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Influence of the Surface Finish on the Shear Strength
of Structural Adhesive Joints and Application Criteria
in Manufacturing Processes

J. M. Arenas Reina, J. J. Narbon Prieto,
and C. Alia Garcia
Polytechnic University of Madrid, Madrid, Spain

In order to obtain the advantages of structural adhesives, a specific design of the
adhesive joint is required, enhancing its performance and restricting its limitations.
One of the most relevant geometrical patterns is the surface finish of the substrates as
it decisively influences the mechanical properties of the joint and has a clear econom-
ical impact on the large series manufacturing processes. The contact of the adhesive
with the metal (that in some cases is an activator of polymerization) and the presence
of air bubbles trapped in the roughness (if abundant and larger than the polymer
molecules) can lead to the appearance of cracks, causing the fracture of the adhesive
layer or an adhesive failure. The objective of the present report is to analyse the influ-
ence of the roughness (as a pre-treatment before bonding) on the mechanical perfor-
mance of the joint and, by means of the application of the “Value Analysis” technique,
propose the surface finish that combines best both mechanical performance and suit-
ability to the manufacturing process. The obtained results provide excellent expecta-
tions to achieve high performance of the adhesive joint with more economical and
environmentally friendly surface finishes than rough machining (less waste of
material, less costs in tooling and machinery, lower manufacturing times, etc.)
and, therefore, enabling a better and wider use of adhesives in the industrial
manufacturing processes.
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1. INTRODUCTION

Structural adhesives are more frequently used in manufacturing
processes as they provide numerous advantages when compared with
the traditional joint systems, such as welding or riveting (less weight,
uniform stress distribution, etc.). However, obtaining these advantages
requires a specific adhesive joint design that improves its performance
and restricts its limitations [1]. The analysis of the main contributions
on design rules of structural adhesive joints [2—4] together with results
of studies on the selection of adhesives [5,6] and joint analysis [7,8]
allows structured planning for adhesive joints design.

For this purpose, it is necessary to delve further into the knowledge
and characterisation of the mechanical properties of this type of joint
depending on the technical and geometrical parameters. One of the
most relevant geometrical parameters is the surface finish of the
substrates, as this has a decisive influence on the mechanical pro-
perties of the joint and has a clear economic impact on the mass
production manufacturing processes.

The variables characteristic of the adhesive, such as viscosity and
curing time, have a decisive influence on the penetration of the
polymer chains of the adhesive in the substrate surface holes, which
influences the mechanical interlocking effect. In this way, the contact
of the adhesive with the metal (which in some cases acts as a polymer-
isation activator) and the presence of air bubbles inside the adhesive
or entrapped between the substrate and adhesive, can lead to the
formation of cracks that may break the layer of adhesive or cause an
adhesion failure.

For high energy substrate materials increasing the roughness of the
bonding surface causes an increase of the effective contact area.
Therefore, initially, we could expect that an increase in the surface
roughness of the substrates leads to an increase in the strength,
regardless of the nature of the adhesive and of the adherends
(mechanical theory of adhesion). However, research has confirmed
that the relationship between the joint strength and the substrate
roughness depends on other factors, and cannot be expressed only as
a function of the substrate roughness [9]. Thus, it is considered that
many of the surface treatments applied in order to generate rough-
ness, induce physical-chemical changes that can affect the surface
energy of the substrates and wettability. Surface energy, surface
roughness, and adhesion were analysed by Packham [10] and the
effect of surface roughness on the adhesives joints by Shahid [11].

However, most of the studies that assess the effect of roughness on
the strength of adhesive joints relate the strength to the arithmetic
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average of the roughness (R,) of the substrate [12-17]. Although R, is
a good estimator of the average height of the profile, this parameter
does not suitably define the morphology of the surface of the substrate
as it does not provide information on the height distribution (maxi-
mum and minimum), shape, and density of the peaks and valleys that
make up the profile. Thus, to describe the surface roughness with
greater precision it is necessary to use various statistical parameters.
These are generally classified in vertical and horizontal parameters. A
correct, even approximate, definition of the surface roughness requires
at least three parameters (one or two horizontal parameters and one
or two vertical parameters). For this reason, the present paper defines
roughness of the substrate with three parameters: arithmetical
average of the roughness (R,), mean width of the profile elements
(Sw), and material ratio of the profile (Ry,¢))-

To obtain different surface finishes requires the use of different
manufacturing processes, each one with its own characteristics (equip-
ment, time, tooling, etc.) and different costs. The industrial use of
structural adhesive joints with a good surface preparation requires
the consideration of the associated cost so that they remain competi-
tive when compared with other joint processes such as welding or
riveting. For this purpose, the present paper offers a method to assess
quantitatively the cost corresponding to each process for obtaining
roughness and, by means of the “value analysis” technique [18,19],
proposes the surface finish that provides the best use/cost ratio.

Therefore, the objective of the present paper is to analyse the influ-
ence of the surface roughness on the mechanical performance of adhe-
sive joints with an experimental study that characterises the surface
using three statistical parameters (R,, S;,, and Ry, and, by means
of the application of the value analysis, proposes the surface finish
that best combines mechanical performance and adaptability to the
manufacturing process.

2. METHODOLOGY
2.1. Material, Equipment and Tooling

In order to demonstrate the procedure, one of the most used structural
adhesive joint configurations was selected: a single lap joint of
aluminium and acrylic adhesive, mainly used in the automobile and
aeronautical sector, where light and resistant structures are required.
The substrates correspond to a 6160 aluminium alloy measuring
100 x 25 x 2mm. Figure 1 shows the single lap joint with the respec-
tive dimensions.
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FIGURE 1 Geometrical parameters of the single lap joint (dimensions in mm).

Taking into account the material of the substrates and the shear
stress to which the adhesive will be subjected, an anaerobic structural
mono-component and high viscosity adhesive was chosen (Henkel
Loctite™ 330; Henkel, Munich, Germany). This adhesive cures
between the mounted parts aided by of an activator (Loctite activator
7388; Henkel, Munich, Germany).

The surface quality of each overlap, obtained by different proce-
dures, was defined by three statistical parameters provided by a
roughness detector with a differential inductance feeler (Mitutoyo
SJ-201P; Mitutoyo Corporation, Tokyo, Japan). For the cleaning and
degreasing of the surface of the substrates, methyl ethyl ketone
(MEK) was used. The degreasing procedure started with the cleaning
of the surfaces of each substrate with absorbent paper wetted with
MEK, to eliminate the dirt and grease. Then, water was applied on
the treated surface with a spray. After that, a stream of hot air was
applied to the surface from a drier in order to leave the surface dry
and clean.

In order to ensure the necessary repetition of the experiments and
maintain the geometrical parameters invariable (overlap length and
adhesive thickness), a polyethylene assembly tool was designed
(Fig. 2), adjustable with plastic shims that allow obtaining the desired
thickness of the adhesive with great precision (precision of +£0.01 mm)
and have a stable support during the resting time (2 h). Figure 2 shows
the polyethylene mould used to manufacture the single lap joints.
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(b)

FIGURE 2 Detalil of joint assembly in the (a) mould and (b) mould used with 5
specimens.

After, in the stage of curing, it is very important to maintain the
same environmental conditions (temperature and relative humidity).
By means of the acclimatisation of the room, the temperature was kept
stable (25 +0.4°C). As the relative humidity is a critical factor on the
joint strength, a dry chamber was designed for the homogeneous
curing of the adhesive. The chamber included silica gel (in spheres
of a diameter of between 2 and 5 mm) and a filter to collect the humid-
ity, chlorine-free and biodegradable, with a saturation indicator. The
chamber also included a support perforated for the filter and a
thermo-hygrometer for monitoring purposes during the curing time.
Inside the chamber, the relative humidity was kept between 34 and
36% for the entire curing time (72h).

After the curing time, the joints were removed from the chamber.
A dimensional verification was carried out with a digital gauge and
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FIGURE 3 Experimental set-up.

the tensile test was conducted after test. For the tensile tests, a model
TN-MD machine (HOYTOM, S.L., Bilbao, Spain), motorised with auto-
matic control via a computer, was used. Its capacity is 200 kN, the
piston stroke length is 125 mm, and the displacement rate was fixed
at 2mm/min. Tab ends were used to improve joint alignment (Fig. 3).

2.2. Preparation of the Test Specimen Surface

In order to obtain the different degrees of surface roughness in the
aluminium, the following manufacturing processes were used:

¢ Rough machining with an angle grinder with a rough grinding
zirconium-laminated abrasive disk (granulation 60) was used to
obtain roughness R, between 5 and 6 pym, depending on the intensity
of the machining.

¢ Sanding using granulated emery paper. Roughness R, between 1
and 4um was obtained, depending on the type of grain used
(between 0 and 3).

e Surface polishing with a textile disk tool attached to a small hand
drill. Roughness R, between 0.4 and 0.1 ym was obtained, depend-
ing on the number of passes.

Additionally, the original surface finish of the aluminium was con-
sidered. This original finish corresponds to a lamination process, and
its roughness R, is 0.5 um.
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Once the surface finish process was completed, the surface was
cleaned with absorbent paper wetted with MEK to degrease the sur-
face and facilitate the correct measuring of the roughness.

2.3. Manufacture of the Single Lap Joints

The repeatability of the experiments was assured with a strict control
of the environmental conditions, temperature, and humidity, among
others, in our laboratory:

o Laboratory: relative humidity of 44 +6% and temperature of
25+0.4°C.

e Curing chamber: relative humidity of 35+ 1% and temperature of
26 +1°C.

The polyethylene assembly tool was gauged to achieve the desired
adhesive thickness (0.5 mm) after the aluminium substrates were pre-
pared. The lower substrate, located in the assembly tool, receives the
adhesive (with a manual dosifier) and the other substrate receives the
activator (with spray) before being placed on the tool. Once assembled,
the excess adhesive was removed (to avoid possible origins of frac-
tures) and a 0.250 kg weight was placed on the joint for 2 h. After this
time, the joints were placed in the homogeneous curing chamber for
the polymerisation of the adhesive for 72 h.

2.4. Tensile Tests

The experimental study consisted of a shear tensile strength test of
ten samples representative of each of the surface finishes considered
(eight roughnesses between R,=0.1ym and R,=6um) following
standard UNE-EN 1465 on the determination of the shear strength
of single lap joints adhesively bonded with rigid substrates [20].

3. RESULTS AND DISCUSSION
3.1. Roughness

To obtain a wide range of roughnesses, different manufacturing pro-
cesses were considered. These varied from rough machining with an
angle grinder to polishing going through various emery papering with
different grain sizes (from value 0 to 3). Thus, roughness values
between R, =0.08 and 6.7 ym were obtained.
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To define each type of surface, three roughness parameters were
considered:

¢ R, which is the arithmetic mean of the absolute values of the profile
deviations (Yi) from the mean line.

e Sp, which is the mean width of the profile elements. A portion
projecting upward over the given upper count level is called a peak,
and a portion projecting downward below the given lower count
level is called a valley. The mean of the profile element (profile peak
and the adjacent profile valley) widths within a sampling length is
defined as S,,.

e Rie, which is the material ratio of the profile. It is the ratio (%) of
the material length of the profile elements at a given level (slice
level) to the evaluation length. Here the slice level is defined as
the depth from the highest peak, and is called a “peak reference.”
The slice level is represented by a ratio of the depth (0 to 100%) to
the R; value (R, is the total height of the profile).

Table 1 shows the maximum, minimum, and average values, and
the typical deviation of each one of the parameters for each manufac-
turing process. It should be noted that R,, Sy, and Ry,,(¢ are indepen-
dent parameters, characteristic of each manufacturing process, and
therefore, necessary to unmistakably define each surface finish. This
fact can be seen in the graphs R, vs S, R. vs Ryye), and Sy, vs Riyygeg
that show the parameters do not have a direct relationship. For
example, Fig. 4 shows the correlation graphs between the different
parameters used for the emery papering process with grain 2.

3.2. Strength of the Adhesive Joints

In the tests carried out, the load/displacement curves were linear
until failure and, in all the cases, failure was cohesive. Figure 5 shows
the load/displacement curve and the failure surface for the emery
papering process case (with grain 2) for illustrate purposes. Table 2
shows the values obtained from the average shear strength (z: failure
load/bonded area) for each manufacturing processes. Figure 6 shows a
graph with the average variation of the shear strength (in MPa) as a
function of the manufacturing process used. The following conclusions
can be drawn from this figure:

¢ The surface finish obtained with the grinding (R, larger than 4 mm)
provides relatively constant strength values. These values are lower
than in other manufacturing processes (except lamination process
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FIGURE 4 Correlation graphs between the different parameters used for the
emery papering process with grain 2.

with R, =0.4 um, S, = 136.43 pm, and R,,;=0.87%). These results
may be explained by the fact that an inefficient wetting produces a
greater number of holes (crack promoters) which cause a greater
probability of failure. This effect would be compensated and equili-
brated by the mechanical interlocking of surfaces with a great
superficial roughness [21].

e The surface finish obtained with emery paper (R, between 1 and
4 um, S, between 34 and 83 um, and Ry, between 0.5 and 1.5%)
provides a variation of the shear strength, with a maximum for R, =
3.03 um, S, =69.17 um, and Ry, =0.77%. These surface finishes
provide strength values higher than those of the grinding process.
These results may be explained by a possible improving in the
wettability in relation to the grinding processes.

e The original surface finish or lamination (R, between 0.35 and
0.5um, S, between 99 and 173 um, and Ry, between 0.17 and
2.5%) provides the lowest value of shear strength. The possible for-
mation of a thin layer of aluminium oxide greatly influences adhe-
sion in a negative way.

e The surface finish with mechanical polishing (R,=0.12pum, S,,=
251.27um, and Ry, =0.73%) provides an increase in shear
strength in relation to the lamination condition. This can be
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FIGURE 5 (a) Load/displacement curve and (b) failure surface for the emery
papering process case (with grain 2).

explained because of possible improvement in the wettability,
counteracting the loss of mechanical anchoring.

3.3. Relative Costs of the Manufacturing Processes

The analysis carried out on the surface finish of the adhesive joints is
not sufficient to assess the industrial application since, in this case, it
also requires the consideration of the associated costs. For this, given
the different nature of the costs corresponding to each roughness
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TABLE 2 Average Shear Strength Values for Each Manufacturing Process

Roughness mean Average shear strength © (MPa)
Standard
Processes R, S Rie) Min. Max. Mean deviation
Polished 0.12  251.27 0.73 7.06 8.88 7.84 0.69
Lamination  0.42 136.43 0.87 4.48 5.39 4.87 0.39
Sanding
Grain 0 1.04 34.43 0.53 8.52 10.47 9.62 0.83
Grain 1 2.01 47.10 0.90 10.32 11.48 10.82 0.52
Grain 2 3.03 69.17 0.77 9.65 11.76 11.11 0.87
Grain 3 3.97 82.9 1.47 6.49 8.59 7.52 0.79
Grinding
Fine 5.17 118.92 2.17 7.45 6.76 7.16 0.30
Coarse 6.20 132 1.75 6.57 6.92 6.75 0.15

process, the value analysis [18,19] technique was used to select the
surface finish that provides the best use/cost ratio.

The direct manufacturing costs of a certain product correspond to
the labour costs (directly performing the operations), the material mak-
ing up the product, and the costs of the machinery and equipment used
in the manufacturing of the product. Applying these criteria to the
manufacturing processes of the different surfaces, we can distinguish

Average shear strength (MPa)

N
‘@6 -\\o° \(\0 o . \Q‘L _\Q'b ¢ & &£
@ & L N A i
Qc} 6'\\(‘ ) ) ) O O
\/@ . o . S o
Sanding Grinding

Manufacturing processes

FIGURE 6 Average shear strength as a function of the manufacturing
process used.
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the following representative factors of the costs for obtaining each
roughness:

e Manufacturing time. Representative of the labour costs. The longer
the operator takes to manufacture a determined surface the higher
the corresponding labour costs.

o Material scrapped. Although the starting point material is the same
in all the cases, the different manufacturing processes scrap differ-
ent amounts of material in order to obtain the desired surface.
Thus, the lower amount of material scrapped the higher the eco-
nomic performance of the process (less costs in scrapped material).

e Tools. Each manufacturing process analysed requires a series of
tools and specific tooling. The main costs inherent to this equipment
are made up by the amortisation costs, investment interest rate,
maintenance, and energy consumption. The more sophisticated
the equipment used for obtaining the surface, the higher the asso-
ciated costs.

Tables 3, 4, and 5 show the comparative analysis of the different
cost factors (time used, material scrapped, and tools) for the different
manufacturing processes considered. The comparative study allows
obtaining quantitative results if we consider value “0” when the factor
considered has a lower cost in a process than in another process (low
cost), value “1” when the factor has a higher cost than another process
(high cost), and value “1/2” when they have the same cost (medium
cost).

TABLE 3 Comparative Analysis of the Time Used to Obtain Each Surface
Roughness

Sanding Grinding
Grain Grain Grain Grain
Polished Lamination 0 1 2 3  Fine Coarse Total Weight
Polished - 0 1/2 0 0 0 0 0 0.5 0.018
Lamination 1 - 12 1/2 1/2  1)2 0 0 3 0.107
Sanding
Grain 0 1/2 1/2 - 0 0 0 0 0 1 0.035
Grain 1 1 1/2 1 - 0 0 0 0 2.5 0.089
Grain 2 1 1/2 1 1 - 0 0 0 3.5 0.125
Grain 3 1 1/2 1 1 1 - 0 0 4.5 0.161
Grinding
Fine 1 1 1 1 1 1 - 0 6 0.214
Coarse 1 1 1 1 1 1 1 - 7 0.25

Total 28 1
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TABLE 4 Comparative Analysis of the Material Scrapped in Obtaining Each
Surface Roughness

Sanding Grinding
Grain Grain Grain Grain
Polished Lamination 0 1 2 3  Fine Coarse Total Weight

Polished - 1/2 0 0 0 0 0 0 1/2  0.018
Lamination 1/2 - 0 0 0 0 0 0 0 0.018
Sanding

Grain 0 1 1 - 0 0 0 0 0 2 0.071

Grain 1 1 1 1 0 0 0 0 3 0.107

Grain 2 1 1 1 1 - 0 0 0 4 0.142

Grain 3 1 1 1 1 1 - 0 0 5 0.179
Grinding

Fine 1 1 1 1 1 1 - 0 6 0214

Coarse 1 1 1 1 1 1 1 - 7 025
Total 28 1

As the influence of each cost-factor (time used, eliminated
material, and tools) is different in the total cost of surface-
manufacturing, it is necessary to calculate this total cost using a
weighted or compensated value of each factor which relates and shows
this relative influence.

Taking into account that the surface processes are conventional
(manual with the use of tools and machines), the most significant cost
is the labour cost (time used factor) and the costs of the tools and

TABLE 5 Comparative Analysis of the Tool Costs in Obtaining Each Surface
Roughness

Sanding Grinding
Grain Grain Grain Grain
Polished Lamination 0 1 2 3  Fine Coarse Total Weight
Polished - 1 1/2 12 1/2  1)2 0 0 3 0.107
Lamination 0 - 0 0 0 0 0 0 0 0
Sanding
Grain0  1/2 1 - 12 1/2 1/2 0 0 3 0.107
Grain1  1/2 1 12 - 12 12 0 0 3 0107
Grain2  1/2 1 /2 12 - 12 0 0 3 0.107
Grain3  1/2 1 12 12 12 - 0 0 3 0107
Grinding
Fine 1 1 1 1 1 1 - 1/2 6.5 0.232
Coarse 1 1 1 1 1 1 1/2 - 6.5 0.232

Total 28 1
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TABLE 6 Costs Analysis and Weighting of Each Manufacturing Process are
Obtained Each Surface Roughness

Factors and weights

Used Elimination Relative
time 50% material 20% Tools 30% costs % (=)

Polished 0.009 0.0036 0.0321 4
Lamination 0.0535 0.0036 0 6
Sanding

Grain 0 0.0107 0.0142 0.0321 6

Grain 1 0.0445 0.0214 0.0321 10

Grain 2 0.0625 0.0284 0.0321 12

Grain 3 0.0805 0.0358 0.0321 15
Grinding

Fine 0.107 0.0428 0.0696 22

Coarse 0.125 0.05 0.0696 25
Total 100

tooling. Thus, the following weight was given to the cost factors: 50%
to the time used, 30% to the tools and tooling, and 20% to the material
scrapped. Table 6 includes the cost analysis and the weighting
corresponding to each manufacturing process.

The selection of the best alternative for the manufacturing of
the surfaces of an adhesive joint should consider both the technical
performance of the joint (in this case average shear strength) and
the costs associated with the manufacturing process. A method to opti-
mise this selection is the use of the “value” function, defined for each

TABLE 7 Relative Strength, Relative Costs, and “Value” of Each
Manufacturing Process

Costs Relative Average shear Relative
weighted costs % strength () MPa strength % Value

Polished 4 16 7.84 70.5 4.31
Lamination 6 24 4.87 43.9 1.83
Sanding
Grain 0 6 24 9.62 86.6 3.61
Grain 1 10 40 10.82 97.4 2.43
Grain 2 12 48 11.11 100 2.10
Grain 3 15 60 7.52 67.7 1.13
Grinding
Fine 22 88 7.16 64.4 0.73

Coarse 25 100 6.75 60.8 0.61
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manufacturing process as the ratio between the “relative use” (relative
strength) and the “relative cost”. Table 7 shows relative strength, rela-
tive cost, and value for each manufacturing process. It can be seen
than the value is maximum for the polished process.

4. CONCLUSIONS

Although the highest strength is obtained with surface finishes
obtained by rough machining (R,=3pum, S, =69.17 um, and Ry,¢c=
0.77%), the application of the value analysis which optimises the use/
cost, provides very satisfactory values for soft machining by polishing
with R, =0.12um, S,,=251.27um, and Ry, =0.73%. This result
provides excellent expectations to achieve high performance of the
adhesive joint with more economical and environmentally friendly
surface finishes than rough machining (less waste of material, less
costs in tooling and machinery, lower manufacturing times, etc.)
and, therefore, enables a better and wider use of the adhesives in
industrial manufacturing processes.
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