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Abstract

The e�ect of superimposing a high-cycle fatigue strain load on an out-of-
phase thermo-mechanical fatigue test of a lamellar, compacted and spher-
oidal graphite iron has been investigated. In particular, di�erent total me-
chanical strain ranges, maximum temperatures and high-cycle fatigue strain
ranges have been studied. From this, a new property has been identi�ed,
measured and compared, namely the thermo-mechanical and high-cycle fa-
tigue threshold, de�ned as the high-cycle fatigue strain range at which the
life is reduced to half. Using a previously developed model, the lifetimes
and the threshold have been successfully estimated for the lamellar and
compacted graphite iron, however underestimated for the spheroidal graph-
ite iron. Nevertheless, an expression of the threshold was deduced based on
the model, which possibly can estimate the value in other cast irons and its
high-cycle fatigue frequency dependence.

Keywords: Cast iron, Thermo-mechanical fatigue, High-cycle fatigue,
Fatigue crack growth, Life prediction

1. Introduction

Thermo-mechanical fatigue (TMF) has become a successively more im-
portant concept in the design of engine components in the heavy-vehicle au-
tomotive industry [1]. It refers to the fatigue damage accumulation due to
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a combination of a conventional cyclic mechanical load, either displacement
or load controlled, and a varying temperature [2, 3]. Such a loading condi-
tion is typically encountered as the engine is exposed to repeated warming
up and cooling down as it starts up and stops during every-day operation;
a cycle often referred to as the start-operate-stop cycle [4].

The elevated material degradation is often observed in critical locations,
in general in all parts where the thermal expansion of heated material is
impeded by less hot surrounding material. This has been identi�ed as one
of the main limitations of the overall service lifetime of many engine com-
ponents, as well as an obstacle in ful�lling the demands of higher e�ciency
and reduced exhaust emission. On top of this, there is an additional fac-
tor which has become an increasingly more studied research topic, namely
the possible detrimental synergy e�ect of combined high-frequent mechan-
ical loading, often referred to as superimposed high-cycle fatigue (HCF)
[5�8]. Many materials, including aluminium, steels, superalloys and cast
irons, have been proven to be sensitive to a superimposed HCF load and
it is therefore important to characterise this e�ect [5�10]. In a previous
study [10], it was identi�ed that there exists a HCF load threshold indepen-
dent of the underlying TMF cycle, beneath which the overall fatigue life is
una�ected, in the compacted graphite iron EN-GJV-400.

The concerned components constituting a heavy-vehicle engine, such as
the cylinder head, the cylinder block and the exhaust manifolds, are cast
using di�erent varieties of cast irons. The di�erent grades of cast irons may
di�er signi�cantly in mechanical properties but have a characteristic phase
structure in common, consisting of graphite phase particles embedded in
a steel matrix phase. The wide diversity in properties is often ascribed
to the large variety of feasible graphite shapes and matrix structures, i.e.
ferritic, pearlitic structures etc. These two parameters are governed by
the phase transformations that occur during the cooling and are partly
controlled by variation of the chemical melt composition, cooling conditions
and inoculation.

To address the above mentioned problems a substantial e�ort has been
put on the development of simulation-based design tools, employing �nite
element software and lifetime assessment modelling, in order to estimate the
properties of new component designs as a more rapid substitute compared
to prototype testing [1, 4, 8, 11]. Such an approach should be of use for
engine constructors to avoid employing inappropriate geometries from a
TMF perspective. However, much research is still required for successful
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lifetime assessment models.
The purpose of this study is to present and compare the e�ect of combin-

ing superimposed high-cycle and thermo-mechanical fatigue on three rep-
resentatives of di�erent cast iron families, namely a lamellar (LGI), a com-
pacted (CGI) and a spheroidal graphite iron (SGI). Presently, the existing
TMF-HCF data of these materials are highly limited and no comprehen-
sive comparison of di�erent cast irons has yet been carried out regarding
the TMF-HCF interaction. In particular, this study will report the HCF
threshold levels and also employ the lifetime assessment model developed
in [10].

1.1. Thermo-mechanical fatigue and superimposed high-cycle fatigue

A thermo-mechanical fatigue test is a special version of a low-cycle fa-
tigue (LCF) test where the temperature is allowed to vary together with
the mechanical load, which most commonly is strain controlled [2, 3]. The
cycle period is normally the same for the thermal and mechanical cycle,
however di�erent phase shifts between the two are often studied. The two
most commonly employed are the extremes cases, namely when the phase
shift is zero, called in-phase testing, or 180o, also called out-of-phase test-
ing. In the latter, the maximum temperature coincides with the minimum
strain, while the opposite pertains for the former case.

If a HCF load is to be added, then the mechanical load will oscillate
with some amplitude about the base signal which corresponds to the signal
applied in the standard TMF test, see Fig. 1. As often done for strain-
controlled tests [7, 10], the base strain signal is referred to as the thermo-

mechanical fatigue strain εTMF while the oscillating strain signal is denoted
high-cycle fatigue strain εHCF . Added together, they will constitute the total
mechanical strain εMech corresponding to the combined strain signal in Fig.
1b. The pre�x total is included to emphasize that the variable is composed
of two mechanical strain signals and pertains to a TMF-HCF condition. For
consistency, the mechanical strain will be referred as the TMF strain when
in a TMF condition for which the HCF strain is zero. Thus, in a TMF-HCF
test, the uniaxial strain ε measured by an extensometer is at any instant t
equal to

ε(t) = εTh(t) + εMech(t) = εTh(t) + εTMF (t) + εHCF (t) (1)

where εTh is the thermal strain representing the thermal expansion. The
de�nitions of the di�erent strain ranges, ∆εMech, ∆εTMF and ∆εHCF , fol-
low accordingly, see Fig. 1. It is important to realise that the resulting
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Figure 1: A schematic illustration of the TMF and HCF strain signals.

uniaxial engineering stress σ(t) is only explicitly dependent on the applied
mechanical strain and not on the induced thermal strain.

Only a handful of experimental studies have been carried out on the
TMF-HCF behaviour of cast irons [6�8, 10]. Nevertheless, it has been re-
ported for di�erent cast irons that there exists a HCF strain range threshold
∆εThHCF , henceforth referred to as the TMF-HCF threshold, below which the
fatigue life is una�ected by the superimposed HCF load [6, 10]. However,
the data is scarce and there are some inconsistencies between the di�er-
ent investigations. For instance regarding SGI, in which no threshold was
observed by Beck [7] in opposition to the observations of Metzger et al. [8].

1.2. Fatigue crack behaviour in cast iron under uniaxial loading

Many investigations of the microscopic damage in monotonic and cyclic
tension have been conducted on cast irons at room temperature [12, 13]. For
instance, it has in monotonic tension been observed that the graphite and
the steel matrix debond perpendicularly to the load direction at low levels of
strain, namely about 0.03% for both LGI and SGI [13]. In addition, at the
same level of straining, internal fracture of the graphite has been seen in the
case of LGI, CGI and SGI [12]. Thus, the graphite phase appears to fracture
at a very early stage, either within the phase itself or along the phase
interface shared with the steel matrix. As the load is further increased,
these early fracture events result in the development of small cracks, or
microcracks, extending into the matrix at multiple locations [12]. At even
higher load levels, the microcracks successively propagate and eventually
coalescence.

Regarding cyclic loading, these microscopic fracture processes appear to
be similar to the static case, namely the initiation, propagation and coales-
cence of microcracks, which are schematically illustrated in Fig. 2. Small
fatigue cracks have been observed to emanate from graphite particles in
both isothermal and thermo-mechanical fatigue [8, 14, 15]. More impor-
tantly, small crack initiation has also been concluded to occur within the

4



(i)

(ii)

(iv)

(iii)

Figure 2: Schematic illustration of the microscopic fracture processes: (i) graphite-matrix
debonding, (ii) internal graphite fracture, (iii) microcrack propagation into the matrix
and (iv) microcrack coalescence.

�rst fatigue cycles of both the mentioned fatigue modes [14, 16], which is
a commonly stated assumption in many life assessment approaches, e.g.
[8, 10, 16, 17]. The microcracks have been experimentally veri�ed to ini-
tiate at multiple graphite locations for LGI, CGI and SGI [14, 15], and
the following propagation regime is associated with individual microcrack
propagation and subsequent onset of microcrack coalescence [8, 14, 15]. In
fact, Socie and Fash [14] observed that the microcrack length at the mo-
ment before the �nal coalescence resulting in the �nal fracture plane, was
about 1-2mm in all three cast iron types, LGI, CGI and SGI. Nonetheless,
it should also be noted that the distinction between fatigue crack initiation
and propagation might be somewhat unclear because of the discontinuous
growth of microcracks into a crack of macroscopic proportions.

Casting defects and the free surface might also have a certain impact on
fatigue crack behaviour [17, 18], in particular in the case of high tempera-
ture [16]. Defects have been proven to have a signi�cant in�uence on the
fatigue properties of SGI, as fatigue crack initiation has been traced back
to naturally occurring casting defects such as microshrinkages [18]. Fur-
thermore, in an earlier study of Nadot et al. [17] it was established that
the crack propagation rate of microcracks emanating from casting defects
at the surface was similar to the long crack propagation rate when the crack
length was above a certain small crack transition size of 120µm. Oxidation
due to an ambient environment has also been shown to be of importance,
both at room temperature [17] and at elevated temperatures [19].

Some of the investigations on TMF and TMF-HCF testing of cast irons
have also studied the associated crack behaviour [5, 7, 8], however presently
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only on SGI material. Hammers et al. [5] categorised di�erent fatigue cracks
into three di�erent types depending on the type of crack, namely surface
initiated, bridging two neighbouring nodules or nodule initiated, but did
not mention the role of casting defects. However, it was concluded that the
crack growth characteristic was unchanged when applying a superimposed
HCF strain range, i.e. the crack length pro�le as a function of number
of cycles normalised by the number of cycles to failure appeared to be the
same regardless of the value of the HCF strain range.

2. Lifetime assessment model

The theoretical framework on fatigue life assessment employed in this
work is based on the same approach that has been presented previously [10]
and is only brie�y reproduced here.

Firstly, as it is commonly assumed [8], it is suggested that the crack
extension due to the TMF cycle and the HCF cycles, is separable,

∆a = ∆aTMF +
∑
i

∆aiHCF (2)

where ∆aTMF is the crack extension due to one TMF cycle alone and
∆aiHCF are the crack extensions due to each HCF cycle i elapsed during the
TMF cycle.

Secondly, to address the observed fatigue damage process in which mul-
tiple microcracks are initiated and eventually coalesced, it is hypothesised
that the average microcrack length follows a Paris law expression,

dā

dN
= C[∆KI(∆σ, ā)]n = C[Ȳ∆σ

√
πā]n (3)

where ā is the average microcrack length, N is the number of cycles,
∆KI is the stress-intensity factor range in mode I loading of the average
microcrack for a given stress range ∆σ, Ȳ is a constant related to the
average crack geometry, C and n are the Paris law coe�cient and exponent
respectively. Dealing with average values, it is supposed that the initial
crack size is comparable with the average graphite particle size, and the
�nal crack length is the average microcrack length at the point of failure. It
is further assumed that crack closure is negligible since the cracks are small,
which is supported by studies of small cracks in many ductile materials [20]
and defect-initiated microcracks in SGI [21]. Thus ∆σ is replaced with σMax

and the �rst term on the right-hand side of Eq. 2 can be written as
6



∆āTMF = C[σMax · Ȳ
√
πā]n∆N (4)

Thirdly, regarding the superimposed HCF load, it is assumed that only
HCF cycles applied at a tensile stress level contribute to the crack propa-
gation, since the cracks are expected to be closed at compressive stresses.
This has been show to be a valid assumption for EN-GJV-400 by perform-
ing TMF-HCF tests with HCF cycles only at compressive stresses [10]. In
addition, the temperature dependence of the Paris parameters is assumed
to be negligible, hence C and n are seen as mean values applicable to both
TMF and HCF cycles. It is important to note that this is an engineer-
ing assumption, which could be inaccurate. However, it is motivated since
it adds simplicity and yields good life estimates which will be seen later.
Accordingly, the HCF contribution to Eq. 2 is written as∑

i

∆āiHCF = ρC[∆σHCF · Ȳ
√
πā]n∆N (5)

where ρ is the average number of HCF cycles above the zero stress level
during one TMF cycle. Combining Eqs. 2, 4 and 5, as well as putting
∆σHCF equal to E∆εHCF , integration yields

D

∫ Nf

0

[σMax(N)]ndN = 1−Dρ[E∆εHCF ]nNf (6)

where σMax(N) is the maximum stress at every cycle obtained from a
TMF test without HCF loading, E is the elastic modulus, Nf is the number
of cycles to failure and D is a constant for a given temperature cycle, equal
to

D =
C
(
Ȳ
√
π
)n∫ āf

ā0
ā−n/2dā

(7)

The numerical value of ρ is calculated as the number of HCF cycles
above zero stress in a stabilised hysteresis loop. The numerical values of D
and n are obtained by �tting Eq. 6 to regular TMF tests, hence by setting
the right-hand side to unity. The numerical values of D, n and ρ for 100-
400oC and 100-500oC are presented in Table 1. It should also be noted that
it is not possible to obtain values for Ȳ and C explicitly through the above
approach since they are integrated into one inseparable constant, Eq. 7.

In order to reach Eq. 6, the HCF strain range ∆εHCF was related to the
HCF stress range ∆σHCF through an elastic modulus independent of the
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temperature. Thus, as similar to the treatment of the Paris parameters, the
variation in the elastic modulus due to the temperature is disregarded and
the value of the elastic modulus is approximated with the elastic modulus
at 100oC, given in Table 2. This is considered a justi�ed approximation
since the cracks are closed during the hot part of the TMF cycle and since
the variation in the elastic modulus in the concerned temperature range is
considered insigni�cant, as seen for EN-GJV-400 [10].

Table 1: The numerical values of the �tted model parameters and estimated initial and
�nal crack lengths.

Material n [−] D [MPa−n] ρ [−] ā0[µm] āf [µm]
EN-GJL-250
100-400oC 9.89 1.33·10−25 3311
100-500oC 9.91 3.08·10−25 3641 104.0 1000

EN-GJV-400
100-400oC 11.91 2.57·10−33 3716
100-500oC 12.65 9.95·10−35 4243 74.3 1000

EN-GJS-SiMo5-1
100-400oC 8.47 1.44·10−25 3364
100-500oC 10.11 3.00·10−29 4050 63.0 1000

Table 2: Static mechanical properties at 25oC and elastic modulus at 100oC of EN-GJL-
250, EN-GJV-400 and EN-GJS-SiMo5-1.

Material Rp0.2 [MPa] Rm [MPa] E [GPa]
EN-GJL-250 - 263±13 94± <1
EN-GJV-400 311±10 416±12 154±2

EN-GJS-SiMo5-1 494± <1 587±11 168± <1

2.1. TMF-HCF threshold expression

From Eq. 6, an elegant expression of the TMF-HCF threshold ∆εThHCF
can be obtained. Starting with the assumption that the maximum stress
value is fairly constant, which is not unreasonable as it usually stabilises
after a couple of cycles, the number of cycles to failure of a TMF-HCF test
normalised to its corresponding value obtained in a TMF test is

Nf (∆εHCF )

Nf (∆εHCF = 0)
=

1

1 + ρ
(
E∆εHCF

σMax

)n (8)
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where σMax now denotes a constant maximum stress value. De�ning the
threshold as the ∆εHCF where the TMF-HCF life normalised with reference
to the TMF life has fallen to a half, Eq. 8 can be rearranged as

∆εThHCF =
σMax

E

(
1

ρ

) 1
n

≈ σMax

E

(
2fTMF

fHCF

) 1
n

(9)

where the number of HCF cycles above zero stress ρ has been estimated
as the ratio of the HCF and TMF cycle frequency, fHCF and fTMF respec-
tively, which is equal to the total number of HCF cycles per TMF cycle,
divided by two. Thus, it is assumed that the hysteresis loop is symmet-
ric about the zero stress line, which however, is not entirely true for cast
irons. On the other hand, the e�ect of tension-compression asymmetry is
considered small in the context and is therefore neglected.

2.2. Crack length pro�le

As a consequence of the given lifetime assessment model, the average
crack length as a function of number of cycles ā(N) can be obtained. In the
case of a regular TMF test, the crack length pro�le is acquired by integration
of Eq. 3 and the substitution of C

(
Ȳ
√
π
)n

using Eq. 7, which yields

[ā(N)]1−
n
2 = ā

1−n
2

0 +D
(
ā

1−n
2

f − ā1−n
2

0

)∫ N

0

[σMax(N)]n dN (10)

where ā0 and āf are the average initial and �nal crack length.
The average initial crack length is assumed to be in the same order as

the average graphite particle size in the studied LGI and CGI, and in the
order of the average microshrinkage diameter in SGI. For the two former,
the average initial crack length is taken as the average projected graphite
�ake length, l̄⊥, in the plane perpendicular to the loading direction, since
this is the plane in which microcracks most commonly grow. To obtain this
value, it is assumed that the �ake orientation is random and has a uniform
probability density function ψ. Accordingly, the unit sphere can be seen
as a continuous probability space in which an arbitrary �ake orientation is
represented by a set of spherical coordinates (r = 1, ϕ, θ), see Fig. 3. Inte-
gration over the whole unit sphere should include all possible orientations,
i.e. the accumulated probability must equal unity,∫ 2π

0

∫ π

0

ψ sin θdθdϕ = 4πf = 1 (11)
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Figure 3: Schematic �gure of the unit sphere in which a graphite �ake orientation is
represented by a unit vector given by the spherical coordinates (r = 1, ϕ, θ). The ez unit
vector is taken as the loading direction.

Thus, the probability density function equals to 1/4π. Furthermore, the
expected value of the projected graphite �ake length can now be calculated
as

l̄⊥ =

∫ 2π

0

∫ π

0

l⊥ψ sin θdθdϕ =
π

4
l̄ (12)

where l⊥ = l̄ sin θ and l̄ is the average �ake length. This parameter is
calculated from the graphite size distribution obtained from image analysis
of microstructural images, see Section 3.1, as

l̄ =
∑
i∈1-8

xili (13)

where li and xi are the characteristic �ake size and the fraction of the
total number of graphite particles corresponding to each graphite size group
i ranging from 1 to 8, as de�ned in the graphite distribution standard ISO
945-1:2008.

Regarding the SGI, the microcracks were only seen to initiate at mi-
croshrinkages. Therefore, the initial crack length was taken as the average
maximum diameter measured on microshrinkage pores at half-life which
were observed to have initiated microcracks.

The �nal crack length, whose magnitude only has a low impact on the
number of cycles to failure [22], were selected as 1mm for all investigated
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cast irons, motivated by the observations of Socie and Fash [14]. The es-
timated values of the initial and �nal crack lengths are presented in Table
1.

3. Materials and experimental procedure

3.1. Materials and specimens

A material set of three di�erent types of cast irons were investigated and
compared, namely a LGI, CGI and SGI material. The LGI material was an
alloyed non-commercial EN-GJL-250 with enhanced mechanical properties
at elevated temperatures. The CGI was a fully perlitic EN-GJV-400 and
the SGI was a fully ferritic high silicon and molybdenum EN-GJS-SiMo5-1
alloy, both commercially available. The chemical composition of the EN-
GJV-400 and EN-GJS-SiMo5-1 are given in Table 3, while the composition
of EN-GJL-250 is omitted due to commercial con�dentiality. The LGI and
CGI material were cut from plates with a nominal casting thickness of 16mm
while the SGI-plates had a nominal casting thickness of 18mm. Further-
more, the EN-GJS-SiMo5-1 was heat-treated, namely a solution treatment
at 900oC and a subsequent normalisation, in order to remove potential
pearlite content. The specimens were then machined into the desired ge-
ometry, see Section 3.2.

The various microstructures with their characteristic graphite shapes
of the three materials are displayed in Fig. 4. The images were taken
from regions cut out from the parallel section of untested TMF specimens.
The shape type and size distributions were determined by the software
Axiovision whose results were utilised in Section 2.2.

In addition, samples of the same region were chemically etched using an
etching agent based on picric acid and sodium hydroxide in order to visualise
the eutectic cells and to measure their characteristic size. The eutectic cell
sizes were measured in three images and an average was computed from the
three largest cells taken from the three images, see Table 4. The eutectic cell
size is an important microstructural parameter which a�ects the mechanical
properties and is therefore worthwhile to present.

Table 3: The measured chemical composition in weight percent of EN-GJV-400 and
EN-GJS-SiMo5-1. The iron content is implicit.

C Si Mn S P Ni Mo Cu Sn Ti
EN-GJV-400 3.38 1.90 0.374 0.010 0.019 <0.050 <0.010 0.97 0.090 0.011

EN-GJS-SiMo5-1 3.16 4.33 0.407 0.008 0.014 <0.050 0.91 0.073 <0.010 0.017
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Figure 4: The di�erent microstructures; (a) EN-GJL-250 (b) EN-GJV-400 and (c) EN-
GJS-SiMo5-1.

Table 4: The measured eutectic cell size represented by the average and standard devia-
tion of the three largest cells found at three di�erent locations.

Material Eutectic cell size [µm]
EN-GJL-250 741±87
EN-GJV-400 293±17

EN-GJS-SiMo5-1 154±6

Typical static mechanical properties of the three materials are presented
in Table 2. Regarding the yield and tensile strength, the average and stan-
dard deviation data on EN-GJL-250 and EN-GJV-400 are acquired from a
large data set of tensile tests done on specimens cut out from components.
In the case of EN-GJL-250, Rp0.2 is not normally measured in this proce-
dure, and hence not reported here. This is because of the ambiguity when
determining the elastic modulus and yield strength of grey irons, which is
due to their non-linear elastic behaviour. Conversely, the data presented
on EN-GJS-SiMo5-1 is obtained from three tensile tests at room temper-
ature, following the ISO 6892-1:2009 A222 standard, with specimens cut
from the cast plate mentioned above. Moreover, the elastic modulus data
presented were measured in two tensile tests conducted on each material
at 100oC, according to the ISO 6892-2:2011 A222 standard. The particular
test temperature was used since these elastic moduli are required in the
presented model, as explained in Section 2. To circumvent the non-linearity
problem of EN-GJL-250, the elastic modulus was acquired following the
procedure proposed in the ISO 6892-1:2009 standard regarding non-linear
elastic materials.

3.2. Thermo-mechanical fatigue tests

Thermo-mechanical fatigue tests with and without superimposed high-
cycle fatigue loading were conducted on all three cast irons using the same
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procedure as described in [10], in accordance with a validated code of prac-
tice [3] for TMF testing. The tests consisted of applying repeated thermal
and mechanical load cycles in a strain-controlled out-of-phase condition.

The employed TMF cycle consisted of a 200s long ramp up and down, in-
cluding 25s long hold time at each turning point; giving a total cycle period
of 450s. The short cycle period is intentionally selected since tests would
otherwise be unreasonably long, and further, the cycle is also motivated by
its close resemblance to some of the component tests regularly performed
on engine components, such as the cylinder head. In both the TMF and
TMF-HCF tests, the minimum temperature TMin and the maximum total
mechanical strain εMax were �xed, namely to 100oC and to 0%. The former
was chosen due to practical considerations, since it is technically di�cult to
cool hot specimens to lower temperature in a controlled manner. Regarding
the choice of a �xed εMax, it is motivated by having a constant Rε-value, de-
�ned as εMin/εMax, equal to −∞. Moreover, the HCF frequency was chosen
as 15Hz, motivated by the rotational speed of the crank shaft. Similarly,
all tested temperature and total mechanical strain loads were selected to
be in the vicinity of the conditions found in components in �eld use or in
accelerated testing.

The TMF-HCF tests were varied by keeping the maximum, minimum
and range value of the total mechanical strain �xed while varying the HCF
strain range. Consequently, the maximum and minimum TMF strain were
free variables allowed to vary freely depending on the choice of HCF and
total mechanical strain variables. Thus all in all, the studied independent
variables were the maximum temperature TMax, the total mechanical strain
range ∆εMech and HCF strain range ∆εHCF .

The TMF and TMF-HCF tests were performed in an Instron 8801 servo
hydraulic test machine, in which the materials were heated up by induction
heating using an encircling copper coil. The cooling down of the specimens
was assisted by a compressed air �ow directed towards the specimen through
three nozzles. The tests were conducted through automatic computer con-
trol using a dedicated TMF software developed by Instron, and the strain
was measured using an Instron extensometer.

Smooth cylindrical test specimens were used whose geometry was de�ned
by a 6.3mm diameter, 25mm parallel length, 12.5mm extensometer gauge
length and 30mm transition radius. The total length of the specimen was
145mm and both ends were threaded for gripping with a thread size of M12.
The same specimen geometry was used for all three materials.
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The number of cycles to failure Nf was de�ned as the 2% stress deviation
from the tangent drawn at the last point of zero curvature in the stress range
curve, as suggested by the validated code-of-practice [3].

3.3. Metallographic crack investigation

The evolution of microcracks has been studied on the three considered
materials by investigating the microstructure of specimens obtained from
interrupted fatigue tests by optical microscopy, namely a Nikon Optiphot
optical microscopy at 400 to 1000 times magni�cation. The specimens were
cut along the longitudinal axis, and then again in the cutting plane perpen-
dicular to the �rst, in order to acquire more cross-sectional surface to study.
These surfaces were ground and polished using a standard program for cast
irons, which also was the same procedure used in obtaining the microstruc-
ture images of Section 3.1. The length of microcracks were measured as the
projected length in the direction perpendicular to the loading axis, includ-
ing the graphite particle from which the crack had initiated. Furthermore,
a total area of about 30mm2 in the centre of each specimen was checked
through in the search for microcracks. The chosen TMF condition for the
interrupted tests was a 100-500oC temperature cycle and a TMF strain
range of about 0.35-0.37%. The microcrack length at the end-of-life was
measured on completely failed specimens, in which only distinctly isolated
microcracks from the fracture surface were considered.

4. Result and Discussion

4.1. Stress-strain behaviour

Fig. 5 compares the hysteresis loops and the maximum stress for each
cycle of the three studied materials subjected to similar load conditions,
namely a thermal cycle of 100-500oC with a TMF strain range of 0.58%
for EN-GJV-400 and EN-GJS-SiMo5-1 while 0.59% for EN-GJL-250, and
zero HCF strain range. The data of the CGI material has previously been
presented in [10]. The di�erence in attained stress levels due to the pre-
scribed mechanical strain cycle between the materials is clearly observed,
with the highest stress values measured in EN-GJS-SiMo5-1 and lowest in
EN-GJL-250.

4.2. Thermo-mechanical fatigue

Fig. 6a shows a comparison of the TMF life, i.e. the total number
of cycles to failure Nf , as a function of the mechanical strain range for
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Figure 5: (a) The hysteresis loop of the second cycle and (b) the maximum stress at
each cycle of a TMF test with 100-500oC thermal cycle, TMF strain range of 0.58% for
EN-GJV-400 and EN-GJS-SiMo5-1 while 0.59% for EN-GJL-250, and no HCF load, for
all three materials.
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Figure 6: (a) The strain life and (b) the stress life curves of TMF test with 100-500oC
thermal cycle and no HCF load, for all three materials.

a thermal cycle of 100-500oC and no HCF loads. The �gure compares the
TMF life of EN-GJL-250 and EN-GJS-SiMo5-1, as well as data of EN-GJV-
400 �rst presented in [10]. No greater di�erence between the materials is
observed, except for a hardly distinguishable improvement going from EN-
GJL-250 to EN-GJV-400; EN-GJS-SiMo5-1 being somewhat intermediate
between the two.

It is important to stress that the material comparison made in Fig.
6a might be misleading, because even if EN-GJS-SiMo5-1 appears to have
slightly lower fatigue resistance than the EN-GJV-400 for instance, the for-
mer has better overall mechanical properties, see Table 2. Since EN-GJS-
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SiMo5-1 is stronger, i.e. higher elastic modulus and yield strength, and
therefore requires higher forces to attain the prescribed deformation, it is
very likely that the material will experience lower actual deformation when
put into the same operation condition as EN-GJV-400. The reason is that
the surrounding is not rigid, but rather compliant with the imposed forces
on the considered body-surrounding interface. Thus, the e�ective deforma-
tion and load levels applied on the considered body will be dependent on
the combined response of the body-surrounding system. Due to these rea-
sons, Fig. 6b is presented considering the stress amplitude response from
the experiments instead of the prescribed TMF strain range. This stress
amplitude is de�ned by the cyclic maximum stress measured at half life.
Even though it might not be reasonable to assume invariant load condi-
tions between the materials either, a more justi�ed comparison should be
to simultaneously considering Figs. 6a and 6b.

Looking at Fig. 6b, a much more evident hierarchy is visible, with EN-
GJS-SiMo5-1 as the most superior material, followed by EN-GJV-400 and
then EN-GJL-250. In addition, the number of cycles to failure obtained
using Eq. 6, with ∆εHCF equal to zero and the �tted parameters presented
in Table 1, are included. This demonstrates the quality of the �t when Eq.
6 is �tted to the TMF tests.

4.3. Combined thermo-mechanical and high-cycle fatigue

The TMF-HCF plots seen in Fig. 7 show the reduction in the number
of cycles to failure due to the successive increase of the HCF strain range,
while keeping the maximum and minimum temperature and total mechani-
cal strain �xed, for EN-GJL-250, EN-GJV-400 and EN-GJS-SiMo5-1. The
data of the EN-GJV-400 originates from the previous study [10]. The di�er-
ent curves in Fig. 7 correspond to di�erent values of the maximum temper-
ature and total mechanical strain range, namely 500oC or 400oC with either
0.44% or 0.58% for EN-GJV-400 and EN-GJS-SiMo5-1, or either 0.43% or
0.59% in the case of EN-GJL-250. Clearly, all three materials exhibit a
TMF-HCF threshold, de�ned as the HCF strain range where the fatigue
life is reduced to half of the value obtained in a TMF test without a HCF
component.

Fig. 7 also contains the estimated number of cycles to failure calcu-
lated using the lifetime assessment model presented in Section 2 with the
coe�cients presented in Table 1. This model estimates the TMF-HCF be-
haviour well for EN-GJL-250 and EN-GJV-400, Figs. 7a and 7b, however
it underestimates the threshold in EN-GJS-SiMo5-1, Fig. 7c. The reason

16



0 0.05 0.1 0.15 0.2
0

50

100

150

200

250

HCF strain range [%]

N
um

be
r 

of
 c

yc
le

s 
to

 f
ai

lu
re

 

 
T

Max
:500oC, ∆ε

Mech
:0.59%

T
Max

:500oC, ∆ε
Mech

:0.43%

T
Max

:400oC, ∆ε
Mech

:0.59%

Calculated

(a)

0 0.05 0.1 0.15 0.2
0

100

200

300

400

500

600

HCF strain range [%]

N
um

be
r 

of
 c

yc
le

s 
to

 f
ai

lu
re

 

 
T

Max
:500oC, ∆ε

Mech
:0.58%

T
Max

:500oC, ∆ε
Mech

:0.44%

T
Max

:400oC, ∆ε
Mech

:0.58%

Calculated

(b)

0 0.05 0.1 0.15 0.2
0

100

200

300

400

500

600

HCF strain range [%]

N
um

be
r 

of
 c

yc
le

s 
to

 f
ai

lu
re

 

 
T

Max
:500oC, ∆ε

Mech
:0.58%

T
Max

:500oC, ∆ε
Mech

:0.44%

T
Max

:400oC, ∆ε
Mech

:0.58%

Calculated

(c)

Figure 7: TMF-HCF plots for (a) EN-GJL-250 (b) En-GJV-400 [10] and (c) EN-GJS-
SiMo5-1 for di�erent TMF cycles. The dashed lines represent the solutions obtained
from Eq. 6 using the corresponding parameters found in Table 1. Note that the y-axis
is the number of cycle to failure in contrast to Fig. 6.

might be that the underlying assumptions are oversimpli�ed. For instance,
it could be inappropriate to set the Paris parameters of the TMF and the
HCF cycles equal, or to neglect the crack closure e�ect. More fundamen-
tally, it could be due to the apparent di�erence in microcrack initiation,
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which is demonstrated below in Section 4.4, that microcracks are initiated
at microshrinkage pores rather than at graphite particles. Intuitively, the
adjacent residual stress �eld around a void should be remarkably di�erent
compared to the �eld around a graphite particle during tension-compression
loading, since the graphite phase is capable of supporting a compressive
load, while a void is not.

It is interesting to see that even though the model is based on Paris
law, which presupposes crack propagation even for vanishingly small stress-
intensity factor ranges, it predicts a step-wise trend for increasing HCF
strain range. The reason for this is the abrupt transition from crack propa-
gation dominated by the TMF cycle to crack propagation dominated by the
HCF cycles, i.e. the �rst and second term in Eq. 2 respectively. Accord-
ingly, since the HCF contribution to crack propagation, Eq. 5, increases
rapidly with ∆σHCF due to the exponent n, the fatigue life is also rapidly
reduced as soon as the TMF and HCF contribution become comparable in
size.

As also discussed in [10], it is remarkable that the �tting of the model to
the experiments results in such high values of the Paris exponent n which is
not normal for metallic materials. For instance, Ghodrat et al. [16] obtained
a value of 5 when investigating TMF tests of notched CGI specimen, which
they also con�rmed to be valid for cracks emanating from notches of the
same size as the average graphite size. On the contrary, the specimens
tested in the current study were smooth, resulting in the propagation of
multiple small cracks, see Section 4.4 below, which could rationalise the
high n values. E�ectively, small cracks have been shown to behave quite
di�erently from macroscopical cracks, especially due to their microstructure
dependence [22].

In Fig. 8 TMF-HCF tests of all three materials are summarised by
normalising the curves in Fig. 7 to data points obtained below the TMF-
HCF threshold. For each material, all curves collapse into a single curve,
represented in Fig. 8 as averages. The dispersion is represented by bars
representing the maximum deviation from the average. The hierarchy is
clearly visible, EN-GJS-SiMo5-1 possessing the highest TMF-HCF thresh-
old, ∆εThHCF = 0.14%, and EN-GJL-250 the lowest, ∆εThHCF = 0.08%, while
EN-GJV-400 is intermediate with ∆εThHCF = 0.11%. By reference to Eq.
9, the observed increasing order is argued to be a result of the di�erent
cyclic stress levels σMax manifested by the di�erent cast irons, see Fig. 5b
in which EN-GJS-SiMo5-1 exhibits the highest stress level. The reason is
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simply that the damage contribution of a HCF cycle, which scales with
∆σHCF , become less in relation to the contribution of the TMF cycle, i.e.
σMax, if the maximum stress was to increase. Conversely, it should be noted
that the absolute value of the number of cycles to failure will not necessarily
improve even though the threshold is increased with increasing σMax. Since
Fig. 8 is normalised, the e�ect of σMax on the absolute fatigue life becomes
concealed.
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Figure 8: TMF-HCF plot in which the TMF-HCF curves of EN-GJL-250, EN-GJV-400
[10] and EN-GJS-SiMo5-1 in Fig. 7 are normalised with the TMF fatigue lives obtained
with ∆εHCF below the TMF-HCF threshold. All curves corresponding to each material
are represented by the average and maximum deviation from the average.

An important remark is that the threshold values presented here cor-
respond to a particular HCF frequency, 15Hz, since the threshold is very
likely to be HCF frequency dependent, as suggested by Eq. 9. This can
easily be understood by realising that the HCF frequency will determine
the number of HCF cycles per TMF cycle. Hypothetically, the frequency
dependence should be possible to be included in Eq. 9, which however
remains to be veri�ed.

4.4. Microcrack growth

Optical microscope images were taken on specimen obtained from inter-
rupted TMF tests stopped after approximately half of their total fatigue life.
Examples of such images are displayed in Fig. 9, where the occurrence of
microcracks are visible. By a qualitative comparison, the crack morphology
in EN-GJL-250 appears to be similar to EN-GJV-400, as described in [10];
exhibiting microcracks at graphite tips found at multiple locations, both
near the surface of the specimen and within the bulk.
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Figure 9: Microcracks observed in (a) EN-GJL-250,(b) EN-GJV-400 and (c) EN-GJS-
SiMo5-1 after having consumed the half of the total fatigue life of a TMF test with a
100-500oC temperature cycle and a TMF strain range of about 0.35-0.37%. The load
axis is equal to the vertical axis in these images.

In the EN-GJS-SiMo5-1 however, no microcracks emanating from graph-
ite nodules could be observed. In contrast to EN-GJL-250 and EN-GJV-400,
microcracks were encountered at microshrinkage porosities, as seen in Fig.
9. These observations are in accordance with other investigations made
on similar SGI materials [17, 18, 23], in which it has been demonstrated
that casting defects such as microshrinkage pores often act as fatigue crack
initiation sites. No similar microcracks were found at casting defects in EN-
GJL-250 and EN-GJV-400 apart from a few rare exceptions. Microcracks
initiated at defects were therefore not regarded as signi�cant in comparison
to the extensive microcrack initiation at the graphite tips in these two ma-
terials. Moreover, it is important to emphasise that despite the di�erence
in the initiation site in EN-GJS-SiMo5-1, the number of microcracks was
still large due to the relatively high density of microshrinkage pores.

Remarkably, these observations are not in agreement with the �ndings
of Hammers et al. [5] who only reported of cracks emanating from graphite
particles or the specimen surface in a similar SGI material, EN-GJS-700, due
to TMF and TMF-HCF loading. In addition, comparing Fig. 6a with the
strain life curves presented in [5, 7], which was obtained for a similar tem-
perature cycle of 50-450oC, it is observed that the studied EN-GJS-SiMo5-1
has almost ten times shorter fatigue life than EN-GJS-700. Therefore, it
is likely that the reason for the shorter life of EN-GJS-SiMo5-1 is the ex-
istence of microshrinkage pores, which seem to be more prone to initiate
microcracks compared to graphite particles.

The length of about 15 to 35 microcracks emanating for graphite par-
ticles, and microshrinkage pores in the case of EN-GJS-SiMo5-1, was mea-
sured using the method described in Section 3.3. Specimens of the three
studied materials were obtained from interrupted TMF tests with identical
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Figure 10: Measurement of the average microcrack length in interrupted TMF tests
with a 100-500oC temperature cycle and a TMF strain range of about 0.35-0.37% after
di�erent fractions of the fatigue life for EN-GJL-250, EN-GJV-400 and EN-GJS-SiMo51.
The markers represent the average and the bars indicate the standard deviation. The
dashed lines represent the calculated average microcrack length using Eq. 10.

test conditions, namely a 100-500oC temperature cycle and a TMF strain
range of about 0.35-0.37%, but stopped after di�erent fractions of the total
fatigue life. The evolution of the average microcrack length is presented
in Fig. 10 for the three materials, including a measure of variability taken
as the standard deviation. Concerning EN-GJV-400, which has the most
data points, the average microcrack length only increases mildly with the
number of cycles. Similar trends are seen for the average microcrack length
in EN-GJL-250 and EN-GJS-SiMo5-1. For all three materials, the average
microcrack length measured at end-of-life is within a factor of two com-
pared to the initial average microcrack length, as seen in Fig. 10. Thus,
the average microcrack length required for failure is considered as relatively
short.

Regarding the considerable scatter, it is due to the fact that microcracks
are initiated at various graphite particles and defects, regardless of their size.
Thus, the uncertainty seen in Fig. 10 originates from the variability of the
size of the crack initiations site rather than the microcrack length. It should
also be mentioned that the average length in EN-GJS-SiMo5-1 at the end-
of-life was signi�cantly a�ected by a single long microcrack extending up
to almost one millimetre. However, this particular crack was still isolated
from the main fracture surface, and was thus not responsible for the �nal
fatigue failure.

The presented attempt in characterising the length of microcracks should
be considered with caution. It is important to remark that the measurement
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Figure 11: Plot with linear axes of crack length pro�les obtained by solving Paris law for
di�erent values of the Paris exponent n, provided that the stress amplitude is constant
and that the number of cycles to failure, initial and �nial crack length are known.

is made on two-dimensional surfaces where the three-dimensional nature of
the microcracks is left unattended. In addition, it was not always easy to
distinguish microcracks from other microstructural features. Regarding the
shortest microcracks in particular, they had a signi�cant impact depending
on if they were included in the average value or not. Therefore, only the most
distinct microcracks were considered, thereby neglecting a large number of
features looking like cracks.

The average crack length as a function of number of cycles generated
by the lifetime assessment model, as explained in Section 2.2, using the
parameters, the initial and �nal crack length in Table 1 for 100-500oC, is
also included in Fig. 10. The predicted average crack size seems justi�ed by
the experimentally measured crack lengths, especially regarding the shape
of the curve pro�le. On the contrary, it might be inappropriate to persevere
with the view of microcrack plurality in the case of EN-GJS-SiMo5-1, since
one could argue that it is simply the largest defect which determines the
life. On the other hand, the experimental study performed has indicated
that a large number of microcracks are initiated, approximately 25 defect-
initiated microcracks over a cross-sectional surface of 75mm2 after half the
fatigue life, which suggests that also the defect density has signi�cance for
the fatigue life.

Coming back to the discussion of the high n-value, it is noted that
when the Paris relation, Eq. 3, is integrated, the crack length pro�le a(N)
gets a more distinct �knee� for higher n, see Fig. 11. Consequently, the
crack propagation rate da/dN becomes lower for small N , however also
accelerates faster as N passes the knee. Thus, the high n-value can be
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Figure 12: (a) The unloading modulus of tests conducted in LCF (only in the case of EN-
GJV-400), TMF and TMF-HCF conditions with di�erent load parameters, as a function
of number of cycles, for EN-GJL-250, EN-GJV-400 [15] and EN-GJS-SiMo5-1, and (b)
the normalised curves with reference to the initial unloading modulus and the number
of cycles to failure. In the latter, a trend-line of each material is included.

motivated by the presented fatigue crack growth behaviour in cast irons,
i.e. the extended small fatigue crack growth regime followed by a rapid
regime of crack coalescence near the end-of-life. It is also interesting to see
that the knee in the EN-GJS-SiMo5-1 curve seen in Fig. 10, coincides with
the measured small crack transition size of 120µm identi�ed by Nadot [17],
corresponding to the microcrack size where the propagation rate becomes
comparable to macroscopic cracks. Thus, it is again indicated that the
fatigue life of EN-GJS-SiMo5-1 is consumed in the small crack regime.

4.5. Unloading modulus

In the paper by Norman et al. [15], a correlation between the amount of
microscopic crack growth and the instantaneous value of the elastic modulus
measured during unloading was established, as �rst anticipated by Haenny
and Zambelli [24]. One of the important remarks was the consistency in
which EN-GJV-400 manifested the same percentage loss in the unloading
modulus when the end-of-life was reached, namely a linear decrease to about
5-7% at the end-of-life. It was argued that the linear regime corresponds
to the propagation of multiple microcracks supposedly independent of each
other, whilst the depart of the linear regime constitutes the onset of mi-
crocrack coalescence and the formation of a dominant macroscopic crack,
eventually being responsible for the �nal failure.

In the present study, this mechanical behaviour has been investigated
further by including EN-GJL-250 and EN-GJS-SiMo5-1. The unloading

23



modulus versus the number of cycles can be seen in Fig. 12a and the
normalised version in Fig. 12b, where the x and y axis are normalised to the
number of cycles to failure and the unloading modulus measured during the
�rst cycle respectively. The curves included are di�erent tests conducted
under di�erent conditions, namely TMF and TMF-HCF conditions with
di�erent maximum temperatures and total mechanical strain ranges, and
even one LCF test is included in the case of EN-GJV-400. Despite the large
variety of test conditions, all materials exhibit a linear decrease, which when
normalised collapses into one unique curve for each material, see Fig. 12b.
However, the gradients of these three curves are di�erent; EN-GJL-250 has
lost about 9-11%, EN-GJV-400 about 5-7% and EN-GJS-SiMo5-1 about
2-4% of the initial unloading modulus when failure occurs.

In line with the previous argumentation [15], this behaviour is believed
to be rationalised by the nature of the microcrack initiation and propaga-
tion phenomena. As microcracks become longer, the load carrying area is
reduced which leads to a loss in the sti�ness of the specimen. Accordingly,
the most likely explanation for the apparent di�erence in the unloading
modulus gradient is a possible di�erence in microcrack density among the
cast iron grades; a larger density implying a larger loss in load carrying
area as microcracks propagate independently of each others. Accordingly,
EN-GJS-SiMo5-1 has the lowest slope most likely because the microshrink-
age density in EN-GJS-SiMo5-1 is much lower than the graphite particle
density in EN-GJL-250 and EN-GJV-400.

The results presented in Fig. 12b is a clear indication that the fatigue
processes under TMF, TMF-HCF and possibly also LCF conditions, follow
a general pattern in cast irons. In other words, it is reasonable to believe
that microcracks initiate and propagate in a similar manner regardless of the
speci�c load condition. However, it is further argued that the parameters
associated with any of these load conditions, e.g. the total mechanical strain
range and the temperature cycle, still a�ect the rate of the general fatigue
process.

5. Conclusions

� The e�ect of a superimposed HCF strain load on a strain-controlled
out-of-phase TMF test con�guration has been studied on three di�er-
ent cast irons, namely a lamellar graphite iron, EN-GJL-250, a com-
pacted graphite iron, EN-GJV-400 and a spheroidal graphite iron, EN-
GJS-SiMo5-1. The relatively unstudied TMF-HCF property, namely
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the TMF-HCF threshold ∆εThHCF , de�ned as the HCF strain range at
which the fatigue life is reduced to half the value of the correspond-
ing TMF test without superimposed HCF, has been identi�ed and
measured to 0.08%, 0.11% and 0.14% for EN-GJL-250, EN-GJV-400
and EN-GJS-SiMo5-1 respectively, with a HCF frequency of 15Hz.
Thus, it is concluded that EN-GJS-SiMo5-1 is superior in resisting
TMF-HCF load conditions.

� The fatigue cracking process associated with TMF loading has been
studied and it has been observed that the damage accumulation is
characterised by multiple microcrack initiation and propagation in all
the studied materials. In contrast to the other two, microcracks are
initiated at microshrinkage pores in EN-GJS-SiMo5-1 instead of the
graphite-matrix phase boundary, however still at multiple locations,
since pores are densely and quite homogeneously distributed.

� A TMF-HCF lifetime assessment model based on Paris law and de-
veloped in a previous paper [10], was used successfully to estimate the
fatigue life of laboratory specimen subjected to both TMF and TMF-
HCF load conditions. However, while giving good life estimates for
EN-GJL-250 and EN-GJV-400, the model underestimates the TMF-
HCF threshold in EN-GJS-SiMo51. Nevertheless, the model was jus-
ti�ed by comparison to metallographic measurements of the average
microcrack length in TMF conditions, and from the model, an expres-
sion of the TMF-HCF threshold was derived which supposedly can es-
timate the HCF frequency dependence and the TMF-HCF threshold
in other cast irons.
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