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Abstract: A full factorial design is carried out to investigate the effects of different surface treatments, the inclusion of
silica microparticles and the use of wash primer on the apparent shear strength and adherent strength of single-lap
aluminium joints. Scanning electron microscopy, surface energy and roughness measurements are performed to
characterise the aluminium surface. The results show that the use of wash primer decreases the apparent shear strength
of the joints significantly. The cohesive failure of the primer is the main cause of the reduction in strength. On the other
hand, the inclusion of 10 wt.% of silica microparticles in the adhesive layers increases the shear strength by 26%.
Surfaces treated with NaOH for one minute, without using a wash primer, result in the most resistant joint. In contrast to
the apparent shear strength, adherent strength is most effective when only degreasing is considered.
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factorial design (DoE).
1. INTRODUCTION

Aluminium is commonly used by numerous
transportation industries for its well-known
performance, durability, lightweight and cost-

effectiveness. However, the surface of aluminium
alloys contains a natural oxide layer that provides low
bonding capacity [1,2]. Surface treatments, such as
mechanical abrasion and alkaline etching, have been
used extensively to remove this natural layer and
provide a more homogeneous surface, increasing its
bonding strength [3,4].

Two types of connections, i.e., adhesive and
mechanical, are widely adopted to join structural
aluminium components. Adhesive joints have attracted
attention due to their characteristics such as lower
structural weight, uniform stress and load distribution,
high resistance to fatigue and good appearance, while
the conventional mechanical connection, represented
by fasteners and rivets, causes stress concentrations
and premature failure [5-8].
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The performance of the adhesive connections has
been evaluated through mechanical tests, carried out
on different types of joints, such as single-lap joint
(SLJ) [9], double-lap joint (DLJ) [10], strap joint (SJ)
[11], double-strap joint (DSJ) [12], scarf joint (ScJ) [13],
single-L joint [14], T-joint [15] and T-peel joint [16].
Among them, the single lap is the most used joint due
to ease of fabrication and lack of specific
manufacturing skills [17].

Two techniques have been used to improve the
adhesive bonding to the adherent: the use of (i) primers
on the substrate surface and (ii) dispersed fillers in the
adhesive polymer [18,19]. Low-viscosity wash primers
generally increase the shear strength of the joint as a
result of better-filled aluminium surfaces attributed to a
larger interface area between the adhesive and the
primer. In addition, wash primers have corrosion-
inhibiting additives that further enhance the chances of
providing long-term bonding strength in harsh
environment [20,21]. On the other hand, the
incorporation of silica micro or nanosized particles in
adhesives is a simple, cost-effective and reliable
method to increase bonding capabilities between
adhesives and adherents [22].

Although there is a substantial amount of research
on chemical surface treatments, application of primer
and incorporation of ceramic microparticles on
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aluminium surfaces, this work combines the three
methods considering a statistical analysis. A design of
experiment (DoE) is conducted to investigate the effect
of surface treatment (degreasing, mechanical abrasion
and alkaline etching), the use of primer (with and
without) and the inclusion of silica microparticles (0 and
10 wt.%) on the adhesive properties of single-lap joints
made of aluminium alloy. The treated surfaces are
evaluated through microscopy, roughness, contact
angle and surface energy. The mechanical responses
investigated in the single-lap test are the apparent
shear strength and the adherent strength.

2. MATERIALS AND METHODS

2.1. Materials

Type AA-1200 aluminium sheets 0.5 mm thick are
supplied by Belmetal (Brazil). The polymeric adhesive
used is the epoxy Renlam M-1 and the HY956
hardener, both supplied by Huntsman®. The wash
primer (bicomponent: 045/051) is supplied by Sherwin-
Williams®. The quartz silica particles are supplied by
Moinhos Gerais Company (Brazil) and are classified by
sieving in a size range of 325 - 400 US-Tyler (37 um
and 44 um).

2.2. Surface Treatment
Initially, the 178 x 103 mm? aluminium rectangular

plates are cut following the recommendations of ASTM
D1002 [23]. Subsequently, the aluminium plates are

Table 1: Experimental Conditions

washed in running water with neutral detergent and
then paper wiped with acetone to remove the
remaining grease and oil. Degreasing is effective in
removing contaminants from the surface and this
process is normally used as a reference condition.
However, this procedure does not provide acceptable
surface conditions for adhesive bonding and
appropriate additional treatments are required [24].

Three different surface treatments are conducted in
this experiment. The first is mechanical abrasion using
sandpaper (grit 600) followed by cleaning with acetone.
The second and third treatments are alkaline cleaning
by immersing the plates for 1 and 5 minutes,
respectively, in a solution of 100 g/l of NaOH at 60°C,
followed by desmutting process in a 50 % (v/v) nitric
acid solution for 30 seconds at room temperature
(~23°C). After the treatments, the plates are rinsed with
tap water followed by hot blow-drying.

2.3. Statistical Analysis

A Full Factorial Design 4'2?  shown in Table 1, is
established to investigate the effect of factors and
levels on the response-variables, resulting in 16
conditions. The factors and levels analysed are the
surface treatment (degreased, mechanical abrasion,
alkaline cleaning for 1 and 5 minutes), the use of wash
primer (with and without) and the inclusion of silica
microparticles in the adhesive layers (0 and 10 wt%).
Two replicates and five specimens per condition are
used in the experiment, totaling 160 single-lap

Condition Surface treatment Wash primer Silica inclusion (wt%)
1 Degreased With 0
2 Degreased With 10
3 Degreased Without 0
4 Degreased Without 10
5 Mechanical Abrasion With 0
6 Mechanical Abrasion With 10
7 Mechanical Abrasion Without 0
8 Mechanical Abrasion Without 10
9 NaOH 1 min With 0
10 NaOH 1 min With 10
11 NaOH 1 min Without 0
12 NaOH 1 min Without 10
13 NaOH 5 min With 0
14 NaOH 5 min With 10
15 NaOH 5 min Without 0
16 NaOH 5 min Without 10
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Table 2: Surface Energy Components for the Probe Liquids [24]

Probe liquids Polar component (mJ/m?) Dispersive component (mJ/m?) Surface energy (mJ/m?)
Water 51.0 21.8 72.8
Ethylene Glycol 19.0 29.3 48.3

specimens. The data is manipulated in Minitab®
software (v.18) using the Design of Experiment (DoE)
and Analysis of Variance (ANOVA) techniques.

2.4. Fabrication Process

After the surface treatment (section 2.2), the plates
are coated with wash primer, according to the
experimental condition shown in Table 2. Primers play
an important role in protecting the aluminium substrate
prior to bonding [18]. The wash primer is applied using
a spray gun to the edges of the aluminium surfaces
(Figure 1a) in an area of at least ten times the size of
the overlapping joint and a flow rate of 50 mL/min. The
curing time of the primer is 4 hours at room
temperature (~23°C, 55% RH).

Before the manufacture of single-lap specimens, the
epoxy system is prepared by mixing 5 parts of Renlam
M resin with 1 part of HY956 hardener. When the silica
microparticles (10 wt.%) are incorporated, they are first
hand-mixed with the resin by 5 minutes, and then the
hardener is added. The fabrication of single-lap
specimens is accomplished by overlapping two coated
plates in an area of 180 x 5 mm? with subsequent
uniaxial compaction of 30 N for 24 hours, as shown in
Figure 1b. A curing time of 7 days at room temperature
(~23°C, 55% RH) is considered based on the
recommendations of the polymer technical datasheet.
After curing, the plates are cut into seven specimens
25.4 mm wide. Two edge-specimens are discarded due

to possible adhesive failure, resulting in five specimens
(Figure 1c), as recommended by ASTM D1002 [23].

2.5. Characterisation

2.5.1. Surface Morphologies

Scanning electron microscopy (SEM) model Hitachi
TM-3000 equipped with energy dispersive
spectroscopy (EDS) model Quantax 70 is used to
analyse the treated surfaces and the size of the
adhesive layer. The surface roughness (Ra) of the
treated surfaces is measured using a Form Talysurf 50
profilometer (Taylor Honson®). The contact angle (9) is
measured with an Easyover 800x optical microscope
using drops of water and ethylene glycol (35 pl) as
probe liquids at room temperature (~23°C, 65% RH).
The surface energy of the treated surfaces is
calculated based on the surface energy components
for the probe liquids, as shown in Table 2. The work of
adhesion (W, ) is calculated according to Equation 1,

then the Young's equation (Eq. 2) is used to obtain
Equation 3, where yy,,7,,.75 are the surface energies

of the substrate, the liquid and the substrate/liquid
interface, respectively [24].

W, =V +V — Vs (1)
Ysv = Vs + 7Yy O8O (2)
W, =y,,(1+cos0) 3)

The work of adhesion includes the polar and the
dispersive components (Eq. 4), where y/ and y/ are

Figure 1: Plate with wash primer layer (a), joint fabrication via uniaxial compaction (b) and single-lap specimens (c).
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the polar components of the solid and the liquid surface
energies, respectively, while y{, and y/, are the

dispersive components of the solid and the liquid
surface energies, respectively. In a system with two
equations, one for water and another for ethylene
glycol, Equation 4 is used to calculate the polar and
dispersive components of the aluminium (solid)
surface.

W, =2vnyr, + 2y re, (4)

Equating the work of adhesion (W,) of Equations 3
and 4, the total apparent surface energy of aluminium
is obtained in Equation 5, as described by Xu et al.
[24].

Yov =Véy + YZV (5)

2.5.2. Mechanical Characterisation

The single lap joint specimens are tested under
tensile efforts on a Shimadzu AG-X Plus testing
machine, at a crosshead rate of 1.3 mm/min, as
recommended by the ASTM D1002-10 [23]. Tabs are
used during the test to keep the specimen aligned, as
shown in Figure 2. The investigated responses are the
apparent shear strength and the adherent strength.
The apparent shear strength is calculated as the
maximum load divided by the bonding area, while the
adherent strength is calculated based on the slope of
the load versus displacement curves [19,25].

Figure 2: Single lap joint test.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology

Figure 3 shows the backscattered electron images
(BEI) of the aluminium surfaces and Table 3 shows the

EDS analysis of these surfaces. Figure 3a reveals that
degreasing is not effective in removing all contaminants
from the aluminium surface, as indicated by EDS
(Table 3) which exhibits a greater content of carbon
and oxygen in this region when compared to the
alkaline treatment. The surface treated with mechanical
abrasion has typical grooves caused by sandpaper
(Figure 3b) and, consequently, a reduction in the
percentage of aluminium, as shown in Table 3.
Mechanical abrasion increases the surface roughness
and the contact area with the adhesive, promoting
enhanced mechanical interlocking and shear strength.
The aluminium surfaces etched with sodium hydroxide
show typical pits (black dots in Figures 3c and 3d)
generated by the alkaline solution. It can be noted that
the number of pits in the sample treated for 5 minutes
(Figure 3d) is greater than those treated for 1 minute,
attributed to the longer immersion time in the alkaline
solution. In addition, sodium hydroxide causes a
reduction in the percentage of carbon and oxygen due
to the removal of the oxide layer, revealing intermetallic
particles such as magnesium and iron, as shown by the
small white dots in Figures 3c and 3d.

Figure 4 shows the contact angles of the probe
liquids for the different treatments on the aluminium
surfaces. The calculated surface energies and
roughness (Ra) are shown in Table 4. The smaller the
drop contact angle, the greater the surface energy,
indicating a good surface wettability, which leads to
increased adhesive properties [26]. Therefore, the
surface treated with an alkaline solution for 5 minutes
has the lowest contact angle in both water (64.34°) and
ethylene glycol (39.13°) and the highest surface energy
(38.70 mJ/mZ). On the other hand, the surface treated
with mechanical abrasion presents greater roughness
(501.9 nm).

Figure 5 shows the SEM image of the thickness
layer of the adhesive in the joint, revealing an average
value of 0.126 mm.

3.2. Statistical Analysis

Tables 5 and 6 show the descriptive statistics for
the apparent shear and adherent strength, respectively,
for replicates 1 and 2. The mean apparent shear
strength data range from 2.22 to 7.83 MPa, and the
mean adherent strength data range from 1395.9 to
4022.96 N/mm.

Table 7 shows the Analysis of Variance (ANOVA)
for the mean apparent shear strength and the adherent
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Figure 3: SEM images of aluminium surfaces treated by degreasing (a), mechanical abrasion (b), NaOH for 1 min (c) and NaOH

for 5 min (d).

Table 3: Composition of the Treated Aluminium Surfaces Obtained from EDS

Element (wt.%) Al Cc o Fe Mg
Degreased 92.78 4.76 1.81 0.10 0.11
Mechanical abrasion 83.76 7.46 8.00 0.11 0.17
NaOH for 1 min 94.48 3.65 0.97 0.28 0.62
NaOH for 5 min 94.44 4.04 0.77 0.43 0.32

strength. P-values less than or equal to an a-level of
0.05 imply the significance of the factor and/or
interaction effect on the response variable with a 95%
confidence interval [27]. Significant effects will be
interpreted via effect plots. F-values describe the ratio
of two variances or, technically, two mean squares,
which demonstrate the contribution of the factor or
interaction effect. The wash primer is the main
contributing factor on the response for the mean shear
strength, revealing an F-value of 71.91. The surface
treatment is the main contributing factor on the
response for the mean adherent strength, revealing an
F-value of 35.61.

R? value indicates whether the statistical model
behaves properly. This means that the variance of the
properties is explained by the variance of the factors

analysed. The closer to 1 (100%) is the R?, the better
the predictive capacity of the model. The R? value
given in Table 7 is 89.66% for the mean shear strength
and 90.32% for the mean adherent strength, showing
good predictability of the models. ANOVA is validated
by the Anderson-Darling normality test, where P-values
> 0.05 (0.886 and 0.972 for shear and adherent
strength, respectively) imply normal distribution data.

3.2.1. Apparent Shear Strength

Figure 6 shows the main effect plots for the mean
apparent shear strength. The surface without wash
primer reveals a 52% increase in apparent shear
strength (Figure 6a). According to Oosting [28], the
wash primer can improve the adhesion of the interface,
but its cohesive strength is sometimes very weak,
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(h)

Figure 4: Contact angles for water (a, c, e, g) and ethilene glycol (b, d, f, h) drops on the degreased (a, b), mechanical abrasion
(c, d), NaOH 1 min (e, f) and NaOH 5 min (g, h) surface treated samples.

Table 4: Contact Angle, Surface Energy and Roughness of the Treated Surfaces

Condition Contact angle (deg.) Dispersive | Polar component | Surface energy | RaRoughness
Water Ethylene Glycol component (mJ/m°) (mJd/m°?) (mJd/m°?) (nm)
Degreased 76.39 60.45 11.30 16.80 28.10 3984 +4.4
Abrasion 80.81 51.42 27.51 6.16 33.67 501.9+8.9
NaOH 1 min. 73.36 41.79 28.06 9.57 37.63 358945
NaOH 5 min. 64.34 39.13 18.57 20.13 38.70 368.7 £ 3.2

HL D4.7 =200 500 um

Figure 5: SEM image of the adhesive layer.
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Table 5: Descriptive Statistic for Apparent Shear Strength (MPa) Data
Replicate 1 Replicate 2
Setup MeantSD Setup MeantSD Setup MeantSD Setup MeantSD
C1 2.83+0.50 C9 3.04+0.53 C1 3.36+0.92 C9 2.95+0.48
Cc2 3.90£0.71 c10 2.22+0.62 Cc2 5.30+0.29 c10 3.65+0.44
C3 3.83+0.28 C11 5.85+0.77 C3 4.59+0.30 C11 4.91+0.60
C4 5.63+0.65 C12 6.96+0.89 C4 5.58+0.47 C12 7.83+0.71
C5 3.42+0.17 C13 3.54+0.45 C5 3.33+0.49 C13 3.08+0.22
C6 5.31+0.20 C14 3.50+0.26 C6 3.59+0.06 C14 3.60+0.37
c7 3.91+0.47 C15 4.44+0.37 c7 4.96+0.45 C15 5.09+0.82
C8 4.06+0.58 Cc16 7.04+0.46 C8 4.80+0.69 Cc16 6.52+0.68
SD = standard deviation.
Table 6: Descriptive Statistic for Adherent Strength (N/mm) Data
Replicate 1 Replicate 2
Setup MeantSD Setup MeantSD Setup MeantSD Setup MeantSD
C1 2707.82+173.79 C9 2780.39+181.37 C1 3135.004+25.73 C9 2320.86+196.33
Cc2 2880.23+106.45 c10 2869.37+246.17 Cc2 3321.71+208.28 c10 2277.124231.09
C3 3968.01+205.71 C11 2204.56+121.43 C3 3774.58493.08 C11 2138.44199.08
C4 4022.96+127.25 C12 2063.361+216.22 C4 3828.06+141.68 C12 1985.94+134.74
C5 2369.69+7.66 C13 1809.27+129.47 C5 2609.76+226.98 C13 2135.13+137.65
C6 2611.20+245.81 C14 1395.98+200.69 C6 2533.89+159.32 C14 1930.73+89.84
c7 1860.76+51.95 C15 2127.72+103.43 Cc7 2075.12453.21 C15 3155.29+102.26
C8 1947.80+63.83 Cc16 2068.11+120.34 C8 1776.44+76.93 Cc16 1428.41+191.65
SD = standard deviation.
Table 7: ANOVA Results
Experimental factor Shear Strength Adherent Strength
F value P-value = 0.05 F value P-value = 0.05
Surface pre-treatment (ST) 1.11 0.376 35.61 0.000
é Wash primer (WP) 71.91 0.000 0.18 0.677
Silica inclusion (SI) 22.40 0.000 1.65 0.218
c ST * WP 9.09 0.001 10.70 0.000
% ST * Sl 0.77 0.525 213 0.137
é WP * Sl 2.32 0.147 1.51 0.237
a ST*WP * Sl 3.05 0.059 0.24 0.866
R? (%) 89.66 90.32
Anderson Darling
(P-value 2 0.05) 0.886 0.972

compromising the joint strength. This fact is evidenced
in Figure 7a, which presents a cohesive failure mode
for the wash primer condition. Figures 7b and 7¢ show

a combination of cohesive and adhesive failure modes
of neat epoxy polymer and silica-modified epoxy
polymer, respectively. The inclusion of silica leads to a
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Figure 6: Main effect plots for the mean apparent shear strength.
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Figure 7: Failure mode of surfaces with wash primer (a), pristine epoxy adhesive (b) and silica-modified epoxy adhesive (c).

26% increase in apparent shear strength (Figure 6b).
Similar results are reported by Liu et al. [26], who
verified that silica inclusions can reduce crack growth
rates, increasing the strength.

Figure 8 shows the interaction effect plot between
the surface treatment and wash primer for the mean
apparent shear strength. It is observed that all
conditions without wash primer achieve greater
strength. Surfaces pre-treated with NaOH for 1 min
show a 44% increase in apparent shear strength when
compared to the condition under mechanical abrasion.
This is attributed to the improved infiltration of the
epoxy polymer on the aluminium surface due to the
higher surface energy, as shown in Table 4. It is
noteworthy that the mechanical abrasion treatment
achieves the best result for wash primer-containing
joints, resulting in an increase of 32% when compared
to the surface treated with NaOH for 1 min. This is
attributed to the improved interlocking effect between

the wash primer and the larger contact area provided
by the greater roughness of the aluminium surface.

6.5
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Figure 8: Interaction effect plot for the mean apparent shear
strength.
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Figure 9: Main effect plot for the mean adherent strength.

3.2.2. Adherent Strength

Figures 9 and 10 show the effect plots for the mean
adherent strength. The degreased surface treatment
reveals a 55% increase in adherent strength (Figure 9)
when compared to other conditions, while the surface
treated with NaOH for 5 minutes exhibits the lowest
strength. A different behaviour for the apparent shear
strength is observed in Figure 10, in which degreased
surfaces exhibit the highest results for both wash
primed conditions (with and without), revealing
increases of 66% and 104%, respectively. While the
apparent shear strength is more related to the bond
strength between the interfaces, the adherent strength
is related to the stiffness of this bond, since it is
measured by the slope of the load versus displacement
curves. Therefore, the results indicate that surface

4000

Surface Treament

—a— Degreased A
— -m— - Mechanical Abrasion . i
---¢--- NaOH 1 min

3500 —a— NaOH 5 min

Mean of Adherent Strength (N/mm)

3000 Adl ' 104%
2500 66% | ®ao_ |

! e

I B reuiinet 3
2000 5 = -

: LB

A

With Without

Wash-primer

Figure 10: Interaction effect plot for the mean adherent
strength.

NaOH 1 mm NaOH 5 mm

treatments on aluminium alloy 1200, such as alkaline
etching, mechanical abrasion and primer coating,
compromise the bonding stiffness, while simple
degreasing with neutral detergent and acetone is more
effective.

4. CONCLUSION

The present work investigated, through statistical
analysis, the effect of surface treatment, micro silica
inclusions and the use of wash primer on the apparent
shear strength and adherent strength of single-lap
aluminium joints. Surfaces treated with alkaline solution
for 5 minutes reveal the lowest contact angle in the
probe’s liquids and the highest surface energy, while
the surface treated with mechanical abrasion presents
greater roughness. The use of wash primer significantly
reduces the apparent shear strength. The inclusion of
10 wt.% of silica particles increases the shear strength
of the joints by 26%. Surfaces treated with NaOH for
one minute, without using wash primer, result in the
most resistant joint. The failure mode of the joints with
wash primer is mainly cohesive, while those with neat
and silica-modified polymers are a combination of
cohesive and adhesive. In contrast to the apparent
shear strength, the adherent strength is most effective
when only degreasing is considered, since this
response measures the bond stiffness.
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