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In this work, we investigated the adhesion between surface-treated stainless-steel samples and a standard cement
mixture. Laser surface treatments such as Direct Laser Writing (DLW) and Laser-Induced Periodic Surface
Structures (LIPSS) were employed, which resulted effective to reach up to 16-fold increase of adhesion compared
to the untextured. A comparison with mechanical surface treatments, i.e., sandblasting, revealed that, although
an increase of adhesion was achieved probably ascribable to the higher surface roughness, such improvement in

terms of bonding strength was significantly lower than the one obtained with the laser surface texturing.

1. Introduction

Concrete is a composite material characterized by a continuous
phase (or matrix), which is made by the mix of cement and water, and a
discontinuous phase, which is mainly composed by aggregates, i.e.,
gravel and sand. The construction of urban infrastructures, bridges,
dams, safety-related nuclear structures [1], and safes vaults and panels
are only few of many examples in which this material is employed.
Furthermore, the addition of reinforcements, i.e. polymers [2], metals
[3], natural materials [4], steel rebars [5], and glasses or steel fibers [6,
7] marked a turning point in the growth of the concrete strength, and
consequently of the products performances.

Nevertheless, when additional reinforcements are implemented to
the concrete mixture to increase its strength, the adhesion between all
the elements is crucial; in fact, the stronger the adhesion, the more
stresses can be withstood by the structure, preserving it from cracks
propagation that may lead to structural failure [8].

One way to improve the adhesion is to modify the concrete mixture
recipe by adding other components such as latex [9], silica fume and
methylcellulose [10]. But taking this approach can lead to a noticeable
change of the concrete mechanical properties. An alternative strategy
consists of treating the surface of the target where the concrete will
adhere. In fact, while several mechanisms can be enlisted as underlying
the adhesion between steel and concrete, e.g., electrochemical bonding,

* Corresponding author.
E-mail address: caterina.gaudiuso@cnr.it (C. Gaudiuso).

https://doi.org/10.1016/j.surfin.2024.104299

capillary suction, and mechanical anchoring, the last two are strongly
related to the presence of defects on the steel surface where the fresh
concrete is poured and can be influenced by a modification of the surface
morphology. Capillary suction, i.e., the capability of transport of liquids
through the pores of a porous medium acting as capillaries, leads to a
very strong bonding in the case of smooth and impermeable surfaces
such as metals and polymers [11]. Moreover, mechanical anchoring
occurring through the asperities of the metal surface acting as traps for
concrete and cement particles is the typical adhesion mechanism of
concrete to a solid surface; this mechanism is commonly called me-
chanical interlocking [12]. In this case, the higher the number of
interlocking sites, i.e., deviations from the ideally flat surface, the higher
is the bond strength between the steel surface and the hardened
concrete.

Once the contact between the concrete and a metallic surface is
established, an interfacial transition zone (ITZ) is formed, which is a
boundary layer that arises due to residual water spreading over the
metal surface. This ITZ consists of three main phases [12]: the first
10-100 pm thick layer from the metal substrate is mainly composed of
fine cement particles and water. The intermediate 5 mm is the mortar
layer, made up of larger sand and cement grains. The last layer (~30
mm) is the actual concrete bulk, made up of the biggest gravel, sand and
cement particles. According to the mechanical anchoring mechanism,
for the concrete to adhere to the steel, the fresh mixture should penetrate
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the irregularities of the steel surface. Therefore, in order to improve the
mechanical anchoring, it is possible to suitably design a surface
texturing pattern characterized by surface traps big enough to entrap
more than one particle (typical size ranging from 1 to 100 um). More-
over, a high density of such traps should be ensured, to increase the
efficiency of the particle “entrapment” process.

To create an effective interlocking surface, a simple approach in-
volves enhancing the roughness of the surface by using abrasive tech-
niques like sandblasting. According to Hou et al., a significant
improvement (~17%) in the bond strength between reinforcing bars and
concrete can be obtained through sandblasting of reinforcing bars [13].

In the last few years, significant emphasis and endeavor is focused on
altering the surface topography of material substrates via laser surface
patterning. Laser Surface Texturing (LST) is an environmentally friendly
and innovating surface modification process due to its ability to modify
surface properties without affecting the bulk properties of the material.
In fact, it is a single-step, non-contact, and fast surface processing which
does not require any chemicals, masks, or expensive vacuum-based
systems, so it is an ideal technique for working ideally any kind of ma-
terials [14,15]. Direct Laser Writing (DLW) on metals exploits a laser
beam for precisely removing material from a solid substrate to create
micro-scaled textures. One of the key advantages of this process is its
ability to create precise features with high resolution and accuracy,
making it a valuable tool for researchers and manufacturers who need to
create any complex texturing designs with high precision. Another
potentially effective laser texturing technique relies on the formation of
the so-called Laser-Induced Periodic Surface Structures (LIPSS), i.e.
highly regular, periodic nanostructures. Both of them offer unique ad-
vantages but some limitations: DLW allows at optimizing the mechanical
anchoring through the ablation of tailored texture geometrical features
(dimensions and depth) so that they meet the dimensions of each spe-
cific cement used in the concrete recipe. Unfortunately, this could result
is a slower process compared to LIPSS generation, which however is not
effective on the interlocking mechanism mentioned before, because of
the low depth characterizing the nanoscale structures (around 200 nm).
Nonetheless, LIPSS are able to confer a super-hydrophilic behavior to
the as treated surfaces which can strongly strengthen the capillary
suction mechanism of adhesion.

Both techniques are capable of altering the wettability of the treated
surface [16,17] and revealed to be suitable in improving the bonding
with coatings and adhesives. In [18,19,20] their application for
increasing the bonding of adhesives to different laser treated substrates
was reported. Moreover, the influence of the orientation of the texture
with respect to the applied load was also reported. In [21] who worked
on aluminum, it was clearly shown that producing on aluminum surface
a texture perpendicular to the applied load direction resulted in a sig-
nificant enhancement of the mechanical interlocking and then of the
final adhesion of an epoxy resin. However, the exploitation of laser
surface texture technique for enhancing the adhesion of cement mix-
tures to steel is still poorly investigated.

The first demonstration of the effectiveness of laser texturing in
enhancing the adhesion of concrete to steel was reported by Makarova
et al. that performed laser nanostructuring of a steel rebar in three
different applied fluence regimes, i.e., near threshold, fluence equal to
1.5 times the ablation threshold, and fluence equal to 3 times the
ablation threshold. They found that only the samples fabricated with the
highest fluence, where nanospikes were generated, were able to improve
improved adhesion with concrete [22]. However, no exhaustive in-
vestigations on the relationship between the laser induced surface
texture topography and the strength of the bonding with the hardened
concrete was performed.

This work fits in this framework and aims at investigating the
adhesion between a treated stainless-steel surface and a cement mixture.
Various surface laser treatments were applied, including LIPSS and
Direct Laser Writing.

In the latter case, among all the different patterns and texture
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arrangements capable of enhancing the bonding strength of adhesives, i.
e., dimples, directional grooves, crossed grooves [18], two different
texturing designs were analyzed, i.e., longitudinal, and transversal
micro-milled channels, to investigate the influence of the texture
directionality, in analogy to [21].

To test the performances of the surface treatments in terms of
adhesion, a standard pull-out test was custom designed taking as a
model the experimental setup presented in [23]. A comparison with
sandblasting treatment at different exposure times was also provided.

2. Materials and methods
2.1. Surface treatment methodologies

A Yb:KGW laser system from Light Conversion (Pharos PH1-SP-1.5
mJ, Vilnius, Lithuania) was employed to texture the steel samples. The
beam was characterized by a wavelength of 1030 nm, a linear polari-
zation, a diffraction-limited gaussian profile (M? ~1.25), a maximum
average power of 6 W and a variable repetition rate, from single pulse up
to 1 MHz. The laser beam exiting the source went through a half-wave
waveplate followed by a polarizer, for the fine control of the laser
power. The beam was then directed into a galvoscanner (IntelliScan 14
from ScanLab GmbH, Puchheim, Germany), equipped with an F-Theta
focal lens with a focal length of 100 mm (LINOS F-Theta-Ronar 100 mm
telecentric, Qioptiq Photonics GmbH), which controlled the scanning
path of the focused beam on the target surface. The steel sample was
held in an XYZ translation stage, and the scanning parameters and
texture design were set using a software by SCANLAB (laserDESK).

To produce the sandblasted samples, polymeric sand was propelled
over the surfaces using a portable sandblaster. Its nozzle was fixed at 20
cm from the samples for each exposure time (20 s and 2 min).

2.2. Materials and sample design

In this study, 3 mm-thick AISI304 stainless-steel sheets and a cement
mixture composed by pozzolanic cement from Cementeria Cos-
tantinopoli S.r.1 (EN 197-1 CEM IV/B-P 32,5 R, Barile, Italy) and coarse
sand were used. Each steel sample was placed inside a customized
20mm-deep PLA 3D printed container, where then the cement mixture
was poured, as schematically showed in Fig. 1(a); this was essential to
ensure the contact between the cement mixture and the steel surface.
The geometrical characteristics of the metal sample and the cement
mixture recipe (cement/sand and water/cement ratios) are shown in
Fig. 1(b).

A statistical evaluation of the final adhesion of the treated samples,
as compared to the untreated one, was carried out by producing four
samples for each texturing condition, i.e., sandblasting, LIPSS, longitu-
dinal DLW channel, and transversal DLW channel, for averaging the
results and determining the maximum error. In all cases, the treated area
was 20 x 20 mm?, much larger than the typical scale of the ITZ thickness
(between 20 ym and 120 um) to allow drawing general reliable data. As
for sandblasting, two different treatment times were explored, i.e., 20 s
and 2 min, to highlight the effect of the roughness. In fact, it is well
known that the longer the exposure time, the higher the roughness of the
surface [24]. The DLW samples were engraved with 80 pm-deep rect-
angular channels ablated on the sample surface. Thus, a regular repe-
tition of micro-walls was textured, both longitudinally and transversally,
at a distance equal to the width of the channel. A schematic of these
textures is shown in Fig. 2, with their design parameters listed in Table 1.

The choice of their geometrical features, i.e., width and depth, aimed
at influencing the mechanical anchoring, by generating substrate fea-
tures able to entrap cement particles, whose dimensions in standard
cement range from 1 to 100 um [12]. However, thanks to the flexibility
of laser technology, any shape can be potentially fabricated. The two
different arrangements of the micro-structures were chosen in order to
investigate their response with respect to the pulling direction. Indeed,
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Fig. 1. Graphical representation of the sample: (a) assembled sample inside the 3D printed container; (b) sample specifications, underlining the dimensions, the
surface treatments made on the steel sample and the cement mixture recipe. In order to optimize the adhesion testing procedure, a 10 mm diameter hole was drilled

over the sample.

a) ¢)

Longitudinal texture

b) d)

Transversaltexture

Fig. 2. Schematic representation on the sample with (a) longitudinal texture and (b) transversal texture. A more detailed representation of laser texturing in (c)
longitudinal configuration and (d) transversal configuration is presented. In (c,d) L represents the length of the treated area (20 mm), Q the width of the treated area
(20 mm), b the wall width (1 mm), w the channel width (500 pm), and d the channel depth (80 um).

Table 1
Geometrical parameters taken into account for texturing design. The side labels
are referring to Fig. 2.

Parameter Side label Value
Length of the treated area (mm) L 20
Width of the treated area (mm) Q 20
Wall width (mm) b 1
Channel width (pm) w 500
Channel depth (um) d 80

in the longitudinal texture, the channels and walls were parallel to the
direction of the pull-out (Fig. 2a), while in the transversal texture, i.e.,
90-degree rotated texture (Fig. 2b), the arrangement of the laser ablated
micro-structures was orthogonal to the pull-out direction.

After the laser treatment, the samples were cleaned through soni-
cation in 2-propanol for ten minutes to remove any ablation debris
redeposited on their surface. Afterwards, the samples were inserted into
the 3D printed containers (see Fig. 1a) and fresh cement mixture was

immediately poured inside, ensuring the contact between the treated
surface and the mixture. Adhesion tests were performed thirty days after
the preparation of the samples, to guarantee the right curing time of the
concrete. A scheme of the whole procedure is presented in Fig. 3.

2.3. Sample characterization

2.3.1. Morphological and chemical characterization

After the surface treatments, optical microscopy (Eclipse ME600;
Nikon, Japan) was exploited to measure the depth of the engraved
channels, while the measurement of the surface roughness was per-
formed by optical profilometry (ContourGT InMotion; Bruker, USA).
Furthermore, a Field Emission Scanning Electron Microscope (SEM)
(Sigma; Zeiss, Germany) was employed to characterize the morphology
of the LIPSS and analyze, by using Energy Diffraction X-ray spectroscopy
(EDX), the chemical composition of the surface in order to evaluate if
some cement sticked onto the steel samples after the pull-out tests.
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Samples were cleaned via
sonication for ten minutes

Tests were performed after thirty days
and shear strength was evaluated

Fig. 3. Schematical view of the sample preparation procedures.

2.3.2. Adhesion evaluation procedure

To measure the adhesion strength between the steel and cement, an
experimental setup, consisting of a dynamometer (FK 250, Fr. Sauter
AG), a custom clamp and a custom sample holder fixed on a rail, was
designed and built (see Fig. 4). The proper alignment of the whole test
system was ensured by a positioning hole (alignment feature in Fig. 4b),
designed on both the custom clamp and the samples. The adhesion tests
were performed by slowly pulling the custom sample holder, which
resulted in an increasing pulling force applied over the cement, until a
rupture of the bonding occurred, and the steel sample completely de-
tached from the concrete block.

Knowing the contact area of the sample, i.e., the treated surface area
of the samples covered by the cement mixture, the shear strength ¢ was
calculated as in Eq. (1), as the ratio between the maximum force F
recorded by the dynamometer and the nominal contact area A, [25]:

(€8]

For the untreated, LIPSS-treated and sandblasted samples, A, was
calculated as the product of the measured length L and width Q of the
treated area (referring to Fig. 2 and Table 1). For laser-milled samples,
the presence of a regular repetition of micro walls was taken into ac-
count, as shown in Eq. (2):

A, =nA +mA, 2)
where A; corresponds to the inner area of the n engraved channels and
Ay, to the surface area of the m micro-walls. A; and A,, were computed
using the following expressions, accounting for the geometric features of
the texturing, as illustrated in Fig. 2 and Table 1:

A; = 2(d-L) + (w-L) (3)

a) b)

Ay =b-L (€)

As previously mentioned, for each type of surface treatment/texture,
four samples were tested to have a reliable average value of the shear
strength (indicated in the following as average shear strength and
expressed in MPa or N/cmz).

3. Results and discussion

LIPSS structures have been induced on the stainless-steel samples by
scanning the surface with an average power equal to 0.8 W and repe-
tition rate of 50 kHz. Fig. 5 shows the ripples; as expected, these are
linear and orthogonally oriented with respect to the polarization of the
incident laser beam, characterized by a spatial periodicity of about 900
nm.

By using an average power equal to 5 W and a repetition rate of 50
kHz, rectangular channels with a depth of around 80 um were ablated
over the sample surface. In Fig. 6, it is possible to observe randomly
distributed peaks and valleys on the bottom of the processed channels.
Such pronounced features would act as potential additional interlocking
sites where the cement can settle, adhere, and harden.

The surface roughness was evaluated via optical profilometry for
untreated, sandblasted (two different duration of the sandblasting
treatment), LIPSS-covered and laser textured samples. The results of
such analysis are reported in Table 2; where in the case of textured
samples, the channels’ bottom roughness is reported. Exemplary three-
dimensional profilometer images of the treated surfaces are shown in
Fig. 7.

As mentioned before, for each kind of treatment (LIPSS, DLW,
sandblasting for 20 s and 2 min) four samples were prepared according
to the procedure explained in Section 2.2 and tested after thirty days as
described in Section 2.3.2. After measuring the maximum pulling

Dvasmomcter Dynamometer Sample
f———r——j Custom
s T clamp Pulling
[ i force
Custoem
_ —_—]
clamp |
- —
/ Sample holder

Samgie
bobder

Alignment feature

Fig. 4. (a) 3D render of the experimental setup for the adhesion texting with (b) sketch marking the direction of the force applied on the sample.
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. SEM image of linear LIPSS induced over the sample, where the double arrow represents the polarization of the incident radiation.

W8

34 pm

AR -

Fig. 6. 3D profile of a laser-milled channel obtained via optical profilometry.

strength before the detachment of the concrete block from the steel
sample, the geometric contact area was determined for each sample, and
the shear strength was estimated according to Eq. (1). For the untreated,
LIPSS-treated and sandblasted sample, 400 mm? (20 x 20 mmz) nominal
contact area was considered. For the milled steel samples with longi-
tudinal and transversal texture, the lateral surfaces of each channel were
also included and computationally calculated, thus leading to a value of
511 mm? The results of the shear strengths averaged over the four
samples for each kind of surface treatment are also reported in Table 2.

Fig. 8 illustrates a comparison between the values of the average
shear strength obtained in all the experimental conditions.

From the results in Table 2, no significant difference in terms of
surface roughness can be noticed between the untreated surfaces and the
LIPSS-treated surfaces. Therefore, the apparent different shear strength

obtained in the two cases (see Fig. 8 and Table 2) can be ascribed to a
distinct chemical characteristic of the surface. Indeed, treatments with
LIPSS led to a duplication in shear strength compared to the untextured
and, therefore, to an increase of the adhesion between steel and con-
crete. This result is in agreement with what was reported by Makarova
et al., where the interaction of laser nanostructured reinforcement bars
with concrete was investigated, finding a straining force (from a stan-
dard pull-out test) almost double compared to untextured bars (from
226 N to 447 N) [22]. Rather than to the almost negligible increase of
the surface roughness, this finding has to be ascribed to the
super-hydrophilic behavior exhibited by the LIPSS-covered samples just
after the laser treatment [26], which is believed to enhance the spread
and the adhesion of the water-based cement mixture over the surface.
On the other hand, in Fig. 7 and Table 2, it can be observed that the
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Table 2

Surface roughness data for untreated, sandblasted and LIPSS-covered samples
and average shear strength values obtained with all the treatments. As a com-
parison, in the case of textured samples, the texture characteristics shown in
Table 1 will be considered rather than the roughness.

Surface Average Root mean Average shear
treatment roughness S, square average S, strength (N/cm?)
(pm) (pm) after 30 days
Untreated 0.31 + 0.03 0.41 + 0.04 1.9+0.1
LIPSS treatment  0.34 4 0.03 0.43 + 0.04 3.1+£05
Sandblasted (20  0.42 + 0.08 0.61 + 0.06 42+ 1.3
s)
Sandblasted (2 2.50 + 0.50 3.7+0.4 7.1+5.6
min)
Longitudinal 1.65 £ 0.16 21+£0.2 81+25
texture
Transversal 30.6 + 8.1
texture

longer the exposure time to sandblasting, the more pronounced are the
surface asperities. In this case, the average shear strength values seem to
be strongly correlated to the surface roughness of the sample. In fact, a
two-minutes sandblasting treatment led to a four-fold shear strength
compared to the untreated sample, while twenty seconds-long treatment
led only to a 2-fold increase, demonstrating the significant dependence
of the adhesion behavior on the surface roughness. This results is in good
agreement with [19] where the authors generated random roughness by
laser surface texturing, showing a noticeable increase of the adhesion of
TiAIN and AICrN coatings to cemented carbide inserts. The main reason
for this behavior can be attributed to the mechanical anchoring occur-
ring within the surface features, in good agreement with [13,19].

In the case of DLW processed samples, in Fig. 8 and Table 2 are re-
ported the testing results, showing an important increase in adhesion in
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terms of shear strength. In the longitudinal case a four-fold increase was
observed compared to the untreated sample. A similar increasing trend
of the adhesion was reported in [20]. In this case, an increase of the
adhesion of SW-2 adhesive on 30CrMnSiA around 219% was found by
performing a groove patterned surfaces. Moreover, as suggested in [21],
orienting the texture perpendicularly to the load direction may enhance
the final adhesive strength. This is what it was found with the transverse
texture shown in Fig. 2, where a remarkable sixteen-fold increase in
shear strength was noticed.

Such significative enhancement of adhesion can be attributed to the
mechanical anchoring induced by the surface topography of the sam-
ples; the DLW milled channels become anchor points for the mixture,
promoting mechanical interlocking with the treated surface. Further-
more, the additional enhanced surface roughness within the channel due
to laser ablation even further promotes the mechanical anchoring (see
Fig. 6) [18].

In addition, as schematically represented in Fig. 9, when transversal
texturing was employed, the direction of the force applied during the
pull-out tests is perpendicular to the direction of the engraved channels,
thus creating a contrasting effect and providing a higher mechanical
resistance against it. We ascribed the highest force recorded by the
system in this case as due also to this effect. Conversely, in the case of
longitudinal texture, the contribution of the aforementioned mechanism
is lower due to the fact that the force does not oppose the interlocking
design as the transversal one, therefore the contribution is much smaller.
The obtained result highlights the importance of a well-designed
texture, proving to be an essential step to substantially enhance the
adhesion between steel and concrete.

Once the adhesion tests of the samples were performed, EDX was
employed to identify the presence of residual cement on the steel sam-
ples, especially inside the laser milled channels. To this aim, the per-
centage of Ca, as one of the main chemical elements constituting the

b)

Fig. 7. 3D surfaces obtained via optical profilometry of (a) untreated surface, (b) LIPSS-treated surface, (c) 20 s sandblasted surface and (d) 2 min sand-

blasted surface.
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Fig. 8. Comparison of the average shear strength for the different surface treatments after 30 days.
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Transversal texture

Fig. 9. Graphical representation of the mechanical contrast of the cement mixture inside the channel during an experimental test, causing the break of it, so rep-

resenting an optimal texture to counteract the applied force.

cement [27], was evaluated. A comparison of Ca percentage measured in
areas inside the engraved channels and areas on the untextured parts of
the steel target is presented in Fig. 10, along with the associated weight
percentages of other detected species and the related uncertainties.

Lastly, the EDX spectra of the transversal textured sample show a
more pronounced calcium presence inside the engraved channel with
respect to the untreated area, representing a weight percentage of 10%.
This higher concentration of calcium within the channel suggests an
improved mechanical interlocking adhesion between the cement and
the steel surface, potentially reinforced by the increased roughness of
the bottom of the channel due to the laser ablation process. The results
obtained from this analysis suggest that the geometric features of the
texture promote its filling, as the presence of calcium signifies its
occupation.

4. Conclusions
The aim of this study was to investigate the effect of different

treatments to modify the surface topography of steel targets to improve
their adhesion with a concrete mixture, by promoting the formation of

interlocking sites. To this aim two laser texturing techniques, i.e., Direct
Laser Writing (DLW) and the generation of Laser Induced Surface
Structures (LIPSS), were employed and compared to the conventional
abrasive technique of sandblasting.

Though LIPSS did not significantly modified the surface roughness of
the treated samples (only 10% increase of Sa was found), such treatment
resulted in about 2-fold higher average shear strength. This is believed to
be due to the superhydrophilicity of the freshly treated samples [20],
which helps in spreading the water-based cement mixture, thus
contributing to the improvement of its adhesion onto the LIPSS covered
samples.

However, it is well known that the surface roughness plays a central
role on the adhesion mechanism [24]. This was also confirmed in this
work, where a slight increase of the surface roughness (Sa= 0.34 pm,
compared to the untextured samples roughness of 0.31 ym), obtained by
a 20 s-long sandblasting, resulted in a 2-fold higher average shear stress.
A much rougher surface was obtained, instead, by a 2 min-long sand-
blasting (Sa = 2.50 um), which resulted in about 4 times higher average
shear strength.

The best results in terms of adhesion enhancement were obtained
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Fig. 10. EDX spectrum of the inside of one channel and the outer part region of the transversal sample.
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with samples where regular repetitions of micro-channels and micro-
walls were generated on their surface by Direct Laser Writing. Two
different textures arrangements were tested, i.e., longitudinal, and
transversal micro-channels, which resulted in about 4 times and 16
times higher average shear strength, respectively, compared to the
untextured case EDX analysis confirmed that these surface morphologies
were able to trap cement particles and oppose to the detachment of
cured concrete when pull-out tests were performed. The better effec-
tiveness of transversal textured samples can be ascribed to the
arrangement of the textures features which, being perpendicular to the
applied force, contrasts it, and thus cause a much higher pull-out stress
to be required to reach the detachment. This suggests that when
designing the surface texture of a metallic specimen to be treated to
increase its adhesion to cement, it is important to focus on the direction
of stresses it is typically subjected to, in order to define the topography
that better contrasts the tendency to the detachment due to the external
forces. Laser technology, thanks to its high degree of precision and
flexibility, is the best option to meet such requirements and to easily
reconfigure the designs for each proof-of concept application.
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