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Surface Roughness
Lawrence A. Renna

Surface roughness has critical implications for the proper-
ties and function of materials including, wettability, friction 
resistance, optical properties, anti-scaling performance, 
corrosion resistance, sensor activity, and electronic proper-
ties, to name a few. Thus, using surface metrology to char-
acterize surface roughness provides important information 
in describing material morphology. Scanning electron 
microscope (SEM) and scanning probe techniques such as 
profilometry and atomic force microscopy (AFM) are the 
more traditional methods for investigating surface rough-
ness. Surface roughness analysis by SEM usually requires 
additional sample preparation (e.g., gold sputtering), 
and SEM images typically cannot quantify surface texture 
characteristics or precise morphologies over a large sur-
face area. AFM can measure very small surface roughness 
features; however, it is often difficult to perform on very 
soft or sticky surfaces, and cannot characterize surfaces 
with small and large surface features. [1] Thus arises optical 
metrology, specifically laser scanning confocal microscopy 
(LSCM) to address many of the needs of surface metrology.

LASER SCANNING  
CONFOCAL MICROSCOPY

LSCM is a topological optical microscopy tech-
nique that can create a bright image of the 
specimen's in-focus region while causing all 
out-of-focus areas to appear dark. One of the 
major limitations of traditional optical micros-
copy is the narrow depth of field. LSCM can 
take a series of optical sections, at different 

optical planes, to assemble a “through-fo-
cus” image. This feature endows LSCM 
with a virtually infinite depth of field. [2]

Two different modes of LSCM operation are 
typically used to characterize material struc-
tures. They are fluorescence-mode LSCM and 
reflectance-mode LSCM. Fluorescence-mode 
uses the excitation of fluorophores to gener-
ate image contrast, whereas reflectance-mode 
is used to characterize the surface texture or 
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roughness of material surfaces. [1] In reflec-
tance mode, a 405 nm laser is typically 
used because it provides the smallest probe 
size. Moreover, highly tuned optics provides 
extremely high, sub-micron resolution. [3]

In scanning probe techniques, roughness 
measurements are generally made along a 
straight line by scanning the sample’s sur-
face with a probe. LSCM instruments can 
perform a line-scan such that the instru-
ment measures the surface features along a 
defined line in any orientation, providing the 
same roughness features as scanning probe 
methods. However, LSCM can also mea-
sure the surface features of the entire area 
of a sample, which provides a more repre-
sentative view of the overall surface. [3]

The quantification of surface features results 
in surface parameters, and are discussed in the 
next section. Surface parameters are charac-
terized by profile methods and areal methods. 

Profile methods were derived for conventional 
stylus probe measurements, but can be eas-
ily calculated from LSCM measurements. Areal 
methods can characterize the entire surface 
rather than just a line across the surface and 
are one of the main benefits of using LSCM. [1]

Profile Methods. The primary profile curve is 
obtained by applying a low-pass filter to the 
measured primary profile. The surface texture 
parameter calculated from the primary pro-
file is referred to as the primary profile param-
eter (P-parameter). The roughness profile can 
be derived from the primary profile by apply-
ing a high-pass filter to remove the long wave 
components of the profile. The surface texture 
parameter calculated from the roughness profile 
is referred to as the roughness profile parame-
ter (R-parameter). Lastly, the waviness profile is 
derived from the primary profile by applying a 
larger high-pass filter to remove the long-wave 
components greater than the waviness com-
ponents, followed by a cutoff filter to remove 

Figure 1: Top, an example of the application of areal filters to a surface obtained by confocal microscopy showing the elimi-
nated and resulting surfaces from the application of the filters. Bottom, conceptual drawing of the areal methods of analysis, 
displaying filters and their respective nesting indices, and the length-scale information contained within different calculated 
surfaces. Reproduced with permission from Ref. [4].
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the roughness components from the profile. 
The surface texture parameter calculated from 
the waviness profile is referred to as the wav-
iness profile parameter (W-parameter). [4]

Areal Methods. Filters are also used to calcu-
late new surfaces (called areal filters), which 
display the features of a surface at differ-
ent length/height scales. The filters effectively 
separate the long and/or short wave compo-
nents contained in the scale-limited surfaces. 
According to function, three types of filters are 
defined: the S filter eliminates the small wave-
length components, the L filter that eliminates 
the large wavelength components, and the F 
operation, which removes specific forms (e.g., 
spherical or cylindrical features). The value rep-
resenting the threshold wavelength for areal 
filters is called the nesting index and is equiva-
lent to cutoff values used in profile methods. [4] 
Combinations of filters can be utilized to cal-
culate new surfaces that display features at dif-
ferent length scales. The S-F surface is obtained 
by applying a Gaussian low-pass S filter to 
remove noise and keep the primary surface fol-
lowed by applying an F operator to remove the 
form. The S-F surface displays the texture of 
the material’s surface. By applying a Gaussian 
high-pass L filter to the S-F surface, the wavi-
ness is filtered out and leaves the S-L surface. 
The S-L surface displays the surface rough-
ness of the analyzed material. [5] An example 

application of the S filter, L filter, and F oper-
ation, and the resulting surfaces are shown 
in Figure 1. Moreover, Figure 1 also displays 
a conceptual drawing of areal methods dis-
playing the filters and their respective nesting 
indices, and the length-scale information con-
tained within different calculated surfaces. [4]

SURFACE ROUGHNESS 
PARAMETERS

Superficial irregularities (roughness and undu-
lation), dents, parallel grooves, and other 
characteristic surface features are collec-
tively called “surface textures.” Converting 
these surface characteristics into numeri-
cal measurements is referred to as surface 
texture parameters. Surface texture param-
eters are roughly categorized into the pro-
file methods and the areal methods. [4]

A variety of parameters can characterize 
surface roughness. Areal/field parameters 
are used to describe the entire measured sur-
face of the sample, whereas feature parame-
ters only consider select points, lines, or areas 
of the sample. [6] Surface roughness param-
eters provide more information, and their 
determination is uniquely enabled by confo-
cal microscopy. ISO 25178 categorizes the 3-D 

Group Parameters Notes

Height Parameters
Sa, Sq, Ssk,  
Sku, Sp, Sv, Sz

Amplitude methods, defined for the  
defined area

Functional  
Parameters 1

Smr, Smc, Sk,  
Spk, Svk

Areal material ratio as a function of the 
scale-limited stratified functional surface

Functional  
Parameters 2

Svq, Spq, Smq Areal material probability curve, with  
the areal material area ratio expressed as  
a Gaussian probabilityVolume Parameters

Vm, Vv, Vmp, Vmc,  
Vvc, Vvv

Functional  
Parameters 3

Svs, Srel, Svfc, Safc Fractal cross-scale descriptive methods

Hybrid Parameters Sdq, Sdr Surface envelope and gradients

Spatial Parameters Sal, Str Autocorrelation functions 

Other Parameters Std Texture direction

Table 1: ISO 25178 roughness parameters. Adapted from Ref. [7].
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surface parameters into six groups as shown 
in Table 1. [7] Surface parameters have the 
symbol S, and volume parameters have the 
symbol V. The selected area and filtering are 
not defined by the parameter designation; 
therefore, the filtering conditions should be 
stated when reporting a surface parameter. [6]

The areal surface height parameters are com-
monly used to describe the height distri-
bution or the unevenness of a surface, and 

select parameters are presented in Table 2. 
Height parameters are calculated using the 
distribution of height information from 
the measurement. [6] Therefore, lateral fea-
tures are not captured by these parame-
ters, but can be described by other param-
eters in Table 1. [8] An example height his-
togram obtained by confocal microscopy 
is shown in Figure 2 and shows the rela-
tionship between the selected areal height 
parameters and the height distribution. [4]

Figure 2: Height distribution obtained 
from LSCM showing the selected areal 
height parameters. Reproduced with 
permission from Ref. [4].
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Parameter Definition

Sq
Root mean square height is the standard deviation of the height distribution,  
or RMS surface roughness

Sp Maximum peak height is the height between the highest peak and the mean plane

Sv Maximum pit height is the depth between the mean plane and the deepest valley

Sz Maximum height is the height between the highest peak and the deepest valley

Sa Arithmetical mean height is the mean surface roughness

Table 2: Selected areal surface unevenness height parameters. Adapted from Ref. [8].

FUNCTIONAL ASPECTS  
OF SURFACE ROUGHNESS

The surface roughness of a material can have 
a significant functional impact on the mate-
rial, depending on the surface features, the 
type of material, and its application. The fol-
lowing will identify some examples of the 
functional impacts of surface roughness 
on material properties and functionality.

Wettability. The surface wettability of a mate-
rial plays a key role in various fields. Thus, con-
trolling the wettability of a surface is desired 
for a range of applications. Surface can be 
prepared, which are not easily wet by aque-
ous media (hydrophobic surfaces), non-polar 
media (oleophobic surfaces), or both (amphi-
phobic surfaces). These types of surfaces are 
often prepared by introducing surface rough-
ness. In one example, films were made with 
a blend of surface-functionalized poly(methyl 
methacrylate) and polyvinylidene difluoride 
(PVDF). [9] The surface showed a rough relief, 
using an Olympus LEXT confocal microscope 
using 405 nm laser light, which often occurs 
in films of polymer blends (Figure 3A). The 
surface is hydrophobic, demonstrated by the 
high contact angle of water on the surface. 
Upon application of an electric field, the piezo-
electric response of PVDF causes the film to 
become smoother (Figure 3B), and the sur-
face is better wet by water, and the wet-
ting contact angle decreased. Thus, the coat-
ing displayed a reversibly hydrophobic sur-
face using an electric field as the stimulus. 

Additionally, super-hydrophobic and oleopho-
bic surfaces on aluminum alloy substrates were 

achieved by chemical etching, followed by 
the deposition of an organosilicate. The sur-
face roughness achieved through chemical 
etching was optimized to a surface roughness 
to achieve hydrophobicity, and oleophobic-
ity was achieved due to air entrapment at the 
oil-surface interface. This topic is presented in 
detail in the digest article “Super-hydropho-
bic and Oleophobic Aluminum Alloy Surfaces 
via Chemical Etching and Functionalization.”

Friction Resistance. The surface of a mate-
rial also has import implications on its abil-
ity to resist friction. In terms of dry friction, 
the beneficial effects of surface structures 
can be mainly attributed to the storage of 
wear debris and a reduced contact area. [10] 
Amanov et al. showed a reduction in Cu 
alloy surfaces' friction coefficient with pat-
terned bulges due to the reduced contact sur-
face area. [11] With lubrication, the reduced 
friction associated with rough and textured 
surfaces can be attributed to the accumu-
lation of wear particles to create confor-
mal interfaces, [12] lubricant reservoirs in the 
textured surface features, and additional 
hydrodynamic pressure. [10, 13] In the article 
digest “Effects of Multi-Scale Patterning on 
the Run-In Behavior of Steel–Alumina Pair-
ings under Lubricated Conditions” Grütz-
macher et al. showed the effect of large-
scale micro-coined features and small-scale 
laser patterning features of steel–alumina 
pairings under lubricated conditions. [10]

Optical Properties. Surface roughness fea-
tures can be used to tune the optical proper-
ties of a surface, such as reducing reflection, 
or increasing scattering. Surface roughness 
can be used to achieve better light trap-
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ping and absorptance in solar cells to improve 
solar energy conversion efficiency. Light trap-
ping can compensate for short optical path 
lengths and minority carrier diffusion lengths 
in thin light absorbers. Light trapping increases 
the amount of absorbed light in thin absorb-
ers. Randomly textured transparent conduc-
tive oxides (TCO) are commonly used in sil-
icon thin-film solar cells as front contacts. 
The TCOs’ surface textures assist in reduc-
ing reflection losses and increasing scatter-
ing/diffraction of the incident light. [14] 

Additional optical properties are depen-
dent on material surface roughness and tex-
ture, including the gloss reflectance of mate-
rials. For example, Vessot et al. showed a 
strong correlation between surface texture 
and the gloss reflectance of photographic 
paper using confocal microscopy. Examples 
of surface textures of photographic paper 
obtained using an Olympus LEXT OLS4000 
confocal microscope with different objec-
tive lenses are shown in Figure 4. [15]

Anti-scaling Properties. The surface roughness 
of a material also has an impact on its poten-
tial to resist fouling or scaling. In addition to 
surface roughness, the chemical composition, 
adsorption characteristics, charge, and nano-
structure of the surface can modify the surface 
energy and, thus, the adhesion between the 
material and the scaling particles. In scaling, 
surface nucleation sites on the surface must be 
present. The presence of free and active nucle-
ation sites depends mostly on the topogra-
phy and roughness of the material. Thus, it has 

been demonstrated that the best anti-scaling 
surfaces have the lowest surface roughness. [16]

Corrosion Resistance. The corrosion resistance 
of metals, such as stainless steel, is correlated 
with its surface topography, which has import-
ant implications for product lifetime. [17] For 
example, Pistorius and Burstein showed that 
more corrosion pits formed on the rougher sur-
face and concluded that deep depressions on 
steel surfaces have a lower potential to acti-
vate corrosion than surfaces which contain 
more open pits because of different diffusion 
rates. [18] Interestingly, Li et al. reported that 
Cu surface roughness resulted in local fluctua-
tions in the electron-work function, which act 
as surface microelectrodes, resulting in accel-
erated corrosion. [19] Conversely, Hagen et al. 
found that surface roughness and asperities 
can be beneficial to corrosion resistance when 
utilizing a polymer coating. They found that 
increasing roughness on surfaces with triangu-
lar peaks increased the effective contact area 
and decreased the corrosive delamination. [20]

Sensor Activity. The surface properties of 
materials also have an impact on their per-
formance in sensor applications. As an exam-
ple, Yin et al. fabricated ZnO hollow nano-
spheres under different conditions that vary 
the surface roughness. The particles were uti-
lized in chemiresistance sensors for alcohol 
vapors. The authors found that the rough-
est sample gave the best sensor response 
toward alcohol vapor. The improved response 
with the introduction of surface roughness 
was attributed to factors including the intro-

Figure 3: Confocal images, using 
an Olympus LEXT microscope using 
405 nm laser, of the PVDF/PMMA 
surface A) without and B) with  
the application of external voltage  
(EF intensity = 1 V μm−1). The top 
part of the image gives the sche-
matic representation of the 
proposed mechanism of surface 
smoothening. Reproduced with 
permission from Ref. [9].
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duction of beneficial atoms in the surface fea-
tures, improved crystalline quality, and the pres-
ence of many surface adsorption sites. [21]

Electronic Devices. Surface roughness plays an 
important role in the properties and function of 
electronic devices. This is particularly true for thin 
film electronics, where the size of the surface 
roughness features approaches the finite film 
thickness and edge/surface effects contribute 
more to the bulk material properties. Electron 
scattering at the boundaries becomes important 
in thin metallic films and increases with increas-
ing surface roughness resulting in increased 
resistance. [22] For example, Luo et al. showed 
that the resistivity of silver films, deposited under 
different conditions to vary the surface rough-
ness, increased with increasing roughness. [23] 

Moreover, the existence of surface rough-
ness on capacitor electrodes can increase 
the leakage current. This is due to the expo-
nential relationship between leakage cur-
rent and electric field. Rough features on 
electrodes result in an inhomogeneous elec-
tric field, and high leakage current at points 
where the local electric field is high. [22]

CONCLUSIONS

To conclude, surface roughness is an import-
ant material property that significantly impacts 
material properties and functionality in myr-
iad applications. Although traditional meth-
ods of measuring surface roughness have been 
able to characterize a variety of surface fea-
tures, LSCM provides the most encompassing 
solution to surface metrology. LSCM requires 
minimal sample preparation and can image 
virtually any material. Also, LSCM is inher-
ently faster than SEM or AFM; it delivers very 
high-resolution and high-contrast images 
and has a high angle of detection capabilities 
to image steep interfaces. Moreover, LSCM 
uniquely enables the measurement of areal sur-
face parameters. Surface parameters provide 
more information than profile-based meth-
ods and are more representative of the sam-
ple. Finally, examples have been provided that 
show the functional impacts of surface rough-
ness for various applications, including wet-
tability, friction resistance, optical properties, 
anti-scaling performance, corrosion resistance, 
sensor activity, and electronic properties.

Figure 4: Surface textures cropped to an identical region of photographic paper collected with an 
using an Olympus LEXT microscope using different objective lenses: (a) 5×, (b) 10×, (c) 20×, and 
(d) 50×. Reproduced with permission from Ref. [15].
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Effects of Multi-Scale  
Patterning on the Run-In 
Behavior of Steel –  
Alumina Pairings under 
Lubricated Conditions
Philipp G. Grützmacher, Andreas Rosenkranz, Adam Szurdak,  
Carsten Gachot, Gerhard Hirt, and Frank Mücklich

ABSTRACT
The effect of multi-scale surfaces on frictional and wear 
performance was performed on a ball-on-disk tribometer 
under lubricated conditions using additive-free poly-alpha-
olefine oil. Multi-scale stainless steel samples (AISI 304) 
were prepared by micro-coining and subsequent, direct laser 
interference patterning. A comparison of different samples 
(i.e., polished reference, laser-patterned, micro-coined, 
and multi-scale) shows a clear influence of the fabrication 
technique on the tribological properties. For multi-scale 
structures, the structural depth from the micro-coining plays 
an important role. Multi-scale samples with lower coining 
depths (50 µm) showed an increased coefficient of friction 
compared to the purely micro-coined surfaces, whereas larger 
coining depths (95 µm) result in stable and lower friction 
values for the multi-scale patterns.

INTRODUCTION

Friction is a multi-scale phenomenon affected 
by various factors such as adhesion, defor-
mation, fracture, and third-body interactions 
ranging from nanometer to millimeter scale. [1] 
This scale dependency is well known and man-
ifests when measuring the coefficient of fric-

tion (COF) at the nano- and macro-scales. [2,3] 
The question that arises is how to overcome 
this multi-scale phenomenon and manipu-
late friction on different scales. Nature accom-
plishes this by creating hierarchical surface 
patterns. [1,4–6] In bio-mimetics, this design 
idea is used to create well-defined surfaces 
with specially tailored frictional properties. [7]

01
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The tribological effectiveness, under dry and 
lubricated conditions, of single scale sur-
face features has been demonstrated. [8–11] In 
terms of dry friction, the beneficial effects of 
surface structures can be mainly traced back 
to the storage of wear debris and a reduced 
contact area. [12,13] Under lubricated condi-
tions, the improvements can be attributed 
to the storage of produced wear parti-
cles, [14] a reservoir effect for lubricants, [15] 
and hydrodynamic pressure build-up. [16]

There are various methods to manufacture 
artificial topographies with variable pattern 
parameters such as structural depth, pitch, 
diameter, or area density, including litho-
graphic techniques, [17] embossing/coining, 
[18] and laser surface texturing. [19] Laser sur-
face texturing and, in particular, direct laser 
interference patterning (DLIP) is a suitable 
technique to structure various materials with 
patterns having mm and even sub-mm fea-
tures. [20] To produce larger feature sizes 
on metallic substrates, coining/embossing 
seems to be a viable process route, which 
also offers mass production capability. [21]

Despite the fact that nature demonstrates 
plenty of beneficial effects for multi-scale sur-
face patterns, those patterns have been rarely 
investigated in terms of their frictional and 
wear behavior. Most of the tested patterns are 
“multi-shape” structures combining at least 
two pattern geometries with similar dimen-
sions. Therefore, the goal of this research 
work is to investigate the frictional and wear 
performance of multi-scale surfaces combin-
ing a larger micro-coined surface pattern with 
a cross-like laser surface pattern (DLIP). The 
tribological behavior of the produced multi-
scale surface patterns is compared to sin-
gle-scale micro-coined and laser patterns.

METHODS

Stainless steel (AISI 304) blanks with a thick-
ness of 1 mm (0.04 in.) and a polished sur-
face (root mean square roughness Rq = 
30 nm) were used. The samples were ultra-
sonically cleaned for 10 min. in cyclohex-
ane, acetone, and then isopropanol.

Micro-coining is a forming process in which 
a pre-structured tool is used to imprint the 
tool's pattern into the surface of a workpiece. 
To coin high strength materials, the work-
piece needs to be heated up to reduce the 
flow stress, decreasing the die load. The cur-

rent density and heating time were set to 35 
A mm-2 and 5 s, respectively. This leads to a 
maximum sample temperature of ~1200 °C 
(2192 °F). First, the sample is heated by con-
ductive heating. Afterward, the sample gets 
cut and coined in one tool movement at 5 mm 
s-1. Circular dimples with structural depths of 
50 μm and 95 μm, diameters of 181 μm and 
212 μm, as well as a pitch of 558 μm, were 
fabricated (called A2 and A3, respectively). Pol-
ished reference samples were coined with a flat 
die keeping all coining parameters constant.

A high-power, solid-state, neodymium-doped 
(Nd) glass YAG laser with a pulse duration of 
10 ns, a wavelength of 355 nm, and a repeti-
tion rate of 10 Hz was used for DLIP. The laser 
fluence was a constant 29 J cm-2 for all sam-
ples. By using two interfering sub-beams, line-
like surface topography is induced. Well-de-
fined, cross-like surface topography with a 
periodicity of 9 μm and a structural depth 
of 1 μm was obtained. To create the cross-
like pattern, the samples are structured with 
two line-like patterns which are rotated by 
90° relative to each other. Multiscale sam-
ples were first coined and subsequently 
superimposed by a cross-like laser pattern.

The samples' topography was character-
ized by laser scanning microscopy (Olympus® 
LEXT™ OLS4100 laser scanning confocal micro-
scope) to study the surface roughness and the 
quality of the patterns. The tribological tests 
were done using a ball-on-disc tribometer in 
rotational sliding mode with a constant nor-
mal force of 5 N and a track radius of 5 mm 
(0.2 in.). The tribological counter body was 
an aluminum oxide (Al2O3) ball with a diam-
eter of 6 mm (0.24 in.). The estimated Hert-
zian contact pressure is ~1.29 GPa. The sam-
ple is located in a rotating lubricant contain-
ment filled with 7 mL of polyalphaolefine (PAO 
40) oil. Linear variable differential transducers 
measured the friction force. A sliding veloc-
ity of 0.01 m s-1 was selected for this study.

RESULTS AND DISCUSSION

The coined surfaces are analyzed before and 
after DLIP using LSM. As shown in Figure 1c 
and Figure 1d, the small structures with a 
depth of ~1 μm created by DLIP are homo-
geneously distributed over the entire sample 
with features on the fillets between the dim-
ples, as well as inside the dimples. The two 
different coined patterns are produced with 
the same die but varying coining pressures.
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Figure 2 summarizes the COF's temporal 
evolution for the polished reference, the 
purely coined (A2), and laser-patterned sam-
ples. The figure shows the frictional behav-
ior of the corresponding multi-scale sample 
(A2). The polished reference sample starts with 
a COF of ~0.11 and stays constant over the 
entire measuring time of 200 sliding cycles. 
The smooth trend of the COF, without any 
increase, combined with the fact that no pro-
nounced wear tracks can be observed for 
the reference (Figure 3) at a sliding veloc-
ity of 0.01m s-1 leads to the conclusion that 
the prevailing lubrication regime can be 
assigned to elastohydrodynamic lubrication 
(EHL). This goes hand in hand with the esti-
mated nominal Hertzian contact pressure of 
1.29 GPa. This implies that elastic deforma-
tion of the rubbing surfaces and a viscosity 
increase with pressure become relevant. [22]

As can be seen in Figure 2, the COF of the 
laser-patterned sample starts at ~0.20 and 

decreases in the first 75 sliding cycles. After-
ward, the sample reaches steady-state condi-
tions. The observed effects can be attributed to 
the wearing-off of the highest surface asperi-
ties during the laser pattern's run-in and deg-
radation. [10] The increased surface roughness 
and spiky surface topography increase the con-
tact pressure, which makes a transition from 
full-film EHL to mixed lubrication. [8] Further-
more, the laser-patterned surface's load-bear-
ing capacity is reduced compared to the pla-
teau-like surface of the reference, which can 
also lead to more pronounced wear features 
and an increased wear rate. The laser pat-
tern effects lead to the generation of wear 
particles and a modified contact area, which 
results in a higher COF over time. [23, 24]

The COF of A2 starts at ~0.07 and shows a 
slight increase in the first sliding cycles. This 
can be explained by an initial high wear rate in 
which the sharpest asperities are worn off. [25] 
After a decrease of the COF in the subsequent 
cycles, the COF remains relatively constant at 
~0.05. Compared to the polished reference, 
A2 leads to a friction reduction by a factor of 
~2. The significant friction reduction can be 
explained by a pressure build-up and an addi-
tional oil supply from the surface structures. [22]

As shown in Figure 2, the respective multi-
scale pattern (coining A2 and DLIP) shows 
worsened frictional behavior compared to the 
purely coined sample. The initial COF is ~0.10 
and decreases to ~0.08. Compared to the pol-
ished reference, the multi-scale surface shows 
a ~20% decrease in COF. However, compared 
to the purely micro-coined surface, the COF 
of the multi-scale pattern is ~60% higher.

Figure 1: Overview as well as profile information of the coined samples a), c) A2 
and c), d) A3, respectively. The top view as well as the profiles are shown before 
a), b) and after laser patterning c), d). All data are given in μm.

Figure 2: Temporal evolution of the COF of 
the polished reference, the purely coined 
sample (A2), the purely laser-patterned sam-
ple and the multi-scale sample.
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To explain the worsened frictional behavior 
of the multi-scale surface, the wear behav-
ior of those samples needs to be examined. 
Figure 5 shows the entire wear track of the 
multi-scale surface (combining A2 and the 
laser pattern). The multi-scale surface shows 
a well-pronounced wear track. As a conse-
quence, it can be assumed that the additional 
cross-pattern results in an increased contact 
pressure due to the rougher topography com-
pared to the micro-coined samples. This can 
lead to undesired edge effects and stress rais-
ers. Further, the alumina ball's deflection 

from its track is prominent, where it encoun-
ters several coined dimples in a row (see blue 
colored rectangle). The deflection of the ball 
might occur due to pressure build-up in the 
structures due to a converging gap that is 
formed between the ball and the structure.

Figure 6 summarizes the temporal evolu-
tion of the COF of the reference, the purely 
coined (A3), the laser-patterned samples, 
and the multi-sale sample (A3 combined 
with laser-patterning). The initial COF of A3 
is ~0.17 and then decreases to ~0.11. Com-

Figure 4: Images of the purely laser-patterned sample captured by LSM a) before and b) after the 
friction experiment with 200 cycles. The inset in the red box shows the wear track along the red 
line

Figure 3: Surface of the polished reference after 200 sliding cycles at two different positions 
imaged by LSM.
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pared to A2, the COF of A3 is greater. For the 
polished reference, the COF of sample A3 
is significantly increased in the first 50 slid-
ing cycles. In the following sliding cycles, the 
COF of the reference and A3 are rather sim-
ilar. Surface structures with a larger struc-
tural depth have a higher probability for 
cavitation, thus reducing the oil film thick-
ness and load-bearing capacity. [22,26] 

The initial COF of the multi-scale surface is 
~0.11. After a slight decrease in the COF, 
the COF remains constant at ~0.10. It can 
be assumed that the cross-pattern helps to 
reduce pronounced cavitation due to a bet-
ter lubricant distribution in the contact zone. 
By reducing cavitation, a larger local oil film 
thickness can be present, improving the 
load-bearing capacity and reducing the COF.

Figure 5: The entire wear track of multi-scale 
sample (DLIP and coining A2) recorded by LSM. 
Additionally, a magnified LSM micrograph of an 
individual multi-scale structure is shown.

Figure 6: Temporal evolution of the COF of the 
polished reference, the purely coined sample 
(A3), the purely laser-patterned sample, and 
the multi-scale sample.
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Figure 7 shows the wear behavior of the 
multi-scale pattern (A3 and laser-pattern) 
imaged by LSM. The deflection of the alu-
mina ball from its track is prominent at the 
positions where it encounters several coined 
dimples in a row. Compared to the purely 
laser-patterned samples, the multi-scale pat-
terns show a considerably reduced wear 
with a still intact laser-pattern after 200 slid-
ing cycles. Wear behavior differences can be 
attributed to different lubrication regimes for 
the laser-patterned samples (mixed lubrica-
tion) and the multi-scale surfaces (mixed EHL).

CONCLUSIONS

To conclude, we found that the coined struc-
tures' depth determines whether the multi-
scale patterns have a beneficial or detrimen-
tal frictional effect. The COF of the multi-
scale pattern is decreased for deep structures 
(95 μm) and increased for shallower ones 

(50 μm). Further, laser-patterned samples show 
an increased COF due to the spiky surface 
topography, which increases the contact pres-
sure and causes the transition from full-film 
EHL to mixed lubrication. For the purely micro-
coined surfaces, lower coining depths lead 
to the best tribological performance due to a 
pressure build-up in the lubricant and addi-
tional oil supply in the coined pockets. In con-
trast, the corresponding multi-scale sample 
shows worsened behavior due to increased sur-
face roughness. The larger coined surfaces are 
less efficient over the entire measuring time 
because the deeper dimples are more prone 
to pronounced cavitation and do not allow 
for a sufficient pressure build-up. The multi-
scale surfaces show advantageous effects and 
are characterized by a stable and relatively 
low COF. The additional laser patterns help 
reduce cavitation and therefore contribute to 
enhanced lubrication in the contact zone.

Figure 7: The entire wear track of multi-scale 
sample (DLIP and coining A3) recorded by LSM. 
Additionally, a magnified LSM-micrograph of an 
individual multi-scale structure is given.
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Super-Hydrophobic and 
Oleophobic Aluminum Alloy 
Surfaces via Chemical Etching 
and Functionalization
Andreia Rocha Canella Carneiro, Fábio Augusto de Souza Ferreira,  
and Manuel Houmard

ABSTRACT
Super-hydrophobic and oleophobic surfaces on ASTM 
1200 H14 aluminum alloy substrates were achieved by 
chemical etching followed by the deposition of organically 
modified silicate coatings. The chemical etching solutions 
iron(III) chloride + hydrogen chlorine + hydrogen perox-
ide (FeCl3 + HCl + H2O2) and etching time were varied 
to increase the surface roughness. The chemical etching 
produces rough surfaces with superficial square pores 
and edges about 1 μm–2 μm. The chemical modifications 
modified silicate solutions based on perfluorooctyltriethox-
ysilane (PFOTES) and hexadecyltrimethoxysilane (HDTMS) 
sol-gel precursors induced water contact angles about 
154° and 150°, respectively. Moreover, the surface mod-
ification based on PFOTES demonstrated an oleophobic 
character with an oil contact angle of 136° due to air en-
trapment in the surface roughness at the oil-aluminum 
interface.

INTRODUCTION

In the last decades, the development of 
super-hydrophobic surfaces has received atten-
tion due to their interesting properties and 
potential applications on the surface of met-
als, ceramics, and polymers. [1–12] Such sur-
faces exhibit almost no interaction with water, 
showing contact angles higher than 150°. [13] 
Some benefits of super-hydrophobic surfaces 

include easy cleaning, anti-adherence, and 
corrosion resistance. [4,13] Thus, the production 
of surfaces with such properties on aluminum 
alloys has attracted particular interest due to 
the many potential applications of such a light 
metallic substrate, especially to increase corro-
sion protection. [14] Further, the control over the 
wettability of organic and apolar fluids such 
as oil, is also sought for many applications. 
[4,15,16] In this context, various studies have 

02
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been carried out to create surfaces that are 
both super-hydrophobic and super-oleophobic. 
Such surfaces, called super-amphiphobics, can 
repel both water and oil. [17–19] These surfaces 
are commonly prepared by increasing surface 
roughness and reducing surface energy. [8,20–23]

Several techniques create rough superficial 
structures on metals, including chemical etch-
ing, anodic oxidation, lithography, and depo-
sition of nanoparticles. [18,24,25] Chemical etch-
ing, accelerated and controlled corrosion, [26] 
is commonly used because it is an easy and 
cheap method. [18] Aqueous solutions of iron 
(III) chloride (FeCl3) have been used in indus-
try as a chemical etching agent [27] for metals 
such as steel, aluminum, and copper alloys. [26] 
As an example, Liu et al. [1] produced superhy-
drophobic surfaces in AISI 304 stainless steel 
by creating a micro-/nanostructure, using an 
etching solution composed of FeCl3 + HCl + 
H2O2 (FHH), followed by a coating deposition 
using the dodecyltriethoxysilane precursor. We 
applied this method to create a rough surface 
on an aluminum substrate for the first time.

Organically modified silicates (ORMOSIL) are 
organic-inorganic hybrid materials synthesized 
by hydrolysis and condensation reactions of 
organically modified silanes precursors. [28] The 
most straightforward class is formed from pre-
cursors with chemical formula as RSi(OCH3)3, 
where R is an organic terminal group that does 
not create bridges in the three-dimensional 

gel network. [29] In the case of hexadecyltrime-
thoxysilane (HDTMS) and 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane (PFOTES) precur-
sors, the R groups are composed of C–H and 
C–F bonds, respectively; they are respon-
sible for the hydrophobic and oleophobic 
character of the functionalized materials.

Herein the surface of ASTM 1200 H14 alumi-
num alloy was chemically and morphologically 
modified with an etching treatment in the FHH 
solution [1] followed by the deposition of hybrid 
organic-inorganic coatings based on modi-
fied silica materials obtained by sol-gel pro-
cess. PFOTES and HDTMS were used as alkox-
ide precursors to obtain the super-hydrophobic 
surface. The surface morphology was charac-
terized by confocal microscopy, and contact 
angle measurements with deionized water and 
mineral oil were carried out to characterize the 
modified aluminum alloy surfaces' functionality.

METHODS

The ASTM 1200 H14 aluminum alloy sheets 
with a size of 60 mm × 40 mm × 0.3 mm 
(2.36 in. × 1.57 in. × 0.01 in.) were cleaned 
with acetone and deionized water in an ultra-
sonic bath for 5 minutes each. After cleaning, 
the samples were immersed in an FHH solu-
tion consisting of a mixture of iron (III) chlo-
ride aqueous solution with concentrations 
ranging from 0.05 mol L-1 to 0.50 mol L-1, 

Figure 1: Schematic of the etching and ORMOSIL deposition.



Page 20 | Volume 4	 Roughness

37% hydrochloric acid, and 35% hydrogen 
peroxide with volume proportion of 10:1:1, 
respectively. [1] The immersion times were 5, 7, 
10, and 15 minutes. After etching, the sam-
ples were cleaned using a soft sponge, rinsed 
with deionized water, and washed with ace-
tone and deionized water in an ultrasonic 
bath for 5 minutes. Then, water was removed 
with a hot air flow followed by drying in an 
oven for 20 minutes at 60 °C (140 °F).

ORMOSIL sol-gel solutions were prepared by 
hydrolysis and condensation of the hybrid pre-
cursors PFOTES and HDTMS in the presence of 
ethanol, deionized water, and 37% HCl. The 
molar ratio Precursor:EtOH:H2O:HCl was kept 
at 1:856:7.2:0.9. Coatings using TEOS and 

mixtures of TEOS with PFOTES as sol-gel pre-
cursors with the same molar proportions were 
also performed for comparison. Then, the sol-
gel solutions were vigorously stirred for 2 min-
utes. The deposition was performed at room 
temperature using dip-coating. The deposited 
coatings were then heat-treated in an oven for 
30 minutes at 60 °C (140 °F). Then, the oven 
temperature was raised to 120 °C (248 °F) 
for another 60 minutes. The chemical etch-
ing, followed by the deposition process of the 
ORMOSIL coating, is schematized in Figure 1.

The samples' surface morphology and 
roughness measurements were evalu-
ated using a confocal microscope (Olym-
pus® LEXT™ OLS4100 3D laser confo-

Figure 2: Confocal microscopy images and roughness values (Ra) of the (A) as-received  
aluminum surface, and chemically etched for 5 min in FHH solutions with FeCl3 concentrations  
of (B) 0.05 mol L-1, (B) 0.1 mol L-1, and (D) 0.25 mol L-1.
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cal microscope). For the roughness mea-
surements, a cut-off value of 80 μm and a 
Gaussian filter were selected. The chosen 
analysis parameter to quantify the rough-
ness was the average roughness (Ra) deter-
mined from a cross-sectional line of 180 μm 
in length drawn along the surface samples.

The coating hydrophobicity and oleophobic-
ity were quantified by water and oil contact 
angle (WCA and OCA) measurements using 
~ 10 μL of deionized water and ~5 μL min-
eral oil, respectively. A portable optic tensi-
ometer was used for the measurements.

RESULTS AND DISCUSSION

The FeCl3 concentration of the FHH etch-
ing solution and the time of immersion was 
varied to optimize the aluminum substrates' 
roughness. Images obtained by confocal 
microscopy and the corresponding rough-
ness values of the samples etched for 5 min 
in FHH solution with FeCl3 concentrations of 
0.05 mol L-1, 0.1 mol L-1, 0.25 mol L-1, and 
0.5 mol L−1 are presented in Figure 2. The 
as-received aluminum has a roughness Ra = 
0.21 μm. The 0.05 mol L-1 FeCl3 solution was 
not sufficient to create a uniformly rough sur-

face, leading to a partial etching and Ra = 
0.7 μm. For FeCl3 concentrations of 0.1 mol 
L-1 and 0.25 mol L-1, irregular and porous 
microstructures were uniformly formed over 
the entire surface, presenting higher Ra = 
1.29 μm and Ra = 1.27 μm, respectively. The 
FeCl3 concentration of 0.5 mol L-1 was also 
tested in this work; however, it caused exces-
sive etching of the aluminum substrate.

Figure 3 shows the WCA as a function of 
FeCl3 concentration in the FHH solution, fol-
lowed by ORMOSIL coating from the PFO-
TES precursor. Non-etched (NE) and chemi-
cally etched samples with a FeCl3 concentra-
tion of 0.05 mol L-1 showed similar average 
WCA values around 120°. The etched sam-
ples with a concentration of 0.1 mol L-1 and 
0.25 mol L-1 showed relatively high WCAs, but 
not enough to reach for super-hydrophobicity 
(WCA > 150°). These results demonstrate that 
roughness really acts as a wettability ampli-
fier, turning the hydrophobic character of the 
PFOTES ORMOSIL coating more hydrophobic.

The confocal microscopy images of the alumi-
num surfaces etched with a FeCl3 concentra-
tion of 0.1 mol L-1 with immersion times of 5, 
7, 10, and 15 minutes, and the corresponding 
Ra values are presented in  

Figure 3: Water contact angle as a function of the FeCl3 concentration in the  
FHH solution for the samples etched for 5 min and for non-etched samples after 
PFOTES ORMOSIL deposition.
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Figure 4. The images show that the morpholo-
gies are similar. However, the roughness slightly 
increases, followed by a gradual decrease as 
a function of the immersion time. For times 
greater than 7 minutes, the rough micro-
structure was slowly destroyed, decreasing 
the roughness until complete embrittlement.

In Figure 5 are presented the WCA as a 
function of the etching time after PFOTES 
ORMOSIL deposition. It can be observed 
that all chemical etching with an immer-
sion time of at least 5 minutes increased 
the hydrophobicity of the coated sur-
face. However, only the time of 7 minutes 
provided the roughness necessary to obtain 
super-hydrophobicity, (WCA = 154.1°).

Figure 6 shows the WCA obtained for the 
uncoated samples and coated ones with the 
different ORMOSIL coatings and not-etched 
(NE) aluminum substrates. WCA measurements 
were also made on substrates coated with 
ORMOSIL based on TEOS precursor, which do 
not have hydrophobic groups, for comparison.

As-received and chemically etched substrates 
without ORMOSIL coating are hydrophilic 
(WCA < 90°). Non-etched aluminum sub-
strates coated with ORMOSIL coating based 
on PFOTES and HDTMS became hydropho-
bic, with their contact angle increased to 120° 
and 110°, respectively. For etched and coated 
samples, the WCAs reached values above 
150°. Such evidence demonstrates that the 

Figure 4: Confocal microscopy images and roughness values (Ra) of the chemically etched alumi-
num surfaces in the FHH solution with a FeCl3 concentration of 0.1 mol L-1 with etching times of (A) 
5 min, (B) 7 min, (C) 10 min, and (D) 15 mi.
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rough surface enhanced the surface’s intrin-
sic property, hydrophilic surfaces become 
more hydrophilic, and the hydrophobic sur-
face becomes more hydrophobic, which is in 
agreement with the Wenzel model. [30] The 
high surface area of the rough surface (Wen-
zel model) or air trapped between the drop-
lets and the rough hierarchical structure of 
the coated surface (Cassie-Baxter model) 
increased the hydrophobic property of the 
coating to reach a super-hydrophobic behav-
ior. [30] Moreover, this behavior is also observed 
for the TEOS-coated samples, where the hydro-
phobicity increased for etched surfaces.

Figure 7 shows the mineral OCA measured 
with NE and etched aluminum substrates, 
uncoated (UC), and coated with ORMOSIL 
based on PFOTES and HDTMS. Compared with 
water wettability results, the values obtained 
are lower, suggesting a higher affinity of the 
surfaces with oil. This characteristic is justified 
considering the lower surface tension of min-
eral oil (30 mJ m-2) than the water one (72 mJ 
m-2). [57] The coated sample with PFOTES with-
out etching exhibited oleophilic behavior (OCA 
<90°), which can be attributed to the van der 
Waals forces between the apolar alkyl chains 
and the mineral oil. The OCA of the same 
film deposited on an etched surface greatly 
increased to 137°. This result is in opposition 

to the Wenzel model that can only amplify the 
surface’s intrinsic behavior, as mentioned previ-
ously. However, this behavior can be explained 
by the Cassie-Baxter model, where the air is 
entrapped in the material roughness, and the 
oil drop is deposited on a composite surface 
with oleophobic behavior. [30] The HDTMS-
coated surfaces appeared to be oleophilic, 
both etched and NE substrates. The long apo-
lar alkyl chains with only carbon and hydrogen 
atoms of HDTMS are responsible for the good 
spreading of oil. Moreover, the etching treat-
ment of the aluminum surface-enhanced clas-
sically oleophilic property following the Wenzel 
model. In this case, we can infer that the sur-
face is not oleophilic enough to let air pock-
ets in the rough structure to repeal the oil 
spreading. On the contrary, due to a smaller 
dispersive component of its surface energy 
and high roughness, the PFOTES-coated sam-
ple succeeds to be super-hydrophobic and 
oleophobic. In this sense, the influence of the 
roughness shows again to be fundamental.

The TEOS ORMOSIL coating shows that the 
OCA values obtained on NE samples were 
about 30°. The smaller OCA measured for this 
sample, compared with the HDTMS and PFO-
TES coated ones, corroborate results discussed 
in previous work showing that the dispersive 
component of the surface energy, responsible 

Figure 5: Water contact angle as a function of the chemical etching immersion 
time in the FHH solution with a FeCl3 concentration of 0.1 mol L-1 and for non-
etched samples after PFOTES ORMOSIL deposition.
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for the oil spreading, is higher for the surface 
with few alkyl chains than for the one with 
more of such groups. [31] Finally, as expected 
for such oleophilicity, the etching process 
increased the oil spreading on TEOS-coated 
surface, in agreement to the Wenzel model.

CONCLUSIONS

To conclude, super-hydrophobic and oleop-
hobic coatings were fabricated on the sur-
face of 1200 H14 aluminum alloy. The alu-
minum surface roughness was optimized via 
an etching treatment using an FHH solution. 
A FeCl3 concentration of 0.1 mol L-1 and an 
immersion time of 7 min were determined 
to be optimal to enhance the surface rough-
ness and the hydrophobicity after the depo-
sition of ORMOSIL coatings using HDTMS 
and PFOTES sol-gel precursors. The etch-
ing treatment leads to a homogeneously 
rough surface with square pores with edges 
about 1 μm–2 μm. WCA measurements indi-
cated that all etched surfaces functional-
ized with ORMOSIL showed super-hydro-
phobic properties. Finally, OCA showed that 
etched surfaces coated with s so-gel solu-
tion using PFOTES were oleophobic due to 
air entrapment at the oil-surface interface.
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Assessment of Possibilities  
of Ceramic Biomaterial Fracture 
Surface Reconstruction Using 
Laser Confocal Microscopy  
and Long Working Distance 
Objective Lenses
Sebastian Stach, Wiktoria Sapota, Zygmunt Wróbel, and Ştefan Ţălu

ABSTRACT
A numerical description of fracture is an essential 
step in searching for the correlations between 
specific micromechanisms of decohesion and material 
characteristics designated with the use of fracture 
mechanics methods. This issue is critical to search for 
fundamental relationships between chemical composition, 
technology, structure, and properties of materials. It  
often happens that fracture surfaces are well developed, 
which can significantly hinder or even prevent the 
measurement and reconstruction of the tested material 
surface geometry. Herein, comparative measurements  
of a biomaterial surface were performed using laser 
confocal microscopy.

INTRODUCTION

Qualitative fractography often provides enough 
knowledge about material fracture mechanisms 
and fracture morphology but does not give any 
information useful for designing of new mate-
rials. These deficiencies are compensated by 
quantitative fractography, which enables the 
presentation of fractographic analysis quanti-
tatively. Measurement of characteristics on a 
fracture surface and the use of stereological 
parameters allow a more thorough assessment 

of the fracture process. The combination of 
fractographic observation techniques and geo-
metric parameters obtained with quantitative 
fractography methods gives a comprehensive 
picture of the fracture process. [1–3] 

A numerical description of fracture is import-
ant in the search for the correlation between 
specific micromechanisms of decohesion and 
material characteristics designated with the 
use of fracture mechanics methods. [4–6] In 
this article, comparative measurements of a 

03
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biomaterial surface were performed using 
laser confocal microscopy. To this end, short 
working distance lenses designed to be used 
with a focused UV laser beam and long work-
ing distance objective lenses were used.

Confocal laser scanning microscopy (CLSM) 
is an imaging method for material surfaces at 
the nanometer scale. [7–9] The basic premise 
of CLSM is to obtain a high-resolution, sharp 
image of the sample, which is mainly achieved 
by eliminating images outside the lens’s focal 
plane. [7,10] In a confocal microscope, the sig-
nal used for image formation reaches the 
sample area where it is then reflected. The 
reflected beam must have a small diame-
ter and a large angle of divergence to get a 
very high resolution. Owing to this, the sig-
nal is focused on the detector aperture in a 
plane common with the lens focal plane. The 
signal only reaches the focal plane, and the 

result is an image of the sample in its cross sec-
tions. Then, the images can be saved and com-
bined, giving a three-dimensional image of 
the entire surface with an increased depth of 
focus (all image elements are sharp and clear).

Optical microscopy methods are used for sur-
faces where contact with the surface is unac-
ceptable due to the material sensitivity and 
specificity. There is characteristic variation in 
the quality and accuracy of the analysis of sur-
faces obtained using a laser confocal micro-
scope compared to the analysis obtained 
using a profilometer due to the nature of 
the respective probes used in each. [11,12] In 
profilometry, the large surface area needle 
makes it impossible to measure the asperi-
ties smaller than the probe (Figure 1). The 
laser confocal microscope does not have this 
deficiency— it can measure an area's rough-
ness at much higher resolution (Figure 2).

Figure 1: Course of the analysis performed with the contact method.

Figure 2: Analysis performed using the CLSM.
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METHODS

The study of ceramic surface morphology 
was performed using the Olympus® LEXT™ 
OLS4000 laser confocal microscope. The 
lenses used in the microscope are designed 
for microscopic tests involving an observation 
technique in a bright field of view. This tech-
nique involves illuminating the sample with a 
light beam in the form of a cone (previously 
formed by a condenser) so that all the light 
covered by the lens apparatus falls on the sam-
ple. The obtained contrast results from the 
differences in light absorption and scattering 
by different areas of the sample surface. [13]

The Olympus LEXT OLS4000 microscope has a 
motorized revolving nosepiece that enables an 
automatic change of the lens during testing. 
The system automatically adjusts the image 
sharpness and the light intensity, which allows 
an easy and quick change of magnification. 
The lenses mounted in the nosepiece were 
either semi-apochromatic or apochromatic [14] 
and ranged from 2.5× to 100×. LEXT dedi-
cated lenses have reduced aberration, which 

is influenced by a higher numerical aperture 
and an enhanced optical system, giving a high 
performance for a 405 nm laser beam. How-
ever, they also have a small working distance 
(1 mm to 0.35 mm); thus, alternative long 
working distance lenses were also available for 
surfaces with a high degree of development.

To assess the suitability of long-distance lenses 
for reconstructing of the geometry of a sur-
face with a relatively high degree of devel-
opment, it is necessary to carry out com-
parative studies of short- and long-distance 
lenses. The test surface cannot be too devel-
oped to enable analysis with the lens having 
the shortest working distance. For compara-
tive studies, an aluminum oxide (Al2O3) sam-
ple with a relatively flat surface was depos-
ited electrolytically on an aluminum alloy.

RESULTS AND DISCUSSION

To compare the results of analyses obtained 
using two types of lenses mounted on two 
different revolving nosepieces, it was neces-

Figure 3: Nine coordi-
nates of the table position 
defined on the observed 
surface.
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Figure 4: Screenshot of the observed surface for the 50× lens.

Figure 5: Surface images 
obtained with 20× lenses. 
a: Short distance. b: Long dis-
tance. The first image in the 
lines was obtained in 2D mode 
(white light), and the other  
one in 3D mode (laser light).
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sary to develop a system of analysis, which 
would enable us to observe precisely the same 
areas after replacing the revolving nosepieces. 
For this purpose, the option of stage coordi-
nates available in the microscope software was 
used, and nine coordinates of the table’s posi-
tion with the sample were defined (Figure 3). 
The observed surface was centered relative 
to the characteristic place in the observed 
image, and, additionally, screenshots of the 
observed area were performed (Figure 4).

First, the ceramic coating sample was ana-
lyzed in the nine different locations, using 
the 20× and 50× LEXT lenses with short 
working distances. The sample was pre-
set using the table coordinates, and then its 
position was corrected manually by observ-
ing the sample with the 50× lens and using 
previously captured screenshots. This pro-
cedure ensured that the observed area was 
the one that was previously measured.

Second, the sample was observed using 
20× and 50× lenses with a larger working 

distance. It was necessary to calculate the 
table settings by adjusting the previously set 
coordinates to repeat the centering of the 
observed surface using the previously cap-
tured screenshots. The results of observa-
tion with short-distance and long-distance 
lenses are given in Figure 5 and Figure 6.

20× lenses enabled observation of the  
surface sized 639 μm 3 639 μm with a 
sampling step of 625 nm in the X and Y  
axes, and 485 pm in the Z-axis. 50× lenses  
enabled observation of the surface sized 
256 μm × 256 μm with a sampling step  
of 250 nm in the X and Y axes, and  
208 pm in the Z-axis. The surface obser- 
vation was carried out in 2D (white light)  
and 3D fine (laser light) modes, and 
the obtained images had a resolution 
of 1,024 points by 1,024 lines.

For all measurement data, an analysis of 
the surface morphology was performed 
(Figure 7) using the height parameters, 
[15] namely Sq, Sp, Sv, Sz, and Sa, where:

Figure 6: Surface images 
obtained with 50× lenses.  
a: Short distance. b: Long dis-
tance. The first image in the 
lines was obtained in 2D mode 
(white light), and the other one 
in 3D mode (laser light).
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Sq—Root mean square height is the 
standard deviation of the height 
distribution or RMS surface roughness.
Sp—Maximum peak height is the height 
between the highest peak and the mean plane.
Sv—Maximum pit height is the depth be- 
tween the mean plane and the deepest valley.
Sz—Maximum height is the height between 
the highest peak and the deepest valley.
Sa—Arithmetical mean height is 
the mean surface roughness.

These parameters belong to the height 
parameters included in ISO 25178-2. [15] Height 
parameters are a class of surface finish para
meters that quantify the Z-axis perpendicular 
to the surface. The results of the surface 
morphology analysis are given in Table 1.

When analyzing the images (Figure 5 and 
Figure 6), it can be noticed that the long-dis-
tance lenses give a better quality of an image 
observed in white light than the short-distance 
dedicated LEXT lenses. The opposite is the 
case when dimensional images obtained under 

the illumination of the surface with a focused 
laser beam are compared. A comparison of 
the surface morphology analysis (Table 1) for 
20× lenses shows that relatively higher height 
parameters were obtained for the long-dis-
tance lenses compared with the short-distance 
ones. The situation is similar when compar-
ing 50× lenses. However, the differences are 
much smaller than in the case of 20× lenses.

Synak et al. successfully used the Sq parame-
ter to compare roughness measurement results 
obtained with different methods. Given the 
large difference in the measurement principle 
and the large difference in the size of the 
measured surface areas, which exist in both 
methods used, [16] the authors concluded that 
results’ compatibility is high. Greater diver-
gence of results occurred in the case of sur-
faces with Sq less than 2 nm. A large change 
of this parameter depending on the test area 
was found when examining such surfaces, 
which indicates that the heterogeneity of the 
height of surface roughness may be the lead-
ing cause for the measurement differences.

Short distance Long distance

Lens Area Sq (μm) Sp (μm) Sv (μm) Sz (μm) Sa (μm)  Sq (μm) Sp (μm) Sv (μm) Sz (μm) Sa (μm)

20×

1 1.12 8.44 12.72 21.16 0.78 1.41 10.76 13.18 23.94 1.07

2 1.16 9.09 11.65 20.74 0.81 1.47 10.74 11.08 21.81 1.12

3 1.17 9.92 12.09 22.01 0.82 1.47 11.82 12.73 24.56 1.13

4 1.16 8.38 11.84 20.22 0.81 1.49 7.78 14.16 21.94 1.14

5 1.08 9.02 11.43 20.45 0.75 1.37 7.51 11.47 18.98 1.05

6 1.26 10.88 11.5 22.38 0.89 1.53 10.28 12.23 22.51 1.17

7 1.22 10.11 11.98 22.09 0.87 1.54 7.5 12.12 19.62 1.18

8 1.11 11.23 11.81 23.04 0.78 1.45 9.99 12.12 22.12 1.12

9 1.23 8.83 11.7 20.53 0.87 1.47 8.98 13.36 22.34 1.13

50×

1 1.03 4.46 9.95 14.42 0.69 1.18 6.11 10.26 16.37 0.85

2 1.08 4.53 6.98 11.51 0.74 1.27 4.88 10.14 15.03 0.92

3 1.11 3.66 9.57 13.23 0.77 1.47 12.66 9.14 21.8 1.01

4 1.13 3.62 6.86 10.48 0.84 1.32 3.89 10.32 14.2 1.02

5 0.91 3.49 7.31 10.8 0.63 1.09 5.03 8.41 13.44 0.82

6 1.17 4.17 10.34 14.5 0.82 1.37 3.97 10.31 14.28 1.02

7 1.19 5.03 8.63 13.66 0.81 1.36 5.05 11.21 16.26 0.99

8 1.03 2.75 8.66 11.4 0.74 1.23 3.64 8.02 11.65 0.94

9 1.04 4.74 9.6 14.35 0.7  1.22 5.98 9.6 15.58 0.9

Table 1: Results of the surface morphology analysis
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Figure 7: Stereometric view of the sample surface obtained with 50× lenses.  
a: Short distance. b: Long distance.
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Thus, to emphasize the differences between 
the surfaces, subtraction of surfaces obtained 
for both types of lenses was performed. 
The value of the RMS parameter (Sq, root 
mean square deviation) of the resulting sur-
face allows verifying the quality of the sub-
traction. [15] Sq values are given in Table 2. 
The values of RMS are satisfactory and prove 
that the observed surfaces are very similar.

CONCLUSIONS

To conclude, it was found that an indisputable 
advantage of confocal microscopes is that they 
provide images of very high quality and resolu-
tion compared to conventional optical micros-
copy. The sharpness is not only limited to an 
area or point but the entire image. Bright and 
clear images result from using a confocal aper-
ture and advanced lenses arranged in front of 
the detector. Detector signal selection, special-
ized shapes, and the lenses inside the objective 
give clear, colorful, and sharp images, which 
enable the imaging of individual elements of 
the sample surface. Two-dimensional observa-
tions allow the testing and analysis of individ-
ual surface layers, whereas three-dimensional 
observations enable the observation of diverse 
surface shapes and assess the quality of materi-
als. Lastly, long-distance lenses made it possible 
to reconstruct the material surface geometry 
and the description of its morphology.
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most importantly, why your re-
search is important in this context. 
What critical questions does your 
research address? Why should 
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Scientific Publishing: 
The Introduction
P. Trevorrow, G. E. Martin

This article is a short version of the comprehensive and freely available tutorial  
"How to write a research article for MRC", written by Paul Trevorrow and Gary E. Martin.

IMPORTANT FIRST IMPRESSIONS AFTER THE TITLE  
AND ABSTRACT

The Introduction should discuss why you did the research and why it is valuable or necessary. This 
should be complemented by an expert understanding of prior work in this field, typically via a lit-
erature review highlighting the significance of your research in the context of the scientific record. 
The introduction should cover what is known, what is unknown, and the objective of the current 
study. A useful guide on how to structure one's introduction is offered by Boyd [R. K. Boyd, Rapid 
Commun. Mass Spectrom. 2012, 26, 1725]. While this guidance is offered in respect to the mass 
spectrometry discipline, it offers an extremely useful system for the structuring of an introduc-
tion. In the Boydian method, the introduction should be considered in four parts or subsections. 
The first three of which provide a “drill-down” from the general to the specific, topped off with 
a final subsection discussing the objective of the work as a segue into the Experimental section. 

Broken down, these sections can be viewed as follows: 

•	 Subsection 1 

Broad context behind the exper-
iment—include citations of the 
broader relevant literature here.

•	 Subsection 2 

Narrowing down to the specific prob-
lem addressed by the research.

•	 Subsection 3 

Zeroes in the specific problem, more 
detailed review of the literature specific 
to the investigation, with an expert theo-
retical and experimental critique. Be cau-
tious in this section to keep the literature 
review relevant, focus on research that 
is directly relevant to the topic at hand.

•	 Subsection 4 

Objective of the present work—this sec-
tion should simply reflect the main objec-
tive of the research as described in the 
rationale section of the abstract.
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IMRAD

The IMRaD structure is the most com-
mon structure used in scientific writ-
ing. This structure is as follows:

•	 Introduction

•	 Methods

•	 Results and Discussion

IRDAM

The IRDaM structure is typically used when 
a hypothesis is tested without having the 
experiments planned in advance, a progres-
sive investigative trajectory where the results 
of one experiment inform which experi-
ment should be undertaken next. These are 
otherwise known as sequential results. The 
IRDaM structure is composed as follows:

•	 Introduction

•	 Results and Discussion

•	 Methods
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THE ANATOMY OF A RESEARCH ARTICLE

Research articles generally follow two standard formats, depending on the nature of 
the investigation. Although the headings in these structures may be named differ-
ently from journal to journal, these formats are commonly referred to as IMRaD and 
IRDaM. Each of these assemblies consist of an Introduction, Methods, Results, and Dis-
cussion although the order and structure of these components differ in each variant.
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