

3.4. Experimental crack length measure

For the computation of the stress-intensity factor and cyclic J-integral
presented in the previous section, the macroscopic crack length is required.
As mentioned in Sec. 2.3, this length was measured visually on the spec-
imen side and can thus be used directly for the calculations. The visually
measured macrocrack length as a function of the number of cycles in two
TMF tests with a temperature cycle of 100-500 oC and a mechanical strain
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Figure 3: Estimated dependence of the geometrical constants (a) Y and (b) η on the
macrocrack length.

range of 0.37 %, are seen in Fig. 4a. However, as seen in the �gure, the visu-
ally measured macrocrack length sometimes increased abruptly, which was
due to the random and discontinuous nature of the crack growth behaviour.
At multiple occasions, isolated cracks appeared in front of the main crack
tip, eventually leading to coalescence and a rapid increase in crack length.
Furthermore, there were also examples of brief moments when the macroc-
rack branched during a number of cycles before the macrocrack de�nitively
chose its crack path, which also complicated the accurate measurement of
the macrocrack length.

For the above reasons, an alternative macrocrack length measure based
on the relative value of the specimen sti�ness was used for the computa-
tion of the stress-intensity factor and the cyclic J-integral. E�ectively, the
sti�ness of a loaded specimen is explicitly dependent on the crack length.
This is illustrated for the present case in Fig 4b, in which the sti�ness of the
specimen normalised to the initial value is plotted as a function of the vi-
sually measured macrocrack length. More precisely, the specimen sti�ness
was obtained by evaluating the elastic unloading modulus at the tensile
turning point for every cycle in the TMF tests presented in Sec. 2.2. For
comparison, the normalised sti�ness of the modelled structure is included in
Fig 4b, which is in good agreement with the experimental curves. Accord-
ingly, it is argued that the instantaneous value of the normalised sti�ness
is a more reliable measure of the macrocrack length since it captures the
crack length in an average sense, in contrast to what is seen visually on the
surface. Thus, the macrocrack length in this paper has been assessed by
evaluating the normalised sti�ness for each cycle and converting these val-
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Figure 4: (a) Crack length as a function of the number of cycles in two TMF tests
conducted with a temperature cycle of 100-500 oC and a mechanical strain range of
0.37 %. (b) Reduction in the normalised specimen sti�ness of the modelled and the
experimentally investigated test specimen due to the increasing length of the macrocrack.

ues to crack lengths using the crack length-normalised sti�ness correlation
obtained from the FE results, i.e. the grey curve in Fig. 4b. The macro-
crack length assessed in this way is compared with the visually measured
macrocrack length in Fig. 4a.

4. Results and discussion

4.1. TMF test results

Initially, TMF tests were conducted on the notched specimen as speci�ed
in the previous section. Figure 5a shows the maximum stress evolution for
two tests conducted with a temperature cycle of 100-500 oC and a mechan-
ical strain range of 0.37 %. The tests were stopped before the specimens
were completely fractured however at a point where the crack had propa-
gated through a signi�cant fraction of the specimen width. Figure 5a also
indicates where a number of TMF tests with the same test con�guration
was interrupted for metallographic investigations, see the next section.

Hysteresis loops for a few di�erent representative cycles are given in Fig.
5b, namely for the �rst, 20th and 250th cycle of spec. 2. Included in this
�gure is also the hysteresis loops of the �rst 20 cycles acquired in the FE
model, which will be discussed later in Sec. 4.3.

4.2. Metallography

As mentioned previously, a number of TMF tests with the same test
con�guration as above were performed but interrupted after a limited num-
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Figure 5: (a) Maximum stress evolution in two TMF tests and (b) hysteresis loops for the
the �rst, 20th and 250th cycle (Spec. 2), using a temperature cycle of 100-500 oC and a
mechanical strain range of 0.37 %. In Fig. 5a, the markings indicate the number of cycle
where TMF tests with identical load conditions have been interrupted for metallographic
investigations. Fig. 5b also includes the hysteresis loops of the �rst 20 cycles acquired
in the FE model.

ber of cycles, namely at the 40th, 200th and 400th cycle as indicated in Fig.
5a, in order to metallographically study the damage accumulation prior to
and after the formation of a macroscopically large fatigue crack. To avoid
confusion, small fatigue cracks with a length comparable to microstructural
features such as the graphite particles will henceforth be denoted as microc-
racks, while the macroscopically large crack initiated at the notch, i.e. with
a length larger than 200 µm as de�ned in Sec. 2.3, will be referred to as
the macrocrack.

Fig. 6a shows a cross-sectional view of the region in front of the notch
and at the centre, i.e. taken at a depth corresponding to half the specimen
thickness, at 40 cycles which is before macrocrack initiation. As similar to
when subjecting smooth specimens to TMF cycling [8, 10, 27, 28], microc-
racks extending into the matrix starting at graphite particles are observed,
see the embedded enlarged SEM image in Fig. 6a. This does not come
as a surprise, since observations of such microcracks have been reported
recurrently under both LCF, TMF and TMF-HCF conditions [8, 10, 27�
31]. Similar observations of microcracks are made at the surface, hence this
damage process occurs through the whole thickness. However, what is even
more important is that no dominant microcrack is observed at the exact
location of the notch root, neither at the centre nor at the corners of the
notch. Rather, microcracks are observed at multiple locations in a region
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Figure 6: Cross-sectional view of the region in front of the notch and at a depth corre-
sponding to half the specimen thickness of an interrupted test at (a) 40 cycles and (b) 200
cycles, and (c) the fracture surface after 400 cycles, using a temperature cycle of 100-500
oC and a mechanical strain range of 0.37 %. The fatigue fracture surface associated with
the macrocrack is distinguished from the fracture surface due to the disruption of the
specimen.
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reaching over about 0.5 mm from the notch root, as well as at locations sit-
uated above and beneath the notch root base plane. Thus, it is concluded
that macrocrack initiation much likely occurs by a process of coalescence
of microcracks in the region ahead of the notch rather than a single crack
starting at the notch root.

The same location in the specimen, but at 200 cycles, is shown in Fig.
6b. At this stage, a macrocrack has been initiated and grown to a size
comparable with the notch depth. Moreover, Fig. 6b also illustrates the
complicated microstructure-dependent macrocrack growth. For instance,
the growing macrocrack is seen to zigzag along with the graphite network
and to branch at multiple occasions, see the embedded enlarged SEM image
in Fig. 6b. In addition, many examples of microcracks isolated from the
macrocrack were observed, both in the centre and on the surface, as men-
tioned in the previous paragraph. Thus, it can be concluded that macroc-
rack growth is highly discontinuous due to the dependence on the graphite
network, as also other investigators have suggested [30, 32�34].

A third specimen was interrupted at 400 cycles, however instead of a
cross-sectional study, this specimen was pulled apart in order to look at the
fracture surface, see Fig. 6c. The fatigue fracture surface is indicated by
the oxidised part of the total fracture surface, inferring that the crack front
was fairly planar at this point.

4.3. Estimation of the number of cycles to macrocrack initiation

Supported by the previous metallographic observation of dispersed mi-
crocrack initiation at the high-stress region in front of the notch, it is argued
that the lifetime assessment model presented in Sec. 3.2 is applicable. Thus,
it is supposed that the high-stress region ahead of the notch is su�ciently
large in order to generate multiple microcracks, such that the initial as-
sumption regarding average microcrack growth is valid, i.e. that Eq. 2
holds in Sec. 3.2. In other words, the model is used to compute the number
cycles to failure at the notch region, i.e. Eq. 3, which is interpreted as the
number of cycles required for onset of microcrack coalescence and the start
of macrocrack initiation.

Before computing the number of cycles to macrocrack initiation, the
stress �eld in the test specimen must be estimated, which is done using the
model procedure explained in Sec. 3.1. The acquired �rst 20 hysteresis loops
are plotted in Fig. 5b and compared with the experimental loops, which
manifest a good agreement. The model is further validated by comparing
the obtained tensile strain component �eld, εyy, close to the notch at the
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Figure 7: (a) Experimental and (b) modelled strain �eld of the tensile strain component,
εyy, close to the notch at the point of maximum stress in the 20th cycle (spec. 2).
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Figure 8: (a) Modelled stress �eld of the tensile stress component, σyy, close to the notch
at the point of maximum stress in the 20th cycle (spec. 2). The location of the largest
stress value is also marked out. (b) Schematic illustration of the area method in which
the maximum stress is averaged over a semi-circular area, or semi-circular cylinder in a
3D case, with the centre located at the notch root.
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maximum stress position in the 20th cycle, with the experimental strain �eld
acquired using DIC analysis, see Sec. 2.3, at the same instant, see Fig. 7.
The modelled stress �eld of the tensile stress component, σyy, close to the
notch at the tensile turning point in the 20th cycle, is shown in Fig. 8a.

Two di�erent stress measures were used to assess the cyclic maximum
stress at the notch required in Eq. 3; the largest value of the maximum
stress found in the notch root, and the average maximum stress taken over
a semi-circular volume with a radius R, as illustrated in see Fig. 8b. The
latter method is commonly known as the area method de�ned within the
critical distance theory [35], which is used to predict the endurance limit
of cracked and notched specimens. Regarding the former measure, it is
often used in practice even though it is not well motivated in view of the
microstructural fatigue process occurring at the notch. Clearly, microcracks
are initiated over a larger region, see Sec. 4.2, which is an incentive for also
considering the average stress in a region ahead of the notch.

Regarding the radius R of the region over which the maximum stress
is averaged, it was chosen in order to �t the predicted number of cycles to
macrocrack initiation to what was experimentally observed. In this way, an
optimal length of 735 µm was obtained. This value is interpreted as the
characteristic size of the fatigue process zone which is the region ahead of
a notch or crack in which local damage events occur, such as microcrack
initiation. Accordingly, the value corresponds well to the size of the region
in which microcracks were observed in Sec. 4.2. It is also likely, however not
further investigated here, that the length of the process zone radius is close
to the El Haddad crack length [36] of this material, since it is indicated by
the critical distance theory and the area method [35].

Using the two above notch stress measures, the number of cycles to
macrocrack initiation was estimated using Equation 3 and the material pa-
rameters in Table 4, giving the outcome presented in Table 5. The estimates
are compared with the experimentally determined values, obtained as the
�rst cycle at which a crack exceeds 200 µm in the images recorded by the
camera mounted in the TMF testing rig, see Sec. 2.3. As expected, using
the notch root stress yielded a highly underestimated value, more than a
factor of ten. In line with previous argumentation, this is believed to be
due to the nature of the microcracking process as explained earlier, see Sec.
4.2. E�ectively, as mentioned in the introduction, TMF lifetime assessment
models are often based on test series performed on smooth specimens, which
fail by the coalescence of numerous individually initiated microcracks [8, 10].
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Table 5: Estimated number of cycles to macrocrack initiation using the model presented
in 3.2 and the two notch stress measures, maximum stress and the average stress in the
region ahead of the notch.

Spec. 1 Spec. 2
Model Maximum stress 3 3

Average stress 48 59
Experiment 45 60

In contrast, microcrack coalescence cannot occur in a single point, such as
at the point in the root of the notch, since there is no microstructural vari-
ation in only one point. This is the most plausible reason why the use of an
average stress measure, such as the area method, results in a better estima-
tion. Thus generally, when conducting fatigue life assessment of structures
based on smooth TMF test series, one should consider stress distributions
rather than maximum values, even for geometrical features resulting in low
stress concentration factors. This is simply because a highly localised stress
does not contribute to damage accumulation as e�ciently as compared to
when the same stress is applied uniformly.

To further support this observation, these �ndings are also in line with
the low notch sensitivity often associated with lamellar and compacted
graphite irons [37, 38]. Clearly, increasing the stress concentration fac-
tor Kt will increase the maximum stress at the notch, however since the
increasing notch stress is very localised for sharp notches, its contribution
to microcrack initiation will not be signi�cant. Consequently, the e�ect on
the endurance limit is small which thus rationalises the low notch sensitivity
of these materials.

4.4. Characterisation of macrocrack growth

In this section, the macrocrack growth characteristics are investigated
by combining the information about the macrocrack length and the com-
puted fracture mechanics parameters from the modelling of the cracked
geometry, see Sec. 3.3. However, instead of using the visually measured
macrocrack length, an alternative macrocrack length measure derived from
the normalised sti�ness of the specimen was used, as explained in Sec. 3.4,
due to the complicated microstructure-dependent growth discussed in Sec.
4.2.

The stress-intensity factor was obtained by inserting the macrocrack
length and the corresponding geometrical parameter Y into Eq. 7 and
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comparing this with the macrocrack length di�erentiated with respect to
number of cycles, thus generating the fatigue crack propagation plot pre-
sented in Fig. 9a. The reason for the back-and-forth appearance of the
curve is due to the fact that the test is strain-controlled which results in
a stress drop as the crack length increases, Fig. 5a, and consequently a
drop in stress-intensity factor. Thus, KI,Max increases with crack length
for small cracks but decreases for long cracks as the maximum stress gets
lower. Nevertheless, a Paris, or power law, regime can be established when
the crack length is above 2 mm.

The deviation of the linear regime of cracks shorter than 2 mm in Fig.
9a is most likely due to the negligence of the non-linear deformation ahead
of the macrocrack tip when considering the stress-intensity factor. This is
demonstrated by correlating the crack propagation with the elasto-plastic
fracture mechanics parameters, CTOD or the cyclic J-integral, computed as
described in Sec. 3.3. As shown in Figs. 9b and 9c, a power law correlation
is manifested with these parameters for the full range of crack lengths in
contrast to Fig. 9a. Thus, if large-scale yielding occurs, as seen for instance
in Fig 5b, it is clearly advisable to rely on elasto-plastic fracture mechanics
parameters.

The �tted power law exponents and coe�cients of the correlation be-
tween the macrocrack propagation and the stress-intensity factor, CTOD
and the cyclic J-intergral are given in Table 6. Starting with the stress-
intensity factor correlation, the Paris law exponent is obtained as approx-
imately 7, which is high compared to what is normally obtained for duc-
tile metals. However, other investigations on grey and compacted irons
[30, 33, 39], have indicated that the Paris exponent can be in these ranges
and very sensitive to the morphology of the graphite structure. Thus, the
value of the Paris exponent obtained here is considered reasonable.

The acquired proportion between the values of the �tted power law
exponents in Table 6 is also expected and hence validates the method used
to obtain them. Firstly, it is expected that the exponent of the stress-
intensity factor is about twice as high compared to the cyclic J-integral
since when the material is purely elastic [21],

J = G =
K2
I

E
(12)

where G is the energy release rate. Secondly as mentioned in Sec. 3.3,
the exponents are expected to be close in size when correlating with CTOD
and the cyclic J-integral since the two have been shown to be proportional
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in monotonic and cyclic loading [21, 23, 26].

4.5. Transition from micro- to macrocrack growth

In view of the previously obtained results, an important �nal remark
can be done regarding the transition from microcrack growth at the notch
to the propagation of a macrocrack. To illustrate this, Fig. 10a is given, in
which both the average microcrack length estimated by the lifetime assess-

Table 6: Fitted power law coe�cients and exponents when correlating the stress-intensity
factor, CTOD and the cyclic J-integral to macrocrack propagation. The �rst two rows
are when �tted to each test curve separately and the third when �tting a single power
law to both test curves. Regarding the stress-intensity factor, the power law was only
correlated to crack lengths above 2 mm.

KI,Max CTOD ∆J

n [-] C [ mm/cycle
(MPa

√
m)n

] n [-] C [mm/cycle
(mm)n

] n [-] C [mm/cycle
(J/m2)n

]

Spec. 1 9.82 1.09 · 10−15 3.65 2.00 · 108 3.78 3.33 · 10−16

Spec. 2 7.43 9.52 · 10−13 2.89 1.64 · 106 3.66 7.59 · 10−16

Both spec. 6.99 4.13 · 10−12 3.07 4.77 · 106 3.59 1.49 · 10−15
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Figure 10: (a) Modelled average microcrack and measured macrocrack length with re-
spect to the number of cycles in a TMF test conducted with a temperature cycle of
100-500 oC and a mechanical strain range of 0.37 %. (b) Schematic illustration of the
fatigue process at the instant prior and after the microcrack coalescence event. E�ec-
tively, due to the signi�cant amount of microcracks marking out a pre-cracked path in
the fatigue process zone ahead of the notch, the crack length is rapidly increased until the
instant when the macrocrack has penetrated the whole process zone, and consequently
de-accelerates, since the number of already initiated microcracks decreases further away
from the notch.
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ment model, i.e. Eq. 6, and the visually measured macrocrack length, are
plotted with respect to the number of cycles. The former is only a model
estimate of the average microcrack length, however coincides well with the
�rst experimental measurements of the macrocrack length. Furthermore,
the model has been veri�ed to give good agreement with measured microc-
rack lengths in smooth specimens subjected to TMF [8].

Applied to this case, the microcrack model indicates that the crack
length accelerates abruptly as the instant of macrocrack initiation is ap-
proached, see Fig. 10a. This behaviour is associated with microcrack co-
alescence, since it is expected that the average crack length will increase
rapidly when many small cracks are connected [8, 10]. In accordance, a simi-
lar high growth rate is also seen during the �rst recordings of the macrocrack
length, see Fig. 10a. However, after the abrupt increase in crack length,
the macrocrack subsequently de-accelerates, thus deviating from the crack
growth curve given by the microcrack model, in order to propagate in the
manner presented in Sec. 4.4. This happens when the crack reaches a crack
length comparable with the length of process zone radius, 735 µm, as in-
troduced in Sec. 4.3. Thus, the microcrack model is therefore invalid after
this point since the average microcrack length has exceeded the size of the
fatigue process zone. More importantly, there is an apparent crack retarda-
tion phenomenon in the transition from the microcrack to the macrocrack
growth regime, see Fig. 10a, despite the fact that the crack growth driving
force, i.e. CTOD or ∆J , is increasing due to increasing crack length and
applied nominal stress, see Fig. 5a.

The crack retardation e�ect is readily rationalised by the microcrack
coalescence event occuring in the end of the microcrack growth regime.
As microcracks grow individually in the process zone ahead of the notch,
there is eventually an instant when they start to coalescence, which results
in a large discontinuous increase in crack length and the formation of a
macrocrack. However subsequently, since the number of already initiated
microcracks decreases further away from the notch, the high growth rate
through coalescence cannot be sustained and consequently the growth rate
of the macrocrack decreases, see the schematic illustration in Fig. 10b.

The above �nding has a signi�cant implication for the lifetime assess-
ment of cast iron materials manifesting microcrack growth such as the
tested EN-GJV-400, as well as other compacted and lamellar graphite irons.
Clearly, if only lifetime assessment models calibrated to smooth TMF tests,
such as the microcrack model investigated here and most other models em-
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ployed in the automotive industry context, are used to predict the number
of cycles to failure in critical locations, there is a high risk of underesti-
mation since the macrocrack might slow down signi�cantly or even arrest
after initiation. Accordingly, it is therefore also evident that such models
are incapable of predicting the crack length after the growth transition,
i.e. crack lengths above 735 µm, see Fig. 10a. Thus, for an accurate
lifetime assessment of components, it is not suitable to solely rely on mi-
crocrack models predicting the number of cycles to initiation since there
might be a signi�cant fraction of the fatigue life spent in the macrocrack
growth regime during which the crack length is still considered relatively
short. This remark is supported by the results obtained from spec. 1 in
Fig. 10a. Evidently, if the longest tolerable crack length is 1.0 mm, which
is not unrealistic, the microcrack model estimate would di�er more than a
factor of two compared to experiments in this case.

5. Conclusions

� The complete fatigue process in notched compacted graphite iron spec-
imens subjected to thermo-mechanical fatigue has been carefully ex-
amined. Initially, microstructurally small cracks, or microcracks, are
initiated at graphite tips within an extended volume at the stress
concentration, and then propagate until coalescence occurs; an event
which can be designated as the fatigue crack initiation as usually
de�ned in classical fatigue. Subsequently, this large crack, or macro-

crack, grows in a conventional manner which can be characterised in
terms of fracture mechanics parameters such as the stress-intensity
factor, the cyclic J-integral or crack-tip opening displacement.

� Due to the transition from micro- to macrocrack growth, there is an
apparent crack retardation e�ect as the growth mechanism switches
over from a rapid microcrack coalescence event to a conventional
macrocrack growth regime. This infers a risk of a signi�cant under-
estimation when using fatigue life assessment models �tted to TMF
tests of smooth specimens, since such specimens fail at the point of mi-
crocrack coalescence without entering a regime of macroscopic crack
growth. In contrast, real-life structures have stress concentrations
which might initiate macrocracks susceptible to crack arrest due to
the above retardation e�ect.
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� A second source of possible underestimation is how the stress �eld is
taken into account in such fatigue life assessment models. E�ectively,
it is not advisable to consider the maximum stress value of a stress
concentration since the microcracks responsible for macrocrack initia-
tion are initiated over an extended volume in which there is su�ciently
microstructural variation.
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