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1. Introduction 

The fatigue of structural materials is a phenomenon which has
been continuously investigated more than 170 years. The fatigue
properties obtained by experimental techniques are very important,
especially with regards to safety, reliability of engineering compo-
nents and constructions, which is closely connected with economy
and ecology of production [1–3].

Natural gas is transported through big distances in pipes under
high pressure. Due to the friction of the gas with the pipe and tur-
bulences caused by fittings and bent adapters the value of the pres-
sure inside the pipe decreases. To restore the pressure it is necessary
to periodically add compressor stations into the pipe system. Vibra-
tions created by compressors and rapid pressure changes in the
pipes cause fatigue damage of used material. Several methods of
non – destructive testing as a penetration test, magnetic particle
test and so on are used to identify propagating fatigue cracks [4].
Damage of a high pressure gas pipe is usually followed by big explo-
sion which causes devastating disaster. These are the reasons why
it is necessary to increase fatigue life of X70 steel used for high
pressure gas pipes [5].

Deformation strengthening of the surface layer is one of the
methods used to increase time necessary for a fatigue crack ini-
tiation. Due to a difficult shape of gas pipes not all the methods of
surface hardening can be used. One of suitable methods, which is
possible to use on gas pipes is shot peening. Shot peening is a cold
– working process of surface treatment, where the surface is bom-
barded with small and hard spherical media called shots. Impact
of every shot causes a plastic deformation of the surface and

a dimple is created [6, 7]. Tension deformation necessary for cre-
ation of a dimple causes compression residual stress in the subsur-
face layers of the material. This compression residual stress mainly
increases the time necessary for fatigue crack initiation which
increases the total fatigue life of a component or a construction.

The measurement of residual stress by X-ray diffraction (XRD)
relies on the fundamental interactions between the wave front of
the X-ray beam and the crystal lattice. By residual stress measur-
ing using X-ray diffraction (XRD), the strain in the crystal lattice
is measured and the associated residual stress is determined from
the elastic constants assuming to a linear elastic distortion of the
appropriate crystal lattice plane. Since X-rays impinge over an area
for about 2 mm2 on the sample, many grains and crystals will con-
tribute to the measurement. The exact number is dependent on the
grain size and beam geometry. Although the measurement is con-
sidered to be near surface, X-rays do penetrate some distance into
the material: the penetration depth depends on the anode, material
and angle of incidence. Hence the measured strain is usually over
a few microns depth under the surface of the specimen [8].

In this paper the authors publish their own results of experi-
mental examination of pipeline steel X70 fatigue properties before
and after shot peening application including relaxation of residual
stresses during rotating bending fatigue loading. 

2. Experimental part

Results of quantitative chemical analysis of X70 steel are listed
in Table 1. They show that the steel has a very low carbon content
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(because very good weldability is required) and two microalloying
elements Nb and V which increase the toughness of material.
Microstructure of experimental X70 steel (Fig. 1, Fig. 2) consists
of polyedric grains of ferrite and perlite. The microstructure has
a very strong deformation texture (ferrite and pearlite grains create
rows) which was caused by the rolling of X70 steel during its man-
ufacturing. 

Mechanical properties (Table 2) show medium tensile strength
and high elongation which makes a good assumption that shot

peening treatment could create strengthened surface layers which
would increase the time necessary for fatigue crack initiation. From
X70 steel sheet metal of thickness 14 mm were cut pieces in lon-
gitudinal direction, which were machined to obtain 21 pieces of
round specimens and 21 pieces of notched specimens for rotating
bending fatigue tests. Rotating bending fatigue tests with parame-
ters: frequency f � 30 Hz, temperature T � 20 � 5 °C and stress
ratio R � �1, were carried out on the as – machined and shot
peened smooth specimens and on as – machined and shot peened
notched specimens with geometry according to ISO 1143 [9], Figs.
3 and 4. The shot peening treatment of specimens [10] was real-
ized with the use of parameters including Almen intensity pre-
sented in Table 3.

Microhardness measurement on the cross section of specimens
was carried out by Vickers method at a loading weight 200 g for

Chemical composition of X70 steel (in weight %) Tab. 1 

C Si Mn P S Nb V Fe

0.09 0.30 1.71 0.016 0.002 0.05 0.06 balance

Mechanical properties of X70 steel Tab. 2 

Rm (MPa) Re (MPa) A (%)

605 495 21.6

Fig. 1 Microstructure of X70 steel, longitudinal cut, etch. Nital

Fig. 3 Shape and dimensions of smooth specimens for fatigue tests Fig. 4 Shape and dimensions of notched specimens for fatigue tests

Fig. 2 Microstructure of X70 steel, transversal cut, etch. Nital

Parameters of performed shot peening treatment Tab. 3

Shot type and diameter (μm) Almen Intensity Coverage (%)

S 170 (steel, ø � 425 μm) 8A 100
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15 s. To study the state of residual stresses, XRD analysis was per-
formed on all series of specimens using an AST X-Stress 3000 X-
ray diffractometer (radiation Cr Kα, irradiated area 2 mm2, sin2ψ
method, diffraction angles (2θ) scanned between �45° and 45°).
Measurements were carried out in depth step by step removing
a very thin layer of material using an electro – polishing device in
order to obtain the in - depth trend of residual stresses. A solution
of acetic acid (94 %) and perchloric acid (6 %) was used for
electro – polishing.

3. Results and discussion 

Results of fatigue tests, the dependence of rotating bending
stress vs. number of cycles to failure (or run out), S – N curves,
obtained in the region from N � 105 cycles to N � 107 cycles for
smooth specimens and notched specimens are shown in Figs. 5
and 6. According to these figures it is obvious that the fatigue life-

time continuously increases with the decrease of rotating bending
loading. The results after shot peening application obtained for
the smooth specimens and notched specimens are also shifted to
a higher number of cycles, to the right side of the plot, and it entails
better fatigue properties. The fatigue limit σoc was determined at
the run – out number of N � 3 
 106 cycles with using a staircase
procedure. Fatigue limit σoc in the case of smooth as machined
specimens was σoc � 380 MPa and for shot peened specimens 
σoc � 400 MPa, the increase is 5.26 %, Fig. 5. The fatigue ratio
σoc/Rm increased from σoc/Rm � 0.628 to σoc/Rm � 0.661. In the
case of notched as machined specimens the fatigue limit σoc was
σoc = 230 MPa and for shot peened specimens σoc � 280 MPa,
the increase is 24.73 %, Fig. 6. The fatigue ratio σoc/Rm increased
from σoc/Rm � 0.380 to σoc/Rm � 0.462. The influence of shot
peening application on the fatigue properties, resistance against
fatigue degradation mechanisms is visibly higher for notched spec-
imens than for smooth specimens. These results are in good agree-
ment with works [11, 12], where an increase of fatigue properties

Fig. 5 S – N curves of X70 steel before 
and after shot peening application (smooth specimens)

Fig. 6 S – N curves of steel X70 before 
and after shot peening application (notched specimens)

Fig. 7 Surface morphology of X 70 steel after shot peening application,
etch. Nital

Fig. 8 Surface layers microhardness values, X70 steel, 
before and after shot peening application
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after application of shot peening on the surface of the structural
materials is presented; the fatigue properties of structural materi-
als can be increased up – to 20 %. Better fatigue properties of X70
steel after shot peening are the result of quantitative changes in the
surface layers; the characteristic surface morphology is created
(Fig. 7), mechanical and technological properties are changed,
Figs. 8 and 9. The characteristic surface morphology is the result

of multiple impacts of the shots on the surface of the specimens,
an indentation is created which is surrounded by a plastic region
followed by an elastic zone Fig. 7. The surface morphology changes
are accompanied usually with increased surface hardness (Fig. 8)
and FWHM (Full With at Half Maximum), Fig. 9, due to the cold
– working effect of shot peening [13]. Microhardness is higher at
the surface (237 MHV) and with gradually increasing depth in
a direction to the axis it has a decreasing character (207 MHV for
the core of material). The variation of microhardness values is
caused by different orientation and deformation of grains. The
parameter FWHM shown in Fig. 9, measured by X – ray diffrac-
tion (XRD) represents the full width of the diffraction peak at half
of the maximum intensity and it is assumed as an index of hard-
ening of the material. As it is observed in Fig. 9 the on – surface
amount of FWHM is growing with increasing kinetic energy of
the shot peening process. It is to be noted that the thickness of the
work – hardened layer can be estimated as the thickness of the
layer which shows considerably increased FWHM values in com-
parison with the core of material. The microhardness is closely
related to FWHM and residual stresses which represents resistance
of material to local plastic deformation. The decrease of microhard-
ness and FWHM corresponds to the decrease of residual stresses
(see Figs. 8, 9 vs. Fig. 10). Relaxation of residual stresses can be
observed by comparing the residual stresses of specimens before
fatigue test and residual stresses of specimens after fatigue test,
Fig. 10. 

Residual stresses of specimens after fatigue tests had compa-
rable values on the surface with the specimens before fatigue tests,
but it is obvious that after the fatigue test the values of residual
stresses decrease much faster and reach minimum in a smaller
depth than specimens before fatigue tests. This means that during
cyclic loading the residual stresses in the surface and subsurface
layers relax which lowers the strengthening effect and lowers the
fatigue lifetime of metallic components [12]. 

4. Conclusions

With regard to the obtained results of X70 pipeline steel at
rotating bending fatigue tests (f � 30 Hz, T � 20 � 5 °C, R � �1)
it can be stated:
– shot peening application causes deformation strengthening of

surface layers of tested steel,
– fatigue limit determined for smooth as – machined specimens

was σoc � 380 MPa and for smooth shot peened specimens 
σoc � 400 MPa,

– fatigue limit determined for notched as – machined specimens
was σoc � 230 MPa and for notched shot peened specimens 
σoc � 280 MPa,

– increase of fatigue limit σoc after shot peening application was
visibly higher for notched specimens than for smooth specimens,

– during rotating bending fatigue loading the residual stresses in
subsurface layers relax, whhich lowers the strengthening effect
after a certain number of cycles,

– the role of shot peening as a cold – working process at increas-
ing of X70 steel fatigue properties is positive.
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Fig. 9 FWHM profile, X70 steel, before and after fatigue tests

Fig. 10 Distribution of residual stresses, X70 steel, 
shot peened specimens before and after fatigue tests
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