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In this study, the microstructure of surface layers with varying roughness (Ra parameters) was analysed
using scanning electron microscopy (SEM) to optimize tribological properties in engineering design.
SEM revealed key microstructural features — sharp and mild protrusions, pitting, microcracks and con-
taminants — that were not available in traditional profilometry. Reducing the Ra value improved surface
uniformity by reducing irregularities and defect lengths, which had a positive effect on tribological pro-
perties and surface durability. However, defects were still present even at Ra < 1.25 pm, indicating the
"Law of Microstructural Roughness," which emphasizes the inevitability of surface itregularities despite
minimizing roughness. The integration of SEM results with profilometric methods enabled comprehen-
sive identification and assessment of defects, combining microstructure with tribological properties. Re-
sults suggest that controlled roughness is key in combining materials and optimizing functional surfaces,
particularly in the aerospace, biomedical and automotive industries, where reliability under demanding
operating conditions is a priority.
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1 Introduction Microstructural defects, including pitting, mi-

. . crocracks, and contaminations, can alter the func-
Surface roughness plays a crucial role in the per-

formance and longevity of mechanical components,
particularly in industries where precision and durabil-
ity are paramount, such as aerospace, automotive, and
biomedical engineering. The most used roughness pa-
rameter, arithmetic mean deviation (Ra), provides a
general assessment of surface quality. However, Ra
alone does not capture critical microstructural details
such as pits, cracks, and irregularities, which signifi-
cantly affect the tribological properties of surfaces
[1-3].

Traditional roughness measurement methods,

tional properties of a material, affecting its frictional
behaviour and durability. Nguyen et al. [10] and Li et
al. [11] emphasized that even minor irregularities at the
microstructural level can significantly influence wear
mechanisms. Similatly, Abellin-Nebot et al. [3]
demonstrated that machining parameters play a vital
role in shaping the final surface microstructure, partic-
ularly in sustainable manufacturing contexts.
Advanced manufacturing methods, including addi-
tive manufacturing and laser processing, have shown
significant potential in improving surface quality. Buj-
Corral et al. [2] examined the effects of additive man-
ufacturing parameters on surface roughness, while
Szymanski et al. [6] explored the impact of laser pro-
cessing on hybrid metal matrix composites. Both stud-

such as contact profilometry, offer reliable numerical
values but fail to provide comprehensive microstruc-
tural insight [4,5]. In contrast, scanning electron mi-
croscopy (SEM) enables detailed surface characteriza-
tion, revealing microstructural defects that influence
wear resistance and friction performance [6,7]. Re-
searchers have highlighted that integrating SEM with
conventional roughness measurement techniques pro-
vides a more holistic view of surface characteristics
[8,9].

ies confirmed that optimizing machining conditions is
essential for achieving desirable surface properties.
However, there remains a knowledge gap in under-
standing how SEM-detected microstructural varia-
tions correlate with Ra values and their implications
for tribology.
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To bridge this gap, the present study investigates
the correlation between Ra values and microstructural
defects identified through SEM analysis. Specifically,
the study aims to address the following research ques-
tions in the three ranges presented below.

e  What additional microstructural insights can
be obtained through SEM compared to tra-

ditional profilometric methods?

e How do microstructural differences associ-
ated with varying Ra values influence tribolo-
gical performance?

e Can integrating SEM with conventional rou-
ghness measurement techniques enhance the
understanding of surface functionality?

A literature review suggests that surface irregulari-
ties persist even at lower Ra values, which may still
impact material performance [12,13]. While reducing
Ra improves uniformity, defects remain, as evidenced
by studies on surface treatments and their effects on
stress concentration and wear resistance [14].

By analysing surfaces with Ra values of 1.25 um
and 2.5 pum, obtained through milling and subse-
quently examined using SEM, this study aims to pro-
vide a comprehensive understanding of the relation-
ship between roughness parameters and tribological
properties. The findings will contribute to the optimi-
zation of machining processes, particulatly in indus-
tries where precise surface control is critical.

2 Materials and Methods

The aim of the study was to compare the results of
surface microstructure analysis obtained by scanning
electron microscopy (SEM) with those obtained using
traditional profilometric methods, such as a tactile
profilometer. It was assumed that microscopic tech-
niques could provide additional relevant information
about the microstructure of the surface, which would
allow for a better understanding of its functional prop-
erties.

The study was based on three key questions con-
cerning the scope of additional information provided
by SEM compared to profilometry, the impact of dif-
ferences in microstructure resulting from the value of
the Ra parameter on tribological properties, and the
possibility of a comprehensive understanding of the
relationship between microstructure and surface prop-
erties by integrating SEM results with classical meas-
urement methods.

Two steel samples measuring 20 X 20 X 20 mm
were prepared for analysis, processed on a DMG
MORI DMU 50 CNC milling machine, whose spindle
operates in the range of 20 to 10 000 rpm. The sam-
ples differed in the value of the mean arithmetic devi-
ation of the Ra profile — the first had Ra = 1.25 pm,

and the second Ra = 2.5 pum. This allowed for a de-
tailed analysis of the effect of roughness on the surface
microstructure, while ensuring precise control of the
machining conditions and increasing the reliability of
the results.

Cutting data has been selected in accordance with
Sandvik Coromant recommendations for carbon
structural steel with a hardness of 175 HB. The stock
was 30 X 30 X 30 mm, and the layer of material was
stripped in two passes, with the first strip being 4.6mm
and the second being 0.4 mm. The key to achieving a
roughness of Ra = 1.25 pm, the second pass was made
at a cutting speed of 355 m'min™" and a spindle speed
of 6 030 rpm. The feed per blade was 0.127 mm, while
the feed speed on the cutting diameter was
1 830 mm min™". For a specimen with Ra = 2.5 um, a
cutting speed of 358 m min™" was used at the same
spindle speed, while the feed per tooth was increased
to 0.152 mm, while the feed rate at the cutting diame-
ter was 1 830 mm min™".

After the machining was completed, profilometric
measurements were carried out using the Mitutoyo
Surfest SJ-210 contact profilometer. This tool, widely
used in industry, served as a reference for SEM results.
The measurement results confirmed the compliance
of the samples with the assumed Ra values, which was
crucial for further analysis (Fig. 1).

Then, the samples were examined using a Hitachi
SU3500 scanning electron microscope, available at the
Poznan Science and Technology Park. SEM analysis
allowed for detailed imaging of the surface microstruc-
ture and identification of features such as the number
and shape of irregularities, the presence of pitting and
the distribution of contaminants. Observations were
made at magnifications ranging from 100X to 3000,
which enabled the analysis of both surface topography
and detailed microstructural features. To ensure the
reproducibility of the results, the microscope's con-
stant operating parameters were used, including an ac-
celerating voltage of 15 kV and an operating distance
of 6.5 mm.

To allow quantitative comparison of the micro-
structure, the SEM images were divided into a grid of
43 columns and 34 rows, resulting in a total of 1462
squates for each image (Fig. 2 and Fig. 3). This divi-
sion allowed for precise counting of surface defor-
mations, including the number of sharp and benign
protrusions, the width of cracks, and the number and
distribution of pits. The presence and size of contam-
inants were also analysed, as well as the length and dis-
tribution of microcracks. The collected data were tab-
ulated (Table 1-7), which enabled a systematic assess-
ment of the influence of microstructure on surface
properties.

SEM analysis provided answers to key research
questions. It has been shown that the use of this
method allows the identification of microstructural
details that are not visible in traditional Ra
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measurements. Thanks to the SEM technique, it was
possible to observe pitting, sharp edges, structural ir-
regularities and microcracks, which can affect the
tribological properties of the surface. In addition, the
comparison of samples with different Ra values
showed that surfaces with lower roughness have a
more homogeneous structure, fewer sharp edges and
a more regular pitting arrangement, potentially im-
proving their functional properties. Ultimately, the in-
tegration of SEM results with profilometric data ena-
bled a comprehensive assessment of the surface mi-
crostructure. SEM provided detailed information on
the shape and distribution of defects that were not vis-
ible in traditional profilometric measurements.

The presented research methodology was devel-
oped to better understand the influence of surface ir-
regularities on its tribological properties. The results
of the study have applications in the design of me-
chanical components, particularly in high-precision in-
dustries such as aerospace, and biomedical. The inte-
gration of SEM results with classic profilometric
methods enables more precise control and optimiza-
tion of surface treatment processes, which translates
into improved durability and functionality of engineer-
ing components.

3 Results and Discussion

The conducted research enabled a detailed analysis
of the microstructure of the surface layer of samples
with different Ra roughness using profilometric tech-
niques and scanning electron microscopy (SEM). The
combination of these methods allowed for a compre-
hensive assessment of the surface, considering its to-
pography and microstructure.

The surface roughness analysis was carried out us-
ing a profilometer. The results are presented in Fig. 1
in the form of graphs illustrating the differences in Ra
parameters, amounting to an average of 1.25 pm and
2.5 pm. Although Ra measurements provided numer-
ical values, this method did not allow for full visuali-
zation of surface features. This limited its usefulness
in precise tribological analyses, especially in the con-
text of the correlation of numerical parameters with
real microstructural features.

Roughness plots showed that samples with a
higher Ra value had greater amplitude variation, which
may have affected their tribological properties. The Ra
test itself, although commonly used by designers, does
not provide information about the actual appearance
of surface irregularities. Therefore, the aim of further
research was to capture morphological parameters in
detail using electron microscopy.

Different magnifications were used in the test pro-
cedure to determine at what magnification differences
affecting roughness changes were visible. To estimate
the number and magnitude of surface damage, the im-
age area was divided into a grid of squares, as shown
in Fig. 2 and Fig. 3a, where the classification and

counting of defects defined in Fig. 3b was performed.
To enable readers to make an independent, critical
analysis, the subsequent illustrations do not include
the overlay of the grid and damage descriptions. The
number of surface deformations was so large that their
direct marking could make it difficult for the reader to
draw his own conclusions.

The first tests were carried out at x100 magnifica-
tion (Fig. 4), which showed significant differences in
the surface structure of the samples. Surfaces with
higher roughness (Ra < 2.5) were characterized by nu-
merous sharp edges, irregular distribution of vices and
the presence of defects. In contrast, samples with a
lower Ra value (Ra < 1.25) had a more homogeneous
structure and fewer unevenness’s. These results are
summarized in detail in Table 1. However, the x100
magnification was not sufficient to accurately visualize
subtle differences, such as the shape of micro-inden-
tations or the detailed arrangement of defects. There-
fore, the research was continued at higher magnifica-
tions.

Performing the analysis at magnifications of x500,
x1000 and x1500 (Fig. 5, 6, 7) allowed for better cap-
ture of microstructural details, such as micro-pitting,
structural irregularities and the presence of contami-
nants. A detailed comparison of the results can be
found in Tabs. 2 and 3. It was found that lower Ra
values were associated with a more regular surface ge-
ometry and fewer micro-pitting, which had a positive
effect on tribological properties. On the other hand,
surfaces with a higher Ra value were characterized by
greater irregularity, which increased the risk of local
stress concentrations.

Further studies at magnifications of x2000, x2500
and x3000 (Fig. 8, 9, 10) al-lowed to capture details
such as the shape of micro-pits or the depth of defects.
Tabs. 4 and 5 present data on the number of sharp
edges, micro-pitting and contamination. The results
clearly indicated that surfaces with a lower Ra value
are characterized by greater uniformity, which can
contribute to reducing friction and improving the du-
rability of mechanical components.

The results obtained confirm the legitimacy of the
integration of profilometric and SEM methods. The
profilometer provides numerical values that are com-
plemented by detailed microstructure analysis ob-
tained with SEM. This approach allows for a more
complete understanding of surface properties and the
identification of features that may affect its function-
ality, such as stress concentrations or failure initiation.

The methodology is particularly important from
the point of view of designing mechanical elements,
where even minor defects can lead to material fatigue,
corrosion and damage to a critical element of the de-
signed structure. The integration of advanced imaging
techniques and traditional measurement methods en-
ables precise surface design with optimized tribologi-
cal properties.
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Fig. 1 Surface roughness diagrams for two cubic measuring samples (20 X 20 X 20 mm) processed on a DMG MORI milling
machine; The roughness was measured along a selected section of 12.5 mm

In the Fig. 1 (a) the diagram corresponds to the
first sample, showing a roughness value of
Ra = 1.190 um. In the Fig. 1 (b) the diagram corre-
sponds to the second sample, showing a roughness va-
lue of Ra = 2.255 pum.
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Fig. 2 A grid with a division of 12x7 (84 squares) was ap-
plied to the SEM image, corresponding to the scale given in the
lower right corner of the photo
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Fig. 3 SEM image illustrates the methodology of surface defect analysis using a 43X34 mesh (1462 squares) to quantify and clas-
sify surface irregularities

Fig. 3 (a) shows SEM image with a superimposed
43%34 grid applied for systematic defect assessment.
Fig. 3 (b) shows identification of key surface features,

including sharp and smooth surfaces, crack width,
pitting density, impurities, and microcracks, marked
for comparative evaluation.
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(b)
Fig. 4 Surface images of two samples with roughness values of Ra < 1.25 um and Ra < 2.5 pm, observed at X100 magnification

In the Fig. 4 (a) the first sample (Ra < 1.25 um)
shows a surface with fine, evenly distributed linear
scratches and minor irregularities. In the Fig 4 (b) the

second sample (Ra < 2.5 um) exhibits a surface with
visible grooves, deeper scratches, and areas of irregu-
lar texture.

Tab. 1 Detailed comparison of surface characteristics of samples with different roughness (Ra<2.5 and Ra<1.25) at x100 magnifi-
cation; The analysis includes the proportions of the offenses, the width of the cracks, their frequency, the presence of impurities and the

number of spots; The conclusions concern potential applications and effects on tribological properties

No. Parameter Ra <25 Ra <1.25 Comments
1 Sharp surface features 35% * 3.5%. (approx.  15% * 1.5%. (approx. Sha-rp protrusions ident.iﬁed by z_ma—
512 grids) 219 grids) lyzing the edge shapes in the grids.
Smooth protrusi all
65% * 6.5% (approx.  85% T 8.5% (approx. mooth profrusions covera -
2 Smooth surface ) . structures with a rounded profile in
950 grids) 1243 grids) .
the mesh analysis.
A K width The crack width was calculated as an
3 VETagE Crark W 2.5+ 0.25 1.840.18 average of 15 measurements in diffe-
(pm)
rent areas of the mesh.
- . h foi
4 Pitting density 8+ 0.8 pits/100 grids 3 + 0.3 pits/100 grids ¢ Aumber of pits was average
(pits/100 grids) based on representative areas.
5 Number of impurities 12 £ 1.2 (across the 5% 0.5 (all over the Impurities identified from SEM
(stains) grid) grid) image contrast.
. Present in 18% =+ Present in 5% % 0.5%  Microcracks were determined based
Presence of mic- . i
6 rocrack 1.8% of mesh ateas of mesh areas (approx.  on their characteristic geometry and
ocracks
(approx. 263 gtids) 73 grids) length.
A : K The length was measured on 10 ran-
erage microct
7 vetage ierostac 48+0.48 214021 domly selected cracks on both sur-
length (um)
faces.
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(@) (b)
Fig. 5 Surface images of two samples with ronghness valnes of Ra < 1.25 um and Ra < 2.5 ym, observed at X500 magnification

In the Fig. 5 (a) the first sample (Ra < 1.25 pum) shaped grooves, deeper pits, and protrusions resem-
exhibits a surface with distinct linear scratches, sha- bling fractured material. Asymmetrical deformations
llow grooves, and occasionally elongated depressions, and scattered structures resembling contaminants are
aligned with the machining direction. In the Fig. 5 (b) also visible.
the second sample (Ra < 2.5 um) shows irregularly

Magnitication x 1 000 & Ra < 2.5

1 AIRRARSE: i 1
(i i e

Fig. 6 Surface images of two samples with ronghness valnes Ra < 1.25 yum and Ra < 2.5 ym, observed at a magnification of
x1000
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In the Fig. 6 (a) the first specimen (Ra < 1.25 pm)
shows a surface with fine, linear scratches, narrow gro-
oves and isolated microcracks, mainly in accordance
with the direction of processing. In the Fig. 6 (b) the
second sample (Ra < 2.5 um) shows a surface

characterized by irregular grooves, diffuse depressions
and micro-cracks of varying width and length, accom-
panied by impurity-like protrusions and asymmetric
surface features.

Tab. 2 Comparative analysis of the surface characteristics of samples at magnification at x500, considering the percentage of sharp
and mild protrusions, the width of cracks, their frequency, and the number of dirt stains; The results indicate the influence of roughness
parameters on the quality and tribological properties of the surface

No. Parameter Ra<2.5

Ra<1.25 Comments

45% * 4.5% (approx.

1 Sharp surface features 658 grids)

The Ra < 2.5 um surfaces exhibit a higher percentage
of sharp edges, reflecting the presence of pronoun-

ced, angular surface features resulting from rougher

20% £ 2% (ap-
prox. 292 grids)

machining conditions. In contrast, the Ra < 1.25 um
samples demonstrate smoother transitions and fewer
sharp protrusions, indicative of precision machining

and reduced mechanical stress.

55% =+ 5.5% (approx.

2 Smooth surface 804 grids)

Mellow performances are dominant in Ra < 1.25 pm
sutfaces, characterized by rounded edges and smo-

other microgeometry. These features reduce tribolo-

80% =+ 8% (ap-
prox. 1170 grids)

gical resistance, enhancing the wear properties of the
material. The Ra < 2.5 um samples, with a lower
Smooth surface, display a more uneven surface with

increased frictional resistance.

Average crack width

324032
(pm)

The wider cracks observed in Ra < 2.5 pm samples

suggest that the material underwent greater mecha-

nical stress or deformation during processing. Con-
2.1 £0.21 versely, the narrower cracks in Ra < 1.25 um surfaces
indicate a more uniform stress distribution and supe-

rior structural integrity, which is beneficial for load-

bearing applications.

Pitting density 12 + 1.2 pits/100
(pits/100 grids) grids

Pitting frequency is significantly higher in Ra < 2.5
um samples, due to stress concentrations and locali-

zed material removal. The lower pitting frequency in

5 £ 0.5 pits/100
grids

Ra < 1.25 um surfaces reflects a more controlled ma-
chining process, where surface defects are minimized,
leading to better material performance in corrosive

environments.

Number of impurities 25 £ 2.5 (all over the
(stains) grid)

The impurities seen in SEM images manifest as diffe-
rences in brightness, indicating the presence of sedi-

ment or inclusions. Surfaces of Ra < 2.5 um have
10 £ 1 (across "

the grid)

more of them, which is due to their greater rou-
ghness and ability to retain pollutants. Ra surfaces <
1.25 um ate smoother and cleaner, which promotes

better quality components.

Present in 22% *+
Presence of mic- 2.2% of the mesh
rocracks areas (approx. 322

squares)

Present in 8% *
0.8% of mesh Microcracks were determined based on their charac-
areas (approx. teristic geometry.
117 squares)

Average microcrack 534053
length (um)

The length was measured on 15 randomly selected

257+ 025

cracks.
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Tab. 3 Comparative analysis of sample surfaces at x1000 magnification, considering the percentage of sharp and mild protrusions,
crack width, pitting frequency, and amount of contamination

No. Parameter Ra <25 Ra <1.25 Comments

% + 59 . 25% * 2.59 . he shatp | istinguish
1 Sharp surface features 50% £ 5% (approx 5% 5% (approx The sharp lugs are distinguished by

731 grids) 366 grids) clear edges in the mesh.
) Smooth surface 50% % 5% .(approx. 75% % 7.5% (approx.  The gentle protrusions have a r_oun—
731 grids) 1096 squares) ded shape and greater regularity.
3 Average crack width 28+ 028 19+ 019 The ffeature.s are narrower and more
(um) uniform in Ra < 1.25 samples.
The pitting in the Ra < 2.5 1
Pitting density 15 % 1.5 pits/100 , o heprngintieta s S0 sampes
4 . . ) 7 £ 0.7 pits/100 grids  is deeper and more irregular in distri-
(pits/100 grids) grids .
bution.
5 Number of impurities 30 % 3 (across the 12 £ 1.2 (across the Debris appears as dark, irregular
(stains) grid) grid) spots visible in the SEM image.
Present in 25% *
P in 10% % 19
Presence of mic- 2.5% of the mesh resentin 10% 2 1% Microcracks in Ra < 2.5 are more
6 of mesh areas (approx.
rocracks areas (approx. 366 branched.
146 squares)
squares)
- Average microcrack 6.5+ 0.65 324032 Microcracks in Ra < 1.2.5 samples
length (pum) are shorter and straighter.

Magnification x 1 500 & Ra < 2.5

i AT e

(b)
Fig. 7 Surface images of specimens with roughness valnes Ra < 1.25 ym and Ra < 2.5 um, observed at a magnification of X1500

In the Fig. 7 (a) the first specimen (Ra < 1.25 pm) the second specimen (Ra < 2.5 pm) exhibits deeper

shows linear grooves with smooth edges, occasional irregularly edged grooves, numerous indentations of
shallow indentations, and a few microcracks consis- different shapes, and a higher density of microcracks
tent with the direction of processing. In the Fig. 7 (b) with branching patterns.
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Tab. 4 Comparison of surface features at 51500 magnification: detailed analysis of acute and mild offences, pitting, contamination,
and their effect on tribological properties

No. Parameter Ra<25 Ra <1.25 Comments
The sh trusions in Ra < 2.5
40% + 8% (approx.  20% % 4% (approx. © ShAtp Protrusions in Ta
1 Sharp surface features . . are more irregular in shape, often
585 grids) 293 grids) .
with sharp edges.
llow lugs i <12
60% + 12% (approx.  80% + 16% (approx.  L1¢ mellow lugs in Ra < .25 are
2 Smooth surface . more rounded and evenly distri-
877 grids) 1169 squares)
buted.
A cack width The cracks in Ra < 2.5 are wider and
erage crac
3 verag 2.3+ 046 1.5+03 more branched compared to Ra <
m
(bm) 1.25 samples.
tine in Ra < 2.5 i . i
Pitting density 12 + 2.4 pits/100 , . PiringinRa <2.5is deeper, irregu
4 . ) : 6 * 1.2 pits/100 grids lar, and more likely to occur in
(pits/100 grids) gtids
groups.
5 Number of impurities 25 £ 5 (across the 10 £ 2 (across the The impurities in Ra < 2.5 are more
(stains) grid) grid) diffuse and irregular in shape.
H 0/ + (0 H 0/ + 20
Presence of mic- Presentin 30% £ 6% - Presentin 15% % 3% Microcracks in Ra < 2.5 have an irre-
6 ek of mesh areas (approx. of mesh areas (approx. qular dal ¢ length
rocracks ar course and a longer length.
439 grids) 219 squares) " g
A . K The microcracks in Ra < 1.25 are
erage microcra
7 verage ierocmae 72+ 1.44 3.6£0.72 more homogeneous, but much shor-

length (pum)

ter.

Magnification x 2 000 & Ra < 2.5

i L v,lst v "J I f V,
A { \ . \‘

Fig. 8 Surface images of samples with roughness values Ra < 1.25 um and Ra < 2.5 um, observed at X 2000 magnification

sample (Ra < 2.5 um) exhibits pronounced grooves
with uneven edges, larger clusters of impurities, and
widespread microcracks with branching and intercon-
nected patterns.

In the Fig. 8 (a) the first sample (Ra < 1.25 pm)
shows fine, linear grooves with minimal irregularities,
isolated impurities appearing as small dark spots, and
shallow microcracks. In the Fig. 8 (b) the second
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Tab. 5 Surface analysis at x2000 magnification: number and characteristics of vices, pits, contaminants, and their impact on the

tribological properties of the surface

No.

Parameter

Ra<2.5

Ra<1.25

Comments

Sharp surface features

45% % 9% (approx.
658 grids)

25% £ 5% (approx.
366 grids)

Sharp edges in Ra < 2.5 um samples
are characterized by distinct, angular
protrusions with irregular and jagged
geometries. These features contribute
to increased friction and wear re-
sistance. In Ra < 1.25 um samples,
sharp edges are smoother and less fre-
quent, aligning with a more uniform
and controlled machining process.

Smooth surface

55% £ 11% (approx.
804 grids)

75% £ 15% (approx.
1096 squares)

Mellow regions dominate Ra < 1.25
um samples, with smooth, rounded
geometries that minimize surface fric-
tion and enhance wear resistance. In
Ra < 2.5 um samples, these regions are
less prevalent and interrupted by shar-
per, irregular features, increasing sur-
face roughness and tribological impact.

Average crack width
(um)

1.8 £0.36

121024

Cracks in Ra < 2.5 um surfaces are
wider and show irregular, branching
patterns that intersect grooves and
pits. In Ra < 1.25 um surfaces, cracks
are narrower, more linear, and align
with machining directions, reducing
stress concentration, and improving
material stability.

Pitting density
(pits/100 grids)

15 % 3 pits/100 grids

8 + 1.6 pits/100 grids

Pits in Ra < 2.5 um surfaces are larger
and irregularly distributed, often asso-
ciated with areas of high stress or ma-
terial wear. In Ra < 1.25 um samples,
pits are smaller, more circular, and ap-
pear in consistent patterns, reflecting
precise machining and better stress
management.

Number of impurities
(stains)

30 £ 6 (actross the
grid)

12 = 2.4 (all over the
grid)

Impurities in Ra < 2.5 um surfaces are
irregular, forming concentrated clus-
ters around defects such as pits and
microcracks. In Ra < 1.25 um samples,
impurities are fewer, smaller, and
evenly spaced, which supports higher
cleanliness and processing precision.

Presence of mic-
rocracks

Present in 35% = 7%

of mesh areas (approx.

512 squares)

Present in 20% =+ 4%

of mesh areas (approx.

293 squares)

Microcracks in Ra < 2.5 um surfaces
are longer, more branched, and frequ-
ently connect to pits and grooves,
increasing material degradation risk. In
Ra < 1.25 pum surfaces, microcracks
are shorter, less complex, and more
evenly spaced, which reduces the po-
tential for crack propagation.

Average microcrack
length (pum)

65*13

3.0£ 0.6

Longer microcracks in Ra < 2.5 um
surfaces indicate higher material stress
and greater susceptibility to mechanical

failure. Shorter microcracks in Ra <

1.25 um surfaces reflect improved
structural cohesion and better re-
sistance to stress-induced damage.
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Fig. 9 Surface images of samples with ronghness valnes Ra < 1.25 um and Ra < 2.5 um, observed at X2500 magnification

In the Fig. 9 (a) the first sample (Ra < 1.25 um) irregular grooves with jagged edges and deeper profi-

shows linear grooves with smooth, well-defined edges. les. Impurities are larger and clustered, while
Impurities appear as small, circular, or elongated dark microcracks show pronounced branching and wide-
spots, while microcracks are narrow and straight. In ning.

the Fig. 9 (b) the second sample (Ra < 2.5 pm) exhibits

Magnification x 2 500 & Ra < 1.25

i

@ (b)
Fig. 10 Surface images of samples with roughness valnes Ra < 1.25 um and Ra < 2.5 um, observed at X3000 magnification
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In the Fig. 10 (a) the first sample (Ra < 1.25 pum)
shows linear grooves with smooth, continuous edges,
interspersed with isolated micro-pits that are circular
or slightly elongated. Protrusions are minimal and
symmetrical, with contaminants appearing as small,
round dark spots. In the Fig. 10 (b) the second sample

(Ra < 2.5 pm) exhibits irregular grooves with uneven,
jagged edges. Micro-pits are larger and irregularly sha-
ped, with protrusions that appear asymmetrical and
more pronounced. Contaminants are more concentra-
ted and form clusters of varying shapes and sizes.

Tab. 6 Surface analysis at x2500 magnification: number and characteristics of protrusions, pits, contaminants, and their impact on
tribological and mechanical properties

No.

Parameter

Ra<2.5

Ra <1.25

Comments

Sharp surface features

50% * 10% (approx.
731 grids)

30% £ 6% (approx.
439 grids)

Sharp edges in Ra < 2.5 um surfaces domi-
nate irregular areas, with jagged geometries
indicating uneven machining and increased
stress concentrations. In Ra < 1.25 pm sur-
faces, sharp features are fewer and smoother,
contributing to better surface uniformity and

lower friction.

Smooth surface

50% * 10% (approx.
731 grids)

70% £ 14% (approx.
1023 grids)

Mellow protrusions on Ra < 1.25 um surfaces
are smooth, uniform, and dominate the sur-
face microgeometry, enhancing overall con-

sistency. In contrast, Ra < 2.5 pm surfaces ex-
hibit fewer mellow regions, which are often

disrupted by sharp features, leading to

reduced surface quality.

Average crack width
(um)

1.6 £ 0.32

1.1+0.22

Cracks in Ra < 2.5 um surfaces are wider and
more irregular, with branching patterns con-
nected to pits. In Ra < 1.25 um surfaces,
cracks are narrower, more linear, and evenly
distributed, reflecting improved structural in-

tegrity and reduced material stress.

Pitting density
(pits/100 grids)

18 + 3.6 pits/100
grids

10 + 2 pits/100 grids

Pitting in Ra < 2.5 um surfaces is irregular
and deep, often associated with clusters of
impurities. In Ra < 1.25 um surfaces, pits are
smaller, shallower, and more uniform, redu-

cing the likelihood of material degradation.

Number of impurities
(stains)

35+ 7 (across the
grid)

15 * 3 (across the
grid)

Impurities in Ra < 2.5 um surfaces are larger
and more diffuse, with uneven distribution
that may correlate with stress concentrations.
In Ra < 1.25 um surfaces, impurities are
smaller, more uniform, and less frequent, in-

dicating better machining cleanliness.

Presence of mic-

rocracks

Present in 40% £ 8%
of mesh areas (approx.

585 squares)

Present in 25% * 5%

of mesh areas (approx.

366 squares)

Microcracks in Ra < 2.5 um surfaces are lon-
ger, more branched, and connected to groo-
ves and pits, increasing the risk of crack pro-
pagation. In Ra < 1.25 pm surfaces, mic-
rocracks are shorter, straighter, and less fre-
quent, reflecting better resistance to mecha-

nical wear.

Average microcrack

length (pm)

7.0t 1.4

3.5%0.7

Longer microcracks in Ra < 2.5 um surfaces

indicate higher stress and material fatigue. In
Ra < 1.25 um samples, shorter microcracks
improve durability and minimize the likeli-

hood of crack growth under load.
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Tab. 7 Surface analysis at x3000 magnification: micro-pitting, number and shape of transgressions, presence of impurities and their
impact on durability and tribological properties

No.

Parameter

Ra<2.5

Ra <1.25

Comments

Sharp surface features

60% £ 12% (approx.
877 grids)

35% £ 7% (approx.
512 grids)

The sharp features in Ra < 2.5 um samples
are irregular and angular, forming uneven pat-
terns across the surface, often associated with
higher stress and material strain. In Ra < 1.25
um surfaces, the sharp performances are smo-

other and better aligned, contributing to en-
hanced sutface uniformity and reduced tribo-

logical wear.

Smooth surface

40% * 8% (approx.
585 grids)

065% % 13% (approx.
950 grids)

Mellow features dominate in Ra < 1.25 um
surfaces, appearing as smooth and rounded
regions that enhance tribological performance
and reduce friction. In Ra < 2.5 um surfaces,
mellow regions are interrupted by sharper ele-
ments, creating a rougher surface that can af-

fect wear properties negatively.

Average crack width
(pm)

1.3+ 0.26

09 +£0.18

Cracks in Ra < 2.5 um surfaces are wider,
with irregular branching patterns that often
intersect pits and grooves, increasing suscepti-
bility to material fatigue. In Ra < 1.25 um
samples, the cracks are narrower and more
uniform, reflecting a more controlled stress

distribution and better material stability.

Pitting density
(pits/100 grids)

22+ 4.4 pits/100
grids

12 £ 2.4 pits/100
grids

Pitting in Ra < 2.5 um surfaces is deeper and
more irregular, with pits clustering in areas of
material weakness. In Ra < 1.25 um sutfaces,
pits are smaller, shallower, and uniformly dis-
tributed, minimizing the risk of surface degra-

dation and improving overall durability.

Number of impurities
(stains)

40 * 8 (across the
grid)

18 £ 3.6 (all over the
grid)

Impurities in Ra < 2.5 pm samples are larger
and irregular, often concentrated near grooves
and microcracks, indicating less efficient clea-

ning or machining processes. In Ra < 1.25
um surfaces, imputities are fewer, more
evenly distributed, and smaller in size, poin-

ting to improved surface cleanliness.

Presence of mic-

rocracks

Present in 45% £ 9%
of mesh areas (approx.

658 squares)

Present in 30% * 6%

of mesh areas (approx.

439 grids)

Microcracks in Ra < 2.5 um surfaces are lon-
ger and show complex branching, often con-
nected to pits and sharp features, increasing
the risk of crack propagation under stress. In
Ra < 1.25 um surfaces, microcracks are shot-
ter, less branched, and more evenly spaced,
providing improved resistance to fatigue and

mechanical wear.

Average microcrack
length (pum)

65*13

3.0£ 0.6

The longer microcracks in Ra < 2.5 um sam-
ples indicate higher stress and reduced mate-
rial durability, posing a greater risk under cy-
clic loading. In Ra < 1.25 um surfaces, shorter
microcracks reflect improved material co-
hesion and greater resistance to crack propa-

gation, enhancing overall reliability.
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In the studies of the microstructure of the surface
layer of samples with different surface roughness (Ra),
the SEM technique was used for a detailed analysis of
the sur-face morphology. Results answered three key
research questions, while revealing some universal sur-
face features and problems regardless of the applied
SEM magnification and Ra value.

During the research conducted, changes in surface
morphological features de-pending on SEM magnifi-
cation were analyzed. The results clearly showed that
in the samples with roughness Ra < 2.5 and Ra < 1.25,
the basic morphological characteristics retain their
characteristics regardless of the magnification applied.
At all magnifications, from x100 to x3000, irregulari-
ties such as sharp and mild protrusions, pitting, mi-
crocracks, and debris were observed. Increasing mag-
nification only revealed greater detail of the structure
and more precise proportions between individual ele-
ments of the microstructure.

For example, the percentage of sharp protrusions
in samples with Ra < 2.5 increased from 35% at x100
maghnification to 60% at x3000. For Ra < 1.25, these
proportions ranged from 15% to 35%, respectively.
This means that although the relative values varied,
the sharp protrusions themselves were present regard-
less of magnification. Similarly, mild protrusions in
samples with Ra < 1.25 remained dominant at all mag-
nifications, although their proportion decreased from
85% at x100 to 65% at x3000. Thus, surface irregular-
ities, although they differed proportionally, were a
constant element of morphology regardless of the
scale of observation.

Based on observational and analytical studies, it
can be clearly stated that problems resulting from sur-
face irregularities occur regardless of the roughness
value Ra. Analysis of samples with Ra < 1.25 revealed
that despite reduced roughness and a more regular
surface structure, irregularities were still present and
could pose potential functional problems. For exam-
ple, the average crack width in these samples ranged
from 0.9 um to 1.8 pm depending on magnification,
and the pitting frequency was as high as 12 per 100
grids at x3000 magnification. In addition, microcracks,
although shorter (2.1 um to 3.6 pm), were still present
in 30% of the lattice areas at highest magnification.

This indicates that even at lower roughness, the
surface is not perfectly smooth, and the presence of
these microstructural irregularities can lead to the ini-
tiation of damage, especially in demanding operating
environments. Therefore, from the point of view of
the designer and user, these tests have shown that re-
gardless of the magnitude of the measured parameters
Ra, the problem of stress concentration caused by lo-
cal irregularities only decreases but is not eliminated in
the case of milling machining,.

According to the authors of the study, the con-
ducted research allowed us to capture the functional
significance of surface unevenness in the context of
the selection of roughness parameters at the design

stage of responsible machine parts. The increase in
SEM magnification from x100 to x3000 allowed for a
more precise grasp of the proportions between indi-
vidual morphological features. For example, the num-
ber of impurities in samples with Ra < 2.5 increased
from 12 spots on the entire grid at x100 to 40 at x3000,
and in samples with Ra < 1.25 — from 5 to 18. At the
same time, the microcracks, although shorter at
Ra < 1.25, were more pronounced and more visible at
higher magnification.

The results of the research presented in this paper
show that even at lower values of Ra, inequalities can
be a significant problem, because reducing the scale of
observations only changes the proportion and distri-
bution of these elements. For example, pit-ting at
Ra < 1.25 was more uniform and shallower than at
Ra < 2.5, but its presence was constant, indicating that
it cannot be ignored when evaluating surface function-
ality.

The research method presented in the paper, ac-
cording to its authors, has sufficiently proven that the
importance of integrating SEM with profilometry
makes engineering sense. Integrating advanced imag-
ing techniques such as SEM with traditional profilom-
etry allows for a more comprehensive understanding
of the causes of surface layer unevenness. Although
classical methods provide numerical values such as Ra,
SEM reveals microstructural details that can affect
surface functionality and final decisions on whether to
accept or reject the adopted roughness parameters at
the design stage of the responsible mechanical parts.
This is of key importance for tribological phenomena,
because even short discontinuities in the material
structure can initiate damage as a result of material fa-
tigue, and irregular protrusions can promote the for-
mation of corrosion centers, and in pneumatic and hy-
draulic systems cause detachment of microelements,
which can contribute to increasing damage to other
surfaces or micro-blocking of the responsible control
valves.

One of the significant drawbacks of the adopted
method of surface assessment is its subjectivity, result-
ing from manual measurement and comparison of in-
dividual elements of the microstructure. Such an ap-
proach can led to interpretation errors and evaluative
fatigue, which consequently affects the repeatability of
results. Nevertheless, even subjective SEM analysis
contributes to the development of engineering intui-
tion — a machine designer or technologist remembers
characteristic features of surfaces, such as specific
shapes, cracks, depressions, scratches or spots. This
allows him to consciously select machining parameters
and determine its directivity in the construction draw-
ing, which goes beyond the classic methods of surface
characterization based on Ra parameters and pro-
filometry.

In the future, measuring devices such as the SEM
used in this study (Fig 11) may be equipped with au-
tomated surface analysis algorithms, eliminating the
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subjective factor and speeding up the evaluation pro-
cess. Over time, it can be expected that such tech-
niques will become the industry standard, making
SEM testing more common in engineering practice.
The introduction of artificial intelligence systems for
image analysis will allow for automatic detection and
classification of defects, increasing the precision and
repeatability of results.

Fig. 11 Hitachi SU3500 scanning electron microscope used
to take surface images in Poznan Science and Technology
Park

In addition, from a mechanical engineering per-
spective, an important aspect of surface optimization
is the avoidance of excessively low roughness in rest-
ing and press-fit joints. Excessive smoothing of the
surface can lead to increased costs and higher CO2
emissions. Analysis using Sandvik Coromant software
showed that the right balance of roughness parameters
can optimize both the durability and the mechanical
properties of the joints. Therefore, it is important to
consider not only the aesthetics and strength of the
surface in the design process, but also the functionality
in the context of its intended use, as well as the neces-
sary calculations of the carbon footprint. Analysis of
the energy intensity of the process showed that the
cutting of surfaces with Ra = 125 pm and
Ra = 2.5 pm differs in terms of energy consumption
and CO:2 emissions. The total carbon dioxide emis-
sions for surface treatments with Ra = 1.25 were
35.9 g CO2, while for Ra = 2.5 it was 34.2 g COa,
which means a reduction in emissions of about 4.7%.
In terms of emission intensity measured in g/kWh, the
value was 573 g/kWh for Ra = 1.25 and 546 g/kWh
for Ra = 2.5, respectively, representing a difference of

4.7%. On the other hand, the demand for electricity
(Work per Component) was 0.0626 kWh for
Ra = 1.25 and 0.0622 kWh for Ra = 2.5, which sug-
gests slightly lower energy consumption for surfaces
with higher Ra. It is worth noting that despite small
percentage differences, on an industrial scale this can
lead to energy savings and a reduction in the carbon
footprint of the entire production process, therefore,
according to the authors of the paper, this publication
can facilitate design decisions in construction, technol-
ogy and metrology.

4 Conclusions

Analysis of the microstructure of the surface layers
of samples with different Ra roughness using scanning
electron microscopy (SEM) provided key data for a
better understanding of the relationship between the
Ra value and the actual surface structure. Results
clearly showed that while a reduction in Ra leads to
greater surface uniformity and regularity, it does not
eliminate microcracks, micro pitting or other micro-
structural defects. These defects can significantly af-
fect the tribological properties and service life of struc-
tural elements, which means that the mere fulfillment
of the Ra requirement in the technical documentation
does not guarantee the absence of surface damage.

Based on the results obtained, the lLaw of
Microstructural Roughness was formulated, which re-
ads: "Microstructural irregularities are inevitable in
machining processes, even with a significant reduction
in the Ra value. The final quality of the surface layer
depends not only on the Ra value, but also on the ac-
tual surface microstructure, which should be analysed
in a comprehensive manner — using both contact and
non-contact methods and microscopic examinations."

Confirmation of this right results not only from the
research carried out as part of this work, but also from
numerous scientific studies carried out by other re-
search teams. For example, Nagy A. et al. [15] showed
that there is a clear relationship between milling pa-
rameters and changes in roughness deviation in differ-
ent directions. Their research showed that the distri-
bution of deviations in roughness profiles at several
measurement points can vary, which has a direct im-
pact on the functional properties of the surface.

The law of microstructural roughness has also
been confirmed in the research of Wang L. et al. [16],
who proved that changes in surface roughness also ap-
ply to gray cast iron. In their research, they empha-
sized the need for experimental optimization of cut-
ting data through appropriate tool selection and wear
control, which allows for optimal surface quality.
Their results indicate that achieving the required sur-
face roughness should be based on real-world experi-
ments adapted to the machining conditions. A similar
approach was proposed by Timarova L. et al. [17],
who developed a methodology for planned experi-
ments in the evaluation of Ra parameters, which
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allows to increase the accuracy of the obtained results
and at the same time reduce the number of required
trials.

In addition, studies by Majerik J. et al. [18] on sur-
face topography, roughness and machining accuracy
have shown that these parameters are directly related
to the chip formation process. Their analysis shows
that differences in the Ra value can be due to the type
of cutting tool used and the characteristics of the chips
generated. The measurement of surface roughness af-
ter DNMG and WNMG treatment, despite identical
technological conditions, showed differences in Ra va-
lues depending on the processed matetial. This phe-
nomenon has been confirmed by micro geometric stu-
dies and observations of the chip formation process,
the structure of which has been described in the form
of diagrams illustrating their shape and distribution.

The results of the research directly answer the re-
search questions posed below.

e What additional microstructural information
can be obtained from SEM compared to tra-
ditional profilometric methods? - SEM re-
veals important microstructural surface fea-
tures such as microcracks, pitting, sharp and
mild protrusions, and contaminants that re-
main invisible in classic Ra measurements.
Visual surface analysis allows you to identify
material discontinuities and assess their im-
pact on the functionality of the components,
which provides significant support in the
quality control process and decision-making
about the release of the product for use.

e How do microstructural differences associate
with the Ra value affect tribological proper-
ties? - A lower Ra value (Ra < 1.25 pm) pro-
motes greater surface uniformity, which im-
proves its tribological properties and in-
creases fatigue resistance. However, micro-
cracks and other structural defects can occur
regardless of the Ra value, which means that
simply lowering it does not guarantee full-ser-
vice life. In practice, this means that even if
designers specify the value of Ra as a require-
ment and it is met, it does not guarantee that
the surface is free of critical damage.

e Does the integration of SEM with classic
roughness measurement methods allow for a
better understanding of surface functionality?
- Yes, the integration of SEM with profilo-
metric methods allows for a more accurate
analysis of microstructural surface disconti-

nuities by evaluating the shape, distribution,

and nature of individual defects. This allows
for more informed decision-making about the
impact of these features on the functionality
and durability of the components. SEM also
allows for the assessment of the risk of de-
tachment of surface fragments, as well as the
impact of pitting, depressions and mi-
crocracks on the accelerated degradation of
elements. In some cases, you may want to
consider using non-destructive testing, such
as computed tomography and ultrasonic anal-
ysis, to reveal hidden defects that may affect
the reliability of components.

The results of the tests showed that the mere indi-
cation of the Ra value in the construction documenta-
tion is insufficient to ensure the full quality of the sur-
face. Although the Ra value can be as required in both
the machining process and in quality testing, this does
not automatically mean the absence of microstructural
failures. Therefore, the technical documentation
should precisely specify not only the value of Ra, but
also the measurement method, measurement direction
and frequency of control tests to ensure that the sur-
face parameters are compliant with the functional re-
quirements.

Currently, thete is no automated method for the
quantitative analysis of surface damage, including,
min. the number of microcracks and their relationship
to the classification of surface topography. In the pre-
sent study, this process was carried out manually,
which is associated with the risk of subjective interpre-
tations and limited reproducibility of results. It can be
assumed that the dynamic development of artificial in-
telligence systems and image processing algorithms
soon will enable automatic detection and classification
of defects, which will significantly increase the preci-
sion and reliability of surface quality assessments.

In conclusion, this paper describes a methodology
that can be widely used in structural design, optimiza-
tion of machining processes and surface quality con-
trol. Conscious determination of roughness parame-
ters in technical drawings and their correct interpreta-
tion are crucial for precise design and increasing the
durability of engineering components.
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