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Abstract
The aim of the work is to show both the similarities and differences in the formation of deformation-induced roughness in 
contact compression in the presence of oil and the problem of free surface roughing during uniaxial stretching in a plastic 
area. The relationships between changes in the roughness are caused by the deformation of the sample and the viscosity of 
oil at the contact area. It has been shown that normal contact loading with the presence of oil initially leads to an increase 
in surface roughness, then to its smoothening. The results of the experimental research have been compared with numerical 
simulation made using FSI (Fluid Structure Interaction) and ABAQUS systems. Using finite element calculations, it was 
possible to explain the phenomenon of roughness formation on the surface of a smooth steel sample. The changes in the 
structure of the smooth surface resulting from compression in the presence of oil are caused by the rotation and deformation 
of surface grains. The roughness of this structure is dependent on the viscosity of oil: the more viscous the liquid is, the 
rougher texture is formed.

Keywords Deformation-induced roughening · Viscosity · Finite element method

1 Introduction

During deformation, initially smooth metal surfaces are 
subject to strain induced roughening. Strain induced steel 
surface roughness is common in many engineering applica-
tions. This phenomenon is an undesirable feature that wors-
ens the surface reflectance and the mechanical properties 
responsible for the location of plastic deformation under 
load. This change in surface roughness can lead to produc-
tion problems in particular. It can have a detrimental effect 
on the surface finish of the sheet, change the coefficient of 
friction, reduce wear and corrosion resistance. Finally, it can 

lead to undesirable local phenomena which, in turn, may 
cause damage or the local delamination process of sand-
wich or coating structures. This is especially the case in the 
industrial production of food and cans, canisters or sheet 
metal metallurgy.

For this reason, the deformation-induced roughening pro-
cess has become the subject of many experimental, theo-
retical and numerical modeling works. Early research has 
shown that this process depends on the materials, grain size 
deformation and surface texture.

Osakada and Oyane [1] were among the first who pre-
sented the quantitative and theoretical study of the rough-
ening of free surface during deformation. They showed that 
surface roughness increases with strain and is affected by 
grain size and the lattice structure of the metal. Dai and 
Chiang [2] investigated the plastic deformation-induced sur-
face roughening mechanism of aluminum sheets The average 
grain rotation and grain size are found to be the dominant 
contributor to the surface vertical characteristics such as the 
root-mean-square roughness. The surface horizontal charac-
teristic such as the correlation length is found to be mainly 
determined by the average grain size.
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Some authors have found deviations from such linearity, 
which is relevant for larger deformations. Wilson, et al. [3] 
examining the heterogeneous deformation of copper sheets 
subjected to biaxial stress, noticed strong surface roughen-
ing. The relationship between the Ra parameter describing 
the roughness profile and the strain was up linear to a certain 
strain, and above the critical value became strongly non-
linear and grew faster. The dependence of the described 
curve on the grain size in the copper sheet was also clear: 
the smaller the grain, the earlier the deviation from linearity 
occurred.

Generally, the relationship between the parameters 
describing the average height of asperities (such as Ra , Rq ) 
can be presented as follows:

where ε is the deformation value of the sample, d is the aver-
age grain size and C is a constant depending on the material 
being tested and the determined parameter.

Mahmudi and Mehdizadeh [4] investigating brass sheets 
under uni- and equi-biaxial stretching showed that, although 
they obtained linear dependence of roughness parameters on 
strain and grain size, the slope and location of these curves 
also depends on the method of sheet metal treatment: fast 
or slow heating. The increase in roughness is smaller for 
the fast heating process and the difference increases as the 
deformation increases.

Wouters et al. [5] examined the relationship between the 
roughness forming on the surface of samples with Al–8.5% 
Mg uniaxially tensioned, and the grain size that varied from 
30 to 90 μm. Their test results revealed a linear dependence 
of roughness on the strain value and grain size.

Romanova et al. [6] proposed a three-dimensional model 
of the material with a hardened layer of varying thickness 
and strength compared to the initial material. A numerical 
analysis was carried out by the finite difference methods. It 
was found that internal stresses appearing at the layer bound-
ary and bulk material are responsible for surface roughness 
which gets larger as the hardened layer gets thinner. It was 
observed that the local increase in irregularities is due to the 
movement of connected grains.

Wang and Abe [7] investigated pure aluminum with very 
large grains. The samples with rain size changes up to 1 mm, 
corresponding to ½, ¼, and 1/3 of sample thickness, were 
tensioned. The Ra relationship also increases linearly for all 
the samples with an increase of deformation applied. In this 
work an expanded version of Eq. (1) has been proposed:

It is thought that when n = 1, the surface roughness caused 
by non-uniform deformation is completely dependent on 
grain size. At the same time, if n = 0, the value of roughness 

(1)Rq = C�d,

(2)Ra = C�dn.

is caused by factors independent of grain size. The value of n 
can be determined from the relationship between the rate of 
change of surface roughness Ra∕� and the average grain size 
d in the double logarithmic scale. The slope of a straight line 
obtained from the fitting by the least squares method allows 
us to determine the value of n in Eq. (2). For the test samples 
in the calculated value of n = 0.88, which means that only a 
small part of the roughness is caused by factors independent 
of particle size, such as, for example, slip bands.

Song et al. [8] conducted a plastic deformation measure-
ment using a confocal laser scanning microscope of alu-
minum sheets deformed uniaxially. They showed that the 
roughness of sheets after deformation is primarily affected 
by grain rotation, which is greater in the surface layer than 
inside the material, as well as by locally heterogeneous grain 
deformation. Thanks to the measuring technique used, it was 
possible to study the relationship between the deformation 
of individual grains and the roughness curve resulting from 
this deformation.

Zhou and Su [9] investigated the surface topography of 
aluminum and titanium alloys after plastic deformation in 
the longitudinal and transverse directions using white-light 
interferometry and a fractal method of analysis. Initially, 
the homogeneous geometric surface structure changed in 
different ways depending on the measurement direction in 
relation to the deformation direction, creating a new, aniso-
tropic structure. This structure was different for aluminum 
and titanium. Fractal analysis showed that length correla-
tion is in the same order as the size of the grains, but it 
varies depending on the direction of measurement and the 
tested material. The standard 3D roughness parameter ( Sq ) 
measured for the tested surface grew linearly with the given 
deformation.

Shia et  al. [10] presented a numerical simulation of 
surface roughness during the tube blow forming process. 
Simulation data were available from the measurement of 
electronic backscatter diffraction (EBSD). The roughness of 
formed aluminum bottle is linked to the difference between 
the orientation of the neighboring grains, and to the initial 
texture. The roughness of the formed aluminum bottle is 
associated with the difference between the orientation of 
adjacent grains and also with the initial texture.

Cai et  al. [11] present an interesting approach (the 
trapezoidal tensile aluminum alloy sample) to obtaining 
a continuous strain distribution on the sample after one 
deformation. Using a specially designed stage, it was pos-
sible to measure changes in surface roughness using an 
electron scanning microscope (SEM) in situ for increas-
ing tensile load. The surface microstructure was also 
determined using the EBSD. The results presented dif-
fered from those generally accepted: the dependence of 
Ra on deformation increased non-linearly to 7% level, then 
slightly decreased. From the SEM results it was concluded 
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that the appearance of roughness was caused by a hetero-
geneous deformation between and within the grains. The 
increased number of slip bands launched has resulted in 
uniform deformation and a slight reduction in roughness 
above the critical value.

Romanova and her team have carried out a series of works 
on titanium research in recent years (2016–2020) [12–15]. 
This articles addresses the problem of multiscale surface 
roughening in titanium subjected to uniaxial tension. Based 
on the experimental data obtained, 3D polycrystalline mod-
els with explicit consideration of grain structure were gen-
erated and implemented in finite element calculations. The 
experimental and numerical results obtained have shown 
that a series of multiscale surface undulations are formed on 
the free surface of the specimen subjected to tension. Larger 
displacements are associated with relative grain motion. The 
main conclusion drawn from the experimental and numerical 
results is that it is the mesoscale that will furnish a clue to 
prediction of plastic strain localization and fracture of mate-
rials far in advance of the macroscale manifestation of these 
processes [12]. The influence of a texture on the mesoscale 
deformation-induced surface roughening in titanium poly-
crystals was studied using direct microstructure-based simu-
lations [13]. The grain constitutive behavior was described 
in terms of crystal plasticity, with the grain orientations 
being assigned randomly or representing a basal texture. The 
mesoscale roughness parameter was shown to grow non-
linearly with the plastic strain of the evaluated mesoscale 
regions. The basal texture was shown to significantly affect 
the plastic strain localization and roughness patterns. In [14, 
15] the three-dimensional numerical analysis was performed 
of the deformation-induced roughening in polycrystalline 
specimens with and without surface-hardened layers. Three-
dimensional microstructure-based constitutive models are 
developed, using crystal plasticity, and employed in finite 
element calculations of uniaxial tension. Grain structure is 
shown to be responsible for free surface roughening under 
uniaxial loading. The surface-hardened layer moves the 
grain structure away from the free surface, smoothing out 
the microscale folds formed due to displacements of individ-
ual grains, while the mesoscale surface undulations remain 
clearly visible. This study allowed distinguishing between 
the grain size and texture effects.

Kucharski and Starzynski [16] in their earlier paper pre-
sent an experimental study of the opposite problem: initially 
rough surfaces have been compressed by smooth flat counter 
sample in the presence of lubricant and in dry state. The 
results of widely analyzed 3D changes in roughness param-
eters as a function of sample deformation are presented. The 
trend to the asymptotic state was noted for the lubrication 
case and its absence for the dry sample. The observed sta-
bilized state was explained by the hydrostatic reaction of 
the lubricant.

The opposite problem will be presented and analyzed 
herein—the creation and evolution of a new structure of 
smooth surface during contact compression. Available litera-
ture provides the results of research on surface roughening 
due to plastic deformation of materials that relate primar-
ily to tensile samples with a free surface. In this work we 
investigate the roughening of a surface subjected to contact 
compression in the presence of oil film. The relationships 
between changes in the roughness are caused not only by the 
deformation of the sample, but also by the viscosity of oil in 
the contact area. It has been shown that normal contact load-
ing with the participation of oil initially leads to an increase 
in surface roughness, then the surface gets smoother.

Available literature provides the results of research on 
surface roughening due to plastic deformation of materials 
that relate primarily to tensile samples with a free surface. 
What has not been analyzed so far the FSI (fluid–structure 
interaction) analysis considered an oil layer on the steel sur-
face of the sample. The analysis requires the preparation of 
two separate models: for a solid and a liquid and marking the 
friction contact surfaces between which the interaction will 
take place. FSI (fluid–structure interaction) analysis allowed 
for the oil layer on the steel surface of the sample to be taken 
into account. Finite element calculations were performed 
taking into account physical non-linearities (plasticity) and 
geometric non-linearities (large strains). The changes in the 
structure of the smooth surface resulting from compression 
in the presence of oil are caused by the rotation and defor-
mation of surface grains. The roughness of this structure is 
dependent on the viscosity of oil: the more viscous the liquid 
is, the rougher texture is formed. Moreover, the developed 
experiment allowed to show the influence of the oil film 
viscosity on the formation of roughness and to find the criti-
cal point of deformation, above which the surface structure 
begins to flatten.

2  Experimental Procedure

For the experiment, two steels have been chosen: H18N9 
austenitic stainless steel and S235 steel with characteristic 
strength shown in Fig. 1. The yield strengths of these steels 
are very similar (approx. 300 MPa), while the further char-
acteristic varies considerably. Austenitic steel monotonically 
strengthens, while S235 steel, after an area of instability in 
the early plasticity, strengthens slightly and above the strain 
0.15 begins to weaken and crack before the deformation of 
0.30.

Because, as shown in the introduction, deformation-
induced roughness depends, among others, on the grain size, 
the samples were chosen so that the size of grains in the both 
steels were as close as possible (Fig. 2). The average grains 
size are 30–40 μm.
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Initially, flat discs (approx. 50 mm in diameter) were cut 
out from the tested steels, then subjected to grinding and 
fine polishing. As a result of such treatment, almost a mir-
ror surface was obtained, having a roughness Sa of the order 
of several nanometers. The circle samples (8 mm diameter) 
were then cut out from the discs so that highly reproduc-
ible surfaces of individual samples have been obtained. To 
study the effect of oil viscosity on the condition of surface 
subjected to contact compression, we selected two oils, for 
which the dependence of viscosity on temperature was well 
examined by the oil company (see Table 1).

The experiment was carried out on circular samples with 
a thickness of approx. 3 mm and a diameter of 8 mm, which 
were compressed in the modernized test apparatus for nor-
mal contact. Kucharski and Starzynski [17] described the 
experimental set in details. Operation of the device is based 
on a hydraulic press that is capable of producing large nor-
mal forces. The samples were placed between very smooth, 
flat plates of a very hard material (WC—tungsten carbide). 

Oil was placed between the surface of the sample and the 
WC plate, so the sample was loaded through the thin oil 
film formed on the surface of the sample and the WC plate 
(Fig. 3).

The compressive tests have been executed in the presence 
of two oils having very different viscosity—AN 22 and SP 
680 (see Table 1). The load was applied in two ways: (i) 
direct load to a predetermined force—the following samples 
showed relative deformation 0.033, 0.087, 0.197, 0.333. In 
comparative diagrams there is no additional load description 
in the legend, (ii) the loading up to predetermined forces was 
performed on one sample, in seven steps, and the following 
deformations were obtained: 0.0330 → 0.087 → 0.157 → 0.
197 → 0.267 → 0.333 → 0.37. After successive deformation, 
the sample was removed from the device, washed and meas-
ured with a profilometer, then again the next step of loading 
was applied. In the legend of the comparative diagrams this 
method of loading is described as "steps".

3  Results and Discussion

It can be stated in general that as a result of mutual contact 
loading of the smooth polished surfaces with different oil 
films between them a new geometric structure is created on 
the surface. This structure is completely different from the 
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Fig. 1  Strength curves of H18N9 and S235 steels

Fig. 2  The micrographs of the surface for both steel: a H18N9 and b S235

Table 1  Viscosity [in  mm2/s] of water and oils (data by LOTOS oil 
company)

Fluids Temperature

40 °C 25 °C 20 °C 15 °C

Water 0.65 0.9 1.0 1.15
OIL-L-AN 22 22.7 42 55 70
Oil-Transmil SP 680 660.7 2250 3250 5500
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structure before loading and varies for highly viscous oil 
(SP 680) and an oil of low viscosity (AN 22). To character-
ize this structure, two parameters have been compared: the 
amplitude Sa (arithmetic mean deviation of the surface from 
the mean plane) and the horizontal Psm (average distance of 
the asperities in the profile, which may be called the pro-
file wavelength. Parameter Psm was referred to the profiles, 
because there is no equivalent parameter for the surface. As 
the parameter varied a lot from profile to profile, the value 
shown in the diagrams is the average of all (100) of the 

measured profiles of the examined surface. A comparison 
of the peak height distributions of new surface structures 
is also made.

3.1  Visualization of Changes in Surface Structure 
(Roughening)

The diagrams below illustrate the results of the experiment. 
Figure 4 represent 3D views of the surfaces before loading 
(Fig. 4a) and the deformation-induced surfaces after load-
ing (Figs. 4b, c) for austenitic steel. To better illustrate the 
changes that occur during compression of the surface with 
various oils, visualization is shown in the same scale. It can 
be seen that the surfaces are substantially different. Loading 
with highly viscous oil generates occasional large asperities, 
while loaded with low viscosity oil the surface gets heavily 
roughened by asperities of small height. It should be noted, 
as confirmed in the next diagrams comparing parameters of 
the surface, that maximum asperity amplitudes in generated 
surfaces are several times higher than roughness amplitudes 
before loading. The last of these diagrams (Fig. 4d) shows 
a 3D view of the S235 steel surface after loading, which are 

sample 

oil film

WC plates

Fig. 3  The diagram of the contact loading of the sample with the 
presence of oil film
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even higher than for a similar case of austenitic steel (note 
that the scale of z ordinate at Fig. 4d is twice larger).

3.2  Comparison of Height Parameters of the New 
Structures

The figures below show quantitative changes in the new geo-
metric structure of the surfaces for the two types of steel and 
the two oils, generated after the compression.

Figures 5 and 6 compare the amplitude parameter Sa 
(describing the average height of irregularities) as a func-
tion of the total deformation of the samples in the presence 
of both oils, for austenitic steel (Fig. 5, in the description 
always denoted by the letter H) and ordinary S235 steel 
(Fig. 6, in the description always denoted by the letter S). 
There are large differences in the values of the parameter Sa 
for the new surface obtained after loading with different oils. 
The maximum Sa value for high viscosity oil SP680 reaches 
almost 0.3 μm for austenitic steel and 0.5 μm for ordinary 
S235 steel. For low viscosity oil this parameter does not 
exceed 0.07 μm for austenitic steel and 0.18 for ordinary 
S235 steel. It should be born in mind that the surface rough-
ness before loading was Sa = 0.013 μm.

During the loading with high viscosity oil, the influence 
of the load history on the amplitude of asperities is signifi-
cant, while with low viscosity oil the influence is very small. 
For the high viscosity oil there is a clear maximum of asper-
ity height on the curve Sa as a function of deformation for 
the newly created surface. It can be stated that in the initial 
phase, as a result of compression and oil presence, a new 
surface is built and as the load increases the amplitude of 
the asperities grows, reaching a certain maximum. Further 
loading will decrease the extent of roughness, consisting in 

the crushing of previously constituted structures. The same 
process—decreasing of the of roughness—is observed for 
the contact compression of the surface earlier produced by 
a variety of technologies such as sand blasting, EDM or 
other. It appears that beyond a certain load, the condition 
is stabilized at the level Sa approx. 0.12 μm, for austenitic 
steels and, in any event, the reduction becomes very slow. 
For ordinary S235 steel this could not be seen, because for 
the deformation 0.3 only the force to deformation relation 
ceased to be monotonic and the material was crucially weak-
ened, as shown in the Fig. 1.

The location and size of maximum asperities depends 
on both the history of loading and on the material sample. 
For both steels and the higher viscosity oil (SP680) it can 
be compared graphically (Fig. 7). The greatest maximum 
occurs on the curve describing direct loading for S235 
steel and occurs at total strain 0.3. For austenitic steels the 
maximum is smaller and occurs for deformation 0.2. The 
curves, representing loading carried out in seven steps, show 
certain maxima, but slightly smaller, localized earlier, and 
for a smaller strain value. The nature of this relationship 
is maintained for both steels. It is worth noting that up to 
a certain deformation (0.15 for austenitic steel and 0.2 for 
S235 steel) the shape of the examined curve is independent 
of the loading history. This is more clearly visible in the next 
figure illustrating the relationship of the parameter values as 
functions of the stress in the specimen (Fig. 8).

Additional tests were also performed on specimens made 
of both steels for small loads. The specimens were loaded to 
100, 200 and 300 MPa in an Instron-made testing machine 
capable of setting accurately the relatively small compres-
sive forces. The test confirmed that the surface will not 
deform until the yield point is exceeded. This can be seen 
in Fig. 8, which shows graphs as a function of true stress 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.1 0.2 0.3 0.4 0.5
total reduction of thickness

S
a 

[�
m

]

H-Sa-SP680 steps
H-Sa-AN22 steps
H-Sa-SP680 
H-Sa-AN22

Fig. 5  Comparison of Sa value for H18N9 steel, with two different 
oils, loaded by different kind of compression (direct and by steps)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.1 0.2 0.3 0.4 0.5
total reduction of thickness

S
a 

[ �
m

]

S-Sa-AN22
S-Sa-AN22 steps
S-Sa-SP680 
S-Sa-SP680 steps

Fig. 6  Comparison of Sa value for S235 steel, with two oils, loaded 
by different kind of compression (direct and by steps)



Tribology Letters          (2020) 68:117  

1 3

Page 7 of 14   117 

of the sample with high viscosity oil. Exceeding the yield 
limit results in a very strong initial growth roughness, sig-
nificantly earlier for S235 steel, which is associated with 
lower yield strength of the steel. The similar process occurs 
with oil of low viscosity, but is much weaker. Maxima in 
principle do not occur, and if they do, within the error limits. 
A new structure is created, but it quite quickly stabilizes at 
the level Sa approx. 0.05–0.15 μm.

The changes are indeed very large and dependent on oil 
viscosity as well as tested material. The roughness created 
on the surface of S235 carbon steel has greater amplitude 
than on austenitic steel. Two loading histories have been 
compared: direct loading to predetermined force and step 

by step loading where the surface was measured profilo-
metrically after each step.

In Fig. 8, three phases of surface deformation can be 
clearly seen to change its structure:

Phase 1—elastic, below the yield point (< 300 MPa)—no 
change in surface roughness,
Phase 2—plastic, the new structure of surface resulting 
from rotation and deformation of surface grains is gener-
ated up to the critical point. Critical points are between 
20 and 30% of the total deformation of the sample and 
depend on the loading history and sample material.
Phase 3—plastic, beyond certain critical point the rough-
ness is reduced, because the surface is crushed by a coun-
tersample.

3.3  Comparison of Horizontal Parameters of New 
Structures

The previous chapter presents changes to the standard 
parameter Sa, describing the value of the roughness ampli-
tude. For a comprehensive description of deformation-
induced surface structure, it is important to show changes 
the parameter that determines horizontal structure. The 
parameter describing these changes is PSm . This parameter 
is expressed in the length unit of the Z axis, in this paper, 
in μm.

The horizontal parameter PSm (average distance between 
the asperities in the profile, which may be called wavelength 
of the profile) for both steels and oils is independently com-
pared in Figs. 9 and 10. Figure 9 shows the results versus 
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total reduction of thickness, Fig. 10 as a function of true 
stress.

For high viscosity oil and austenitic stainless steel (H) 
parameter PSm during loading grows rapidly and achieves 
a maximum (about 50 μm) that due to further load slowly 
descends (Fig. 9). This relationship is similar for S235 steel, 
but the maximum is almost twice as large (90 μm) and there 
a slow decline in the value and stabilizes at a level of approx. 
45 μm. It is interesting that the history of loading has practi-
cally no influence on the course of the changes described. 
With large deformations (above 0.3), the difference between 
roughness for different oils disappears (Figs. 9, 10). It is 
related to the dominance of flattening by the compression 
previously built asperities. Further deformation causes the 

structure to stabilize at 30 μm for H18N9 austenitic steel and 
45 μm for S235 carbon steel.

3.4  Comparison of Peak Height Distributions 
of New Structures

The existence of three phases of creating the surface struc-
ture of a smooth sample subjected to compression with oil 
is confirmed by changes in the height distribution of asperi-
ties as a function of compression load for the steels and oils 
tested.

Figures 11, 12, 13, and 14 show the density of the peak 
height distribution in the surface structure before and after 
subsequent loads for further deformation for both steels with 
the presence of high viscosity oil SP680. An analysis of 
these diagrams confirms some earlier conclusions drawn 
from the comparison of the changes of height parameters.

The peak height distribution of the polished surface 
before deformation is symmetrical and close to the Gaussian 
distribution, especially for austenitic steel H18N9 (Fig. 11a). 
On the axis x there is the range of roughness (difference 
between height of maximal peak and depth of minimal val-
ley) obtained from the experimental test. To compare the 
effective range of the distribution of asperities, we “cut” 
the highest and lowest asperities at the level of 0.3% of the 
bearing ratio curve. The idea is to measurements of single 
high peaks or deeper valleys do not distort the comparison 
of the global results. The value of this range differ from 
160 nm for undeformed surface (Fig. 11a) to 2.2 μm for 
maximal deformed sample (Fig. 11c). It can be seen that 
the distribution center for undeformed surface is located at 
a level of approx. 115 nm and the effective range is ± 45 nm. 
Even a slight deformation (0.04) causes a large change in the 
distribution (Fig. 11b). The distribution is no longer sym-
metrical the maximum shifts to approx. 1.1 μm, with 300 nm 
effective range in the peaks and 550 nm in the valleys. This 
means that surface roughening occurs.

The subsequent strains makes the height distribution 
asymmetric, which indicates the initial deformation of asper-
ities. The maximum remains at a level similar to that previ-
ously described, but the effective range of peaks does not 
exceed 150 nm, increasing in the valleys to 600 nm. Another 
strain retains this asymmetric trend (Fig. 11c).

Figure 12 presents an overview of the results described 
above, offering a better comparison of the changes taking 
place in the emerging roughness as a function of increasing 
surface deformation. Two trends are clearly visible. In the 
initial phase, the deformation creates a new structure char-
acterized by shifting the location of the maximum toward 
higher values. After a critical point (approx. 0.2 strain), the 
trend is reversed and the location of the maximum shifts 
towards the smaller surface roughness. This indicates the 
strong deformation of peak tops.
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The surface structure which formed on S235 steel 
(Fig. 13a–c) is generally similar to the one described pre-
viously—before deformation the distribution is roughly 
symmetric and the location of the maximum is similar 
(the center is located at a level of approx. 130 nm, with 
the effective range ± 40 nm. After deformation of 0.1 the 
effective range significantly increased (to nearly ± 0.7 μm), 
which is maintained during the further deformation of the 
sample. The maximum strain (up to 0.36) indicates strong 
deformation of the peak tops.

The above summary of the results (Fig. 14) shows two 
trends, like for austenitic stainless steel. In the initial 
deformation the peak is shifted towards higher values. 
After passing a critical point the trend reverses and the 
location of the maximum shifts towards lower values of 
the roughness. The differences, in comparison to Fig. 12, 
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Fig. 12  Summary of results of density peaks height distribution as 
the function of roughness range for the austenitic steel H18N9
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are only in the values of the location and size distribution 
curves.

3.5  Numerical Simulation and Calculations 
of Surface Roughness

In order to model and determine changes in roughness of the 
initially smooth surface subjected to stamp loading, analo-
gous to the experiment, FSI (Fluid Structure Interaction) 
numerical analyzes were performed using the ABAQUS 
system (ver. 6–14). FSI (fluid–structure interaction) analy-
sis allowed taking into account the oil layer on the steel 
surface of the sample. FSI analysis in ABAQUS is possible 
only for spatial dynamics problems with integration over 
time explicit or implicit method. The analysis requires the 
preparation of two separate models: for a solid and a liquid, 
and marking the surfaces between which the interaction will 
take place.

The calculations were carried out for a steel sample 
(dimensions: diameter 8 mm, thickness 3 mm) taking into 
account the oil layer (high viscosity) between the punch 
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and the upper surface of the sample as in the experiment. 
The fluid layer was 0.093 mm. The steel sample model 
took into account the granular structure of the material, 
modeling grains (irregular shapes and dimensions in the 
range of 30–40 μm) in the layer at the upper surface of 
the sample (Fig. 15a, b) taking into account the contact 
between sample and oil layer. The thickness of the layer 
consisting of grains was about 0.07 mm. Friction contact 
was defined between the grains and the steel sample. It is 
assumed friction coefficient between grains and steel sam-
ple equals to 0.3. Due to the axially symmetrical nature 
issues were prepared sector clipping equals one degree 
of the full spatial model consists the sample and the oil 
layer (Fig. 15c). Boundary conditions (for the steel sample 
and the oil layer) were set in a cylindrical system (r, t, z). 
Displacements in the tangential direction (t) are blocked 
on the both side walls. The vertical displacements (z) are 
blocked on the bottom panel.

For the presented model, dynamic analysis (implicit 
type with explicit integration scheme) was carried out 
in the time range from t = 0 to t = 1 s. During this time, 
load was applied, gradually increasing the pressure in the 
fluid from zero (time t = 0 s) to maximum 600 MPa (time 
t = 1 s). The complete FSI model together with the mesh 
of spatial finite elements is shown in Fig. 16. The steel 
sample model uses C3D10 finite elements. The fluid (oil) 
was modeled with FC3D8 type elements (nomenclature 
according to ABAQUS system). The number of finite ele-
ments per grain varied from a few to several.

The FEM calculations were performed taking into 
account physical non-linearities (plasticity) and geometric 
non-linearities (large deformations). The following plastici-
zation characteristic is assumed:

Yield stress 
(MPa)

Plastic strain

1 235 0
2 300 0.03
3 350 0.05
4 400 0.1
5 420 0.23

For the steel sample (both the material between the 
grains and the grains), the following material constants 
were adopted: density 7850  kg/m3, Young’s modulus 
E = 210,000 MPa and Poisson’s ratio v = 0.3. For the oil layer 
it was assumed: density 1000 kg/m3 and dynamic viscosity 
0.0005 Pa s.

As a result of increasing the load, the distances between 
the grains change as shown in Fig. 17a–d (the relative dis-
tances between the marked points, in red). The changes of 
the relative distances between grains versus normal contact 
loading is illustrated in Fig. 18.

The initial (undeformed) and final (deformed) steel 
sample model is shown in Fig. 19. The upper surface of 
the sample, initially flat, finally becomes rough. This can 
be explained by grain deformation and rotation as shown 
in Fig. 19. On the left side of the figure there are large 

Fig. 15  The parts of the model: a grains, b steel sample model (solid) with a grain layer c oil model (liquid)
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fragments of samples before and after loading. On the 
right, the enlarged parts of the samples with the surface 
and the surface layer with the grains are shown. Before 
loading, the smooth surface turned to rough when the con-
tact force was applied.

Comparison of the results of deformation-induced 
roughening of surfaces obtained in the experiment and in 
the numerical simulation is shown in Fig. 20 (as a function 
of load) and 21 (as a function of thickness reduction). As 
you can see, not only trends but also the roughness values 
of the newly created surface structure are similar. In the 
case of dependence on the load (Fig. 20), the first phase 
of the loading up to the yield point (300 MPa) causes no 
change in roughness. In the second phase, the results of 
deformed—induced roughness for the experiment and 
numerical simulation are very similar. The presented 
model allowed calculation of roughness changes in these 
two phases, the third one—roughness degradation is not 
counted (Fig. 21).

Fig. 16  Complete FSI model 
with a finite element mesh

Fig. 17  a–d Deformed grains 
for normal load: a 0 MPa, 
b 300 MPa, c 450 MPa, d 
600 MPa

a) 0 MPa
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Fig. 18  Change of the relative distances between grains as a function 
of normal contact loading
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4  Conclusions

The compression of smooth polished samples in the pres-
ence of oil forms a new structure on the surface of sam-
ples. The roughness of this structure is dependent on the 
viscosity of oil: the more viscous the liquid is, the rougher 
texture is formed. The structure appears beyond the yield 
point, and is homogeneous and isotropic. Three phases 
of surface deformation can be clearly seen to change its 
structure: 1—below the yield point—no change in surface 
roughness, 2—the new structure of surface resulting from 

rotation and deformation of surface grains is generated 
up to a critical point, 3—beyond certain critical point the 
roughness is reduced, because the surface is crushed by a 
counter sample.

There is a critical point below which compression causes 
further increase in roughness and above which the asperities 
get crushed. Critical points are between 20 and 30% of the 
total deformation of the sample and depend on the load-
ing history and sample material. This point is different for 
various materials and is mainly associated with the number 
of generated asperities. The tests involving step increments 

Fig. 19  Initial and final view of the steel sample
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of loads allow us to estimate that the average roughness Sa 
above which asperities will be crushed, and below which 
they will still be formed. For austenitic steels and oil SP680 
it is 0.24 μm, while for S235 steel the estimated value is 
0.4 μm.

With large deformations (above 0.3), the difference 
between roughness for different oils disappears, especially 
for horizontal parameter Psm. It is related to the dominance 
of flattening of previously built asperities by a counter sam-
ple. Further deformation causes the structure to stabilize at 
30 μm for H18N9 austenitic steel and 45 μm for S235 carbon 
steel.

The problem of formulating roughening by contact com-
pression in the presence of oil has been clarified using FE 
numerical calculations. The changes in the structure of the 
smooth surface are caused, as in the case of tension, by the 
rotation and deformation of surface grains.

In the research carried out and presented in this work, 
changes in the structure of the smooth surface resulting from 
compression in the presence of oil are caused, as in the case 
of tension, by the rotation and deformation of surface grains. 
This has been shown in the numerical model. In addition, 
during compression with oil, the viscosity of the fluid affects 
the surface structure formed.
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