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Abstract

The damage mechanisms active in silicon-molybdenum cast irons, namely
EN-GJS-SiMo5-1 and SiMo1000, under thermo-mechanical fatigue and com-
bined thermo-mechanical and high-cycle fatigue conditions have been inves-
tigated. The studied load conditions are those experienced at critical loca-
tions in exhaust manifolds of heavy-vehicle diesel engines, namely a tem-
perature cycle of 300-750 oC with varied total mechanical and high-cycle
fatigue strain ranges. It is established that oxide intrusions are formed in
the early life from which macroscopic fatigue cracks are initiated close to
the end-of-life. However, when high-cycle fatigue loading is superimposed,
small cracks are preferentially initiated at graphite nodules within the bulk.
In addition, it is found that both the oxidation growth rate and casting
defects located near the surface a�ect the intrusion growth.

Keywords: Cast iron, Thermo-mechanical fatigue, High-cycle fatigue,
Environmental assisted fatigue, Fatigue crack growth

1. Introduction

The heavy-vehicle automotive industry is constantly subjected to higher
demands regarding exhaust emission and power e�ciency; the main reason
being the progressive restraining in carbon and toxic emission through new
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European Union directives. To meet these requirements, heavy-vehicle en-
gine manufacturers are enforced to achieve a higher combustion temperature
and pressure, which increases the thermal and mechanical loads on the en-
gine parts enclosing the combustion chamber and the exhaust gas �ow. As
a consequence, the engine parts become more susceptible to fatigue failure
associated with the start-operate-stop cycle, i.e. the recurrent heating and
cooling of the engine parts due to the shut down and restart in every-day
engine operation [1]. Thus, there is a great industrial interest to �nd an-
swers to how manufacturers can further push the e�ciency without the risk
of reduced engine durability.

The above issues have led to an increased activity in evaluating the fa-
tigue resistance of both already employed and potential materials [2, 3],
which in the case of heavy-vehicle diesel engines most commonly consist
of di�erent cast irons grades, cast steels and occasionally cast aluminium.
At present, the mentioned evaluation is performed through simpli�ed lab-
oratory tests constructed to capture the main characteristics of the real
loading case scenario. The tests are uniaxial fatigue tests, often referred to
as thermo-mechanical fatigue (TMF) and combined thermo-mechanical and
high-cycle fatigue (TMF-HCF) tests due to the involvement of a variational
temperature in contrast to conventional low-cycle fatigue (LCF) tests [2�4].
The latter of the two, which is a more complicated version of a TMF test
where the mechanical loading is superimposed with a high frequent strain
load, is employed in order to see the e�ect of adding vibrations. The out-
come of these results is not only to compare materials, but also to guide
the design of engine components to be more robust [1, 5]. However, the
material properties which control the TMF behaviour are often unclear or
unstudied, hence there is a need to study the microstructural aspects and
their in�uence on the TMF resistance in order to know in what way mate-
rials should be developed. In other words, knowledge about how material
properties and the TMF behaviour are related will reveal how engine mate-
rial should be selected and processed in order to maximise the performance
and durability.

The attention of this study is concentrated on the exhaust manifold,
which is a component known to be exposed to severe thermo-mechanical
loading, and an associated material often used in their manufacturing pro-
cess, namely the silicon-molybdenum spheroidal graphite iron EN-GJS-
SiMo5-1 [6�8]. In addition, a newly developed silicon-molybdenum cast
iron, SiMo10000, is included in the investigation due to its high potential as
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an exhaust manifold material [9]. The central purpose of the present investi-
gation is to identify the underlying fatigue damage accumulation mechanism
occurring in these materials, as well as the microstructural properties a�ect-
ing it, at critical load conditions present in these components. In this way,
clues about how these materials can be modi�ed in order to constrain the
damage accumulation rate are uncovered. To this end, the TMF and TMF-
HCF resistance at relevant temperatures and mechanical load conditions
have been characterised and related to the microstructure of the investi-
gated materials. As a consequence, it is now clear which microstructural
properties are important for the TMF resistance, which in turn can be ap-
plied in the manufacturing and processing to further improve the durability
of exhaust manifolds.

2. Materials and experimental procedure

2.1. Materials and specimens

The investigated materials were SiMo1000 and two grades of EN-GJS-
SiMo5-1, henceforth abbreviated as SiMo51, which are materials commonly
associated with exhaust manifolds [6�9]. The former is a recently devel-
oped silicon-molybdenum cast iron with aluminium, marketed by George
Fischer Eisenguss GmbH [9], while the latter two are standard materials
often employed in the heavy-vehicle automotive industry. All materials are
ferritic and nodular, with some exceptions for SiMo1000 which contains a
signi�cant fraction of the compacted graphite shape and a high amount of
iron and aluminium rich carbides [9]. Regarding the two SiMo51 grades,
they were cast with di�erent cooling rates by employing two di�erent mould
thicknesses, 16 mm and 20 mm, giving 3.5 oC/s and 2.5 oC/s cooling rate
respectively. In order to separate the two grades, SiMo51 SC denotes the
SiMo51 obtained with the slow cooling rate and SiMo51 RC with the rapid
cooling rate. The SiMo51 materials are also heat-treated, namely a solu-
tion treatment at 900oC and a subsequent normalisation, in order to remove
potential pearlite content. The chemical composition of each material is dis-
played in Table 1 and the typical appearance of the microstructure is shown
in Fig. 1. These images were taken from regions cut out from the parallel
section of untested TMF specimens.

The static mechanical properties are displayed in Table 2 obtained from
tensile tests at room temperature. The tensile tests were conducted ac-
cording to the ISO 6892-1:2009 A222 standard in an Instron 5582 electro-
mechanic tensile test machine equipped with a 100kN load cell. The strain
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was monitored with an Instron extensometer (cat.no. 2620-601) with a 12.5
mm gauge length. The specimens were cylindrical with 7 mm diameter, 28
mm parallel length, 7 mm transition radius and a total specimen length of
116mm.

Table 1: Chemical composition in weight percent of SiMo51 SC, SiMo51 RC and
SiMo1000. The iron content is implicit.

C Si Mn S P Ni Mo Cu Sn Ti Al
SiMo51 SC 3.16 4.33 0.407 0.008 0.014 <0.050 0.91 0.073 <0.010 0.017 0.017
SiMo51 RC 3.17 4.12 0.35 0.007 0.021 <0.050 0.85 0.10 <0.010 0.016 0.020
SiMo1000 3.57 2.72 0.25 0.004 0.031 0.84 0.81 0.11 0.005 0.019 3.08

Table 2: Mechanical properties of SiMo51 SC, SiMo51 RC and SiMo1000 acquired from
tensile tests performed at room temperature.

Rp0.2 Rm E A
[MPa] [MPa] [GPa] [%]

SiMo51 SC 494± <1 587±11 164± <1 5.3±1.2
SiMo51 RC 480±6 592±4 164± <1 10.5±1.6
SiMo1000 536±13 566±10 157±2 1.0±0.4

500μm 500μm 500μm

Figure 1: Optical microscope images of the microstructure of (a) SiMo51 SC, (b) SiMo51
RC and (c) SiMo1000.

2.2. Thermo-mechanical fatigue tests

A thermo-mechanical fatigue test is a generalised LCF test in which the
temperature is periodically varied together with the controlled mechanical
load variable [4], which most commonly is represented by an applied me-
chanical strain. Naturally, the period of the thermal and mechanical cycle
are the same, however di�erent phase shift angles are often considered, such
as in-phase and out-of-phase, corresponding to 0o and 180o phase shift.
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In a combined TMF-HCF test, a HCF strain component is added on
top of the mechanical strain variable de�ned in a regular TMF test. The
uniaxial extensometer strain εe can then be written as

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

where εTh is the thermal strain representing the thermal expansion and
εTMF is the mechanical strain denoted here as the TMF strain which is the
base strain component with the same period as the temperature cycle. The
εHCF variable is the HCF strain corresponding to the high-frequent strain
component superimposed on the TMF strain. The combined mechanical
strain variable, i.e. the TMF and HCF strain added together, is denoted
as the total mechanical strain, εMech, to emphasise that it is composed of
two mechanical strain components. The strain variables as well as their
respective strain range values are displayed in Fig. 2. For consistency, the
mechanical strain range will be referred to as the total mechanical strain
range under both TMF and TMF-HCF conditions, even though it only
consists of the TMF strain range in the former case.
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Figure 2: Examples of the employed mechanical strain and temperature cycle in the
(a) TMF and (b) TMF-HCF tests. The total mechanical strain is represented by the
envelope generated by the HCF oscillation about the TMF strain. The HCF, TMF and
total mechanical strain range are also marked out in (b).

All TMF and TMF-HCF tests performed in this study were conducted
in an out-of-phase con�guration with the temperature going between 300
and 750 oC. Furthermore, the maximum total mechanical strain was �xed
to 0 % and the HCF strain was always chosen to oscillate symmetrically
about the TMF strain, see Fig. 2. Accordingly, the studied variables were
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the total mechanical strain range and the HCF strain range, leaving the
TMF strain as a free variable. The reason for this is the desire to study the
isolated life-reducing e�ect of an applied HCF load without the in�uence of
the increase in the total mechanical strain range, and the resulting increase
in the maximum stress, which otherwise would be inferred if the TMF strain
was to be kept constant. For an extended discussion on this, see Norman
et al. [10]. The TMF cycle consisted of 150 s heating up and 170 s cooling
down as well as hold times at the maximum and minimum temperature,
namely 90 s and 10 s respectively. Moreover, the HCF frequency was chosen
as 15Hz, motivated by the rotational speed of the crank shaft. The tested
temperature cycle and the total mechanical strain load were selected to
be similar to the conditions found in exhaust manifolds in �eld use or in
accelerated testing.

The TMF and TMF-HCF tests were carried out in an Instron 8801 servo
hydraulic test machine, in which the specimens were heated by induction
heating using an encircling copper coil. The cooling of the specimen was
accomplished by natural convection assisted by a compressed air �ow di-
rected towards the parallel section through three nozzles. The tests were
controlled using a dedicated TMF software developed by Instron and the
extensometer strain was measured using an Instron extensometer with a
12.5mm gauge length.

Smooth cylindrical test specimens were used whose geometry was de�ned
by a 6mm diameter, 25mm parallel length, 30mm transition radius and
a total specimen length of 145mm. The specimens were gripped using
hydraulic grips.

Following the validated code-of-practice [4], a failure criterion to de�ne
the number of cycles to failure Nf was chosen as the 2% stress deviation
from the tangent drawn at the last point of zero curvature in the stress
range curve.

2.3. Metallographic investigation

Metallographic investigations were conducted on both untested as well
as interrupted TMF and TMF-HCF tests. All cross-sectional samples were
taken from the parallel section of TMF specimens and investigated in a
Nikon Optiphot optical microscope, using magni�cations ranging from 100
to 1000. Regarding the interrupted tests, the specimens were cut along the
longitudinal axis, and then cut again in the cutting plane perpendicular to
the �rst, in order to acquire one more cross-sectional surface. The metallo-
graphic samples were polished using a standard program for cast irons.
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Microstructural features were characterised by investigating cross-sections,
namely the microshrinkage pores size in untested materials and the length
of oxide intrusions in interrupted TMF and TMF-HCF specimens. The pore
size was determined as the diameter of the smallest possible circle able to
contain the defect. In the interrupted specimens, the oxide intrusion length
was assessed by measuring the average depth of oxidation penetration fol-
lowing the ISO 26146:2012(E) standard. More precisely, the oxidation depth
was measured from the outer edge of the oxide scale to the innermost inter-
face between the matrix and the scale, at regular intervals axially along the
specimen surface within the gauge length. The parameters were measured
for all materials and over two di�erent cross-sections of each material. The
average and standard deviation of the microshrinkage pore sizes reported
here only includes pores with a diameter larger than 50 µm; a length typi-
cally in the order of the diameter of graphite nodules. Similarly, the density
of microshrinkage pores was reported as the total number of pores with a
diameter larger than 50 µm divided by the studied area. Regarding the
oxidation penetration depth, all measurements were included in the average
and standard deviation.

3. Results and discussion

3.1. TMF and TMF-HCF characterisation

Previous studies have demonstrated that the fatigue life of many dif-
ferent cast irons, namely lamellar (LGI), compacted (CGI) and spheriodal
graphite iron (SGI), can be associated with small fatigue crack propagation
and coalescence, both under LCF and TMF conditions for temperatures be-
low 500oC [3, 10�16]. In the case of SGI, small cracks are most frequently
initiated at microshrinkage pores under these circumstances [3, 14, 17], and
possibly also at graphite nodules [11, 15].

For the above reason, the microstructure of as-received specimens were
investigated before conducting the TMF experiments, in particular regard-
ing the microshrinkage pore size and distribution, since it was hypothe-
sised that these would in�uence the TMF properties. Examples of such
microshrinkage pores in the studied materials can be seen in Fig. 1, while
the maximum and average microshrinkage pore size as well as the density
are displayed in Table 3. Apparently, the SiMo51 grades are similar in this
regard except for slightly larger defects on average in SiMo51 SC, about 20
% in average size, while SiMo1000 has almost three times more defects.
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Table 3: Maximum and average size of microshrinkage pores as well as the density of
pores larger than 50 µm in diameter, of SiMo51 SC, SiMo51 RC and SiMo1000.

Maximum size Average size Density
[µm] [µm] [mm−2]

SiMo51 SC 278.7 92.0±56.0 0.80
SiMo51 RC 143.4 75.4±23.8 0.90
SiMo1000 282.9 96.5±47.5 2.34
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Figure 3: (a) Strain-life and (b) stress-life curves of TMF tests with 300-750 oC temper-
ature cycle and without HCF loading, for SiMo51 SC, SiMo51 RC and SiMo1000.
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Figure 4: (a) Maximum stress curves measured in a TMF test with 300-750oC temper-
ature cycle and 0.20 % total mechanical strain range of SiMo51 SC, SiMo51 RC and
SiMo1000. Tangent lines are drawn to illustrate the linear stress-decrease regime of the
TMF test and the cycles at which the interrupted TMF tests have been investigated are
each marked with a cross.

The acquired strain-life and stress-life curves for the TMF tests with the
temperature cycle 300-750 oC are shown in Fig. 3. The latter plot is ac-
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quired by plotting the number of cycles to failure versus the maximum stress
at half-life. Surprisingly, the TMF properties of the three materials were
not in accordance with what was �rst anticipated from the microshrinkage
pore characterisation, Table 3. Clearly, SiMo1000 is superior to the SiMo51
grades, even though it has more microshrinkage pores. Furthermore, it is
also established that changing the cooling rate of SiMo51 does not have
any signi�cant e�ect regarding TMF properties, except for longer lives at
high total mechanical strain ranges. Consequently, it appears as there is
no explicit correlation between the TMF resistance and the occurrence of
defects, in contrast to what was �rst anticipated.

The above conversion from the total mechanical strain range to a stress
variable by taking the maximum stress at mid-life is motivated by the fact
that the maximum stress is fairly constant during a TMF tests; only about
10 to 20 MPa net decrease during the fatigue life as seen in Fig. 4. Com-
paring Figs. 3a and 3b reveals no greater di�erence, except for a slightly
less scatter in the stress-life curve. Thus, it seems that the maximum stress
manifests a better correlation with the number of cycles to failure than the
applied total mechanical strain range.

The lower maximum stress in SiMo1000 compared to the SiMo51 grades
seen in Fig. 4 is attributed to the better mechanical properties of the
former at elevated temperatures. For instance, the reduction in ultimate
tensile strength at elevated temperatures occurs for a higher temperature
in SiMo1000 compared to SiMo51 [9]. Thus, since SiMo1000 has a better
resistance to softening at high temperatures, the stress relaxation at the
compressive side of the �rst TMF cycle is less, see Fig. 5. Consequently,
SiMo1000 starts at a lower stress level when going back in tension at the
start of the second half-cycle, which results in a lower maximum stress for
all subsequent cycles compared to SiMo51 SC and SiMo51 RC.

Fig. 6 presents the maximum stress evolution in TMF-HCF tests of
SiMo51 SC for di�erent HCF strain ranges. From this �gure, it is clearly
indicated that the maximum stress is reduced due to the superimposed HCF
cycling. This is a known e�ect in TMF-HCF testing that has been discussed
in a previously published paper [10], which most likely is due to suppression
of dynamic recovery that otherwise would have occurred at the maximum
temperature if not for the HCF cycling. As a consequence, a slightly larger
compressive stress is attained at the hot side of the TMF cycle, i.e. the left-
hand side of the hysteresis loop in Fig. 5, which results in a lower maximum
stress at the opposite side.
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300-750 oC temperature cycle, 0.25 % total mechanical strain range and di�erent HCF
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A relevant property in the industrial context is the TMF-HCF threshold
[3, 10], which relates how resistant a material is to superimposed HCF in
a TMF test. This property can be de�ned for materials possessing a clear
threshold value in the HCF strain range above which the fatigue life is sig-
ni�cantly reduced. In fact, many di�erent materials, e.g. cast aluminium
[18, 19], cast irons [3, 10, 15, 20] and superalloys [2, 21], have been reported
to exhibit such a behaviour. Following the previous investigations of Nor-
man et al. [3, 10], the TMF-HCF threshold is here de�ned as the HCF
strain range at which the life measured in a regular TMF test is reduced
to half. It should be noted that this TMF-HCF threshold de�nition is a
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Figure 7: (a) TMF-HCF plot and (b) normalised TMF-HCF plot including SiMo51 SC
and SiMo1000 conducted with 300-750 oC temperature cycle and 0.25 % total mechanical
strain range. TMF-HCF tests of SiMo51 conducted at 100-500 oC with 0.44 % and
0.58 % total mechanical strain range, previously presented in [3], are added to (b) for
comparison.

crude measure, allowing 50 % life reduction, however it is distinct and easily
identi�ed even for TMF-HCF test series with few tested HCF strain ranges.

The TMF-HCF threshold is best illustrated in a TMF-HCF plot, Fig.
7a, in which the number of cycle to failure is plotted as a function of the HCF
strain range for SiMo51 SC and SiMo1000 with constant total mechanical
strain range of 0.25%, as explained in Section 2.2. Normalising the TMF-
HCF plot to the fatigue life at zero HCF strain range shows that the TMF-
HCF threshold of SiMo51 SC and SiMo1000 are almost identical, namely
about 0.11 %, see Fig. 7b. On the other hand, it must be remembered that
the absolute value of the fatigue life is longer for SiMo1000 even though the
TMF-HCF threshold is the same, see Fig. 7a.

Fig. 7 also includes the data obtained for SiMo51 with the temperature
cycle 100-500 oC, previously presented in [3]. Apparently, the TMF-HCF
threshold is slightly lower for the 300-750 oC temperature cycle, which could
be due to a number of reasons. The most plausible explanation is given by
considering the number of HCF cycles per TMF cycle which are applied dur-
ing tensile stresses. Clearly, the TMF-HCF threshold must be dependent on
the HCF frequency, the TMF cycle period and on how the hysteresis loop is
located with reference to the zero stress line. The HCF cycles applied during
compressive stresses are disregarded since it is presupposed that the cracks
are closed, which was demonstrated to be a valid in the case of EN-GJV-400
[10]. E�ectively, even though the TMF cycle is shorter in the 300-750 oC
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tests, 420 s compared to 450 s, the number of HCF cycles applied at tensile
stress is higher, about 6000 compared to 4000 in the 100-500 oC test condi-
tion [3]. Thus, since the number of HCF cycles contributing to fatigue crack
propagation is higher, it is natural that the TMF-HCF threshold is lowered
in the 300-750 oC case. Other possible in�uences could be the temperature
dependence in the elastic modulus which a�ects the HCF stress range, as
well as the di�erence in the total mechanical strain range. Nevertheless, the
above given explanation regarding the number of HCF cycles is still con-
sidered to be the most likely. The above argumentation is re�ected in the
expression of the TMF-HCF threshold derived from the model presented in
[3].

By further inspection of Fig. 7, it is also noted that the fatigue life is
increased for intermediate HCF strain ranges; up to a factor of three in
the case of SiMo51 SC. This can be explained by the apparent decrease in
maximum stress as the HCF strain range is increased, see Fig. 6. Thus,
since the HCF strain range is supposedly below the TMF-HCF threshold
and the maximum stress is comparably lower, the fatigue life is expected
to be longer for intermediate HCF strain ranges. As a matter of fact, the
gain in lifetime is well accounted for by comparing the maximum stress in
Fig. 6 with the trend seen in the stress-life curve, Fig. 3b. As seen in
the latter �gure, a reduction of 50MPa in maximum stress for SiMo51 SC
which is caused by application of 0.08 % HCF strain range, Fig. 6, roughly
corresponds to an increase in fatigue life of a factor of three.

3.2. Fatigue behaviour in TMF and TMF-HCF at high temperature

In order to have understanding of the fatigue behaviour, TMF tests on
SiMo51 SC were conducted which were interrupted before complete failure
occurred. The specimen were then subsequently investigated in metallo-
graphic studies in order to visualise and evaluate the fatigue damage. The
SiMo51 SC curve in Fig. 4 shows the maximum stress evolution of the
chosen TMF test for this investigation, namely a total mechanical strain
range of 0.20 % without HCF loading, where the cross marks points out
the number of cycles at which the tests were interrupted. One test was
interrupted at 250 cycles, corresponding to about half of the fatigue life,
while a second test was interrupted at 500 cycles, which was close to the
end-of-life as de�ned by the failure criterion presented in Section 2.2. In
fact, the intention of the latter test was to observe the material state at an
instant close to when the maximum stress begins to deviate from a linear
decline, as seen in Fig. 4.
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Figure 8: Oxide intrusion and surface crack observed in SiMo51 SC tested with 300-750
oC temperature cycle, 0.20 % total mechanical strain range and without HCF loading,
interrupted at (a) 250 and (b) 500 cycles.

Looking at cross-sections of the interrupted TMF tests suggests that
the fatigue behaviour is featured by environmentally-assisted surface cracks.
At 250 cycles, oxide intrusions are visible at the surface of the specimen,
see the example given in Fig. 8a. At this point, the oxide intrusions are
observed in multiple locations at the surface and they are typically about
0.1 mm long. Most likely, they are initiated through the decarbonisation of
graphite nodules located on the surface which results in the replacement of
the graphite phase with iron oxides. More importantly, a closer inspection
reveals that the oxide intrusions often are fractured, as marked out in Fig.
8a.

The initiation and growth of oxide intrusions are commonly observed in
iron-based materials exposed to TMF conditions [22�24], as well as LCF at
elevated temperatures [25�27], and is associated with the recurrent fracture
of the oxide scale and subsequent oxidation at the generated crack tip.
Following the terminology of Neu and Sehitoglu [22], the surface cracks are
categorised as Type I, due to the absence of striation in the oxide scale.

As proposed by many authors [24�26], the oxide intrusions generated
during the early cycles are believed to act as fatigue crack initiation sites.
This is also motivated in the present study by the investigation of TMF
tests interrupted close to the end-of-life at 500 cycles, in which a surface
crack has emerged extending over 1.0 mm, see Fig. 8b. Thus, looking at
the maximum stress evolution in Fig. 4, the instant at which the maximum
stress starts to deviate from a linear regime is interpreted as the same instant
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when a macroscopically large crack is initiated.
As mentioned previously, small crack initiation at casting defects has

been shown to be a life-controlling event in EN-GJS-SiMo5-1 in TMF tests
conducted with a maximum temperature of 500 oC [3]. For the 300-750
oC temperature cycle, defect-initiated microcracks are seen to be present
as well, however not as dominant as for the 100-500 oC condition [3] or in
comparison to the number and size of the oxide intrusions. E�ectively, when
going from 100-500 oC to 300-750 oC, the controlling fatigue mechanism
seems to be changed from microcrack growth from internal defects to surface
crack growth initiated as oxide intrusions, or possibly a combination of the
two. Thus, it is very likely that there is a critical maximum temperature, or
temperature range, at which the oxide intrusion growth mechanism comes
into play.

As indicated in the previous paragraph, it is possible that microshrinkage
pores are still detrimental to the lifetime with the 300-750 oC temperature
cycle. For instance, there have been several examples in this investigation of
oxide intrusions passing through microshrinkage pores, �lling them with iron
oxides. Thus, even though the defects might not induce cracks on their own,
they may assist the oxide intrusion to grow deeper into the bulk in less time.
Furthermore, it is also possible that the proportion between the signi�cance
of the two fatigue crack growth mechanisms is di�erent at di�erent total
mechanical strain ranges. This could for instance explain the deviating
behaviour of SiMo51 RC when going from 0.25 % to 0.30 % total mechanical
strain range in Fig. 3a, where the fatigue life contradictorily appears to
increase when increasing the total mechanical strain range. Possibly, this
could be a result of a transition of fatigue mechanisms.

Table 4: Maximum and average oxidation penetration depth at 250 cycles in TMF and
TMF-HCF tests with 300-750 oC temperature cycle and 0.20 % total mechanical strain
range of SiMo51 SC, SiMo51 RC and SiMo1000. The same mechanical parameters were
used in the TMF-HCF test, apart from 0.08 % HCF strain range.

Maximum length Average length
[µm] [µm]

SiMo51 SC 216.0 98.9±30.0
SiMo51 RC 152.1 109.7±18.3
SiMo1000 194.9 90.8±34.5
SiMo51 SC,
TMF-HCF 232.0 96.6±33.8
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50μm

Figure 9: Microcracks observed in SiMo51 SC tested with 300-750 oC temperature cycle,
0.20 % total mechanical strain range, and 0.08 % HCF strain range, interrupted at 250
cycles.

The same metallographic experiment was conducted on SiMo51 SC sub-
jected to TMF-HCF with comparable parameters, namely a 300-750 oC
temperature cycle, 0.20 % total mechanical strain range and 0.08 % HCF
strain range, also interrupted at 250 cycles. The comparison of the oxidised
surface of the TMF and the TMF-HCF tested specimen does not indicate
any signi�cant di�erence. To support this observation, the typical length
of the oxide intrusions were assessed by measuring the average depth of
oxidation, as explained in 2.3. The results are given in Table 4, which in-
dicate that the average oxidation penetration depth is almost identical in
both conditions. Consequently, the growth of oxide intrusions is proposed
to be una�ected by the application of superimposed HCF, at least for this
particular HCF strain range.

On the other hand, occurrence of small fatigue cracks emanating from
graphite nodules in the bulk are visible in the specimen subjected to TMF-
HCF, see the example in Fig. 9, in contrast to when subjected to TMF only.
By a closer inspection, it was veri�ed that similar cracks were not found in
specimens tested under regular TMF conditions. E�ectively, it is concluded
that the reduction in fatigue life caused by the increase in the HCF loading,
see Fig. 7, is due to the increase in microcrack growth occurring within the
bulk, rather than accelerated oxide intrusion growth.

3.3. Material aspects controlling the TMF properties

Summarising the previous section, it is clear that the fatigue life of
SiMo51 SC at the studied load conditions is governed by two fatigue mecha-
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nisms; growth of oxide intrusions at the surface and microcrack propagation
from microstructural features. Thus, in order to enhance the performance
of silicon-molybdenum cast irons, measures to compensate for these two
mechanisms need to be considered.

At 250 cycles in the TMF test with 300-750 oC temperature cycle and
0.20 % total mechanical strain range, there are signs of oxide intrusions
also in SiMo51 RC and SiMo1000. Fig 10 shows examples of intrusions
in the two materials which are comparable with the intrusion in SiMo51
SC presented in Fig. 8a. From what can be observed, the fatigue process
appears to be very similar in the three studied materials, which also is
re�ected in the measured oxidation penetration depth, see Table 4. On
average, the oxidation penetration depth is slightly shorter in SiMo1000
while slightly longer in SiMo51 RC compared to SiMo51 SC. However, the
di�erence is small compared to the standard deviation and might therefore
not be signi�cant.

50μm

(a)

50μm

(b)

Figure 10: Oxide intrusions observed in (a) SiMo51 RC and (b) SiMo1000 tested with
300-750 oC temperature cycle, 0.20 % total mechanical strain and without HCF loading,
interrupted at 250 cycles.

It seems likely that the formation of oxide intrusions is governed by two
factors, the oxidation resistance and the presence of defects The former is
based on the theory proposed by Neu and Sehitoglu [28], which postulates
that oxide intrusion growth is driven by the oxidation occurring at the
intrusion tip as a consequence of oxide scale rupture. Accordingly, a material
which is more resistant to oxidation, i.e. which possess a lower oxide scale
growth rate at strain-free conditions, is likely to have a lower oxide intrusion
growth rate. Likewise, it is intuitive that a higher density and a larger size of
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microshrinkage pores can aid the formation of longer oxide intrusions when
these defects are located at the surface. An example of a defect integrated
with an oxide intrusion can be seen in Fig. 10b.

To justify the above argument, an isothermal-exposure oxidation test
was carried out to assess the oxidation resistance of the materials, see Fig.
11. Clearly, it is demonstrated that SiMo1000 has the superior oxidation
resistance, followed by SiMo51 SC and then SiMo51 RC, which is the same
trend indicated in Table 4. The good performance of SiMo1000 is most
likely an e�ect of the high aluminium content, see Table 1, which is known
to enhance the oxidation resistance in iron-carbon alloys [29]. The internal
di�erence between the SiMo51 grades is not as easily explained, but could
likely also be a result of the di�erences in the chemical composition.
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Figure 11: The net mass change versus time measured in an isothermal-exposure oxida-
tion test conducted at 750 oC with SiMo51 SC, SiMo51 RC and SiMo1000. The data
points are represented by the average of three samples of each material and the error
bars indicate the standard deviation.

However, even though the oxidation resistance of SiMo1000 is signi�-
cantly superior as seen in Fig. 11, the di�erence in fatigue life compared to
the SiMo51 grades is not as large as expected in view of these isothermal-
exposure oxidation results. In line with the above proposition regarding the
intrusions, this is suggested to be due to the combination of the average
defect size and the oxidation resistance, Table 3 and Fig 11 respectively,
since defects favour the growth of oxide intrusions while a better oxidation
resistance should restrain it. SiMo1000 has a good oxidation resistance but
many and large defects, while SiMo51 SC and SiMo51 RC have worse ox-
idation resistance but on the other hand fewer and smaller defects. Thus,
it is possible that the e�ect of the oxidation resistance is opposed by the
presence of defects, which consequently explains why the di�erence in the
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oxidation penetration depth between the materials is insigni�cant, see Table
4. Thus, a signi�cant improvement in fatigue life is expected if SiMo1000
could be cast with less defects.

Why the di�erence in fatigue life between the materials is larger at high
maximum stress levels, in contrast to a low values, is however still unclear,
see Fig. 3b. As mentioned in 3.2, it is likely that the fatigue mechanisms
can be di�erent at di�erent total mechanical strain ranges. For instance,
microcrack growth from internal defects might be more important at higher
maximum stresses.

4. Conclusions

� For a temperature cycle which is experienced at critical locations in
the exhaust manifold, namely 300-750 oC, the controlling fatigue crack
propagation mechanism in EN-GJS-SiMo5-1 and SiMo1000 consists of
environmentally-assisted surface cracks. Initially, small oxide intru-
sions are formed at the surface which eventually grow into a macro-
scopically large crack responsible for the �nal failure.

� The TMF-HCF threshold [3, 10] has been measured to 0.11 % in
both EN-GJS-SiMo5-1 and SiMo1000 for the studied TMF conditions,
which is close to the value obtained with a 100-500 oC temperature
cycle [3]. In addition, the damage process in TMF-HCF testing con-
sists of small fatigue crack initiation and propagation from graphite
nodules rather than accelerated intrusion growth.

� It is indicated that the TMF properties at the studied conditions are
a�ected by the occurrence of microshrinkages and the oxide growth
rate, since both factors favour the formation of oxide intrusions. Thus,
in order to optimise the durability of silicon-molybdenum cast irons
for exhaust manifold applications, these materials should be developed
such that the defect size and density are kept at minimum while the
oxidation resistance is maximised.
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