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Abstract: Manufacturers of adhesives for industrial use determine the strength of adhesive joints
during shear tests. Most often, components made of the same material are joined. In contrast, the
roughness of the surfaces to be joined results from the use of a specific surface treatment technology.
In adhesive manufacturers’ recommendations for metal-to-metal joints, surface technologies can be
found without specifying numerical requirements for roughness. Modern techniques for shaping the
geometric accuracy of components allow the formation of determined irregularities on the surface,
which are characterised by their height and mutual distribution. Furthermore, regular irregularities
can be obtained by using the appropriate tool and technological machining parameters. In this way,
surfaces with similar load-bearing capacity, core volume, texture or expected hydrophobic properties
can be produced by various methods. However, a basic prerequisite is the careful definition of the
numerical requirements, both for the basic roughness indices and those of a complementary nature.
As a rule, the strength of the adhesive joint is also lower than the strength of the adhesive itself. The
strength of an adhesive joint depends on the ‘mechanical anchorage’ of the adhesive and the adhesion
phenomenon on the surface. The research assumes that it is possible to induce an interaction between
the geometric state of the surface and the properties of the adhesive, so as to guarantee the maximum
strength of the adhesive joint. To verify this, a series of experimental tests were developed and carried
out for two different adhesives characterised by different viscosities and offered bond strength. Based
on the tests carried out, recommendations were made to the designers of adhesive joints, where, in
addition to the height of the surface irregularities, the properties related to fluid retention and the
shape of the irregularities in the valleys should be determined.

Keywords: surface topography; surface treatment; joint strength; bonding; shear test

1. Introduction

In mechanical and equipment engineering, there are many connections that include
both detachable [1-4] and non-detachable joints [5-11]. Most often, these are important
bonds that enable structures to function properly. This article deals specifically with one
type of such connections, which are adhesive joints transferring shear loads in structures
that use different types of adhesives in their construction [12,13]. The offered strength,
durability, and resistance of the adhesive joint to aggressive environmental influences can
be at a level similar to mechanical joints. However, the simple technology and low cost of
bonding processes under production conditions place this type of joint at an advantage
over mechanical joints. Furthermore, adhesive joints usually achieve an even distribution
of stresses in the adhesive layer, in contrast to, for example, welded joints, where additional
residual stresses are often present [14]. Among the advantages of adhesive joints is also
that they can be formed from both similar and dissimilar materials (for instance: metal and
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polymer laminate composite, metal and ceramic). Hence, increasing interest in this type of
joint has been observed in recent years.

The feasibility of technological processes such as bonding, dyeing, or varnishing is
determined by the wettability of the surfaces to be joined. This phenomenon plays a special
role where adhesive joints are created, as it is an important indicator of the correctness of
the surface structure.

In order for an adhesive joint to form, there must be an interaction between the
adhesive and the parts to be joined, i.e., adhesion [15]. In general, adhesion is the bonding
force between two surfaces. It is a phenomenon occurring on a surface that can be described
by various theories including mechanical or electrostatic theory [16,17]. The mechanical
theory of adhesion assumes that adhesion is the result of the resistance of the adhesive to
an external force as a result of mechanical deposition. This deposition can be augmented
by the selection of a specific surface treatment, affecting the formation of irregularities by
which the geometric surface area of the adhesive is increased (Figure 1). As the roughness
of the surface layer of the part increases, a greater number of indentations are created into
which the adhesive can penetrate [18,19]. It can be concluded from this that surfaces with
an optimum roughness can guarantee a higher strength of adhesive joints than completely
smooth surfaces [20]. However, it is not at all easy to create the right geometrical structure
of the surface, as too many narrow indentations cause problems for the adhesive, especially
with a high viscosity, to fill them. This is because the adhesive will only remain on the tops
of the irregularities, and air bubbles are trapped in the interiors of the valleys, resulting in
a weakened joint [21].

\2 3/

Figure 1. Diagram of mechanical adhesion: (1) adhesive surface; (2) adhesive; (3) non-adhesive
interiors of irregularities.

The electrostatic theory of adhesion, on the other hand, states that the forces respon-
sible for the interaction between the adhesive and the adjacent parts are electrostatic in
nature, meaning that there are relatively positive and negative areas on both the surface of
the material and the bond that attract each other, leading to adhesion [22].

The second phenomenon that is important in adhesive joints is cohesion, i.e., the
presence of sufficient internal consistency in the adhesive to produce a bond with the
expected strength [22]. The polymers in the adhesive are responsible for this, with areas of
partial positive or negative charge causing strong intermolecular interactions (Figure 2).

It is worth noting that adhesive failure is the failure of the interfacial bond between the
adhesive and the substrate, while cohesive failure occurs when a crack propagates through
the adhesive layer and causes the adhesive layer to remain on both surfaces of adhesion.

The entire process of creating an adhesive joint must be properly designed. Above
all, one of the most important issues is the uniform distribution of stress in the parts to
be joined. Therefore, the designer, using knowledge or numerical simulations, should
determine how the parts to be joined will be loaded. The type of adhesive joint can then be
selected, the surface area determined, and the type of adhesive chosen to ensure that the
predetermined stresses can be transferred. In the technology for machining the surfaces
of interconnected parts, a surface roughness condition is usually given that cannot be
exceeded. Typically, the value of roughness parameters such as Ra, Rz, or Rmax [23] can
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be found on construction drawings. Depending on the position of the surfaces of the
parts to be joined, the adhesive joints encountered in practice can be divided according
to the classification shown in Figure 3. A broader breakdown of adhesive joints has been
described by Kubit et al. [24] and Wei et al. [25], among others.

Adhesion

Cohesion

Figure 2. Mechanics of the adhesive joint.
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Figure 3. Basic types of adhesive joints: (a) joints used for plates; (b) pipe joint; (c) angle joint.

During the design process of an adhesive joint, aspects such as the possibility of
reducing peeling and splitting forces, which affect the disturbance of the stress distribution
in the joint, should be taken into account [26]. Most often, this also involves avoiding
eccentric forces in lap adhesive joints, which, like peeling forces, lead to disruption of shear
stress distributions in such joints. In addition, eccentric forces create a bending moment,
which is responsible for the formation and development of tensile stresses at the ends of
the bond.

Finally, an important aspect is to ensure that the bonding area can be maximised. Too
small a surface area can result in high peeling or splitting stresses, while its maximisation
significantly hinders the technological performance of the adhesive joint.

In addition to the irregularities, which are usually measured in height and length (e.g.,
according to ISO 4287 [27] or ISO 4288 [28]), the real surface also contains texture (otherwise
known as morphology), which is of increasing interest. The texture depends mainly on
the geometry of the tool used for machining and the kinematic-geometric relationships
during the manufacturing process. The three-dimensional state of a surface texture can
be described using a wide variety of indices. Among them, a distinction should be made
between groups depending on the application, i.e., height, functional, spatial, volumetric,
and indices determined from the course of the bearing area curve in accordance with
ISO 25178-2 [29]. Surface texture surveys are most often carried out with non-contact
measuring systems using the confocal effect or white light interference. Just as important as
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the acquisition of the point cloud of the measured surface is its subsequent post-processing
(artefact removal, levelling, or filtering). Only from the set of points prepared in this way
are the indices describing the investigated aspect of the surface texture determined. For the
strength of the adhesive joint, in addition to typical surface height parameters such as Sa,
Sq, or Sz [30], indices from the volumetric group can be particularly useful. They contain
information about the usable adjacent surface, limited by the geometrical conditions of the
adhesive joint or overlaps. The research hypothesis adopted in this article is that deliberate
shaping of the product surface, leading to an interaction between the surface texture and
the adhesive properties, can guarantee maximum strength of the adhesive joint.

Adhesive joints will only fulfil their function in a construction if they are characterised
by high strength. Strength is understood here as the ability to withstand destructive
mechanical influences, which can be considered to be loads of various kinds. In order to
be able to use adhesive joints in a construction, strength tests must first be carried out to
assess their quality. An important aspect of such tests is that the critical load value at which
failure of the joint occurs can be determined. Therefore, it is important to know the strength
of the adhesive joints during their design and operation, which can be determined using
the various methods for testing adhesive joints described, for example, in [21,31,32]. The
most important of these methods are the single lap shear test, the tensile test, and the peel
test, which are carried out for adhesive joints in accordance with the relevant standards.

The most commonly used method for the adhesion strength of joints is their shear
test [33-36]. This is the predominant method of load realisation among designers for
adhesive joints, because in this way the joints are able to carry the maximum load values.
This test is both simple and economically advantageous. Above all, it replicates and
determines the value of the load to which adhesives are normally subjected in service. The
shear strength of the adhesive and the shear modulus are usually given as the basic strength
properties of the adhesive. Therefore, this article also investigates the shear strength of
adhesive joints.

The impact of surface topography on the operating properties of machine parts is
demonstrated, for example, by Grzesik [37]. The relationships between surface topography
parameters and the performance properties of machine parts shaped by different cavity
machining processes are presented in this article. It also identifies the dominant 2D and
3D roughness parameters in relation to contact deformation, fatigue strength, friction and
wear, and corrosion resistance.

With regard to adhesive joints, studies of the impact of the type of joint surface
treatment and the surface roughness obtained with them on the load-bearing capacity and
strength of the joints have been conducted in several articles. Zielecki et al. [38] investigated
the impact of surface roughness after milling and sandblasting on the load-bearing capacity
of lap adhesive joints made of aluminium alloy 2024. Their research proved that the use of
sandblasting after milling increases the load-bearing capacity of adhesive joints. Similar
tests, but for lap joints in S235]R steel are described by Zielecki et al. [39]. The results
of a preliminary study on surface microtexturing of Ti-6Al-4V and SS316L alloys using
high-pulse fibre lasers to improve bonding performance were published by Tseng and
Chen [40]. Similar studies are described in the study by Moroni et al. [41]. In contrast, the
effect of plasma treatment parameters on the mechanical strength of adhesive joints was
studied by Mandolfino et al. [42] and Qiao et al. [43]. Da Silva et al. [44], Alderucci et al. [45],
and Zhou and Ning [46] showed the effect of grooves on the strength of adhesive joints.
Zarei et al. [47] discussed the impact of surface roughness on the mechanical response
of silicone-based adhesive joints. They introduced a dimensionless parameter, defined
as the ratio of the adhesive thickness to the root mean square roughness, which can be
used as an index to evaluate the importance of roughness in the peel response. Van
Dam et al. [48] investigated the impact of surface roughness and chemistry on the initial
adhesion and durability of steel-epoxy adhesive joints. Based on a combination of different
mechanical tests, they evaluated the joint performance under different environmental and
loading conditions. Guo et al. [49] explored the effect of surface treatment and adhesive
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thickness on the shear strength of precision adhesive joints. Hygrothermal aging of adhesive
joints with nanotube-reinforced adhesives under different surface treatments of carbon
fibre/epoxy substrates was investigated by Gude et al. [50]. Leena et al. [51] described the
effect of surface pretreatment on the surface characteristics and adhesive bond strength
of an aluminium alloy. Akpinar [52], on the other hand, proposed chemical etching and
the use of a nanostructured epoxy additive coating to increase the adhesion strength in
aluminium joints bonded with a nanostructured additive adhesive. The effect of protective
and decorative coatings on the strength of hot-dip galvanised steel sheet adhesive joints is
described by Rudawska [53].

Assessments of adhesive joints are also carried out using numerical methods. Rudawska
and Debski [31] evaluated the strength of single-lap adhesive joints of 2024PLT3 and
7075PLT0 aluminium alloy sheets loaded in shear using the finite element method (FEM).
The tests completed made it possible to simulate the failure process of the adhesive joint
and to determine the moment of initiation of this failure. Using FEM, Xiong et al. [54]
investigated the impact of adhesive-embedded inclusions on the stress distribution and
strength of single-lap adhesive joints. Other works in which the strength behaviour of lap
adhesive joints was simulated using FEM include [55,56].

Despite the extensive literature on studies of the impact of the structure of adjacent
surfaces on the properties of adhesive joints, the topic is still not exhausted. In order to fill
the knowledge gaps on this subject, our article describes the results of a study showing
that, with proper surface preparation and quality assurance, the external dimensions of
surfaces bonded with adhesive can be reduced without losing the strength of the joint. The
paper uses the most common adhesives in technology, for which the manufacturers do
not provide technology specifications for the surfaces to be bonded, leaving considerable
freedom in their preparation. Metallic surfaces of the specimens were selected for testing,
as objects for which the state of the geometrical structure can be achieved in a reproducible
manner, and the results of the research work can also be reproduced (in other scientific
centres or by engineers in industry).

2. Programme of Experimental Studies

In order to determine the appropriate surface shaping conditions, the relationship of
the surface technology to the strength of the joint was investigated, with the description of
the surface texture condition using the following indices [57,58]:

e Vo—void volume per unit area for a given material fraction (mm?/mm?);
e  Voo—volume of valley voids located at a given surface level (mm3/mm?);
e  Vouc—volume of the core void space (mm?3/mm?).

In addition, functional indices based on the bearing area curve were also selected
to distinguish between surface features having the same Sa or 5z index value. From this
group, the following were selected for testing:

e  Svk—reduced valley depth, a measure of the valley depth below the core roughness

(pm);

e  Sci—surface core fluid retention index representing the ability of the core to retain
fluid through the inequality core (no unit);

o  Svi—surface valley fluid retention index representing the ability of valleys located
below the core to retain fluid (no unit).

Of the three functional indices mentioned above, the Svk index is particularly im-
portant, as it is most often used to measure the ability of sliding surfaces to hold fluid,
where lubricant can accumulate in the indentations of irregularities created. In the case
of an adhesive joint, on the other hand, the value of this index can indicate the degree to
which the adhesive fills the irregularities as it is applied to the surface. Large values of
this parameter are favourable for surfaces in need of lubrication, and this article examines
whether the same relationship exists for adhesive surfaces. In turn, the values of the Sci
and Svi indices can depend on the viscosity of the adhesive.
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Depending on the surface treatment, a different sample specimen roughness can be
obtained. Its value and the shape of the irregularities determine the wettability of the
adjacent surfaces [59]. The type of machining used contributes to the development of a
surface texture that influences adhesion. On the other hand, an increase in the number of
indentations results in an increase in the active contact area between the adhesive and the
material to be bonded, as the surfaces have different adhesive properties after each of the
selected processing technologies.

2.1. Specimen Preparation and Surface Texture Measurements

To investigate the extent to which a change in the state of the geometric texture of the
surface can alter the strength of adhesive joints, an experiment was planned in which the
surfaces of the adhesive specimens were subjected to three different treatments, such as
milling (M), grinding (G), and polishing (P).

The specimens were radially turned with a feed per revolution of 0.15 mm at a cutting
speed of 100 m/min and depth of cut of 1 mm. The surfaces of the specimens were then
ground with a feed per revolution of 1.5 mm at a cutting speed of 5.5 m/min and a depth
of cut of 0.2 mm. Finally, the specimens were polished by hand on a laboratory grinder for
metallographic specimens using aqueous abrasive paper with a gradation of P2000.

The adhesive joints were made of three separate cylindrical specimens marked as
in Figure 4 with symbols A, B, and C. Three specimens of each of types A, B, and C
were prepared. Stainless steel X46Cr13 (1.4034) was used as the material for the bonded
specimens. Two adhesives were used to bond the samples: T1 epoxy adhesive and T2
cyanoacrylate adhesive, with characteristics given in Table 1.

32 32
- - ¢ -
A B C A A B C A
Yol Tel
[ U R B I [ S [E Pl T - - N [ R S - - == -, == — -] o N
S ©-
y y
T1 T1 T2 T2
(a) (b)
Figure 4. Diagram of the adhesive joint for: (a) T1 epoxy adhesive sample; (b) T2 cyanoacrylate
adhesive sample.
Table 1. Characteristics of T1 and T2 adhesives.
Selected Technical Parameters
Properties

T1 Epoxy Adhesive T2 Cyanoacrylate Adhesive

Chemical composition

Industrial epoxy adhesive 2:1

(resin + hardener) Ethyl 2-cyanoacrylate (ECA)

Specific gravity at 25 °C 1.0 1.1
Brookfield viscosity at 25 °C (mPa-s) 25000 =+ 60 000 30 =50
Shear strength acc. to ISO 4587 [60] (N/mm?) 37 20
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The layer thickness of the adhesive coating was not controlled; the specimens were
pressed with a force of approximately 100 N throughout the adhesive setting period. The
main objective of the tests was to determine representative numerical values of the indices
of geometrical texture of the surface (for T1 and T2 adhesives), which would constitute
an acceptance level for surfaces prepared with any technology. In this respect, adhesive
manufacturers usually quote maximum adhesive bond strength values for steel-steel
surfaces prepared by sandblasting. From practice, it has been found that the value of
the Sa index of such a prepared surface can range from 6.3 to 63 um or even wider. As
a supplement to the technological requirements, the Svk and Svi indices can be used,
depending on the type and viscosity of the adhesive. Using this knowledge, the designer
can define requirements (numerical, as to the type and value of a given indicator of the
geometrical texture of the surface), which can be realised by any technique. At the same
time, after measurement and evaluation, the designer can be sure that the strength of the
adhesive joint in series production of the products will not be radically changed.

As mentioned above, individual joints were created from three specimens (A, B, and
C). As three of each sample were prepared and two different types of adhesive were used
(as shown in Figure 4), a total of 18 types of adhesive joints were created, the association of
which is summarised in Table 2. In each joint, the four faces of the specimens (located at the
contact between specimens A and B and B and C) were bonded together. The evaluation of
the texture of these surfaces was carried out according to the following scheme:

e  For sample B, both faces were examined;
e  For the other specimens, only one selected face of specimens A or C was examined,
assuming that they were similar.

Table 2. Programme of experimental studies.

Marking of Adhesive JJoints

Surface Treatment

T1 Epoxy Adhesive T2 Cyanoacrylate Adhesive

TIM-S1 T2M-51

Milling TIM-S2 T2M-S2
T1IM-S3 T2M-53

T1G-S1 T2G-51

Grinding T1G-52 T2G-52
T1G-S3 T2G-S3

T1P-S1 T2P-S1

Polishing T1P-S2 T2P-S2
T1P-S3 T2P-S3

Thus, a total of 54 specimen faces were measured.

After machining, all surfaces were cleaned using an ultrasonic cleaner with acetone.
This removed contaminants from the surfaces and, in particular, residues of cutting fluids
that had been used in previous machining operations. The next step was to measure the
surface texture of the specimens, an example of which is shown in Figures 5-7.

An Altisurf A520 multisensor measurement system (Altimet, Thonon-les-Bains, France)
was used to measure the surface topography, which was equipped with a CL2 confocal
white light sensor with an operating range of up to 400 um and a resolution in the optical
axis of the instrument of 22 nm. Digital processing of the recorded point cloud and determi-
nation of selected values of surface texture indices were carried out using MountainsMap
Premium 7.4 software (Digital Surf, Besangon, France). The surface was aligned on LS-plane
and the artefact threshold was automatically set below 0.05% and above 99.95% of the core
points. The roughness as the S-L surface was extracted on a metrological filter according
to ISO 16610-61 [61] with a cut-off size of 0.8 mm. The resulting average values of the
measured surface parameters for each specimen are presented in Table 3.
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Figure 5. Surface view of an example specimen obtained after milling treatment.

umiiq3

S = N W B O O N o ©

Figure 6. Surface view of an example specimen obtained after milling and grinding treatment.
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Figure 7. Surface view of an example specimen obtained after milling, grinding and polishing
treatment.
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Table 3. Average values of selected surface texture indices on the surfaces of bonded specimens (A, B,
and C).

Average Index Value

Adhesive Joint — — - - - - - = —
Marking Sa Sq Sz Vo Voo Voc Svk Sci Svi
(um) (um) (um) (mm3/mm?) (mm?/mm?) (mm3/mm?) (um) (no unit) (no unit)
TIM-S1 0.936 1.18 10.81 0.0015 0.00015 0.00139 1.42 1.03 0.64
T1M-S2 0.970 1.20 9.86 0.0016 0.00014 0.00143 1.22 1.30 0.33
T1M-S3 0.844 1.06 10.24 0.0014 0.00014 0.00122 1.23 1.21 0.39
T1G-S1 1.143 147 17.16 0.0018 0.00021 0.00159 2.02 0.87 0.70
T1G-S2 1.276 1.61 16.31 0.0020 0.00022 0.00177 211 0.88 0.68
T1G-S3 1.232 1.53 14.76 0.0019 0.00020 0.00170 1.82 0.92 0.64
T1P-S1 0.195 0.28 3.23 0.0003 0.00005 0.00025 0.53 1.04 0.42
T1P-S2 0.093 0.13 2.75 0.0002 0.00002 0.00013 0.20 1.14 0.43
T1P-S3 0.112 0.16 2.57 0.0002 0.00002 0.00016 0.21 1.29 0.37
T2M-S1 0.844 1.06 9.38 0.0014 0.00013 0.00125 1.20 1.06 0.62
T2M-S2 0.738 0.94 8.57 0.0012 0.00013 0.00105 1.24 0.92 0.70
T2M-S3 0.709 0.84 8.51 0.0011 0.00011 0.00097 1.03 1.01 0.65
T2G-S1 1.243 1.58 16.05 0.0019 0.00022 0.00172 2.14 0.86 0.69
T2G-S2 1.252 1.60 17.61 0.0020 0.00023 0.00172 2.20 0.86 0.70
T2G-S3 1.258 1.62 20.81 0.0019 0.00023 0.00172 2.21 0.82 0.70
T2P-S1 0.131 0.32 10.42 0.0002 0.00003 0.00016 0.32 0.69 0.25
T2P-S2 0.103 0.14 2.38 0.0002 0.00002 0.00014 0.24 1.04 0.44
T2P-S3 0.101 0.15 2.63 0.0002 0.00002 0.00015 0.19 1.08 0.61

So far, the literature in the field of adhesive bonding technology does not encounter
specific requirements for the state of the surface texture (as described by parameters
according to ISO 25178-2 [29], which allow maximum adhesion forces to be achieved).
Therefore, in our study, in addition to a set of the most common parameters (i.e., Sa, Sg,
and Sz), additional indices of surface texture state (such as Svi and Sci) were selected, as
mentioned at the beginning of Section 2.

The data in Table 3 are also presented as graphs in Figures 8-10. By analysing the graph
of arithmetic mean surface heights Sa (see Figure 8), it can be seen that grinding resulted in
a greater geometric development, i.e., an increase in surface roughness, compared to the
other machining methods for the specimens. Consequently, more irregularities appeared
on the surface compared to milling. Both milling itself and additional grinding of the
specimens result in regular irregularities on the surface, which provide a very good base
for the mechanical anchorage of the adhesive. The reverse is true for the surface of polished
specimens. In this case, an approximately tenfold decrease in roughness can be observed
compared to the preceding grinding. The polished surfaces show an average Sa value
of 0.12 um, which means that their roughness has decreased by an average of 1.1 um
compared to the preceding treatment.
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The polishing procedure has largely levelled out surface irregularities, surface scratches,
or nicks. The consequence of polishing is a reduction in the geometric development of the
surface layer of the material. An analogous situation is observed in the case of changes in
the value of the Sq index describing the mean square height of the surface. The values of
the Sa and Sg indices are insensitive to variations in the amount and shape and spacing be-
tween the peaks and valleys. Thus, observing only their value may be misleading, as many
surfaces with grossly different stereometric features (e.g., turned and ground) may have
the same Sa or Sq , but at the same time exhibit completely different functional properties.

The selected values of the volumetric indices Vv, Vov and Voc indicate the void
volumes of the surface (Figure 9). Despite the similar values of the height indices, there
is a noticeable increase in the active surface area of the material after grinding treatment.
The increase in the proportion of core voids and pits for grinding ranges from 25 to nearly
50% compared to the surface area after milling. Increasing these values also results in a
deterioration of surface wettability. The wettability of a flat surface depends on the wetting
angle between the adhesive and the substrate. It is therefore more advantageous for bonded
surfaces during bonding to consider tension and viscosity in surface preparation. In the
case of a rough surface, surface tension is not the single variable governing wettability,
as there may be other variables, but surface tension is always the key variable. This
information is important because T1 epoxy adhesive is characterised by high viscosity. For
polished surfaces, on the other hand, small void volumes should be better filled with T2
cyanoacrylate adhesive, which has a low viscosity. In addition, through the values of the
volumetric indices of the surface structure, the surface requirement for the adhesive can
be assessed in a certain way. The optimisation of the surface structure in this respect is
certainly relevant for the implementation of bonding processes for mass-produced products
under industrial conditions.

The Svk index is a measure of the valley depth below the core roughness and can be re-
lated to adhesive retention. Large values of this parameter should be beneficial for adjacent
surfaces. Mechanical anchorage of the adhesive should be strongest on ground surfaces,
where the Svk value is 40% to 50% higher than on turned surfaces. The graph depicting
the Sci index values of the ability of the core material to retain the liquid (Figure 10) shows
the milling process as the most favourable. Interestingly, it is the polishing procedure that
achieves a more favourable surface texture in this respect than after grinding.

The fluid retention capacity of the valleys located below the core of the material, as
shown by the Svi index, indicates an inverse relationship between surface technology and
fluid retention capacity. This is particularly important when selecting a high-viscosity
adhesive, which may be characterised by difficulty in penetrating small indentations and
crevices. The bonded products must then be held together under considerable pressure
during the initial process phase.

2.2. Testing the Strength of the Adhesive Joints

In the adhesive joint strength tests, shear tests were performed because a properly
designed adhesive joint should only be loaded under this type of stress [21,31,32]. The
shear strength of the adhesive and the shear modulus are usually considered to be the
primary strength properties of the adhesive. The shear test was carried out on an INSTRON
8850 universal testing machine (Instron, Norwood, MA, USA), which was equipped with
a special fixture designed to shear adhesive specimens. The fixture was designed so that
the adhesive joints under test could be positioned and fixed unambiguously. It used
interchangeable sleeves with holes machined to maintain a sliding fit on the outer diameter
of the specimen. According to the developed test programme, 18 joints were tested for
strength. The results obtained from the shear test are shown in Table 4.
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Table 4. Parameter values obtained during the shear test of adhesive joints.

Adhesive Joint Marking Shear Force (kN) Shear Stress (MPa)  Displacement (mm) Average Failure Pattern
TIM-S1 29.8 35.9 0.70
TIM-52 28.6 344 0.40 CF (50%) + SCEF (50%)
TIM-S3 28.4 342 0.65
T1G-S1 27.6 33.2 0.40
T1G-S2 314 37.8 0.25 CF (60%) + SCF (40%)
T1G-S3 43.2 52.0 0.60
T1P-S1 22.7 27.3 1.23
T1P-52 22.1 26.6 1.23 CF (20%) + SCEF (80%)
T1P-S3 26.8 323 1.38
T2M-51 13.0 15.6 1.25
T2M-52 5.90 7.10 0.85 CF (50%) + SCEF (50%)
T2M-S3 7.00 8.43 1.45
T2G-S1 23.2 27.9 1.08
T2G-S2 15.0 18.1 1.00 CF (90%) + SCF (10%)
T2G-S3 19.6 23.6 1.10
T2P-S1 11.8 14.2 1.50
T2P-52 16.0 19.3 2.50 CF (70%) + SCF (30%)
T2P-S3 10.0 12.0 1.35

The assessment of the type of crack (CF or SCF) was carried out on the two surfaces of
the central specimen (B) for each of the adhesive joints (three joints were made combining
specimens A, B, and C). The final assessment of the type of crack was carried out according
to the guidelines of ISO 10365 [62]. The percentage of the type of failure in the joint and the
ultimate stresses were determined from the average of the three values of the joints tested
(see Table 4).

The strength values obtained clearly indicate that, for both types of adhesive, the most
favourable state of the surface texture is the state after the grinding treatment. However, in
the case of a low-viscosity adhesive (i.e., T2), the strength of the bond with the specimens
after polishing is higher than the strength of the adhesive joint in which the surfaces of
the specimens were only turned. The opposite situation is recorded for a high-viscosity
adhesive (i.e., T1), for which the mechanical anchoring effect in the irregularities of well-
wettable surfaces is stronger than the adhesive bonding effect of the adhesive molecules to
the smooth metal surface (see Figure 11).

45

40

TIM T1G T1P T2M T2G T2P

Shear force (kN)
- - N N w w
o (6] o (6] o (6]

o

Figure 11. Average shear force values for the study joints (M — milling, G — grinding, P — polishing).
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The maximum recorded force at which fracture occurred in a joint with ground
specimens bonded with T1 epoxy adhesive was 43.2 kN. This result is more than 13.4 kN
higher than the highest result obtained for a joint with only turned specimens. The strength
test confirmed the conclusions drawn from the analysis of the surface topography of the
specimens. From the data read for joints with polished specimens glued with T1 epoxy
adhesive, a reduction in strength can be observed (no mechanical anchoring effect). The
lower strength of this type of joint is a consequence of the weaker alignment of irregularities
and scratches on the surface, which translated into a reduced geometrical development of
the surface for the higher viscosity adhesive. For the T1P-S1 and T2G-51 joints, a similar
value of shear force was achieved. For the T1P-51 joint, it was 22.7 kN, and for the T2G-51
joint, it was 23.2 kN. These results are similar despite the different adhesive used. In this
case, insignificant mean values and scatter around the mean strength values of the entire
series of T1P and T2G specimens are also observed.

As the final part of the research work, documentation of the breakthrough on the
adjacent surfaces of the samples was carried out using a HAWK Vision 250 measuring
microscope (Vision Engineering Ltd, Send, Surrey, England) equipped with a 10 x magnifi-
cation objective. Photographs of the specimens including the breakthrough are shown in
Figures 12 and 13.

Figure 12. Examples of mixed mode fracture views of specimens for: (a) TIM-S2: fracture at 28.58 kN
(approx. 50% cohesive and 50% adhesive); (b) T1G-52: fracture at 31.42 kN (approx. 60% cohesive
and 40% adhesive).

Figure 13. Examples of mixed-mode fracture views of specimens for: (a) TIP-S2: fracture at 22.12 kN
(approx. 20% cohesive and 80% adhesive); (b) T2P-S2: fracture at 19.99 kN (approx. 70% cohesive
and 30% adhesive).
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3. Discussion and Conclusions

The intensive development of materials engineering and manufacturing technologies
and systems allowing the preparation of a specific geometrical texture of the surface makes
the subject of the influence of roughness on the strength of adhesive joints still relevant.
The analysis of the literature and the experiment carried out allow basic conclusions to
be drawn regarding the influence of the geometric texture of the surface and the type of
adhesive on the strength of adhesive joints.

The shear strength tests carried out confirmed the assumptions made during the
analysis of the geometric texture of the surface. Based on the tests, it can be seen that the
application of different surface treatments allows different strength values to be achieved.
The difference in results is particularly apparent when comparing the joints with ground
specimens with those with polished specimens. A force of almost 16.5 kN more was
required to shear the joint with ground specimens compared to the joint with polished
specimens and bonded with the same T1 epoxy adhesive. It can be concluded that adhesive
joints made on surfaces characterised by considerable roughness have a significantly higher
strength compared to joints where smooth surfaces are joined. Of course, this also depends
on factors other than just the geometric condition of the surfaces to be joined, which
include the type of adhesive and its specification, the influence of fillers or the aging
performance. In a situation where an irregular adhesive surface is in contact with a rough
surface, increasing the load on the joint leads to a much greater deformation of the bonding
layer and material than in the case of a joint with a smooth surface. This is due to the
higher energy taken up by the deformation, and therefore the higher energy required to
decohesion such a joint. With the adhesive adhering less well to the surface, the strength of
the bond is therefore reduced.

A no less important aspect that should not be overlooked is the type of adhesive used
when joining components. The experiment confirms that epoxy adhesives, despite their
high viscosity and thus inability to fill all the small gaps, are excellent at bonding rough
materials. The tests clearly showed lower strength of joints bonded with cyanoacrylate
glue compared to joints with epoxy adhesive. The best results were achieved for ground
specimens bonded with T1 epoxy adhesive. In the case of turned surfaces, it is noticeable
that the strength is nearly 5 times higher for the specimens bonded with T1 epoxy adhesive
than those bonded with T2 cyanoacrylate adhesive. This result indicates that the higher-
density adhesive bonds better mechanically to the uneven surface, resulting in better joint
strength. The shear strength test shows that the optimum roughness for turned specimens
bonded with epoxy adhesive corresponds to Sa = 0.93 pm.

As mentioned earlier, the best strength values were those of joints with ground speci-
mens bonded with T1 epoxy adhesive, for which the values of the Sa parameter ranged
from 1.12 to 1.38 pum, resulting in an average parameter value 0.30 pm higher than that
of the turned specimens. The differences in the strength results of the adhesive joint are
due to the fact that as the roughness increases, the number of irregularities increases and
they become narrower and narrower. This makes it increasingly difficult for the T1 epoxy
adhesive to fill them properly. Thus, air bubbles develop inside the indentations, which
consequently weaken the joint. Selecting the optimum milling parameters can result in an
increase in strength without the need for further processing, which significantly improves
the economics of surface technology. However, it is much easier to ensure the repeatability
of the geometric structure in the grinding procedures and thus achieve a much higher
repeatability of the strength of the adhesive joint.

From the data obtained for joints formed with T2 cyanoacrylate adhesive, it can be seen
that, despite the application of different surface treatments, the strength values obtained
do not differ significantly from each other. This gives grounds for concluding that the
durability of joints made with low-viscosity adhesives is not significantly affected by the
expansion of the geometric texture of the surface. These types of adhesives perform less
well compared to high-viscosity adhesives, but their ability to fill in irregularities found on
surfaces may find their use in bonding components such as rubber. An exception to the
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above considerations are the joints of polished specimens, for which the T2 cyanoacrylate
adhesive achieved similar strength to the apparently superior T1 epoxy adhesive. This
means that appropriate surface technology even with a weaker adhesive can give very
good strength properties at a much lower cost of preparing the parts to be joined. In the
context of the experimental studies carried out, such a situation can be achieved when the
conditions of the geometrical texture of the surface are defined by the designer according
to the requirements shown in Figure 14.

POLISHING GRINDING
Sa0.15/U Svk 0.5 Sa1.25/USvk22
LSvi04 LSvi0.7
(a) (b)

Figure 14. Description of the geometrical texture of the surface to provide similar strength of the
adhesive joint when using: (a) T1 epoxy adhesive; (b) T2 cyanoacrylate adhesive.

All the conclusions presented demonstrate that by consciously combining the parame-
ters of the geometrical texture with a particular type of adhesive, optimum joint strength
can be achieved. This is in line with other studies, for example, those given in the review
by Naat et al. [63]. Due to its numerous advantages, adhesive technology is playing an
increasingly important role in the development of modern structures. It stands out due to
its versatility and cost-effectiveness. It is becoming a significant alternative to many tradi-
tional joining or sealing methods. However, it should be remembered that when designing
an adhesive joint, it is important to select an adhesive depending on the geometric texture
of the surface to be achieved, or to select a surface technology depending on the viscosity of
the adhesive to be used. Such knowledge will save time and money that could be incurred
as a result of poor joint design.

The work undertaken in the creation of the paper can be continued towards expanding
the range of materials to be joined together and the surface preparation technology.
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