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ARTICLE INFO ABSTRACT
Keywords: Thermal fatigue tests were conducted on a high Si low Mo ductile cast iron (DCI) under oxidation
Metallurgical engineering conditions at 600 °C. The study aimed to understand the evolution of surface degradation,
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focusing on complex composed graphite nodules, pearlite islets, and their impact on crack
initiation and growth in relation to oxidation processes, etc. Degenerated graphite nodules, that
Microscopic characterization and microanalysis include ferrite particles, and areas of increased graphite nodule density, along with pearlite islets,
Thermal fatigue were examined for their oxidation behavior. At lower thermal cycles numbers cracks primarily
Material defect initiated of at the graphite-matrix interface and grew faster in the case of successively arranged
Microstructural control graphite nodules and their higher local number density. Graphite degradation involved
debonding between graphite and matrix, followed by complex oxidation processes. Degenerated
nodules exhibited higher oxidation rates due to the presence of ferrite which acts as oxidation
pathways. Areas with increased graphite density and larger sizes facilitated accelerated oxidation
via crack formation. Additionally, pearlite degradation started with cracked cementite lamellae,
followed by oxidation. Strategies to enhance thermal fatigue resistance included reducing
graphite nodule diameter, ensuring their uniform distribution, preventing of formation of
degenerated nodules and eliminating porosity. These findings improve understanding of thermal
fatigue behavior in DCI that has proven to be even more complex than previously thought. The
findings will guide the development of advanced materials for demanding applications.

1. Introduction

Due to their acceptable price, excellent castability, good thermal conductivity, and a balanced combination of mechanical prop-
erties (strength, ductility, fatigue, and wear resistance), ductile cast irons (DCI) have found widespread application in various in-
dustries. These include the automotive industry (for motor blocks, manifolds, exhaust systems, brake drums, crankshafts, and truck
axles), wind energy (turbine components), gearboxes, pipeline components (such as valves, fittings, and pipes), and more. The ad-
vantages offered by DCI have led to an expectation of further increased applications. However, this necessitates the development of
new cast irons with improved properties capable of withstanding higher mechanical, thermal, tribological, and chemical loads over
wider temperature ranges. Additionally, there is a need to understand the degradation mechanisms that occur in specific load and
environmental conditions [1-8]. Consequently, the application of DCI in harsh oxidation environments subject to thermal fatigue is an
area that has received less research and remains poorly understood.
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Significant progress has been made in the understanding of cast irons in the last two decades, with numerous investigations focused
on developing new cast irons with improved properties such as strength, ductility, toughness, hardness, and wear resistance [9-16].
Other areas of research include testing mechanical properties [17-27], thermal-mechanical fatigue resistance [28-39], thermal fa-
tigue resistance [39,42-51], oxidation resistance [8,52-74], and determining the conditions for achieving desirable graphite and
matrix microstructures [74-83].

The matrix microstructure in DCI can vary from ferrite to pearlite, as well as from austenite to bainite, and even martensite, in
which different graphite morphologies are achieved, such as flake, compacted (vermicular), and spheroidal (nodular) graphite. The
matrix microstructure and graphite characteristics decisively influence the relevant properties of cast iron, including static and fatigue
strength, thermal conductivity, thermal fatigue resistance, oxidation behavior, and degradation development
[3,4,6,9-11,16,27,32,33,39,48-52,56,75-82,83,84].

Studies have focused on the occurrence and growth of microcracks, crack linking, creep, oxidation, and their mutual effects in
relation to the aforementioned loads, microstructural characteristics, and graphite characteristics. In the case of mechanical fatigue
loads, three different damaging mechanisms related to graphite have been observed: matrix-nodules “pure” debonding, an “onion-like”
mechanism, and “disaggregation” [19-21,26-28,38,77]. Nodular graphite is desired for improving mechanical fatigue properties, with
their effectiveness depending on chemical composition, inoculation method, graphite nodule size, ferrite content in the matrix, and
other factors. Decreased graphite nodularity reduces high-temperature fatigue life and corrosion resistance [39]. On the other hand,
compacted and flake graphite are desired for achieving better thermal conductivity and thermal fatigue resistance. Thermal stresses
arise from the obstruction of material thermal expansion due to thermal gradients and different thermal expansion coefficients of the
individual phases [47]. In recent years, research has focused on high Si and low Mo cast irons designed for high-temperature appli-
cations [4,8]. The oxidation resistance of cast iron is vital for high-temperature mechanical and thermal fatigue resistance since
oxidation is always involved under such conditions. It has been found that the addition of Cr, Ni, V, Si, Al, Mn, Ce, and La can improve
the oxidation resistance of cast iron [4,51,84].

However, the role of oxidation in relation to the characteristics of graphite in thermal fatigue, leading to the deterioration of
component surfaces, is an important scientific issue in the industry that has received limited coverage in the literature [44-47,67].
Furthermore, the exact mechanisms of fatigue crack initiation at graphite nodules, especially in new cast iron materials such as Si-DCI,
remain largely unknown. Specifically, there is a lack of understanding regarding the mechanical fatigue mechanisms within the
graphite itself [78], which also applies to thermal fatigue.

The investigated DCI in this study, is used for exhaust systems. Consequently, thermal fatigue tests were conducted on DCI
specimens with an increased Si content (4.34 wt%) under harsh oxidation conditions. The objective was to investigate the degradation
mechanism, including the initiation and growth of cracks in relation to debonding and graphite oxidation. The tests were carried out at
a maximum temperature of 600 °C, and the testing was interrupted after a selected number of thermal-cooling cycles. This allowed for
the observation and explanation of the evolution of degradation in the surface layer of the test specimens, specifically the initiation and
growth of cracks in relation to graphite characteristics (density, size, morphology, structure, etc.) and oxidation.

Several references describing the influence of high-temperature working on cast iron have revealed that the most commonly used
material is high silicon and molybdenum alloyed cast iron [40,41,68-70]. Depending on the shape of the graphite, it can be used as
either spheroidal graphite cast iron or compacted graphite cast iron. The typical silicon content ranges from 4 to 6 wt%, while the
molybdenum content ranges from 0.1 to 2 wt%. In some cases, additional alloying elements such as V, Ni, and up to 2 wt% of Cr may be
added. One of the most significant influencing elements is silicon, which raises the reference temperature for the solid-state trans-
formation of pearlite into austenite and/or ferrite and graphite into austenite. Molybdenum increases heat resistance through sub-
stitutional solid solution and the formation of M33Cg carbides.

2. Experimental
2.1. Material

A high silicon and low molybdenum ductile cast iron (DCI) material, belonging to the cast iron family [44-47,67], was used for
thermal fatigue testing. The base alloy was produced in a medium-frequency induction furnace with a capacity of 5 tons. The metal
charge consisted of recycled cast iron, steel scrap, pig iron, carburizer, ferromolybdenum (FeMo65), and ferrosilicon (FeSi75).
Desulfurization of was performed by adding calcium carbide (CaCy) in the casting ladle. The magnesium treatment was done by a
sandwich process in the casting ladle. The nodulizing agent used was FeSi50Mg15, and the inoculant was FeSi60Ba5. The treated SiMo
DCI alloy was cast into standard Y-probes-type II with a thickness of 25 mm at 1330 °C. The composition of our alloy is shown in
Table 1.

Table 1
Chemical composition of used cast iron in wt%.
C Si Mn S Cr Cu P Mg Ni Mo Sn Al Fe
3.02 4.34 0.34 0.006 0.034 0.027 0.014 0.046 0.02 0.132 0.012 0.022 rest
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2.2. Thermal fatigue testing

Thermal fatigue testing was conducted using a Gleeble 1500D thermo-mechanical simulator, specifically within its working cell.
Hollow (borehole) specimens were clamped between two copper anvils on both sides (see Fig. 1a). The samples were subjected to
conductive heating and internal water cooling, which were controlled by a computer. The temperature of the tested sample was
measured using a type K thermocouple that was welded in the middle of the sample’s working surface. It took approximately 3 s to heat
the samples to the maximum selected test temperature of 600 °C. Subsequently, water cooling and air drying of the samples took
approximately 0.6 and 0.5 s, respectively (see Fig. 1b).

Thermal fatigue investigations were carried out on samples after a finite number of cycles, specifically after 200, 500, 1000, 2000,
and 4000 heating—cooling cycles. For more detailed information about the testing procedure, please refer to reference [48].

2.3. Mechanical and microstructural characterization

Tensile tests were conducted on the DCI samples using an INSTRON 1255 universal tensile test machine with a 500 kN capacity. An
extensometer was used to measure the strain during the tests. Microhardness values were determined using a Fischerscope H100
Vickers hardness tester, with a load of HVO0.1.

The microstructures were examined using a Carl Zeiss AXIO Imager.Alm light optical microscope. For metallographic image
analysis, a NIKON MICROPHOT-FXA optical microscope equipped with a HITACHI HV-C20A video camera and Soft Imaging System
analysis software was used. In addition, scanning electron microscopes (SEM) Jeol JSM 6060, Jeol JSM 5610 and FEI Nano SEM from
ThermoFisher Scientific were utilized to observe the surface (topology and cracks) and microstructure (oxidation and carbides).
Energy-dispersive X-ray spectroscopy (EDS) was employed for elemental analysis of the phases. Furthermore, the microstructures were
analyzed with elemental mapping using energy-dispersive X-ray spectroscopy (EDX) in combination with SEM.

To prepare the surfaces for microstructural evaluation, the samples were ground, polished, and etched with a 3 vol% Nital solution.

3. Results and discussion
3.1. Material description

The microstructure of the DCI material consists of a ferrite matrix, as shown in Fig. 2a (with detail A shown in Fig. 2b), and
predominantly nodular graphite, as depicted in Fig. 2b and c. The graphite total area was 11 %, and the meal matrix area was 89 %.
Pearlite accounted for 5 % metal matrix area, the carbide network of MxCy 0.2 % of the metal matrix area, and ferrite accounted for
94,8 % of the metal matrix area. (Fig. 2b). Here, MxCy mark alloy carbides with an unknown crystal structure and composition. The
graphite/matrix interphase exhibited serrated and hooked features in some cases (Fig. 2b and c). In previous investigations, degen-
erated graphite was considered as polycrystalline graphite with incomplete spherical shape (less than 100 % nodularity), which was
also observed in our study (Fig. 2d). Unexpectedly, a ferritic phase was detected between polycrystalline graphite crystals and within
graphite nodules in our case. In fact, the graphite analysis showed that 80 % of the graphite area accounted for fully spherical graphite,
13 % of the graphite area were degenerated (not fully spherical graphite), and 7 % of the graphite area were the degenerated graphite
nodules with ferrite particles. Furthermore, the ferrite particles represent around 2-3 % area of the graphite nodules.

Previous studies on thermal fatigue did not specifically focus on this graphite structure. Hence, in our study, the definition of
degenerated graphite was expanded to include the mentioned ferrite phenomena, i.e., graphite nodules containing a ferrite phase.
Typically, graphite nodules exhibit little to no ferrite or only negligible amounts (Fig. 2c). However, both not fully spherical (Fig. 2d)
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Fig. 1. Test sample and its insertion between cooper anvils in Gleeble 1500D working cells (a) and temperature cycles during testing (b).
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Fig. 2. Microstructure of high Si and low Mo ductile graphite cast iron (a), detail A showing pearlite and MxCy carbides (b) spheroidal graphite
containing small amount of ferrite phase (c), not fully spherical graphite (d) and spherical graphite (e) containing increased amount of ferrite phase,
EDS mapping for Fe of Fig. 2e (f), images a and b were made with light optical microscope Microphot FXA, Nikon 3CCD, image ¢ was made with Jeol
JSM-6500F, image d was made with FEG-SEM ThermoFisher Scientific Quattro S, and images e and f were made with FIB-SEM ZEISS Cross-
Beam 550.

and spherical graphite (Fig. 2e) showed also an increased presence of ferrite, as indicated in Fig. 2f, which presents a mapping of Fe
within the graphite shown in Fig. 2e.
According to EN ISO 945, the size and distribution of graphite nodules are presented in Fig. 3. The majority of the graphite nodules
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Fig. 3. Size and percentage of graphite nodules estimated according to EN ISO 945.

fall into size classes 7 and 8, while a smaller proportion corresponds to size class 6, with respective area percentages of 45 %, 52 %, and
3 %. The hardness of the prepared DCI material was measured at 255 HB. The average values for tensile strength, yield strength, and

6

ENISO 945 - Size Class

elongation were found to be 610.5 MPa, 485 MPa, and 10.5 %, respectively.
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Fig. 4. Appearance of small surface cracks at 200 thermal cycles with denoted detail B1 (a), detail B1 (b), detail B2 of cracks appearance irregular
shaped graphite with hooks (c) and detail B3 of crack between two very close graphite nodules (d), images a and b were made with FIB-SEM ZEISS
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CrossBeam 550, image ¢ and d were made with Jeol JSM-5610.
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3.2. Degradation of the surface layer of the test samples

3.2.1. Appearance of cracks on the cooled surface

In thermal fatigue, the characteristic feature is the continuous occurrence of a network of cracks on the surface. This phenomenon is
observed in the initial stage, specifically after 200 thermal cycles, as shown in Fig. 4. Fig. 4a highlights the early stage of crack for-
mation at larger graphite nodules, ranging in size from approximately 15 to 60 um (denoted by the spot, with detail B1 provided in
Fig. 4b). Additionally, microcracks were observed at smaller graphite nodules, particularly at their sharp (hook) shaped areas (see
detail B2 in Fig. 4c). These microcracks are formed due to higher local stress concentrations during thermal cycles. Furthermore, these
cracks can link between two graphite nodules that are positioned at a closer distance to each other, as illustrated in detail B3 of Fig. 4d.

The length and density of cracks increase with the number of cycles, as demonstrated in Fig. 5a for 500 cycles compared to Fig. 4a
for 200 cycles. A detailed view of this progression is presented in Fig. 5b. Two specific regions, denoted as C1 and C2, are further
examined in Fig. 5¢ and d, respectively. In Fig. 5c, cracking is observed to intensify around the graphite nodules, indicating a higher
susceptibility of these areas to crack formation. Fig. 5d reveals a crack network forming between areas with a higher density of graphite
nodules on the surface. In this region, the distance between graphite nodules is smaller, facilitating the linking of cracks into a larger
crack. Additionally, cracks originating from the graphite nodules can be seen spreading in other directions. This signifies the initial
stage of crack network formation in regions with an increased density of graphite nodules.

Fig. 6a—f illustrates the development of surface cracks at 1000, 2000, and 4000 thermal cycles, along with corresponding details
D1, D2, and D3, respectively. At 1000 cycles (see Fig. 6a), the initial stage of crack network formation is observed across the entire
area, indicating the linking of cracks that originate from clustered or successively arranged graphite nodules. A closer view of this stage
is can be seen in detail D1 on Fig. 6b.

Moving to 2000 cycles, a denser crack network is evident, and the initiation of secondary cracks can be observed (Fig. 6¢). Detail
D2 in Fig. 6d highlights this phenomenon, with secondary cracks appearing at graphite nodules as well as along primary cracks.

NTF OMM LJ
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(d)

Fig. 5. Appearance of surface cracks at 500 thermal cycles (a), an increased density and lengths of cracks around graphite (see denoted spots for
detail C1 and C2) (b), detail C1 for cracking around graphite (c) and detail C2 for linking of cracks between successively arranged graphite nodules
that are closer together (d), image a was made with FIB-SEM ZEISS CrossBeam 550, and images b to d were made with s Jeol JSM-5610.
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Fig. 6. Appearance of surface cracks at different number of thermo-cycles with details; at 1000 cycles (a) with detail D1 (b), at 2000 cycles (c) with
detail D2 (d) and at 4000 cycles (e) with detail D3 thermal-cooling cycles (f), all images were made on Jeol JSM-5610.

By 4000 cycles, the linking and continued growth of primary cracks originating from the aforementioned areas are clearly
distinguished (Fig. 6e). Additionally, the growth of secondary cracks persists, as depicted in detail D3 on Fig. 6f.

3.2.2. Cross sections of the surface degradation

3.2.2.1. Degradation process in complex graphite nodules. As discussed in Chapter 3.1 and illustrated in Fig. 2c-f, it is observed that the
graphite nodules can undergo degeneration, characterized by the presence of ferrite islets within the graphite nodules in varying
amounts (typically ranging from O to 3 % in terms of area percentage). The degradation of graphite is influenced by factors such as their
depth relative to the cooled surface, composition, size, proximity to cracks, and more.

In the initial stage of degradation, particularly at a low number of cycles (200 thermal cycles), oxidation occurs at the boundary
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Fig. 7. Stages of degradation of degenerated nodular graphite; crack formation and initial oxidation of matrix-graphite boundary around graphite as
well as ferrite islets, SEM image (a) and EDS elemental mapping for oxygen at 500 cycles (b), advanced stage of matrix-graphite boundary oxidation
around graphite and ferrite islets; EDS elemental mapping for iron (c) and EDS elemental mapping for oxygen with denoted spot for detail E at 1000
thermal cycles (d), detail E for distribution of ferrite particles in graphite and their initial oxidation of (e) and final stage of complex graphite
degradation (oxidation) at 4000 cycles (f-g) and oxidation progress of normal “mono-phased” graphite nodule at 4000 cycles (h) all images were

taken of FIB-SEM Zeiss CrossBeam 550.
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Fig. 8. Oxidation behavior of pearlite; slightly increased oxidation rate of some pearlite areas at the cooled surface (a), an increased width of the
oxidized crack in the pearlite area (see denoted spot for detail F1)(b), detail F1 with denoted spots for details F2 and F3 (c), EDS elemental mapping
for oxygen for detail F1 (d), detail F2 presenting initial cracking (e) and detail F3 presenting advanced cracking of cementite lamellae (f), different
stage of oxidized pearlite area (g) and mapping of oxygen for pearlite area given on Fig. 8g (h), image a was made with Jeol JSM 6500F, and images
b to h were made with FIB-SEM Zeiss CrossBeam 550.
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between the graphite and the matrix, both for normal graphite nodules and degenerated ones. This is followed by the oxidation of
ferrite islets within the degenerated graphite, as depicted in Fig. 7a, b. Fig. 7a presents a backscattered electron (BSE) image showing
ferrite islets within degenerated graphite nodules, while Fig. 7b shows the elemental energy-dispersive X-ray spectroscopy (EDS)
mapping for oxygen. It is worth noting that both oxidation processes (around the graphite and within its internal structure) can occur
simultaneously, as evident on the right side of the graphite in Fig. 7b, whereas the ferrite islets, where oxidation has not yet initiated,
can be observed on the left side of Fig. 7a.

Subsequent stages of degradation, reflecting the progression of the oxidation process in the afore-mentioned regions, are depicted
in Fig. 7¢, d. Fig. 7c displays the EDS elemental mapping for iron (Fe), with a denoted spot for detail E, and Fig. 7d shows the oxygen
mapping. These figures also exhibit crack initiation on the upper side of the graphite (internal side) as a result of increased stresses.
Detail E in Fig. 7e highlights the complexity of the graphite nodule composition and the initiation of ferrite oxidation. The ferrite
particles, with sizes up to 2 um, are relatively evenly distributed within the graphite. On the other hand, the final stage of nodule
oxidation is presented in Fig. 7f-g, focusing on nodules located very close to the cooled surface. It should be noted that the oxidation
tongues progress along the pathways provided by the ferrite islets.

The presented figures demonstrate that oxidation initially occurs at the interphase boundaries between graphite nodules and the
matrix, followed by simultaneous oxidation of the ferrite areas (islets) within the degenerated graphite nodules. The presence of the
ferrite phase within the degenerated nodules serves as pathways that accelerate the internal oxidation of the nodules. The increased
volume of oxidized graphite amplifies the stresses around the graphite, thereby further accelerating crack growth, particularly in the
radial direction, as evident in Fig. 7c-f. In comparison, for normal graphite nodules (without ferrite islets), oxidation of the interphase
boundary area progresses evenly toward the center of the graphite (as shown in Fig. 7h), resulting in increased stresses around the
nodules and accelerated crack growth at later stages. This progress of graphite oxidation can be considered as a new finding since this
was not described in detail so far. When comparing relevant high temperature oxidation results in literature [4,36,40,45] the slight
acceleration of the oxidation front at graphite was noticed, but details of this phenomena were not revealed. In our investigation (i.e. in
oxidation environment) the oxidation of graphite nodules is revealed as a more complex behavior, especially in the case of degenerated
graphite nodules (presence of ferrite phase), i.e. oxidation begin at boundary between graphite and matrix followed by penetration of
oxidation in graphite nodules using ferrite phase particles as pathways that accelerate the oxidation progress.

3.2.2.2. Degradation in pearlite islets. The degradation processes were less frequently observed in the presence of pearlite due to its
lower fraction. However, in some cases, the presence of pearlite on the cooled surface was found to slightly accelerate the oxidation
process, as depicted in Fig. 8a. Note that in the interior of the sample when crack growth occurred through a pearlite area we observed
the oxidation of the entire pearlite area. This resulted in a significantly increased width of the oxidized crack, as illustrated in both
cases in Fig. 8b. Detail F1 in Fig. 8c highlights the observed phenomenon, and Fig. 8d shows the corresponding elemental mapping for
oxygen.

In Fig. 8c, denoted spots for details F2 and F3 are provided in Fig. 8e and 8f, respectively. Both figures exhibit cementite lamellae
within the pearlite, where cracking and tearing of the cementite lamellae can be observed, indicating the initial stage of pearlite
degradation. This cracking and tearing can be attributed to the oxidation process in the vicinity (indicated by the oxidation tongues in
Fig. 8d) and the increased stresses resulting from the increased volume of oxidized pearlite in the area. Fig. 8e, f highlight the cracking
and tearing of cementite lamellae caused by these factors.

Fig. 8g displays a late-stage oxidized pearlite area, particularly visible in the upper-right area. It is worth noting that the oxidation
process of ferrite between cementite lamellae is more pronounced compared to the oxidation of cementite lamellae, while the carbides
in the vicinity exhibit less progression of oxidation. Fig. 8h presents the elemental mapping for oxygen in the selected pearlite area
shown in Fig. 8g. The increased oxygen content in the upper right region (associated with increased cracking) and the lower values in
the lower left region (associated with decreased cracking) clearly indicate the direction of oxidation progression, from the upper right
to the lower left, as indicated by the arrow in Fig. 8g. Thus, in fully oxidized areas, cracks are observed with increasing length, while in
partially oxidized areas, partially oxidized cementite lamellae and small cracks can be seen in the cementite lamellae as well as in the
material between the lamellae. The presence of small cracks in pearlite areas also accelerates their oxidation progress, while the
oxidation rate of the material between the cementite lamellae appears to be slightly higher compared to the cementite lamellae
themselves.

It is important to note that the oxidation of pearlite at 600 °C does not lead to decarburization, since the oxidation of carbon is not
preferred over iron. Furthermore, ferrite is more susceptible to oxidation than cementite. The oxidation of cementite is also discussed
later on in “3.3.2. Role of pearlite in crack growth”.

Oxidation of pearlite starts at the grain boundaries, when the oxidation times are long enough both ferrite and cementite lamellas
are oxidized. As the oxidation continues ferrite is preferentially oxidized. This creates a rough surface that creates mechanical stresses
due to the iron oxide formation, further promoting the oxidation of ferrite and cracking of cementite [85]. Furthermore, the coarser the
pearlite the higher the stresses in the oxide layer [86]. Pearlite areas are higher in carbon and alloying elements, that is why carbides
more frequently precipitate here. The alloying element carbides, like Cr and Mo carbides, are even more oxidation resistant than
cementite. But while the pearlite lamella structure induces stress and cracking during oxidation, the role of alloying element carbides
differs. They are precipitated along the grain boundaries, and do not induce stress, but instead they deplete the surrounding area of
oxidation resistance enhancing elements like Cr and Mo. Thus they increase the vulnerability to oxidation, especially along the grain
boundaries [49]. On other hand Ghodrat et al. [66] reported on the decomposition of pearlite matrix (at elevated temperature
oxidation) accompanied by the formation of graphite and oxides, which lead to an increase of material volume.

10
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Fig. 9. Degradation at 200 thermal cycles: Oxidation of interphase graphite-matrix around graphite (a) with EDS elemental mapping for oxygen (b),
the initial stage of crack formation from surface to the graphite hook (c), emphasized cracking of the matrix at hooks (see detail G) on the graphite
(d), crack formation interconnecting the graphite nodules bellow surface (e), cracking and oxidation of area between two closer nodules (f), for-
mation of cracks and oxidation between nearby graphite nodules on area with their increased number density (g-h), 200 thermal cycles, all images
were made with Jeol JSM 6500F.

3.2.2.3. Degradation of the surface layer at 200 thermal cycles. At 200 thermal cycles, the graphite located at or very close to the surface
undergoes three typical oxidation stages. Firstly, there is the initial oxidation of the graphite-ferrite boundary areas, primarily on
graphite nodules located on the cooled surface. In some cases, small oxidation hooks are also formed, as illustrated in Fig. 9a, b.
Secondly, cracks form from the cooled surface to the tops of serrated graphite nodules located very close to the surface, as shown in
Fig. 9c. These cracks are a result of higher local stresses generated at each individual top of the serrated spot of the graphite. Fig. 9d
provides an additional explanation of increased local matrix cracking (see detail G in Fig. 9d) by showcasing spots with hooks of
noncircular graphite. Microcracking decreases on the smooth parts of the surface areas of the graphite nodules. A similar situation can
be observed on the lower side of the graphite nodule in Fig. 9c, where cracking occurs on serrated spots. However, no oxidation is yet
observed around the graphite-matrix boundary.

The next stage of the degradation process is depicted in Fig. 9e, showcasing the formation of cracks leading to graphite nodules that
allow the entrance of oxygen. Oxidation occurs at the graphite-matrix boundary as well as within the ferrite islets within the graphite.
Cracks (oxidation hooks) also form on the graphite. Furthermore, the formation of oxidation tongues from the surface oriented towards
the graphite can be observed, as the graphite nodules represent stress concentrations.

Fig. 9f demonstrates increased oxidation of the area between two nearby graphite nodules. This increased oxidation is also evident
in Fig. 9g, where three nearby graphite nodules are oxidized, with one of the nodules being a sharp-edged vermicular graphite type and
oriented towards the cooled surface. The sharp spots generate stress concentration, enabling the formation of cracks towards the
cooled surface. Cracks also occur between two nodules due to their short distance (approximately 6-7 pym). As a result, oxidation
connects between the graphite nodules, leading to an increased oxidation area on the surface layer and the formation of cracks in the
radial direction along the graphite pathways (Fig. Sh). Therefore, the cracking and oxidation are closely related to the density of
graphite nodules in a small area, their mutual distance, and shape.

3.2.2.4. Degradation of the surface layer at 500 thermal cycles. During testing in the range of 200-500 thermal cycles, further oxidation
of graphite nodules near the cooled surface occurs, along with oxidation of the graphite-ferrite boundary (interface) and the formation
of oxidation hooks, primarily on the upper side of the graphite (in the radial growth direction). Fig. 10a, with detail H showing oxygen
EDS elemental mapping, demonstrates this phenomenon. It is important to note that the nodule in detail H is not degenerated (i.e., it is
mono-phased), as no internal oxidation of graphite is visible. Consequently, the oxidation rate of the graphite decreases, resulting in
reduced stresses in the vicinity that do not contribute to the acceleration of crack growth.

Fig. 10b presents the oxygen EDS elemental mapping of a nodule near the cooled surface, where the formation of oxidation hooks
on the upper side of the graphite is visible. These hooks enable further crack growth. Oxidation is visible on the right side of the
oxidized graphite grain boundaries, leading to their de-cohesion. Thus, oxidation can progress through the matrix as well as using grain
boundary pathways. This is also evident in the case of the large graphite nodule shown in Fig. 10c, where oxidation hooks follow both
the grain boundary and matrix pathways. Additionally, signs of debonding can be observed on the upper left side of the figure. Fig. 10d
provides an oxygen mapping showing the second stage of oxidation of degenerated graphite, with an increased width of the oxidation
band around the graphite (in comparison to Fig. 9b and 9e) and the formation of cracks on the top of the graphite (in the radial di-
rection). These cracks can grow radially to the adjacent graphite nodules in the vicinity. This is further illustrated in Fig. 10e, f,
showcasing the formation of cracks in the radial direction for successively arranged graphite nodules. Both figures demonstrate that
longer cracks are formed when cracks are initiated early on spots with denser precipitated graphite and their successive arrangement.

In graphite nodules below the surface, no significant changes were observed at the graphite-matrix interfaces. However, in the case
of rarely occurring graphite nodules with hooks, increased cracking was observed in the matrix around or at the graphite hooks (see
Fig. 10g). Moreover, in graphite nodules with accentuated hooks oriented toward the cooled surface, cracks formed from the surface,
leading to an oxidation process in the graphite-matrix interface (Fig. 10h).

The main difference in the degradation process, shown in Fig. 9 for 200 cycles, is the increased number of oxidized graphite at the
surface and in close proximity to the surface, along with their oxidation progress through grain boundary pathways.

3.2.2.5. Degradation of the surface layer at 1000 thermal cycles. During testing in the range of 500-1000 thermal cycles, further
degradation progress was observed. This includes the oxidation of graphite nodules at the cooled surface (Fig. 11a), the connection of
oxidation crack networks with graphite nodules (Fig. 11b), the connection of surface cracks to subsurface graphite nodules (Fig. 11c),
debonding of graphite nodules in the interior (Fig. 11d, this phenomena was also observed at mechanical fatigue [19,21,22,40]), the
oxidation of debonded graphite nodule surfaces, and cracking around them (Fig. 11e). Additionally, the propagation of internal cracks
through grain boundary oxidation and their linking with debonded graphite nodules in the vicinity was observed (Fig. 11f). Graphite
nodules and their specific arrangement serve as possible initiation sites for further crack growth, both on the surface and subsurface.

However, there are many individual debonding slits that form around the nodules, which can even cause internal cracking,
especially in areas with a higher density of graphite nodules. The internal cracks tend to be more intergranular, while the surface cracks
do not always follow the grain boundaries and can also be transgranular.
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Fig. 10. Degradation at 500 thermal cycles; oxidation of interphase boundary graphite-ferrite around graphite and additional formation of
oxidation hooks predominately oriented in radial direction with detail H for EDS elemental mapping of oxygen (a), EDS elemental mapping for
oxygen; oxidation of a surface graphite nodule with visible oxidation along the grain boundaries (b), debonding of graphite nodules in the matrix
(c), EDS elemental mapping for oxygen shows increasing oxidation around graphite nodules (d), formation of radial cracks through successively
arranged graphite nodules (e f), cracking of matrix at hooked nodule edges (g) and EDS elemental mapping of crack formation at serrated and
hooked graphite surface (h), 500 thermal cycles, images a, b, d and h were made with FIB-SEM Zeiss CrossBeam 550, images c, e and g were made
\Lvith Jeol JSM 6500F, and image f was made with FEG-SEM ThermoFisher Scientific Quattro S.

The occurrence of debonding is influenced by the depth of the graphite nodules and the number of thermal cycles. Initially,
debonding was observed after 1000 thermal cycles at a depth of approximately 350 um. This can be attributed to higher thermal
stresses in this depth area, as well as the number of thermal cycles. Specifically, at higher numbers of cycles, the phenomenon of
debonding was observed in deeper areas where lower thermal stresses are generated.

3.2.2.6. Degradation of the surface layer at 2000-4000 thermal cycles. During the test period exceeding 1000 thermal cycles, the
process of further oxidation of both degenerated and normal graphite nodules near the cooled surface continues (Fig. 12a for 2000
cycles and Fig. 12b for 4000 cycles). The oxidation rate of degenerated graphite nodules located at the cooled surface is higher
compared to normal graphite (compare oxidation progress in Fig. 12a, b).

Moreover, oxidation around graphite nodules located below the cooled surface was also observed (Fig. 12b, c). This occurs due to
the debonding of the graphite-matrix boundary, which accelerates the oxidation of the graphite surface layer in these areas. When
external cracks propagate through the debonding area and are close to the cooled surface, the oxidation process is further intensified
(Fig. 12b). This effect is particularly pronounced when the graphite nodules are arranged successively, leading to the formation of
internal cracks and accelerated crack growth in that direction (Fig. 12b).

Additionally, the formation of secondary cracks leading to graphite nodules in deeper areas was observed (Fig. 12d). In areas with a
higher density of graphite nodules, further local crack growth and oxidation occur (Fig. 12e, f for 2000 and 4000 cycles, respectively).

3.3. Specifics at growth of cracks and conditions for the formation of longer cracks

3.3.1. Specifics of growth at successively arranged graphite nodules

The degradation process during 1000 thermal cycles is presented in Fig. 13a, where external cracks propagate radially from
subsurface graphite nodules that are arranged successively (details I1 and 12 in Fig. 13a). Furthermore, details I3-I5 on the same
figure show the occurrence of internal cracks along grain boundaries.

Crack initiation from areas with a higher density of graphite nodules is also frequently observed, as shown in Fig. 13b-d. Tensile
stresses and volume expansion due to oxidation around the area lead to crack growth, particularly in the radial direction, especially
when graphite nodules are arranged successively. This results in accelerated growth of longer cracks in the radial direction (Fig. 13c,
d for 2000 and 4000 cycles, respectively). The initial growth of cracks is characterized by crack propagation from one graphite nodule
to the next, predominantly through transgranular cracking. In the interior, at depths of 300-400 um and deeper, intergranular cracking
is visible (detail I3 in Fig. 13a), which can be attributed to lower thermal stresses. In fact, a combination of both intergranular and
transgranular cracking modes can be observed. When a grain boundary is in close proximity to the crack tip, the crack growth can take
an intergranular pathway. Therefore, crack propagation can be versatile and dependent on the density of nodules and the proximity of
grain boundaries to the crack tip. The crack growth process is a combination of intergranular and transgranular growth (Fig. 13a,
details 13-1I5).

Moreover, detail I6 in Fig. 13d shows rapid crack growth due to the presence of closely arranged and debonded graphite nodules,
where oxidation also occurs. The debonding of the entire area with a high density of nodules leads to internal crack formation, and the
sudden entrance of oxygen results in a more uniform oxidation progress of all the included nodules.

Thus, the cracking process depends on the distribution and size of graphite nodules, while the presence of grain boundaries in the
vicinity of crack tips determines whether cracking is intergranular or transgranular. Increased crack growth rates can be expected in
cases where there are similar orientations of successively arranged grain boundaries (detail I3) along the crack growth pathway, as
well as in cases of successively arranged graphite nodules (Fig. 13c-d).

In Fig. 14a, crack initiation in an area with an increased density of graphite nodules is shown (detail J1 in Fig. 14b). Crack growth
between two graphite nodules in the radial direction through both intergranular and transgranular cracking is depicted in Fig. 14c
(detail J2). Fig. 14d (detail J3) shows a crack that has propagated between several closely arranged graphite nodules that are almost
touching, similar to detail I6 in Fig. 13d. In Fig. 14d, the initiation of graphite nodule oxidation close to the main crack and the
formation of secondary cracks to the graphite are also visible.

Details J4 and J5 in Fig. 14e and 14f, respectively, illustrate the growth of cracks from one graphite nodule to another using both
grain boundary and transcrystalline pathways. In Fig. 14f, the growth of a crack through an intracrystalline pathway to a graphite
nodule before the crack tip is visible, as the presence of graphite creates stress concentrations. Additionally, the initiation of oxidation
of graphite nodules in their close proximity before the crack tip can be observed, leading to an accelerated growth rate of the crack as it
propagates through this area.

The growth of cracks occurs from one graphite nodule to the next in both radial and oblique directions, influenced by stress
concentrations around the graphite nodules. The size of the graphite nodules and their density, as well as their mutual distance, play a
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Fig. 11. Degradation at surface layer at 1000 thermal cycles; increasing of oxidation band on graphite-matrix interphase (a), formation of cracks
between nearby graphite nodules and their oxidation (b), further progress of cracks toward subsurface graphite nodules (c), debonding of graphite
nodules (d) and formation of internal cracks around previously debonded graphite nodules initiated at grain boundaries (e), linking of internal
cracks between graphite nodules in the vicinity and oxidation of the cracks (f), 1000 cycles, images a, ¢ and d were made by Jeol JSM 6500F, image
b was made by FEG-SEM ThermoFisher Scientific Quattro S.

role in crack propagation. The pathway the cracks take, whether grain boundary or transcrystalline, depends on the vicinity and
orientation of grain boundaries.

In deeper areas, where thermal stresses are reduced, the role of oxidation in crack growth becomes more significant.

Crack growth and oxidation are accelerated in case of successively arrangement of graphite nodules as well as in case of their local
denser distribution in matrix. Furthermore, both mentioned processes are related also with debonding between graphite nodules and
matrix that was already observed at lower number of thermal cycles (see Fig. 10d, 11d, 12b). As mentioned above debonding was
studied at mechanical fatigue testing [19,21,22,40] while this was not studied in relation to crack growth and oxidation in case of
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Fig. 12. Degradation of the surface layer in cycle range 2000 — 4000 cycles; oxidation of degenerated graphite nodules (2000 cycles) (a), oxidation
of normal and degenerated graphite nodules located close to the cooled surface (4000 cycles) (b), oxidation of normal graphite located bellow
surface (4000 cycles) (c), formation of cracks leading to graphite nodules located close to cooled surface (4000 cycles) (d), oxidation progress in
areas with increased density of graphite nodules at 2000 cycles (e) and for 4000 cycles (f), images a, b, ¢ andd were made with FIB-SEM Zeiss
CrossBeam 550, and images e and f with FEG-SEM ThermoFisher Scientific Quattro S.
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Fig. 13. Growth of cracks; appearance of external and internal cracks with denoted spots for details I1 — I5 and initiation of crack from area with
increased density of graphite nodules (a), initiation of crack on spot with increased density of nodulus (b) and growth of cracks in case of cracks in
case of successively arranged graphite nodules, rapid oxidation in closely arranged nodules shown in detail I6 (c-d), image a was made with FIB-
SEM-Zeiss CrossBeam 550 and Jeol JSM 6500F, images b and ¢ with FEG-SEM ThermoFisher Scientific Quattro S, and image d with FIB-SEM Zeiss

CrossBeam 550.
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Fig. 14. Characteristics at growth of cracks; occurrence of longer crack with denoted spots for details J1 — J5 (a), detail J1 for initiation of crack in
area of increased graphite density (b), detail J2 for transcrystalline in grain boundary growth of crack between two graphite nodules (c), detail J3
mapping of oxygen showing growth of crack from graphite to next graphite with their very low mutual distance (d), details J4-I5 growth of cracks
from graphite to another graphite using grain boundary and transcrystalline pathways (e-f), 4000 thermal cycles, all images were made with FEG-
SEM ThermoFisher Scientific Quattro S.

thermal fatigue so far.

3.3.2. Role of pearlite in crack growth

The role of pearlite in the growth of cracks at elevated temperatures (600 °C) has not been clearly understood. In Fig. 15a, b, several
cracks are presented where pearlite is involved in their growth. Detail K1 in Fig. 15c highlights the area where pearlite is present, and
Fig. 15d shows the oxygen mapping for this detail. The spots denoted in Fig. 15c represent areas where pearlite is located, and Fig. 15d
displays the initiation of oxidation in these marked pearlite areas, while the vicinity around the pearlite is not subjected to the
oxidation process. Oxygen penetration occurs predominantly through grain boundaries, as seen in the oxidized grain boundary in the

18



M. Tercelj et al. Engineering Failure Analysis 156 (2024) 107823

Oxidati = Oxidation
xuhatlon pathways
AUy along grain

graphite boundaries
nodules

Start of pearlite

o><|dat|on

Detail K2
Oxidation

Grain

““boundary

\Cemetite

<+—lamellae

10 um
>

(e) ()

Fig. 15. Role of pearlite areas at growth of cracks; growth of cracks including pearlite areas with denoted spots for details K1 — K4 (a, b and f),
detail K1 showing pearlite areas (c), mapping of oxygen for detail K1 showing initiation of oxidation of pearlite areas (d), detail K2 for final stage
of oxidation of pearlite area and growth of cracks using grain boundary in transcrystalline pathways (e) and detail K3 for stage before completely
oxidation of pearlite area with visible non-completely oxidized cementite lamellae, with enlarged detail in K4 (f), all images were made with FIB-
SEM Zeiss CrossBeam 550.

vicinity of the pearlite areas in Fig. 15d. The figure also shows the initiation of oxidation around the graphite.

Fig. 15e (detail K2) presents an advanced stage of oxidation in the pearlite areas, while Fig. 15f (detail K3) shows a stage just
before complete oxidation of the pearlite area, where the cementite lamellae are not completely oxidized, see detail K4. This is similar
to the observations of pearlite in Fig. 8g, h. Furthermore, Fig. 15e shows further growth of cracks, where they propagate through both
grain boundary and transcrystalline pathways. The preferential oxidation of pearlite areas compared to the matrix increases the
growth of cracks. The preferential oxidation of ferrite in pearlite is obvious, however, this infers that, due to the depletion of carbide
forming elements (especially Cr), the eutectoid ferrite lamellas are even more susceptible to oxidation than a fully ferritic matrix.
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Fig. 16. Influence of porosity on growth of cracks; at 500 cycles (a), at 1000 cycles (see detail L1 for porosity) (b) and at 4000 cycles (see denoted
spot for detail L2) (c) and detail L2 for porosity with debonded graphite-matrix interface (d), image a was taken with Jeol JSM 6500F and images b
to d were taken with FIB-SEM Zeiss CrossBeam 550.

In summary, pearlite plays a role in the growth of cracks at elevated temperatures, with the oxidation of pearlite areas contributing
to the advancement of cracks. The cracks can propagate through both grain boundary and transcrystalline pathways, influenced by the
preferential oxidation of pearlite areas.

3.3.3. Growth of cracks and role of porosity

The presence of porosity in the material plays a decisive role in crack growth, as sharp edges of the pores represent areas of
significantly increased stress concentration. In Fig. 16a, it can be observed that the longest cracks at 500 cycles predominantly occur
when porosities are involved in their growth. Similar results were obtained at 1000 cycles (Fig. 16b with detail L1) and 4000 cycles
(Fig. 16¢ with detail L2). In Fig. 16¢, two porosity spots are included in the crack growth, resulting in the growth of a longer crack
compared to the case of successively arranged graphite nodules shown in Fig. 13d. The crack that includes porosity in this case pri-
marily follows an intercrystalline pathway, which facilitates its growth.

Additionally, in Fig. 16d, a debonded interface between the graphite and the matrix can be observed, which has not undergone
oxidation yet. This interface contributes to the crack growth process as well.

Overall, the presence of porosity in the material has a significant influence on crack growth, with cracks tending to propagate along
intercrystalline pathways when porosity is involved. The inclusion of porosity in crack growth results in longer crack lengths compared
to other crack growth mechanisms observed in the material.

3.3.4. Average length of cracks

The lengths of the seven longest cracks were measured for various numbers of thermal cycles, and their average values were
calculated (Fig. 17). At 200 cycles, the average length of the seven longest cracks was measured to be 76 um. This value increased to
175 um at 500 cycles, 415 um at 1000 cycles, 561 um at 2000 cycles, and reached an average length of 641 um at 4000 cycles. These
measurements indicate that the cracks tend to grow longer as the number of thermal cycles increases, suggesting a progressive
degradation and propagation of cracks in the material over time.
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4. Conclusions

The thermal fatigue tests were conducted on ductile cast iron (DCI) under harsh oxidation conditions. Here are the conclusions that
can be derived from the study:

1. Cracking and oxidation of graphite, pearlite islets, grain boundaries and the matrix between graphite nodules are the main
degradation mechanisms.

2. Based on their composition, two types of graphite can be distinguished: degenerated (serrated or sharp-edged surfaces, and with
ferrite particles in the graphite nodules) and normal (without visible ferrite particles). Degenerated nodules are more susceptible to
degradation.

3. Cracks form at locations of stress concentration on graphite surfaces, and a crack network is formed by linking cracks that form on
graphite nodules.

4. The degradation mode of graphite depends on their location, and characteristics. Degradation of graphite begins with the oxidation
of the graphite-matrix interface, followed by internal oxidation using ferrite particles as pathways.

5. Cracks occur mainly on graphite nodules larger than 15 um and located at the surface, especially with increased local number
density at the cooled surface.

6. Graphite nodules located below the cooled surface experience debonding between the graphite and matrix, which accelerates the
growth and oxidation of external cracks, especially when they are closely arranged.

7. Pearlite areas contribute to the degradation of the surface layer and crack growth. Cracking of cementite lamellae in pearlite
accelerates their oxidation and increases stresses in the vicinity.

8. Faster crack growth occurs in the case of successively arranged graphite nodules in the radial direction and at shorter distances
between the nodules. Cracks can grow by both transcrystalline and intercrystalline pathways.

These conclusions highlight the complex nature of the degradation processes observed in the nodular cast iron during thermal
fatigue testing and provide insight into the factors affecting crack growth and oxidation behavior of the material.
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