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1. Introduction

Nodular cast irons (NCI) are technologically important mate-
rials and are used extensively in automotive industry. Defects pro-
duced during casting process often play a dominant role in limiting
mechanical properties and fatigue life under cyclic loading in cast
alloy components [1]. Besides the microstructural aspects such as
chemical composition, nodule count and graphite shape, casting
defects such as small shrinkage voids, porosities or dross defects
play a dominant role in determining fatigue life and fatigue limit
of cast irons [2]. Such defects make cast irons susceptible to brittle
fracture and play the role of microscopic stress concentrators to
promote the processes of nucleation and growth of cracks. NCI
has been tested in fatigue with the aim to analyze the role of cast
defects on fatigue crack initiation and propagation [3–6]. Many
approaches to fatigue resistance evaluation for defect containing
materials consider that a crack initiation stage is negligible and
therefore fatigue crack propagation composes the whole fatigue
process [7, 8]. Casting defects are inherent in the foundry processes
and can be found in different cast alloys: aluminum alloys [7, 8],
various steels [9, 10] or cast irons [4] for instance. Size, type and
population of encountered casting defects depend on the alloy type
and casting process [11]. Thermo-chemical surface treatments are
frequently adopted with ferrous materials because they promote the
formation of a hard and strong surface layer and of a system of
compressive residual stress. Therefore, treatments, such as nitriding,
simultaneously improve the fatigue endurance and the wear resis-
tance [12, 13].

This paper presents and discusses the influence of surface
conditions on fatigue behavior of pearlite/ferrite NCI. The depen-
dence of the fatigue behavior on a specific surface condition is high-

lighted using prismatic specimens tested under cyclic plane bending
with maximum stress reached at the surface of interest. The char-
acteristics of the surface layers in the different test specimens are
examined by metallography. The fracture surfaces were studied
under inspection of SEM to explain the differences in fatigue
lives. 

2. Experimental material and methods

The experimental material was prepared as synthetic melt from
2000 kg of pig iron, 300 kg of steel scrap, and 1500 kg of cast iron
scrap. The melting was performed using an arched alkaline furnace
with basic lining and 35 kg of FeSi was added to the melted metal
as an additive to increase the content of Si, [14, 15]. Chemical com-
position of the pearlite/ferrite NCI is given in Tab. 1. The cast mate-
rial was supplied in the form of 140 
 100 
 20 mm plates. 

No annealing treatment was performed before machining the
specimens used for tensile and fatigue testing. The tensile tests per-
formed according to the ASTM E8 standard of the present NCI
gave a tensile strength Rm � 576 MPa and an elongation to the
rupture A � 6 %. The fatigue specimen geometry, see Fig. 1, were
prepared by machining cast plates. The role of different surface
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Chemical composition of pearlite/ferritic NCI (in wt. %) Tab. 1

C Si Mn S P Mg Cr Cu Ni

3.68 2.62 0.51 0.005 0.05 0.034 0.2 0.02 0.01
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conditions was investigated. Therefore, a set of specimens was
obtained with an as-cast surface condition, Fig. 2, (the opposite face
was in all cases fine ground). A second set of specimens had the as
cast test surface sand blasted, Fig. 2, by compressed air pressure
(i.e. 1 MPa) and a SiC sand abrasive (i.e. grain size 250–300 μm).
A third set of specimens had the test surface fine ground, Fig. 2,
with a smooth finish achieved by removing the casting surface
layers on a vertical milling machine and finishing by soft grinding
on a disk sander. The final soft grinding was conducted by ceramic
aluminum oxide wheel under the conditions of the grinding speed
of 30 m/s, down feed 0.020 mm/pass.

Other two specimen sets with fine ground surfaces were sub-
jected to thermo-chemical treatment, either nitriding or carboni-
triding, to investigate the role of surface hardening on the fatigue
behavior. 

The structural analysis of NCI was performed on polished and
etched specimens taken from cast plates. Structure details were ana-
lyzed in the light metallographic microscope according to the EN
STN 42 0461 standard and by the methods of quantitative metal-
lography [15]. Fig. 3 shows a typical microstructure of experimen-
tal material. The matrix was pearlite/ferritic with ferrite around the
graphite nodules. Ferrite volume percentage of about 36 % was
calculated using image analysis obtained from low magnification
images. The nodule count (the number of graphite particles per unit
area of mm2) for studied nodular cast iron were in range 80 – 123.
The graphite nodules were observed in fully (VI) and partly not
fully globular (V) shape. Size was predominately ranging from 30
to 60 μm (6) and with a small number of nodules ranging in the
size from 15 to 30 μm (7).

The nitrided and carbonitrided layers were analyzed using
methods of color etching because a high chemical heterogeneity
characteristic for this region. Microhardness (HV 0.02) was mea-
sured on nitrided and carbonitrided specimens at different distances
starting from the surface down to the core of material. The hard-
ness profile characterizes the effectiveness of the nitriding treat-
ment and is used to define an effective nitrided or carbonitrided
depth.

Fatigue tests were performed on specimens using a fatigue test
machine for cyclic plane bending with loading ratio R � 0 and 
25 Hz frequency. The tests were interrupted at 2.106 cycles if the
specimen did not fail. The ratio R � 0 allowed to apply a cyclic
tensile loading (the most critical in fatigue) to the surface of inter-

est, either as-cast, sand blasted, fine ground, nitrided and carboni-
trided. The initial stress range was associated to a fixed displacement
range. A load-cell monitoring the specimen stress during the test
allowed the determination of the evolution of specimen compliance.
It was observed that the fixed initial stress range remained constant
for a substantial part of the test followed by a continuous stress
reduction in the final part because of fatigue crack initiation and
propagation.

3. Results and discussion

The results of fatigue tests for all specimens are presented in
Fig. 4. Trends of the S/N dependence for different surface condi-
tions were identified. A ranking of the five surface conditions in
fatigue is experimentally obtained with the best performance asso-
ciated to the thermo-chemical surface treatment. At 106 cycles,

Fig. 1 Shape and dimensions of fatigue specimens

Fig. 2 Surface condition of specimens (from left as-cast, 
sand blasted, fine ground)

Fig. 3 Characteristic microstructure of experimental 
nodular cast iron, etched with 3% Nital
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the fatigue strength shows a decrease of approx. 20 % going from
a fine ground to a sand blasted surface and of approx. 30 % going
from nitrided or carbonitrided to a fine ground surface.

The scatter of results for specimens with as-cast surface was
very large and estimation of the fatigue limit of these specimens
from the trend of S/N dependence was difficult. The large scatter
of results can be explained by the presence of many defects in the
cast surface layer, from which the fatigue cracks can initiate very
quickly [16]. The specimens with as-cast and sand blasted surfaces
showed very similar response in fatigue behavior. The thermo-
chemical surface treatments showed the best fatigue behavior com-
pared to the non-treated materials. Nitrided and carbonitrided NCI
specimens showed quite similar fatigue behavior. 

Fatigue life of castings strongly depends on the surface con-
dition. Only a few studies, [1, 4, 5, 17, 18], have been conducted on
NCI castings with as-cast surfaces. In the presented case fatigue
fracture initiation in as-cast and sand blasted specimens was obser-
ved with a scanning electron microscope (SEM) and these defects
were found as fatigue crack initiation places (Fig. 6). However, the
surface condition is expected to influence the fatigue crack initi-
ation considerably with a strong effect associated to high surface
roughness or by surface defects.

The surface and subsurface characteristics were metallograph-
ically investigated on cross sections perpendicular to the fracture
surface and are discussed with reference to Fig. 5. Typically, the
as-cast surface (Fig. 5a) is covered by a thin cast layer containing
pores and cavities which negatively affect fatigue crack initiation.
Just below this surface layer, a pearlitic layer with variable thick-
ness, formed due to rapid solidification and cooling rate was found.
Below these two layers and for the rest of the cross-section, the
base NCI structure was found, see Fig. 3. The thickness of cast
layer was approx. 36 μm and pearlitic layer was variable in the range
from 80 to 110 μm. The sand blasting treatment removes the thin
cast layer of oxides and pores and locally deforms the metal but

cannot remove pearlitic layer. Fig. 5b shows that in the sand blast
specimens the pearlite layer contains lamellar graphite, which grad-
ually turns into vermicular and finally nodular shape going from the
surface to the core of material. The combination of lower strength
of pearlite matrix because of the presence of the lamellar graphite
is expected to negatively affect the surface layer strength in case of
fatigue loading because it results in early crack initiation compared
to the presence of nodular graphite. Only fine grinding reduced
significantly the surface roughness (i.e. by one order of magnitude)
by complete elimination of the surface layers (formed by a thin
cast layer of oxides and pores and layers with different structure
than the core of material). The typical surface structure is shown
in Fig. 3. The average surface roughness of fine ground specimens
was Ra � 2.3 μm.

The investigation of the thermo-chemically treated NCI spec-
imens showed that both nitriding and carbonitriding produced
layers formed by a thin white layer (WL) on the specimen surface
and diffused zone (DZ) below, Fig. 7. The white layer was con-
tinuous with thickness about 21 μm for nitrided surface and about
15 μm for carbonitrided surface and with the local presence of
graphite nodules in both cases. Thicker nitrided and carbonitrided
layer and diffused zone were identified in areas where graphite
particles presence was observed and WL was found below the
graphite nodules.

Vickers microhardness profiles of the nitrided or carbonitrided
layers are presented in Fig. 8. The hardness decreases with dis-
tance from the surface, following the decreasing nitrogen diffusion
in the diffused zone to the basic material. Fig. 8 shows that the
trend of the hardness measurements on the cross sections of the
two types thermo-chemical treated specimens is similar. The highest
value of HV 0.02 � 978 was found in the white layer of nitrided
specimens and HV 0.02 � 1088 in the white layer of carbonitrided
specimens. The values of microhardness decreases with increasing
distance from surface and 348 HV 0.02 is hardness of pearlite in
core region.

Fig. 4 S/N fatigue data after cyclic plane bending 

a) b)

Fig. 5 Typical structures of a) as-cast layer surface, 
b) sand blasted surface, etched 3% Nital
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a) lustrous carbon film b) slag

a) b) 

Fig. 7 Structure of a) nitrided layer, b) carbonitrided layer, etched with Klemm II

c) shrinkage d) casting sand

Fig. 6 Fatigue crack initiation places in as-cast and sand blasted specimens, SEM
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4. Conclusions

The surface characteristics of five different pearlite/ferritic NCI
specimen sets and their fatigue behavior were investigated. From
this study, the following conclusions can be drawn:

� The as-cast and sand blast surface condition produce similar and
low fatigue strength of NCI specimens (70 MPa at 4.106 cycles
for as-cast surface and 90 MPa at 2.106 cycles for sand blast
surface) compared to the fine ground surface condition. Fine
grinding of the NCI increases the fatigue strength of roughly
100 % (134 MPa at 2.106 cycles).

� Thermo-chemical treatment of smooth NCI specimens increases
further the fatigue strength because of the hardened surface layer
and the residual stress system. Carbonitriding and nitriding treat-
ments achieve similar and considerable fatigue strength improve-
ments (i.e. 50 %) compared to the untreated case (196,5 MPa
at 2.106 cycles for carbonitrided surface and 201 MPa at 2.106

cycles for nitrided surface).
� Fatigue fracture origins of nodular cast iron with as-cast and sand

blasted surface are largely attributed to the surface roughness and
defects existing in the vicinity of the surface and sub-surface.
The as-cast surface layers are characterized by the presence of
many defects and a brittle surface structure due to the presence
of lamellar graphite, which is very different from the base pearlite/
ferritic metal microstructure with nodular graphite.
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Fig. 8 Vickers microhardness measurements across the surface
hardened layer
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