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RESEARCH OF THE INFLUENCE OF LONG-LASTING CYCLIC 
LOADING ON THE GEOMETRY OF THE BUMP FOIL OF A GAS 
FOIL BEARING

BADANIA WPŁYWU DŁUGOTRWAŁEGO OBCIĄŻENIA CYKLICZNEGO  
NA GEOMETRIĘ FOLII PODPIERAJĄCEJ GAZOWEGO ŁOŻYSKA 
FOLIOWEGO
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Abstract   The article describes the research aimed at checking the effect of a long-lasting pulsating load on the geometry 
of the bump foil of a foil bearing. The tested foil was made of Inconel 625, which is one of the most popular 
alloys used to manufacture components of foil bearings. The foil was tested both before and after its heat 
treating in an electric furnace. The foil was subjected to loading using an electromagnetic vibration exciter, 
whose exciting force and frequency were appropriately selected. The height of the individual bumps of the 
foil was the basic parameter controlled after each measurement series. In addition, wear of the foil at the 
contact points with the plates of the test rig was checked. The materials of which the elements of the tested 
system were made are the same as the ones used in a real bearing. The article presents graphs that show how 
the geometry of the bump foil changed during the research. The wear of the elements mating with the bump 
foil was also evaluated.

Słowa kluczowe:  gazowe łożyska foliowe, łożyska wysokoobrotowe, sztywność folii falistej.

Streszczenie   W artykule opisano badania, których celem było sprawdzenie wpływu długotrwałego obciążenia tętniącego 
na geometrię folii podpierającej łożyska foliowego. Testom poddano folię wykonaną z jednego z najbardziej 
popularnych stopów stosowanych na elementy łożysk foliowych (Inconel 625). Najpierw badano ją w stanie 
surowym, a następnie po wygrzaniu jej w piecu. Obciążanie badanej folii było realizowane za pomocą elek-
tromagnetycznego wzbudnika drgań, który pracował z dobraną siłą i częstotliwością. Podstawowym parame-
trem, który był kontrolowany po każdej serii pomiarowej, była sztywność poszczególnych wypukłości folii. 
Dodatkowo sprawdzano zużycie folii w miejscach jej styku z płytami stanowiska badawczego. Materiały, 
z których wykonane były elementy badanego układu, zostały dobrane tak, jak w rzeczywistym łożysku. W ar-
tykule przedstawiono charakterystyki, które opisują zmianę geometrii folii falistej w czasie badań. Oceniono 
także zużycie elementów współpracujących z folią podpierającą.

INTRODUCTION

Due to their properties, foil bearings are increasingly 
considered to be used as shaft supports, even in 
microturbomachines [L. 1] whose rotational speed can 
be as high as 100,000 rpm [L. 2]. Such bearings are 
characterised by good vibration-damping properties 

and variable stiffness, because their radial clearance can 
adapt itself to current operating conditions. Therefore, 
they can be sometimes used instead of classical 
aerostatic gas bearings [L. 3]. The growing interest in 
foil bearings is a result of the creative work of many 
scientists who carried out research on a huge number of 
bearing designs of various generations. As the supporting 
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structure of a foil bearing’s journal exhibits nonlinear 
behaviour during operation [L. 4], work is already 
on-going to take advantage of this fact to improve the 
dynamic performance of high-speed machinery [L. 5]. 
Generation II classical radial foil bearings consist of 
one top foil and several bump foils [L. 6], and classical 
axial foil bearings are composed of several top foils and 
several bump foils. In many scientific articles, authors 
focus their research on the structural layer alone [L. 7] 
or on the whole bearing that is treated as a system of 
mating structural components [L. 8]. The majority of 
foil bearing designs includes a bump foil (also known 
as a supporting foil), which is the main part of the 
journal supporting structure. In the literature, one can 
find research relating to the bump foil alone but mainly 
theoretical considerations are presented. Experimental 
tests of the bump foil are very often done to analyse 
its properties so as to make it ready for practical 
applications. The bump foil is a very important element 
of a foil bearing [L. 9], as it affects not only the bearing’s 
stiffness but also energy dissipation that occurs due to 
friction between the sleeve and the foils [L. 10]. The 
stiffness of the bump foil should not change, even during 
long hours of operation when it is subjected to cyclic 
loading. Furthermore, the foil should be resistant to high 
temperatures [L. 1]. If the shape of the particular bumps 
does not change due to the friction and motion of other 
bearing elements, it means that this bearing has good 
vibration-damping properties. 

Article [L. 11] presents research on the structural 
stiffness of the bump foil (made of Inconelu X-750) 
after using different heat treatment techniques, such as 
annealing and precipitation strengthening. This foil was 
to be used in an axial foil bearing. The research was 
focused on the determination of the dependence between 
the static force and displacement as well as dynamic 
loading over time. The stiffness of the whole bump foil 
was measured after various static forces were applied. 
During the dynamic tests, many loading and unloading 
cycles were performed at constant excitation amplitude 
in order to analyse changes in the bump foil height. The 
authors of the paper arrived at a conclusion that the 
heat treatment had a significant impact on the structural 
stiffness of the bump foil. 

At the Institute of Fluid Flow Machinery (in 
Gdańsk), there are developed high-speed turbomachines 
and foil bearings that could be used in them [L. 12]. Such 
devices must frequently operate under high temperature 
conditions. There has been a lot of research in recent 
years on foil bearings that operate under such conditions 
[L. 13, 14]. The research presented in the further part of 
this article is a continuation of the research described in 
papers [L. 15, 16], which aimed at determining the static 
and dynamic stiffness of a foil bearing. The research 
results described herein have to come with answers to 
the following questions: Does long-lasting loading the 
bump foil affect its stiffness?; If the stiffness changes, 

will the height of the foil bumps change as well?; Will the 
properties of the bump foil (made of Inconel 625) change 
if it is exposed to high temperature (bearing in mind 
the fact that no heat treatment techniques were used)? 
It should be noted that the performed measurements 
of the height of particular foil bumps also allows one 
to determine their stiffness. The lower the strain of 
a bump is after applying a force, whose parameters 
were constant, the higher is its stiffness. Therefore, it 
can be stated that the bumps whose height is higher after 
conducting the research have higher stiffness.

THE TEST RIG AND THE TEST OBJECT

In all foil bearings with a journal diameter lesser than 50 
mm, which are described in the scientific literature, the 
height of bumps of the bump foil (BF) is usually lower 
than 0.5 mm [L. 17]. Because of such small dimensions 
of the BF, it is difficult to analyse changes in the shape 
or height of each bump [L. 11]. For the purposes of 
the research discussed herein, a BF was manufactured 
whose geometrical dimensions are shown in Fig. 1. The 
dimensions were proportionally selected for stiffness 
as well as the friction and wear mechanisms of mating 
elements which were similar to those occurring in a real 
bearing [L. 18]. The BF was made of INCONEL 625, 
which is one of the most popular materials used for that 
purpose (as far as the information found in the literature 
is concerned). This material is a nickel-based superalloy 
that possesses high mechanical strength, excellent wear 
resistance, and can serve as a protection against corrosion 
[L. 19]. The foil thickness was 0.1 mm. The research 
was carried out in two stages. In the first stage, Inconel 
was tested in the same condition as it was upon arrival 
from the producer (i.e. after annealing). In the second 
stage, the formed BF was exposed to high temperature 
(700°C) for two hours and then cooled with water. Both 
BFs are shown in Fig. 2. One can notice that the bottom 
BF became a little darker after its exposure to the high 
temperature. 

Fig. 1.  Geometrical dimensions of the tested bump foil
Rys. 1.  Wymiary geometryczne badanej folii falistej 

 
Loading the BF was carried out using a vibration 

exciter and two mating plates (similarly as this happens 
in a foil bearing). The scheme demonstrated below 
(Fig. 3) shows the elements of which the test rig was 
composed. The vibration exciter was mounted on the 
supporting frame. A force sensor and a vibrating plate 
(made of aluminium) were fixed to the exciter. The 
vibrating plate has a notch that allows the tested BF  
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Fig. 2.  Exemplary bump foils that were used in the 
research

Rys. 2.  Przykładowe folie faliste użyte do badań

Fig. 3.  Diagram and photo of the test rig 
Rys. 3.  Schemat oraz zdjęcie stanowiska badawczego

to be attached to it in such a way that the part of the BF 
located between the bumps adheres to this plate. The top 
parts of the bumps of the BF adhered to the fixed plate 
(made of bronze), which was fixed to the supporting 

frame. An initial clamp was applied to the BF, similarly 
as it was in the foil bearing during the tests of its static 
[L. 15] and dynamic [L. 16] loading. The magnitude 
and frequency of the excitation force were set using the 
signal generator, vibration exciter (Fig. 4), and LMS 
SCADAS data acquisition hardware. 

Fig. 4.  Photos demonstrating the test rig and devices used 
for excitation control

Rys. 4.  Zdjęcia stanowiska badawczego i urządzeń 
sterujących wymuszeniem

The excitation frequency was 20 Hz and the signal 
was sinusoidal. These parameters were set on the basis 
of the characteristics of the foil bearings obtained in 
the previous research. At such an excitation frequency, 
the set of foils possessed high stiffness and very good 
vibration-damping properties [L. 16]. In order to be able 
to compare the results of tests carried out on various 
BFs, every effort was made to keep the reactive force at 
the same level, which means that the reactive force was 
constant during one test. 

One aim of the research was to obtain the desired 
shape of the foil (see “theoretical shape” in Fig. 1). 
Then, the measurement of the stiffness was made to 
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Fig. 5.  Stiffness measurement of the bump foil
Rys. 5.  Zdjęcie przedstawiające pomiar sztywności folii fali-

stej

get the reference value. During this measurement, the 
micrometre gauge was used in such a way that the BF 
was fixed to the surface plate (made of bronze) using the 
foil lock. Elastic rubber was used that did not limit the 
foil movement in its longitudinal direction but pressed it 
against the plate. The forming process of the foil leads 
to the creation of a certain curvature, which is beneficial 
in the case of foils used in foil bearings; however, it was 
quite an issue in the described measurements. That is 
why the elastic rubber was used, aiming to straighten 
the foil so that it adhered to the surface plate. During 
the measurement of the height of the foil bumps, only 
the micrometric screw of the micrometre gauge was 
used, which always has the same tightening torque  
(Fig. 5). Fig. 5 presents a photo that was taken during the 

measurement of the height of the bumps. The stiffness of 
each bump was estimated on the basis of its height with 
a constant clamping force of the micrometric screw of 
the micrometre gauge. This measurement method had 
one more advantage, i.e. the BF rigidly adhered to the 
surface plate. Every measurement was performed in the 
direction of the symmetry axis of a foil bump and was 
repeated 3 times for each bump. Next, average values 
were calculated. 

RESULTS OF THE EXPERIMENTAL TESTS

The first measurement was treated as a trial measurement, 
and it served to check the behaviour of the BF that was 
subjected to excitation generated by the vibration exciter. 
After the foil was formed, it was fixed to the vibrating 
plate. The reactive force, measured by the force sensor, 
was 21 N. Straight away, after the shaping process of the 
foil had ended, the BF was loaded with a force of 21 N 
for 18 hours. The results of the stiffness measurements 
carried out after 4 and 18 hours of the BF loading are 
presented in Fig. 6. The values on the axis of ordinates 
show the height of each bump after applying the given 
clamping force of the micrometric screw. The axis of 
abscissae represents the length of the BF, where values 
0 and 61 denote, respectively, the fixing place of the BF 
and its free end. The real shape of the BF was slightly 
different, but scaling was used to better illustrate the 
height differences. 

Fig. 6. Changes in the height of all foil bumps after a cyclic load of 21 N was applied
Rys. 6.  Wykres przedstawiający zmianę wysokości każdego wybrzuszenia folii falistej przy obciążeniu 21 N

A dotted black line represents the theoretical shape 
of the BF – in other words, the shape that was designed 
using the CAD engineering tools. The height of each 
bump after the BF forming process is shown using a solid 
black line. The two remaining solid lines demonstrate 
the BF height after performing excitation tests on the 
test rig. The green line shows the height of the BF bumps 
after 288,000 loading and unloading cycles that lasted 4 

hours, and the red line shows the results obtained after 
1,296,000 loading and unloading cycles, which took 18 
hours. The same colours of the lines were used on all the 
graphs presented in the further part of this article. 

After taking a look at the graph shown in  
Fig. 6, one can notice that the formed BF was deformed 
elastically – uniformly along its entire length – and the 
height was lower by about 20% in comparison with the 
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height obtained for the theoretical shape. All bumps had 
the same height. The height of the BF measured after 4 
hours of the excitation test was only slightly different 
from the one that was measured after continuing loading 
and unloading cycles for another 14 hours. The height 
of the bumps was at the same level as it was before the 
tests commenced, which means that the excitation force 
of 21 N did not cause a change in the height of the BF. 
As it was already mentioned, the height measurement 
was carried out three times for each tested sample. 
Each time, the GF was detached from the surface plate 
and attached to it again so as to exclude any possible 
errors. For example, there was no return of a bump to 
its previous shape after a load was applied using the 
micrometric screw. The differences between the results 
of three measurements carried out for this foil were less 
than two percentage points. 

Next, a new foil was formed and fixed to the test rig. 
The pressing force that acted on the BF was increased to 
46 N. The remaining parameters were not changed. The 
duration of the excitation tests was the same as in the 
research conducted with a lower excitation force. After 

analysing the graph shown in Fig. 7, it can be stated that 
the heights of the two bumps located at both ends of the 
BF considerably differ from the heights of the remaining 
bumps, thus the bumps located in the middle had much 
higher stiffness. After the foil was formed, the heights 
of the bumps located at the ends of the BF were lower 
by about 30% in comparison to the height obtained 
for the theoretical shape. After 1,296,000 loading and 
unloading cycles, the heights of the bumps located in 
the middle decreased by approximately 14% compared 
to the heights obtained after forming the BF. There were 
noticeably lower differences between the heights of the 
bumps located in the middle and the heights of the bumps 
located near the ends of the foil. It is also interesting 
that the height of the first bump (counting from the left) 
increased, which must have been caused by the fact 
that this bump was compressed in the direction that is 
perpendicular to the direction in which the excitation 
force acted on it. Such behaviour of the foil shows that, 
even if there are significant differences in the height of 
particular bumps, they could be lowered by an acting 
load, which affects the stiffness of the whole BF. 

Fig. 7.  Changes in the height of all foil bumps after a cyclic load of 46 N was applied
Rys. 7.  Wykres przedstawiający zmianę wysokości każdego wybrzuszenia folii falistej przy obciążeniu 46 N

The next series of loading and unloading cycles 
was carried out using a force of 101 N. After the forming 
process, the height of the foil was slightly higher than 
in the previous case. As far as the middle part of the 
foil is concerned, the highest difference in the height of 
particular bumps was about 14% when comparing the 
shape obtained after the foil forming with the theoretical 
shape. The height of the last bump (counting from 
the left) after the forming process was lower by 36% 
compared to the height obtained for the theoretical 
shape. The reciprocating motion of the vibrating plate, 
which lasted 4 hours, decreased the foil height by 19% 
(in comparison with its height after the forming process). 

The loading and unloading of the foil using 
a sinusoidal force, which lasted 18 hours, radically 
changed the shape of the bumps and their heights 

decreased by 55% compared to the heights after the 
forming process. All bumps had the same height. This 
may mean that all these bumps have similar stiffness. 
It has also been noted that, during this research, the foil 
length increased considerably, but this parameter was 
not measured.

All foils that were used during the tests whose results 
were discussed above were in the same condition as they 
were upon arrival from the producer of Inconel (i.e. after 
annealing). It was decided to conduct research on the 
formed BF that was kept for two hours in the furnace 
at a temperature of 700°C. According to the literature 
data [L. 20], such a temperature is close to the ageing 
temperature of the used material. The author of paper 
[L. 21] noticed that the heat ageing treatment of Inconel 
625 superalloy at a temperature of 650°C increased its 
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Fig. 8.  Changes in the height of all foil bumps after a cyclic load of 101 N was applied
Rys. 8.  Wykres przedstawiający zmianę wysokości każdego wybrzuszenia folii falistej przy obciążeniu 101 N

ductility. After the material was subjected to prolonged 
exposure (500 hours) to the same temperature, the 
yield stress considerably increased as the ageing time 
increased. In the earlier research, a load of 46 N that 
acted on the BF was appropriate; therefore, a decision 
was made to use this value for the loading force. After 
cooling the foil (Fig. 9), the height in its middle part 
was lower by 36% compared to the height obtained for 
the theoretical shape. The used heat treatment caused 
a significant decrease in the stiffness of the BF. After 
four hours of conducting loading and unloading cycles, 
the foil height, surprisingly, increased by 16% in 

comparison with the height measured after the forming 
process. The cyclical bending and straightening of the 
foil made it more rigid in certain places, which led to 
the increased stiffness of bumps. The next measurement 
carried out after 18 hours of the vibration exciter’s 
operation was a confirmation that there was an increase 
both in the height of some bumps and in the stiffness of 
the BF, because after 1,296,000 cycles of loading and 
unloading, the difference in the height of the foil was 
lower by 1 per cent. This test was carried out to check 
how much the exposure of the foil to high temperature 
affects its stiffness. 

Fig. 9.  Changes in the height of all foil bumps after a cyclic load of 46 N was applied. The BF was exposed to high 
temperature

Rys. 9.  Wykres przedstawiający zmianę wysokości każdego wybrzuszenia folii falistej przy obciążeniu 46 N. BF była poddana 
działaniu wysokiej temperatury

Fig. 10 presents a comparison of changes in 
the height of all tested foils after 1,296,000 cycles of 
loading and unloading. It can be observed that, after 
applying a cyclic load of 21 N (blue colour) and after 
the foil exposure to high temperature (red colour), the 
bumps had a very similar height. The clear differences 
occurred for the first and last bump (a 10% difference 
and a 28% difference, respectively). In the middle part 

of the BF, these differences were minor. However, the 
height of the whole foil decreased by 25% in the case 
in which a cyclic load of 46 N was used (violet colour). 
In the last test (green colour), the heights of all bumps 
were lower by 65% in comparison with the bumps of the 
BF that was heated in the furnace and then subjected to 
a cyclic load of 46 N. 



11ISSN 0208-7774 T R I B O L O G I A  2/2019

Fig. 10.   Changes in the height of all foil bumps after various cyclic loads were applied
Rys. 10.  Wykres przedstawiający zmianę wysokości każdego wybrzuszenia folii falistej przy różnym obciążeniu

The photos presented in Fig. 11 show the wear of 
the fixed plate and the vibrating plate (Fig. 3) after many 
hours of operation. A force of 101 N was so high that it 
resulted in large displacements of the BF; therefore, the 
signs of wear of the plate made of bronze are so clearly 
visible. A visual inspection of the wear of the aluminium 
plate showed that this material was not suitable for 

the research of this type, since the furrows that were 
observed after the tests were too deep. On the basis of 
the obtained results and the gained experience, a new 
test rig will be designed and built, which will be used to 
carry out research on BFs of foil bearings. BFs will be 
made of other materials, and they will be subjected to 
various heat treatments.

Fig. 11.   Wear of the plates as a result of the research conducted on the bump foil 
Rys. 11.  Zużycie płyt przez folię falistą podczas badań

SUMMARY AND CONCLUSIONS 

The article discusses the results of research conducted 
on the bump foils made of Inconel 625, using a test rig 
specifically designed for that purpose. The foils were 
subjected to various cyclic loads whose frequencies 
were 20 Hz. The research aimed to check the resistance 
to cyclic loading (lasting several hours) of the formed 
BF. The differences in the height and shape of this 
foil were analysed. The results were presented using 
graphs that show changes in the height of particular 
bumps in relation to the duration of performed tests and 

the magnitude of cyclic forces to which the foils were 
subjected. 

After analysing the obtained results, it can be stated 
that the forming process of the foil is a very important 
stage in the manufacturing process of a foil bearing. 
The accuracy that was achieved during the forming 
process of the foils directly translated into changes in 
their height and stiffness. The force generated by the 
vibration exciter had an impact on all bumps; however, 
in the cases in which different heights were obtained, 
it had an impact only on these bumps whose heights 
were the highest. During the conducted research, it led 
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to a situation in which all bumps were similar height; 
hence, the foil had the same stiffness along its whole 
length. In the future, the knowledge gained from this 
observation could help in the forming process of bump 
foils and checking their shape accuracy. 

A cyclic force of 21 N, which acted for a long 
period of time, did not cause significant changes either 
in the height or shape of the BF. The wear effect of the 
test rig’s plates was negligible. A force of 46 N had 
a negative impact on the shape of the whole bump foil, 
since the application of over a million cycles of loading 
and unloading decreased its height by 14% (compared 
to the value obtained after the forming process). After 
a cyclic load of 101 N was applied to the BF, its geometry 
underwent profound changes, namely, all bumps got 
flattened substantially. As far as a rotor supported on foil 
bearings is concerned, it can be stated that even a single 
impact of the journal with a force greater than 46 N can 
change characteristics of the supporting structure of the 
bearing, which would cause a change in the shape of the 
air gap. 

Bump foils should be subjected to heat treatment 
before using them in foil bearings, otherwise undesirable 
effects could occur (for example, significant changes 
in the stiffness). Moreover, the characteristics of the 
material of which the foil is made should be analysed 
thoroughly. The knowledge gained from such an 
analysis could serve to improve the properties of foil 
bearings applied to machines that are designed for 
permanent operation (S1 – 24/7). The authors of article 

[L. 11] observed a similar phenomenon. After a cyclic 
load was applied to the bump foil, its height decreased 
by 14% after 100,000 cycles and then increased by about 
6% after additional 500,000 cycles. On the basis of the 
carried out simulations, whose results are presented in 
article [L. 22], and it can be noticed that the bump foil 
bends at the location where it contacts the top foil. The 
multiple bending of the foil could have caused local 
strengthening of the material. 

The magnitude of the force that acted on the bump 
foil had a big impact on the wear of the vibrating plate 
and the fixed plate. Likewise, excessive force acting on 
the BF of a foil bearing can lead to abrasion of the sleeve 
at the location where it contacts the foil. In high-speed 
machines that are characterised by stable operating 
conditions (constant rotational speed), the abrasion 
effect occurs only after they were in use for a long period 
of time. However, the abrasion of one of the elements of 
a foil bearing can occur in devices that are subject to 
variable operating conditions. 
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