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1. Introduction

Fatigue limit is one of the most important criteria determin-
ing the quality of components and structures. More than 90% of
all fractures are caused by fatigue in service [1, 2]. Fatigue lifetime
is investigated in the low-cycle region of loading (Nf � 104 – 105

cycles), high-cycle region of loading (104 – 105 � Nf � 2�106 – 107

cycles) and in the ultra-high-cycle region of loading (107 � Nf � 1010

cycles). In recent ten years, the ultra-high-cycle region of loading
(107 � Nf � 1010 cycles) has been investigated intensively by several
research teams. The aim of these experimental studies is to increase
the fatigue limit, safety and reliability of components and struc-
tures [3].

Conventional fatigue testing machines work in the frequency
range from f � 10 Hz to f � 200 Hz. The fatigue tests take a lot
of time and they are expensive. The fact that fatigue fractures occur
after more than Nf � 107 cycles of loading motivates the researches
to use experimental methods working with a high frequency cyclic
loading (f � 20 kHz) [3, 4]. 

Fatigue cracks most often occur on the surface. Therefore,
surface conditions (microstructure, roughness and residual stresses)
can have a significant effect on fatigue resistance resulting in the
increase of the fatigue resistance [5, 6]. Fatigue strength mostly
depends on surface roughness. The reducing of the surface rough-
ness about several-tenfold-percent can improve the fatigue limit
about 25–100 % [5].

The use of super-high strength steels is growing rapidly, due
to their outstanding characteristics. However most steels do have
a fundamental disadvantage namely their resistance to corrosion
and wear is often insufficient. The application of non-ferrous metal
coating is used in engineering praxis with the aim to renovate the
components, to increase the resistance to the effect of aggressive
environments, to increase the wear resistance and to produce dec-
orative coating. On the other hand, the coatings deposited by gal-
vanic metallization can cause a decrease of the fatigue limit [8].

Galvanic coating deposited on the surface of the metal in order
to protect it from corrosion or to increase resistance to abrasion,
usually produces in being covered basic material tensile stresses,
which reduce the fatigue resistance. During nickel galvanic metal-
lization, but also during other galvanic treatments, the negative
impact of treatment increases with an increase of material strength.

Thermal Spraying (THSP) is a group of processes that deposit
molten metallic or non-metallic surfacing materials onto a prepared
substrate. All thermal spraying processes introduce a feedstock
(usually a powder or wire) into a heating device (combustion or
electrical). There the material is heated, blended into the heat plume,
and sprayed onto a prepared substrate. The molten particles strike
the surface, flatten, and form thin platelets that conform and adhere
to the substrate and to one another. As they cool, they build up
a lamellar structure to form the desired coating. 

Physical vapor deposition (PVD) processes are family of coating
processes suitable for depositing corrosion protection and other
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functional layers onto steels. The TiN or TiCN coatings belong to
among of PVD coatings. The PVD coatings are produced by
BryCoat’s proprietary vacuum deposition technologies utilizing
cathodic arc coating technology. The advantage of this environ-
mentally friendly technology is that a wide variety of coating mate-
rials can be deposited (metals, alloys and compounds). 

The aim of this study is to reveal the influence of Ni and ZnFe
coatings deposited by galvanic metallization on the fatigue behav-
iour of S235JRG2 steel and influence of TiN coating deposited by
PVD process and WC coating deposited by THSP process on the
fatigue behaviour of S355J0 steel. The results are obtained from
fatigue tests in ultra-high-cycle region by the methods of high-fre-
quency loading.

2. Material and experiments

The materials used in experimental study were plain low carbon
structural steels, namely the S235JRG2 and S355J0 steel. Chem-
ical composition (in wt. %) and mechanical properties of experi-
mental materials are presented in tables 1 and 2.

Six series of specimens were used for the experimental research.
The 1st series represents the specimens made from the basic mate-
rial of S235JRG2 steel without any coating. The 2nd series was
made from the same steel with nickel coating. The microstructure
of S235JRG2 steel with Ni coating is shown in Fig. 1. The thickness
of Ni layer was about 38 μm. The 3rd series was prepared also from

already mentioned S235JRG2 steel with ZnFe coating, the micro-
structure is shown in Fig. 2. The thickness of ZnFe layer was about
40 μm. The 4th series represented the specimens made from basic
material of S355J0 steel without any coating. The 5th series was
prepared from the same steel with TiN PVD-coating (Fig. 3) and
in 6th series specimens with WC thermal sprayed coating were used
(Fig. 4). The thickness of TiN layer was about 4 μm and WC layer
about 100 μm.

A light metallographic microscope AXIO Imager A1m was
used for metallography analysis. Both experimental steels have
ferritic-perlitic fine-grained microstructure. The S355J0 steel was
delivered after normalization. The fractography analyses of frac-
ture surfaces were carried out by using scanning electron micro-
scope TESLA BS 340 [9], [10].

An ultrasonic resonant high-frequency fatigue machine KAUP-
ZU was used for fatigue tests. The experiments were carried out at
sinusoidal tension-compression loading with the frequency of 
20 kHz. The stress ratio of R � �1 was used. The smooth fatigue

Chemical composition and mechanical Tab. 1. 
properties of S235JRG2 steel

Chemical composition [wt. %]

C Mn Si S P Cr Ni W B

0.17 0.51 0.12 0.032 0.013 0.07 0.09 0.011 0.0001

Cu Mo V Ti Al Sn N Pb As

0.27 0.01 0.001 0.001 0.003 0.001 0.0065 0.002 0.001

Mechanical properties

Re [MPa] Rm [MPa] A5 [%]

340.0 445.6 30.8

Chemical composition and mechanical Tab. 2. 
properties of S355J0 steel

Chemical composition [wt. %]

C Mn Si S P Cr Ni W B

0.17 1.35 0.34 0.019 0.016 0.014 0.017 0.009 0.0002

Cu Mo V Ti Al Sn N Pb As

0.045 0.008 0.004 0.021 0.035 0.006 0.0073 0.019 0.005

Mechanical properties

Re [MPa] Rm [MPa] A5 [%]

429.1 557.3 28.6

Fig. 1 Microstructure of S235JRG2 steel with Ni coating

Fig. 2 Microstructure of S235JRG2 steel with ZnFe coating
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specimens with gauge diameter of 4 mm, were prepared according
to Puskar’s recommendations, so that they fulfil resonance condi-
tions at high frequency fatigue loading. Used testing methods and
procedures are described and explained in more detail in [4]. Fatigue
tests were performed at the ambient temperature (T � 20 � 3 ºC).
Specimens were cooled by distilled water with an anticorrosive
inhibitor. The whole specimens were grounded and polished for
elimination of surface roughness before the application of coat-
ings.

3. Results and discussion 

Results of high frequency fatigue tests obtained on S235JRG2
steel at uniaxial cyclic push-pull loading in the region from Nf �
�2.5 � 106 cycles to Nf � 3 � 1010 cycles are presented in the
form of S-N curve (dependence of stress amplitude vs. number of
cycles) in Fig. 5. The stress amplitude was chosen from the interval
σa � (260 – 160 MPa). There are represented the fatigue results
for specimens from basic material, specimens with Ni and ZnFe
coatings. All the specimens were cycled till fracture. It can be seen

that the experimental fatigue lifetime continuously decreases from
high-cycle to ultra-high-cycle region for all three series of speci-
mens. Decreasing stress amplitude leads to increase of number of
cycles to fracture. The fatigue lifetime of basic material is essen-
tially higher than that for the material with Ni coating in the region
of higher stress amplitude (σa � 200 MPa) and lower number of
cycles to fracture (Nf � 109 cycles). In this region of stress ampli-
tude the steel with ZnFe coating has approximately the same values
of fatigue lifetime as the basic steel. In the ultra-high-cycle region
any clear distinction of fatigue lifetime wasn’t detected among
basic material and steel with Ni and ZnFe coatings.

Three different types of coating fractures were observed in the
case of steel with Ni coating. The fatigue cracks were initiated either
from the specimen surface (e.g. from the surface of Ni coating) or
from the interface between base material and Ni coating. In the
region of high stress amplitude and low cycle region the granular
fracture of the coating was detected. The example for the speci-
men subjected to stress amplitude σa � 260 MPa is shown in Fig.
6. The fatigue lifetime was about Nf � 1.41�107 cycles. The thick-
ness of Ni layer was 38 μm. The decohesion between the base mate-
rial and coating (marked with arrows) was often observed.

With decreasing stress amplitude the character of coating
damage was changed. The example of fracture surface of the Ni
base layer in the case of specimen subjected to stress amplitude
σa � 200 MPa is shown in Fig. 7. Fatigue lifetime was Nf �
� 2.66�108 cycles. It can be seen that the fatigue fracture of the
coating has fine grained character. In the case of stress amplitude
lower than 185 MPa the fatigue striations were detected on the
fracture surface of Ni coating. The detail of fatigue striation in the
Ni coating is shown in Fig. 8 for the specimen subjected to stress
amplitude of σa � 185 MPa, Nf � 1.62�109 cycles. This indi-
cates the localization of high plastic deformation during the fatigue
crack growth. The fatigue fracture areas alternated the areas with
brittle fracture in the Ni coating. The brittle character of Ni coating
and change of fracture mode with decreasing stress amplitude can
be the reasons of premature degradation of tested steel with Ni
coating.

Fig. 3 Microstructure of S355J0 steel with TiN coating
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Fig. 5 The S-N dependence of the S235JRG2 steel

Fig. 4 Microstructure of S355J0 steel with WC coating
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In the case of FeZn coating the fatigue cracks were initiated
from the coating surface and propagated through this layer to the
specimen interior. In whole range of stress amplitudes the ductile
damage of FeZn coating was detected. No changes of fracture
mode were detected with decreasing  stress amplitude. This led to
similar fatigue lifetime in the whole range of cyclic loading as in the
case of basic material without coating. The example of fracture
surface of FeZn coating is shown in Fig. 9 for the specimen sub-
jected to stress amplitude of 260 MPa with fatigue lifetime Nf �

� 5.82�107 cycles. The exact fatigue crack initiation site could-
n’t be relived because of ductile fracture of FeZn coating which
had granular character.

Results of high frequency fatigue tests obtained on S355J0
steel are presented also in the form of S-N curve (Fig. 10). The
fatigue data for basic material and for steel with TiN and WC coat-
ings are mutually compared. The S-N curve continuously decreases
from high-cycle to ultra-high-cycle region. It can be seen that all

Fig. 6 Granular fracture surface of Ni coating on the S235JRG2 steel,
σa � 260 MPa, Nf � 1.41�107 cycles

Fig. 7 Fine grain fracture surface of Ni coating, σa � 200 MPa, 
Nf � 2.66�108 cycles

Fig. 8 Detail of fatigue striations on the surface of Ni coating, 
σa � 185 MPa, Nf � 1.62�109 cycles

Fig. 9 Ductile damage of FeZn coating, 
σa � 260 MPa, Nf � 5.82�107 cycles
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experimental data (for basic steel and steel with coatings also)
mutually differ less than 50 MPa in the whole range of stress ampli-
tude. In the region of high stress amplitude the steel with TiN
coating has higher fatigue lifetime than that for basic steel and
steel with WC coating. With decrease of the stress amplitude this
behavior was changed and the lifetime of steel with TiN coating is
lower than in the case of basic steel and steel with WC coating. It
can be probably explained by high scatter of data due to pores and
inhomogenities found in the WC coating. It is hard to say whether
or not the TiN and WC coating have positive or negative influence

on the fatigue lifetime when compared to basic steel. The fatigue
fracture character of the specimens with TiN and WC coatings
can be seen in Figs. 11–14. 

4. Conclusions

On the basis of this study and the obtained experimental
results it was determined that:
� Galvanic Ni coating causes a reduction of fatigue lifetime of the

S235JRG2 steel in the low-cycle fatigue region. On the other
hand, in the high and ultra-high-cycle fatigue area the influence
of galvanic metallization by Ni on the fatigue lifetime is not as
strong as in low-cycle fatigue area.

� Galvanic ZnFe coating doesn’t influence the fatigue lifetime of
the S235JRG2 steel in the whole range of cyclic loading. 

� The TiN coating deposited by PVD process and WC coating
deposited by thermal spraying have only weak influence of the
fatigue lifetime of S355J0 steel. 
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Fig. 11 Fracture surface of S355J0 steel with TiN coating, 
σa � 310 MPa, Nf � 9.1�107 cycles

Fig. 12 Detail of fatigue crack initiation site on TiN coating, 
σa � 310 MPa, Nf � 9.1�107 cycles
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Fig. 10 The S-N dependence of the S355J0 steel
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Fig. 13 Fracture surface of S355J0 steel with WC coating, 
σa � 310 MPa, Nf � 1.5�107 cycles

Fig. 14 Detail of fatigue crack initiation site on WC coating, 
σa � 310 MPa, Nf � 1.5�107 cycles




