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1. Introduction

During their operation machine parts can be exposed to varying 
loads and, at the same time, to sliding or rolling contact with mating 
components. This leads to the fatigue of material of these parts and 
their surface wear. 

One of the methods for improving operational properties of ma-
chine parts is the use of shot peening. A variant of dynamic burnish-
ing, this process consists in impacting a surface with shot in the form 
of round steel, glass or ceramic particles. This impact leads to the 
hardening of the surface layer and the production of compressive re-
sidual stresses. The results of numerous studies demonstrate that the 
application of shot peening significantly increases the fatigue life of 
shot peened parts [2, 4, 16, 19]. This increase mainly results from the 
presence of compressive residual stresses in the surface layer of the 
workpiece. The findings of tests conducted by the positron annihila-
tion method demonstrate that the distribution of residual stresses is 
connected with evolution of crystalline structure defects concentra-
tion [20]. As in the case of static burnishing, the effect of shot peen-
ing greatly depends on the properties of material subjected to shot 
peening, workpiece shape, geometrical structure of the surface prior 
to shot peening, tool design and technological parameters [5, 9, 18].

The geometrical structure of surface and physical properties of the 
surface layer affect the wear of interacting parts exposed to sliding or 
rolling [7, 10]. Wear, described as a process of changes in the surface 
layer of  interacting solids, leading to mass decrement or permanent 

strain of the surface of these solids, can be caused by different factors, 
and thus can have different characteristics [6, 8, 11].

A more wear-resistant surface can be produced by subjecting it 
to static or dynamic burnishing. The application of some burnishing 
methods enables forming lubricant-accumulating cavities on the sur-
faces of frictionally interacting components. The results of studies on 
wear resistance of slide bearings demonstrate that the forming of a 
helical groove on the pin surface results in decreased wear [15]. High-
er wear resistance, a lower friction factor and higher seizure resistance 
can be obtained by the application of oscillating burnishing that ena-
bles formation of a suitable system of lubricating microgrooves [13]. 
The presence of oil-accumulating cavities on the interacting surfaces 
has a positive effect on lubrication but, on the other hand, leads to an 
increase in unit pressure. It was found that seizure resistance depends 
on the distribution of lubricant-accumulating cavities and their shape 
[3]. In shot peening, the impact of shot impacting a surface leads to 
formation of microcavities which can serve as ”lubricant reservoirs.” 
The geometrical structure of surface formed during shot peening can 
also lead to the occurrence of adhesive ”attachments” [14].

Wear leads to changes in properties of the surface layer of inter-
acting components, which can affect their fatigue life. Examples of 
kinematic nodes in which interacting components are exposed to tri-
bological wear and fatigue of material due to varying loads are given 
in the work [17]. There are few studies which examine wear and fa-
tigue life at the same time. The study [1] reports the results of wear 
and fatigue life of titanium alloys used for biomedical implants, while 
the work [12] investigates the effect of various methods of thermal 
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W pracy przedstawiono wyniki badań doświadczalnych wpływu zużywania tribologicznego próbek ze stali C45, szlifowanych oraz 
kulkowanych wibracyjno – rotacyjnie, na trwałość zmęczeniową. Badano też wpływ zużywania na chropowatość powierzchni oraz 
rozkład naprężeń własnych w warstwie wierzchniej badanych próbek. Parametrem zmiennym w procesie zużywania był nacisk 
przeciwpróbki na próbkę. Trwałość zmęczeniową badano na specjalnym stanowisku, umożliwiającym cykliczne zginanie badanej 
próbki. Stwierdzono, że ze wzrostem nacisku przeciwpróbki następuje pogorszenie chropowatości powierzchni, ukształtowanie 
mniej korzystnych naprężeń własnych oraz zmniejszenie trwałości zmęczeniowej. Negatywne skutki zużycia tribologicznego bar-
dziej widoczne są dla próbek szlifowanych niż dla kulkowanych wibracyjno – rotacyjnie.

Słowa kluczowe: kulkowanie wibracyjno – rotacyjne, zużycie, chropowatość powierzchni, naprężenia własne, 
trwałość zmęczeniowa.
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and thermochemical treatment on the fatigue life and friction factor 
of Ti-6Al-4V alloy.

A survey of the literature reveals that previous research on the 
effect of vibratory and rotational shot peening on fatigue life did not 
take account of changes in surface layer properties caused by tribo-
logical wear during operation of the tested parts. The aim of this study 
is to determine the combined effect of vibratory and rotational shot 
peening and wear during sliding friction on the fatigue life of tested 
specimens.

2. Methodology

The experiments were performed on ring-shaped specimens 
made of annealed C45 steel and described by the dimensions given 
in Fig.1a. The chemical composition of the examined steel was as 
follows: carbon – 0.44%, manganese – 0.57%, silicon – 0.23%, phos-
phorus – 0.02%, sulfur – 0.03%, chromium – 0.18%, nickel – 0.25%, 
copper – 0.10%, iron – other. To ensure required surface accuracy, the 
specimens were subjected to grinding. 

The external surface of prepared specimens was subjected to 
vibratory and rotational shot peening on a test stand which is sche-
matically illustrated in Fig. 2. The specimens 6 are fixed on a rotating 
mandrel 3, its bearings mounted in the walls of a working chamber 2. 
The working chamber is set into vibration by a vibrator 1 driven by an 
electric motor 10. The working chamber 2 contains shot (loose steel 
balls) 5 which is fed into it after removing a lid 4. Due to vibration 
of the working chamber, the shot 5 collides with the external surface 
of the specimens 6. The uniformity of treatment of the entire external 
surface of the specimens 6 is ensured by rotation of the mandrel 3, 

wherein the specimens are fixed. The mandrel 3 receives power from 
an electric motor 9 via a reducer 8 and an elastic coupling 7. 

The technological parameters of the vibratory and rotational shot 
peening process were maintained constant at:

vibration frequency of the vibrator,  – ν = 7 Hz,
vibration amplitude of the vibrator,  – a = 60 mm,
time of shot peening,  – t = 20 min, 
shot diameter,  – dk = 6 mm,
rotational velocity of the workpiece,  – nk = 1.5 rev/min. 

Specimens subjected to grinding with vibratory and rotational 
shot peening were exposed to tribological wear on a test stand, the 
schematic design of which is shown in Fig. 3. A specimen 1 was fixed 
to a spindle 2 rotated with a velocity n. The external surface of the ro-
tating specimen 1 was put under load of a counterspecimen 5 mounted 
in a chuck 6. Counterspecimens, the shape and dimensions of which 
are given in Fig. 1b, are made of cast iron EN-GJL-HB195. The pres-
sure on the counterspecimen was applied by means of a lever 4 loaded 
using weights 3. The force F was changed by changing the weight of 
the weights 3.

The results of preliminary experiments helped determine the 
conditions for performing tribological tests.  The constant parame-
ters were the tangential velocity of the specimen, v = 0.586 m/s, and 
the friction path, s = 10584 m. The counterspecimen pressure on the 
specimen was variable and  set to p1 = 1.92 MPa and p2 = 3.73 MPa. 
Lubrication was done using the HIPOL GL4 oil. Prior to the prin-
cipal research, the specimen and counterspecimen were subjected to 
lapping. Following the wear, mass decrement in the specimens was 
measured (by comparing the difference in specimen mass prior to and 
after wear).

Worn and unworn specimens were divided into two batches. One 
was used for examining surface layer properties, the other – for com-
parative analysis of fatigue life. The surface layer was examined with 
respect to surface roughness (Ra parameter) and the distribution of 
residual stresses. The surface roughness parameter Ra was measured 
using the Surtronic 3+ roughness measuring instrument manufactured 
by Taylor Hobson. A selection of specimens was also subjected to 
3D topography examination made using the T8000RC 120-140 de-
vice manufactured by Hommel – Etamic. The distribution of resid-
ual stresses was determined by mechanical method (measurement of 
strains after removal of subsequent layers of specimen material) using 
nitric acid solution etching.

The next stage of the study involved determination of the fatigue 
life of worn and unworn specimens after both vibratory and rotation-
al shot peening and grinding. Fatigue life tests were performed on 
the test stand illustrated in Fig. 4. Prior to the tests, the specimens 

Fig. 1. Shape and dimensions of specimen (a) and counterspecimen (b)

Fig. 2. Schematic design of the stand for vibratory and rotational shot peen-
ing tests: 1 – vibrator, 2 – working chamber,  3 – rotating mandrel, 
4- lid, 5 – shot, 6 – specimen, 7 – elastic coupling, 8 – reducer, 9 – elec-
tric motor supplying power to mandrel, 10 – electric motor supplying 
power to vibrator

Fig. 3. Schematic design of a device for testing tribological wear: 1 – speci-
men, 2 – spindle, 3 – weights, 4 – lever, 5 – counterspecimen, 6 – 
chuck
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were cut in order to remove a part of the ring in the specimen. 
Thereby prepared specimens were fixed in chucks 3 and 5. The 
motion of a connecting rod 1 generated by a lever 2 led to bend-
ing of the specimen 4. The testes were conducted at a constant 
amplitude of specimen strains. Fatigue life was 
measured as the number of contraflexures until 
specimen failure. 

Each test was repeated seven times. Based 
on the results, mean and standard deviations 
were calculated. 

3. Results

The investigation of surface rough-
ness and residual stresses was conducted on 
specimens subjected to grinding and those 
subjected to grinding with wear as well as 
on specimens subjected to vibratory and ro-
tational shot peening and those subjected to 
shot peening with wear.

The results of the surface roughness pa-
rameter Ra after grinding and after grinding 
with wear are illustrated in Fig. 5. The diagram gives mean values 
of the Ra parameter and the error columns show standard devia-
tions. The wear of the ground specimens exposed to a pressure of 
1.92 MPa led to a slight increase in Ra (by approx. 30%), while 
the wear at a pressure of  3.73 MPa led to a significant increase 
in surface roughness – the Ra parameter increased almost by three 
times (Fig. 5). 

Fig. 6 shows the specimen surface topography after grinding 
while Fig. 7 shows the specimen surface topography following grind-
ing with wear. One can notice visible marks of surface wear, particu-
larly following wear under a pressure of 3.73 MPa.

The application of vibratory and rotational shot peening to the 
surface subjected to grinding led to decreasing surface roughness by 
approx. 30% (Fig. 8). The wear of shot peened surfaces had an insig-
nificant effect on surface roughness. Wear at a pressure of 1.92 MPa 
resulted in a slight decrease in surface roughness, while wear under 
a pressure of 3.73 MPa led to a slight increase in surface roughness 
amounting to 37%.

Fig. 9 illustrates the specimen surface topography after shot peen-
ing whereas Fig. 10 shows the topography after shot peening and 
wear. The surface exposed to shot peening reveals the presence of 
microcavities produced due to the impact of shot (Fig. 9). As can be 
seen in Fig. 10a, the shot peening with wear at a pressure of 1.92 MPa 

Fig. 4. Schematic design of a device for fatigue life tests: 1 – con-
necting rod, 2 – lever, 3 – left chuck, 4 – specimen, 5 – 
right chuck

Fig. 5. Surface roughness parameter Ra after grinding (G), grinding with 
wear under pressures 1.92 MPa (G+W1) and  3.73 MPa (G+W2)

Fig. 7. Specimen surface topography after grinding with wear: a) pressure 1.92 MPa, b) pressure 
3.73 MPa

Fig. 6. Specimen surface topography after grinding

Fig. 8. Surface roughness parameter Ra shot peening after  (SP), shot peen-
ing with wear under pressures 1.92 MPa (SP+W1) and  3.73 MPa 
(SP+W2)
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did not cause total removal of the microcavities from the specimen 
surface. In contrast, the wear at a pressure of 3.73 MPa resulted in 
complete removal of microcavities while the traces of wear are more 
visible compared to the surface after wear under a smaller pressure  
(Fig. 10b).

The results demonstrate that balls impacting the specimen surface 
in vibratory and rotational shot peening form microcavities on the 
specimen surface where oil is accumulated during wear.  The presence 
of oil reduces the direct impact of counterspecimen on the specimen, 
which has a positive effect on specimen surface roughness.

The distributions of residual stresses in the surface layer of 
the tested specimens are shown in Figs. 11 and 12. After grind-

ing, the tensile residual stresses reach up to ap-
prox.  90 MPa and, at a depth of 0.13 mm, they 
change into compressive stresses. The wear of 
ground specimens at a pressure of 1.92 MPa 
resulted in a decrease in the tensile residual 
stresses, both their values and the depth of their 
location, while increasing the pressure to 3.73 
MPa led to an over two-time increase in the ten-
sile residual stresses (Fig. 11).

The application of vibratory and rotational 
shot peening led to formation of compressive 
residual stresses in the surface layer, with a 
maximum (absolute) value of about 300 MPa, at 
a depth of about 0.4 mm (Fig. 12). The wear of 
specimens subjected to shot peening at a pres-
sure of 1.92 MPa did not cause any significant 
changes in the distribution of residual stresses, 
while in the specimens put under a pressure of 
3.73 MPa, the compressive residual stresses de-

creased, particularly at the surface. 
The increase in the tensile residual stresses in the specimens 

subjected to grinding and the decrease in the compressive residual 
stresses in the shot peened specimens due to wear at a pressure of 3.73 
MPa can result from a larger amount of heat released during wear at 
higher pressures. 

Fig. 13 illustrates the mass decrement due to wear of the speci-
mens subjected to grinding and shot peening. One can observe a 
higher mass wear of the specimens subjected to grinding compared 
to shot peened specimens. This can be attributed to improved lubri-
cation of the surface after grinding and, perhaps, to the hardening 
of the surface layer due to shot peening. The specimen wear also 
depends on the pressure exerted by the counterspecimen, which can 
particularly be observed in the case of specimens subjected to grind-
ing (increase in pressure from 1.92 MPa to 3.73 MPa increases wear 
by three times).

Figs. 14 and 15 show the effect of wear on the fatigue life of 
specimens subjected to grinding and shot peening. The results reveal 
a positive effect of vibratory and rotational shot peening on fatigue 
life (over a three and a half increase compared to the ground speci-
mens). The wear at a pressure of 1.92 MPa had little effect on fa-
tigue life (it slightly decreases after the wear of specimens subjected 
to grinding), whereas increasing the counterspecimen pressure on 
the specimen to 3.73 MPa led to a significant decrease in its fatigue 
life – by 51% in the case of ground specimens, and by – 18% in the 
case of shot peened specimens. The decrease can be attributed to a 

Fig. 9. Specimen surface topography after vibratory and rotational shot peening 

Fig. 10. Specimen surface topography after vibratory and rotational shot peening with wear: a) pressure 
1.92 MPa, b) pressure 3.73 MPa 

Fig. 11. Distribution of residual stresses σ at depth g in specimens exposed to 
grinding (G), grinding with wear at pressures 1.92 MPa (G+W1) and 
3.73 MPa (G+W2)

Fig. 12. Distribution of residual stresses σ at depth g in specimens ex-
posed to shot peening (SP), shot peening with wear at pressures 
1.92 MPa (SP+W1) and  3.73 MPa (SP+W2)
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less desired distribution of residual stresses and increased surface 
roughness. These undesired changes in the surface layer properties 
occur to a lesser extent in the shot peened specimens, which leads to 
their longer fatigue life.

4. Conclusions

The experimental results led to formulation of the following con-
clusions: 

The tribological wear of C45 steel specimens due to the effect 1. 
of sliding on cast iron counterspecimens at a pressure of 3.73 
MPa causes undesired changes in properties of the surface lay-
er, which results in decreased fatigue life of these specimens.

The deterioration in the surface layer properties and the de-2. 
crease in fatigue life are more visible for the specimens sub-
jected to grinding with wear than for those subjected to shot 
peening. 
As for the specimens exposed to wear at a counterspecimen 3. 
pressure of 1.92 MPa, we can observe a slight decrease in the 
fatigue life of specimens subjected to grinding, while the wear 
of specimens subjected to shot peening does not significantly 
affect their fatigue life. 
Vibratory and rotational shot peening leads to a higher fatigue 4. 
life of both parts which are not exposed to tribological wear 
and, to a higher degree, parts which are exposed to the wear 
process. 
Vibratory and rotational shot peening also increases tribo-5. 
logical wear resistance of parts. The changes in geometrical 
structure of the specimen surface exposed to shot peening 
help accumulate oil between the surfaces of interacting com-
ponents, which leads to a smaller mass decrement of these 
components. 

The practical significance of the investigated problem stems from 
the fact that machines contain numerous components which are ex-
posed to fatigue and tribological wear at the same time. The applica-
tion of vibratory and rotational shot peening in the manufacturing of 
such components, a process which leads to formation of lubrication-
improving microcavities on workpiece surface and generation of re-
sidual stresses, has a positive effect on operational life of such com-
ponents. 

Fig. 14. Number of contraflexure cycles N until specimen failure after grind-
ing (G), grinding with wear at pressure 1.92 MPa (G+W1) and at 
pressure 3.73 MPa (G+W2)

Fig. 15. Number of contraflexure cycles N until specimen failure after shot 
peening (SP), shot peening with wear at pressure 1.92 MPa (SP+W1), 
and at pressure 3.73 MPa (SP+W2) Fig. 13. Mass decrement um after grinding with wear at pressures 1.92 MPa 

(G+W1) and 3.73 MPa (G+W2) and after shot peening with wear at 
pressures 1.92 MPa (SP+W1) and 3.73 MPa (SP+W2)
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