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ABSTRACT

The purpose of this article is to investigate the effect of sandblasting surface treatment, before the bonding process,
on the strength of the adhesive joints of the three types of aluminium alloy sheets. Three values of pressure were
used during the sandblasting process, i.c. 0.41 MPa, 0.51 MPa and 0.56 MPa. After mechanical treatment, the
samples of aluminium alloys sheets were degreased three times with acetone by immersion. The elements were
bonded with single-lap joints using two components epoxy adhesive. After the curing process, the shear strength
tests of the aluminium alloy adhesive joints were conducted, according to the DIN EN 1465 standard. The surface
topography of all samples was measured, and the most important surface roughness parameter and its waviness
were determined. Based on the experimental results, it was noticed that, among others, while using the same pres-
sure value during sandblasting of different aluminium alloys, the roughness parameters Ra and Rz of the obtained
surfaces differed depending on the type of alloy. It is also to notice that more than two times strength of the joints
was obtained by those made of the aluminium alloy sheet, which was subjected to heat treatment.

Keywords: sandblasting; aluminium alloy; epoxy adhesive; adhesive joints strength; surface roughness, statistical

analysis.

INTRODUCTION

The strength of adhesive joints of various
materials depends on many of factors [1-7].
These factors are, most of all, determined
by particular stages of the bonding technol-
ogy together with their characteristic fea-
tures. All types of factors are important, i.e.
structural, technological, material, exploita-
tion and economic ones, as well as, those re-
lated to the protection of environment [3, 8].
The bonded strength mostly depends on the
first technological operation, i.e. surface treat-
ment method [4, 5, 9-16]. This type of process
increases the adhesive joints strength. More-
over de Barros et al. [5] underlined the im-
portance of surface treatment of the substrate
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on the fatigue life. A proper preparation of the
bonded surface includes the operations, thanks
to which the surface layer will be characterised
by very high activity [17-22]. This process
enables to remove the dirt from the material,
increase wettability, modify the surface’s ge-
ometry, develop it properly, and increase the
surface free energy [20-30]. Selection of the
surface treatment method before the bonding
process depends on, among others, the used
material and its structure [2, 5, 12, 22, 27].
Other surface treatment methods are recom-
mended for steel [26, 31-33], which is differ-
ent for metals and metal alloys e.g. aluminium
alloys [12, 18, 34-38] and titanium alloys [30,
39-42], and different for composites [43—45]
and various polymer materials [2, 3, 46].
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Adhesive joints of aluminium and alumini-
um alloys are used in many industries, e.g. avi-
ation, building construction and others. There-
fore, it is very important to properly develop
appropriate bonding technology, including the
selection of the right method of surface treat-
ment. Aluminium and aluminium alloy surfaces
are most often subjected to chemical and elec-
trochemical treatments [2, 12, 21, 31, 47-51].
It should be mentioned that the first operation
in the process of preparing the surface of alu-
minium and aluminium alloys is degreasing,
which can be realized using various techniques
and degreasing agents [2, 15, 34, 47]. Alu-
minium and aluminium alloy surfaces can also
be machined, as reported in many articles [18,
52-56]. Among the mechanical treatments, the
most recommended ones are to use sandblast-
ing [2, 10, 20, 54, 56], grit blasting [19, 56, 57]
and ice blasting [35]. In case of sandblasting, it
is recommended to use alumina, silicon carbide
and quartz as an abrasive, which, due to their
irregular shape and sharp edges, effectively
provides roughness to the surface to be treated.
When using mechanical treatments, attention
should be paid to the geometry of the surface
formed during this treatment, which sometimes
may hinder its wetting by the adhesive, which
in turn leads to poorer mechanical properties
of the joints. Elbing et al. [35] emphasized that
the adhesive strength of aluminium compo-
nents could essentially be improved with the
application of dry ice blasting. However, dry
ice blasting causes only small change in the
topographic surface structure of adherends, but
the improvement of the adhesive joint strength
is because of the removal of the distributing
lubricant, aluminium-oxide, and magnesium-
oxide films. Bockenheimer et al. [18] showed
that the surface treatment of the aluminium al-
loy surface by grit blasting, with glass beads or
alumina grit, changed both, the aluminium al-
loy surface topography and the chemical state
of this adherends surface. The authors under-
lined that the chemical state of adherend sur-
face were resulted from influence of the cur-
ing reaction of the epoxy adhesive. Harris and
Beevers [19] studied the effect of grit blasting
on the surface characteristic aluminium al-
loy and mild steel adherends. They found that
slight differences in grit types led to noticeable
changes on surface characteristic. Rudawska
et al. [20] presented the issues of sandblasting

processing on the surface properties of steel
sheets. It has been found that sandblasting
medium has a greater effect than treatment
pressure. Mandolfino et al. [21] investigated
the influence of sandblasting parameters, e.g.
type of sand, impact angle and pressure, on the
surface roughness and mechanical characteris-
tic of bonded joints steel sheets. The authors
stated that the surface properties of adherends
after sandblasting have an influence on the
bonded joints mechanical behavior. Based on
the analysis of the results of sandblasting and
grit blasting studies, it was decided that in this
article, research related to the use of sandblast-
ing as surface treatment would be conducted
for materials with a different degree of surface
preparation after the manufacturing process.
Spaggiari and Dragoni [13] investigated the
effect of the mechanical surface treatments on
the adhesive bonded joints and they noticed
that that a simple correlation with the surface
roughness is not sufficient to predict the best
joint performances. The obtained results
demonstrated that mechanical treatment (e.g.
sandblasting) the adherends gives a strong im-
provement in terms of performance. Zhan et
al. [52] presented that with the increase of sur-
face roughness of Al-Li alloy the tensile-shear
strength of the adhesive joints increased and
the groove structures made during mechanical
abrading were considered as being responsible
for this strengthening behavior.

The aim of the article is to investigate the
effect of sandblasting surface treatment before
the bonding process on the strength of the ad-
hesive joints of the three types of aluminium
alloy sheets. Comparative analysis of the sur-
face roughness parameters after sandblasting
and the adhesive joints strength of the alumin-
ium alloy sheets are also presented. Based on
the tests, it can be underlined that a main tech-
nological factor that has an impact on the shear
strength value is a proper surface treatment of
the adherend. The technological parameters
of sandblasting also have an influence on the
adhesive joints’ strength of aluminium alloys
sheets. Moreover, the type of material and its
technological surface treatment (heat treat-
ment) after the production process also play a
significant role both in terms of surface rough-
ness and the strength of the adhesive bonds of
these materials.
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Table 1. Chemical composition of the aluminium alloys adherends [58, 59]

Compositions EN AW-2024 TO EN AW-2219 TO EN AW-2014 T4
Al Remainder Remainder Remainder
Cu 3.80-4.90 8.80-6.80 3.90-5.00
Mg 1.20-1.80 <0.02 0.20-0.80
Mn 0.30-0.90 0.20-0.40 0.40-1.20
Fe <0.50 <0.30 <0.70
Si <0.50 <0.20 0.50-1.20
Zn L% <0.25 <0.10 <0.25
Cr <0.10 - <0.10
Ti <0.15 0.02-0.10 <0.15
Zr <0.05 0.10-0.25 <0.05
\% - 0.05-0.15 -
Total other <0.15 <0.15 <0.15
MATERIALS AND METHODS 5 with the saturated polyester resin Polimal 153.
Table 2 presents the physicochemical properties
Adherends of the Epidian 57 epoxy resin [60, 61].

The single lap joints that were subjected to
the tests were made of the following types of the
aluminium alloy sheets: EN AW-2024 TO, EN
AW-2219 TO and EN AW-2014 T4. The EN AW-
2024 TO, EN AW-2219 TO and EN AW-2014 T4
aluminium alloys are recognised as cast alloys
of the second series, which means that the main
alloy addition is copper and, in small quantities,
magnesium and manganese. They are character-
ised by high strength and an average susceptibil-
ity to corrosion. The EN AW-2014 T4 aluminium
alloy had been subjected to supersaturating and
a natural ageing until it obtained a steady state.
The EN AW-2024 TO and EN AW 2219-TO al-
loys had been hardened and were not subjected
to heat treatment. Table 1 presents the chemical
composition of the alloys listed above [58, 59].

Adhesive

The epoxy adhesive with the designation
Epidian 57/PAC/100:80 was used to make the
joints. The epoxy adhesive contains epoxy resin
based on Bisphenol A (Epidian 57 - commercial
name, manufactured by CIECH Sarzyna, Nowa
Sarzyna, Poland) and polyaminoamide curing
agent (PAC - commercial name, manufactured
by CIECH Sarzyna, Nowa Sarzyna, Poland). The
adhesive preparation included mixing its ingredi-
ents in the proportion 100:80 (by volume). The
Epidian 57 epoxy resin is an epoxy mixture creat-
ed by the modification of the epoxy resin Epidian
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The polyaminoamide curing agent (PAC) is a
modified polyamide curing agent produced by the
polycondensation of polyamine with diameters of
unsaturated fatty acid methyl esters. Its use in-
creases elasticity and impacts the joints strength
and that is why it is used to create deformation-
resistant adhesive joints. The curing time is from
4 to 7 days. However, it may be shortened to 8
hours by conducting the process at the tempera-
ture of 60°C. Table 3 presents the properties of
the polyaminoamide curing agent [60, 61]. The
adhesive preparation was conducted mechani-
cally at the adhesive preparation stand, with use
of a horseshoe mixer, with the mixer’s rotational
speed of 460 rpm for 2 minutes, at the ambient
temperature of 25+1°C and ait humidity 24+1%.
The electronic balance TP-2/1 (FAWAG S.A.
manufacturer, Lublin, Poland), having an accu-
racy of 0.01 g, was used in order to weigh the in-
gredients properly and precisely. While preparing

Table 2. Physicochemical properties of the epoxy
resin [60, 61]

Properties

Description/Value

Form Dense, viscous, homogenous liquid

Epoxy number > 0.40 mol/100 g

Combustibility >200°C

Density at 20°C 1.14-1.17 g/lcm?®
Viscosity at 25°C 13000-19000 m-Pas
Solubilit Soluble in: ketones, esters, alcohols
y and aromatic hydrocarbons
Toxicity May cause irritation and allergic

reactions
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Table 3. Physicochemical properties of the polyami-
noamide curing agent [45, 47]

Properties Description/Value
Form Viscous liquid
Viscosity at 25°C 10 000-27 000 m-Pas
Density at 20°C 1.10-1.20 g/cm?®

Amino number 290-360 mg KOH/g

Gelling time at

ambient temperature 180 minutes

May cause burns and allergic

Toxicity reactions on the skin

the epoxy adhesive, attention was paid to avoid
creating the air bubbles as they could affect the
joints strength.

Surface treatment

The surface preparation was conducted in two
stages:

e The first stage — sandblasting of the alumin-
ium alloys surface, which was performed in
order to increase the surface roughness. The
variable parameter of sandblasting was pres-
sure of 0.41 MPa, 0.51 MPa and 0.56 MPa.
Other parameters kept constant.

e The second stage — degreasing by immersion
in acetone in order to remove the impurities
created especially during the mechanical pro-
cessing performed beforehand. After that the
samples were left to dry completely.

Sandblasting

Sandblasting was performed with use of the
abrasive blasting machine. The KC 1600 cabinet,
thanks to a stable construction made of steel and
a closed working space (1320x1320x950 mm),
provides safety during processing. It needs to
be pointed out that the blast cabinets ensure the
best results possible in comparison to other con-
struction tools aimed at sandblasting. It stems
from the fact that the operation is conducted in
a tight chamber that prevents the impurities from

Table 4. Surface treatment variants

the outside to get in touch with the processed el-
ements. The EB F54 aloxite, made of calcined
bauxite, was used as a blasting medium [62]. The
aloxite grit is very hard (9 in the Mohs hardness
scale) and has very sharp edges that self-renew
while working. The use of aloxite enables to clean
the surface to a high extent. The F54 aloxite grit’s
size is between 355 to 300 um. Due to the fact
that aloxite is a reusable abrasive, the size of grit
during processing of the aluminium alloys might
have been slightly smaller.

The samples made of the aluminium alloy
were placed inside the cabinet. During sandblast-
ing the aloxite was getting out from the sandblast-
ing machine’s nozzle with use of the compressed
air and was hitting against the processed materials’
surface. After that, it was falling into the charging
hopper; from there it was being poured to the abra-
sive pressure container again. Each aluminium al-
loy was subjected to sandblasting with use of three
different pressure values, i.e. 0.41 MPa, 0.51 MPa
and 0.56 MPa. This operation enabled us to obtain
a clean and rough surface, even in hard-to-reach
places, especially edges and corners. Table 4 pres-
ents the pressure variants used during sandblasting.

Degreasing method

A degreaser used in this stage was acetone,
which dissolves fats, oils, lubricants, paints, as
well as soft polymers. It is not toxic, however,
when inhaled; it may cause headaches and irrita-
tion of the mucous membranes of the nose, mouth
and eyes. Acetone is a colourless transparent lig-
uid of a characteristic smell and high volatility.

After the sandblasting operation, the surface
of the processed elements was covered with dust,
which was removed during degreasing by immer-
sion. The degreasing time was 4 seconds, and af-
ter that, the samples were left until acetone evap-
orated completely. This operation was conducted
three times in order to remove all the impurities.
Omission of that stage would result in weaker ad-
hesive joints with low strength.

. . Technological parameters of sandblasting
Variant of sandblasting
Pressure, MPa Time, s Distance, mm
V1 0.41 60 200
V2 0.51 60 200
V3 0.56 60 200
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Shape, dimensions and conditions
of adhesive joints preparation

The EN AW-2024 TO, EN AW-2219 TO and
EN AW-2014 T4 aluminium alloys were used to
make 54 joints (6 single-lap joints made of all 3 al-
uminium alloys subjected to sandblasting with use
of 3 pressure values) with use of the Epidian 57/
PAC/100:80 two-component epoxy adhesive. Fig-
ure 1 shows the adhesive lap joint scheme. Table 5,
in turn, presents the geometric dimensions of the
real joints after curing. After the adhesive was pre-
pared, it was instantly applied on the surface of one
of'the bonded elements. Then, the bonded elements
were steadied in a locking special device. Instant
application of the adhesive and bonding the ele-
ments right after the adhesive mass was prepared
to preserve the adhesive’s properties. The adhesive
life, especially in case of the epoxy ones, changes
with time. The curing process was performed at
ambient temperature and under a pressure of 0.018
MPa. The curing time was 7 days. The pressure
enabled the adhesive mass to flow in all pores and
cracks and to distribute the adhesive on the whole
surface. The processes of the adhesive compound
preparation, application and conditioning were
conducted in the conditions described in Table 6.

Tests and statistical analysis

The tests conducted for the purpose of the
present article included determining both the geo-
metrical structure of the adherends after the sur-
face treatment, as well as, conducting the strength
tests of different variants of the adhesive joints
made of the aluminium alloy, taking into consid-
eration different sandblasting variants.

The surface topography of all samples was
measured with a tracer method with use of the
Hommel-Etamic T8000 RC120-400 device (JEN-
OPTIC Industrial Metrology Germany GmbH,
Schweninngen, Germany). The most important
surface roughness parameters and its waviness
were determined. Also, a 3D topography of the
surface prepared with use of sandblasting, during
which different values of pressure were used, was
prepared. All the tests were conducted as recom-
mended with the standards: PN-EN ISO 11562,
PN-EN ISO 4287 and PN-EN ISO 25178. The
topographic structure measurements of the anal-
ysed surfaces consisted of mapping the material
profile by passage of the measuring tip on the sur-
face at the speed of 1.20 mm/s. The sheet surface
scanning range was 4.80 mm X 4.80 mm and 1920
points of measurement were set. The following

g

=] r

L

Fig. 1. Adhesive lap joint scheme

Table 5. Dimensions of the adhesive single-lap joints

Dimensions, mm EN AW-2024 TO EN AW-2219 TO EN AW-2014 T4
Sample length 100 + 1.00 100 £ 1.30 100 £+ 0.90
Sample thickness fe] 1.60 £ 0.02 1.30 £ 0.01 1.20 £ 0.01
Lap length Iz 15.32+0.30 15.51£0.27 15.40 £ 0.33
Sample width b 25+ 1.00 25+1.10 25+1.22
Adhesive joint thickness gk 0.22 £ 0.05 0.25£0.03 0.23 £0.02
Table 6. Conditions of preparing the single-lap joints
Temperature Humidity Pressure Conditioning time Curing time
25+1°C 24+1% 0.018 MPa 24 h 7 days
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roughness parameters were analysed in both 2D
and 3D systems:

e Ra—mean roughness profile deviation,

Rz — ten-point mean roughness,

Sa — arithmetical mean height,

Sz — maximum 3D profile height,

Sku — kurtosis.

The surface roughness measurement was con-
ducted on three samples of each aluminium alloy
(10 mm from every sample’s edge, whereas the
third measurement was made in the middle, 1.e. 50
mm from the sample’s edge), whose surface had
been prepared according to three different variants.
Each sample was measured at 1920 points, and
this is why the tables present the mean measure-
ment values. The shear strength tests of the alu-
minium alloys adhesive joints were performed on
the Zwick/Roell Z150 testing device (ZwickRoell
GmbH&Co. KG, Ulm, Germany), according to the
DIN EN 1465 standard, at a constant speed of 5
mm/min. The adhesive joints were fixed at the test-
ing machine with the screw-wedge clamps. Test-
Expert software was used to visualise the test re-
sults. After carrying out the strength tests, a visual
analysis of the failure of adhesive joints was car-
ried out based on the PN-EN ISO 10365 standard.

The shear strength (R) was determined on the
basis of the obtained value of the failure force and
the geometric bonding surface, using the basic
formula for strength (1):

Re== (1)

where: P — failure force, N;
A — geometric bonding surface, mm?.

~

The strength test results were then subjected
to a statistical analysis based on ANOVA due to
the fact that the number of the analysed groups
was higher than two. The analysis was conducted
with use of the Statistica software. The statisti-
cal analysis of the obtained results enabled us
to compare the mean strength value taking into
consideration the analysed pressure variants ap-
plied during the mechanical processing. The Sha-
piro-Wilk test (normal distribution), Levene test
(variance homogeneity) and the Tukey’s HSD
test at the assumed probability level a = 0.05 was
used. The probability level 0.05 is recognised as
a boundary value of the acceptable error rate. The
Tukey’s HSD test is a post-hoc test (or a multiple
comparison test) and may be used to find means
that are significantly different from each other in
a distribution of the analysis of variance.

RESULTS

Surface roughness

Figures 2 and 3, and Tables 7 to 9 present the
results obtained during the topographic structure
measurement of the materials, whose surface was
subjected to sandblasting. However, for compara-
tive purposes, Table 10 presents the results of sur-
face roughness of aluminum alloy sheets before
sandblasting. When analysing the data in Figure
2, it was observed that the higher the pressure val-
ue during sandblasting of the given material, the
higher the arithmetical mean value of the profile
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Fig. 2. Arithmetical mean value of the profile deviation of the aluminium
alloys whose surface was sandblasted according to three different variants
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Fig. 3. Maximum roughness height of the aluminium alloys whose sur-
face was sandblasted according to three different variants

deviation is. However, it is not the case for the EN
AW-2014 T4 aluminium alloy, i.e. the Ra param-
eter increased when the pressure values of 0.41
MPa (5.04 um) and of 0.51 MPa (5.49 um) were
used. When the pressure increased to 0.56 MPa,
the arithmetical mean of the profile deviation
decreased to 4.38 um. A more detailed analysis
of the Ra parameter enabled us to observe that
the increase of the pressure value from 0.41 MPa
(V1 variant) to 0.56 MPa (V3 variant) caused the
increase of the arithmetical mean of the profile
deviation Ra of the EN AW-2024 TO aluminium
alloy by 0.92 um (19.74%). Even a higher change
occurred in case of the EN AW-2219 TO alloy,
as the Ra value increased by 1.08 um (27.27%).
In case of the EN AW-2014 T4 aluminium alloy,
the Ra value increased by 0.45 um (8.93%) after
sandblasting with the pressure of 0.51 MPa (V3
variant) in relation to the V1 variant. However, in
case of V3 variant, the arithmetical mean of the
profile deviation decreased by 1.11 pm (20.22%)
in relation to the V2 variant. During the surface
preparation according to V1 variant, the high-
est value of the arithmetical mean of the rough-
ness profile deviation was obtained by the EN
AW 2014 T4, and the lowest one by the alloy EN
AW-2219 TO. The difference between both val-
ues was 1.08 um (27.27%). In case of V2 vari-
ant, the highest Ra value was obtained by the EN
AW-2014 T4 aluminium alloy and the lowest one
by the EN AW-2024 TO aluminium alloy, and
the difference between both values increased to
0.69 um (14.38%). During the surface prepara-
tion according to V3 variant, the highest value
of the arithmetical mean of the roughness profile
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deviation was obtained by the EN AW-2024 TO0
aluminium alloy, and the lowest one by the EN
AW-2014 T4 aluminium alloy. The difference be-
tween both values was 1.20 pum (27.40%). Taking
into consideration all aluminium alloys and all
three pressure variants, the highest value of the
Ra parameter was obtained by the EN AW-2024
TO aluminium alloy after surface preparation
with use of V3 variant, and the lowest one by the
EN AW-2219 TO aluminium alloy prepared with
use of the V1 Variant. The difference between
both values was 1.62 um (40.91%).

Figure 3 presents the juxtaposition of the ten-
point mean roughness’ values of the aluminium
alloys, whose surfaces were prepared according
to the three different variants. For the EN AW-
2024 aluminium alloy, the Rz roughness param-
eter value increased by 11% together with the in-
crease of the pressure value during sandblasting.
The highest value of the roughness height in case
of the EN AW-2219 TO aluminium alloy during
sandblasting with use of the pressure value of
0.42 MPa (V1) was 24.03 um. When the pressure
increased to 0.51 MPa (V2), the value of the Rz
parameter increased to 28.03 um. However, when
the highest pressure value was applied (0.56 MPa
in case of V3), the analysed parameter decreased
to 26.99 um. The same situation was observed in
case of the EN AW-2014 T4 aluminium alloy. The
highest value of the Rz parameter was obtained
after sandblasting where the pressure value was
of 0.51 MPa (V3).

Based on the results presented in Figure 3,
it was observed that this parameter increases
together with the increase of the pressure value
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during sandblasting from 0.41 MPa (V1 variant)
to 0.56 MPa (V3 variant) for the EN AW-2024
TO aluminium alloy. The difference of the Rz
parameter between the surfaces prepared accord-
ing to these variants was 3.25 um (Rz increased
by 12.12%). In case of the EN AW-2219 TO
aluminium alloy the roughness height increased
only after using the V2 variant. The difference
in relation from the V1 variant was of 4.00 pm
(16.65%). The use of the V3 variant for this al-
loy resulted in the Rz parameter’s value decrease
to 1.04 um (3.71%). For the EN AW-2014 T4
aluminium alloy, the results were similar, i.e.
increase of the pressure value during sandblast-
ing from 0.41 MPa to 0.51 MPa resulted in the
roughness height’s increase by 2.76 um (9.72%).
However, after using the V3 variant, this value
decreased significantly by 4.66 um (14.96%).
When analysing the results after the surface
preparation with the V1 variant, it was found out
that the highest value of the roughness height
was obtained by the EN AW-2014 T4 aluminium

alloy, whereas the lowest one was by the al-
loy EN AW-2219 TO. The difference in the Rz
parameter value between these two alloys was
4.37 pum (18.19%). In case of V2 variant, the
value of the roughness height was obtained by
the EN AW-2014 T4 aluminium alloy and the
lowest one by the EN AW-2024 TO aluminium
alloy. The difference in the Rz parameter value
increased to 4.30 um (16.01%). During sand-
blasting where the pressure value was 0.56 MPa
(V3 variant), the highest value of the roughness
height was obtained by the EN AW-2024 TO alu-
minium alloy, whereas the lowest one by the EN
AW-2014 T4 aluminium alloy. The difference in
the Rz parameter value between these two alloys
was 3.56 um (13.43%). Taking into consideration
all the aluminium alloys, whose surface was pre-
pared by sandblasting with use of three different
pressure values, it was observed that the highest
value of the Rz parameter was obtained by the
EN AW-2014 T4 aluminium alloy (V2 variant).
Whereas the lowest one by the EN AW-2219 TO

Table 7. The 3D surface topography with the amplitude parameters for the spatial structure aluminium alloy,

whose surface was prepared according to V1 variant

Adherend 3D imagine 3D parameter
Sa 4.87
i [um]
EN AW-2024 TO 5%
Sku 3.84
50
Sa 3.90
4 [um]
Sz 60.60
40
EN AW-2219 TO
35 Sku 434
30
Sa 5.15
[25 [um]
Sz 64.40
20
15
EN AW-2014 T4
10 Sku 3.47
5
0
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aluminium alloy (V1 variant), and the difference
was of 7.13 um (29.67%).

Table 7 presents the obtained results for the
aluminium alloys, whose surface was subjected
to sandblasting according to V1 variant.

The graphics presenting an exemplary to-
pography of the alloys’ surface showed the ir-
regularities caused by sandblasting. The highest
value of the arithmetical mean height, i.e. the Sa
parameter, was obtained by the EN AW-2014 T4
aluminium alloy (5.15 pm), whereas the low-
est one by the EN AW-2219 TO aluminium al-
loy (3.90 um). The highest maximum 3D profile
height (Sz) was obtained by the EN AW-2024
TO aluminium alloy (78.60 um), whereas the
lowest one by the EN AW-2219 TO aluminium
alloy (60.60 pum). The surface kurtosis (Sku)
obtained a positive value in all cases. It means
that the individual results are very close to the
arithmetical mean, especially in case of the EN
AW-2219 TO aluminium alloy. It needs to be ex-
plicitly stated that the surfaces of the aluminium

alloys: EN AW-2024 TO and EN AW-2014 T4
obtained a higher degree of surface development
than the EN AW-2219 TO aluminium alloy.
Table 8 presents the results of the surface
roughness measurements of the aluminium al-
loys, whose surface was prepared using V2 vari-
ant. The exemplary topographic maps show the
micro irregularities caused by sandblasting. The
highest values of the arithmetical mean height
(Sa) and the maximum 3D profile height (Sz)
were obtained by the EN AW-2014 T4 aluminium
alloy (Sa = 5.58 um, Sz = 73 pum). Slightly lower
values were obtained by the EN AW-2219 TO
aluminium alloy (Sa = 5.31 um, Sz = 60.30 um).
The lowest values were obtained by the EN AW-
2024 TO aluminium alloy (Sa = 4.97 um, Sz =
56.20 um). The best surface development was ob-
tained by the EN AW-2014 T4 aluminium alloy.
Table 9 presents the results of the surface
roughness measurements of the aluminium alloys,
whose surface was prepared using V3 variant.
The surface topography showed the irregularities

Table 8. 3D surface topography with the amplitude parameters for the aluminium alloy’s spatial structure, whose

surface was prepared according to the V2 variant

Adherend 3D images 3D parameter
Sa o] 4.97
m
Sz ! 56.20
EN AW-2024 TO
Sku 3.25
Sa (o] 5.31
m
Sz ! 60.30
EN AW-2219 TO
Sku 3.22
Sa ] 5.58
m
Sz ! 73.00
EN AW-2014 T4
Sku 3.42
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Table 9. 3D surface topography with the amplitude parameters for spatial structure of the aluminium alloy, whose

surface was prepared according to the V3 variant

Adherend 3D images 3D parameter
Sa ] 6.02
um
um Sz 61.80
60
EN AW-2024 TO 55
Sku 2.99
50
45
3 Sa 5.33
- 40 fum]
[ Sz 60.70
- 35
EN AW-2219 TO - 30
i Sku 3.26
25
20
Sa 4.25
15 [um]
Sz 62.70
10
EN AW-2014 T4 5
Sku 4.05
0

that were characteristic of the surfaces subjected
to the abrasive blasting, specifically sandblasting.
The EN AW-2024 TO aluminium alloy showed
the highest value of the arithmetical mean height
Sa (6.02 pum), whereas the lowest value of this
parameter was obtained by the EN AW-2014 T4
aluminium alloy (4.25 um). The highest maximum
3D profile height (Sz) was obtained by the EN AW-
2014 T4 aluminium alloy (62.70 um), whereas the
lowest one by the EN AW-2219 TO aluminium
alloy (60.70 um). The most advantageous surface
development, which is very important in the as-
pect of the adhesive anchoring during the adhesive
bond formation and bonding process, was showed
by the EN AW-2024 TO aluminium alloy.
Comparing the results presented in Figure
2, Figure 3 and Table 10, it was noticed that after
the mechanical treatment of the surface of the alu-
minium alloy sheets, i.e. sandblasting, a significant
increase of the considered surface roughness param-
eters Ra and Rz was observed, more than several

times. This means that sandblasting influences the
geometric development of the surface, which in the
gluing processes is important; first of all, it increases
the real surface of the bonding, and thus increases
the share of the mechanical adhesion.

Adhesive joints strength

Shear strength results of the adhesive joints
made of three types of the aluminium alloy sheets:
EN AW-2024 TO, EN AW-2219 TO and EN
AW-2014 T4, whose surface was subjected to

Table 10. Surface roughness parameters of aluminium
alloys before mechanical treatment

Surface roughness

Type of aluminium alloy parameters, um

Ra Rz
EN AW-2024 TO 0.42 3.28
EN AW-2219 TO 0.35 2.46
EN AW-2014 T4 0.28 2.10
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2014 T4
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Type of adherends and type of surface treatment variants

Fig. 4. Shear strength of the adhesive joints made of different aluminium
alloys, whose surface was subjected to three variants of sandblasting

sandblasting with use of three pressure values be-
fore the bonding process, are presented in Figure 4.

Based on the presented shear strength results
of the aluminium alloys (Fig. 4), whose surface
was prepared using the three different variants of
sandblasting, it may be stated that the adhesive
joints of the EN AW-2024 TO aluminium alloy
are characterised by the lowest shear strength.
However, the highest shear strength of that alloy
was obtained after sandblasting according to the
V3 variant, whereas the lowest one was obtained
using the V2 variant (0.51 MPa). The difference
between the highest and the lowest shear strength
values increased to 3.52 MPa (66.67%). In case of
the joints made of the EN AW-2219 TO alumini-
um alloy, the highest strength value was obtained
for the V3 variant, and the lowest one for the V2

variant. The difference was of 3.21 MPa (43.73%).
The highest shear strength value was obtained by
the joints made of the EN AW-2014 T4 aluminium
alloy. The highest mean strength was obtained for
the surfaces prepared according to the V1 variant,
whereas the lowest one - according to the V3 vari-
ant. The increase of the pressure value during the
sandblasting of the EN AW-2014 T4 aluminium
alloy resulted in the shear strength decrease of the
adhesive joints by 5.07 MPa (28.84%).

When analysing the strength of joints made
of different aluminium alloys that were prepared
using different pressure values, it was observed
that there was a significant difference between the
joints characterised by the highest and the lowest
shear strength. The joints of the EN AW-2014 T4
aluminium alloy had more than three times higher

Table 11. Results of failure analysis of the adhesive joints aluminium alloys

o ) Type of failure inside adhesive layer
ad;-gfeenzfsacl)?g]cli?::;?vzl;?i/nts s;;/:g Itjgtstci)rf\g CF SCF AF ACF(p)
Amount of aluminium alloy adhesive joints
V1 + ++ +++ -
EN AW-2024 TO V2 ++ 4+ -
V3 +++ +++ -
V1 ++ ++ ++ -
EN AW-2219 TO V2 + ++ +++ -
V3 ++ ++++ -
VA1 + ++++ + -
EN AW-2014 T4 V2 +++ 4 -
V3 + 44+ -
Legend: CF — cohesion failure, SCF — special cohesion failure
AF — adhesion failure, ACF (p) — adhesive and cohesive failure with peel

272




Advances in Science and Technology Research Journal 2022, 16(2), 262—-279

strength than those made of the EN AW-2024 TO
aluminium alloy.

Failure analysis of adhesive joints

The visual analysis of the failure of adhe-
sive joints was carried out based on the DIN EN
ISO 10365 standard. Based on failure analysis of
adhesive joints after the mechanical tests, it can
be observed that all the tested types of adhesive
joints reveal the presence of failure inside the
adhesive layer. None of the tested types of alu-
minium alloy sheets showed failure inside adher-
end — aluminium alloy sheets. The results of the
different types of adhesive layer failure are shown
in Table 11 and Figure 5.

When visually assessing the samples of ad-
hesive joints in the place of joining after the me-
chanical strength tests, it can be seen that in any
variant of surface preparation by sandblasting,
the fourth type of failure of the adhesive joint did
not occur - ACF (p) adhesive and cohesive fail-
ure with peel. It was also noted that in most cases
there were two types of failure: adhesion failure
(AF) and also special cohesion failure (SCF).

The photos in Fig. 5 show examples of EN
AW-2014 T4 aluminium alloy adhesive joints,
because for this material it will obtain the high-
est shear strength of adhesive joints. It has been
found that for the adhesive joints of this alloy,
increasing the pressure value during sandblasting
caused a greater amount of failure to the adhe-
sive joint. Perhaps the higher pressure causes the
unfavourable shape of the surface roughness and
considering the mechanical adhesion. After the
V3 variant, no greater real bonding surface was

obtained, and thus the adhesive was less anchored
in the surface micro-unevenness and the failure
image was rather classified as adhesive failure
(AF). On the other hand, in the V1 variant surface
treatment for this type of aluminium alloy sheet, a
greater number of samples were noticed showing
the properties of the cohesive failure (SCF) of the
adhesive joint. On this basis, it can be assumed
that the sandblasting variant with lower nozzle
pressure may contribute to obtaining a more fa-
vourable stereometrics structure of the surface of
the analysed aluminium alloy sheets. As a result,
a larger real bonding surface (wetted by the ad-
hesive) is obtained. This can be confirmed by the
strength results for those joints, where the adhe-
sive joints of aluminium alloy sheets made in the
first surface treatment condition (V1) are charac-
terized by greater strength. It should be noted that
the authors are aware that the visual assessment
of the failure character of adhesive joints based
on the DIN EN ISO 10365 standard may be a sub-
jective assessment, but efforts were made to make
the presented results as objective as possible.

Statistical analysis of adhesive
joints strength results

The first stage of the analysis includes prepar-
ing the descriptive statistics that characterise the
analysed variables. The results are presented in
Tables 12 to 14.

The next stage of the statistical analysis in-
cludes verification of adjustment of the empirical
research of the analysed variables’ result to the
normal distribution with use of Shapiro-Wilk (S-
W) normality test. The statistical analysis (at the

Fig. 5. Failure patterns of EN AW-2014 T4 aluminium alloys adhesive joints: a) special cohesion failure (SCF) for
V1 variant, b) and c) adhesion failure (AF) and also special cohesion failure (SCF) for V2 variant, b and c) and d)

adhesion failure (AF) for V3 variant
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Table 12. Results of the descriptive statistics of the adhesive joints shear strength EN AW-2024 TO aluminium alloy

Variant Mean Median Variance Standard deviation Skewness Kurtosis
VA1 7.72 8.58 3.37 1.84 -0.68 -1.86
V2 7.45 7.81 3.60 1.90 -0.20 -2.18
V3 8.80 8.45 1.30 1.14 1.05 0.10

Table 13. Results of the descriptive statistics of the adhesive joints shear strength EN AW-2219 TO aluminium alloy

Variant Mean Median Variance Standard deviation Skewness Kurtosis
V1 10.23 10.50 1.09 1.04 -1.77 3.46
V2 7.74 7.92 0.40 0.63 -0.43 -2.29
V3 10.55 11.10 2.28 1.51 -0.41 -1.31

Table 14. Results of the descriptive statistics of the adhesive joints shear strength EN AW-2014 T4 aluminium alloy

Variant Mean Median Variance Standard deviation Skewness Kurtosis
VA1 22.65 22.50 1.86 1.36 0.50 -0.86
V2 19.18 19.80 2.91 1.70 -1.46 1.95
V3 17.58 17.85 2.41 1.55 -1.51 2,97

Table 15. Results of the Shapiro-Wilk normality test for the EN AW-2024 TO aluminium alloy shear strength

test results

Variant Number of samples, N | Shapiro-Wilk statistics, W Probability level, p Normal distribution
V1 5 0.893798 0.376563 YES
V2 6 0.881915 0.277968 YES
V3 6 0.880145 0.269725 YES

Table 16. Results of the Shapiro-Wilk normality test for the EN AW-2219 TO aluminium alloy shear strength

test results

Variant Number of samples, N | Shapiro-Wilk statistics, W Probability level, p Normal distribution
V1 5 0.817403 0.111485 YES
V2 6 0.836403 0.121684 YES
V3 5 0.949550 0.733976 YES

Table 17. Results of the Shapiro-Wilk normality test for the EN AW-2014 T4 aluminium alloy shear strength

test results

Variant Number of samples, N Shapiro-Wilk statistics, W Probability level, p Normal distribution
V1 6 0.931033 0.588102 YES
V2 6 0.856359 0.177021 YES
V3 6 0.873222 0.239354 YES

Table 18. Results of the Levene’s homogeneity of variance test for the shear strength results in division taking into

consideration the material type

Adherend Levene’s test F Probability level, p Homogeneity of variance
EN AW-2024 TO 2.222721 0.145102 YES
EN AW-2219 TO 2.381391 0.131465 YES
EN AW-2014 T4 0.154601 0.858105 YES
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assumed significance level 0=0.05) of adjustment
of the empirical distribution to the normal distri-
bution showed that the distribution of the shear
strength results obtained for all the sandblasting
pressure variants and all the materials was con-
sistent with the normal distribution. The obtained
results are presented in Tables 15-17.

The next stage of the statistical analysis in-
cluded verification of the assumption of the vari-
ance homogeneity, with use of the Levene’s test.
The Levene’s test results are presented in Table 18.

As the assumptions of the normality of distribu-
tion and the homogeneity of variance were proved
to be true, the parametric tests (Tukey’s HSD) were
used in the next stage of the statistical analysis. Its
results were presented in Tables 19-21.

For the EN AW-2024 TO alloy, considering
three values of pressure used during sandblast-
ing, the multiple comparison analysis did not
show any statistically significant differences be-
tween the mean values of the obtained results
(Table 19). The results presented in Table 20
show that there were some differences between
V1 and V2 variants and V2 and V3 variants of
sandblasting. There were no statistically signifi-
cant differences between the V1 and V1 vari-
ants. In case of the results for the EN AW-2014

Table 19. Results of the post-hoc Tukey’s test of the
significant differences of the shear strength values for
the joints of the EN AW-2024 TO aluminium alloy

Variant V1 V2 V3
V1 0.961062 0.537600
V2 0.961062 0.357008
V3 0.537600 0.357008

Table 20. Results of the post-hoc Tukey’s test of the
significant differences of the shear strength values for

the joints of the alloy EN AW-2219 TO aluminium alloy

Variant VA1 V2 V3
Al 0.006265 0.890670
V2 0.006265 0.002658
V3 0.890670 0.002658

Table 21. Results of the post-hoc Tukey’s test of the
significant differences of the shear strength values for

the joints of the alloy EN AW-2014 T4 aluminium alloy

Variant V1 V2 V3
V1 0.004072 0.000278
V2 0.004072 0.206053
V3 0.000278 0.206053

T4 aluminium alloy (Table 21), the significant
differences between the mean values were ob-
served in case of the sandblasting variants V1
and V2, as well as V1 and V3. There were no
significant variances between the mean values of
the results obtained for variants V2 and V3.

DISCUSSION

A main technological factor that has an im-
pact on the strength of adhesive joints is a proper
surface treatment of the adherends. The method
used during the tests described herein was sand-
blasting, which caused some irregularities, cracks
and pores on the adherends surface. Thanks to
that, the adhesive-adherend contact surface was
increased and the anchor points for the adhesive
were created. Comparative analysis of the surface
roughness’ parameters and the adhesive joints
strength of the aluminium alloy sheets were based
on the correlation coefficient of two values: shear
strength and surface roughness parameters (Ra
and Rz). The correlation coefficient (p) serves to
determine the relations between two values and it
may be defined with a following dependence as
reported in Ref. [20]. Table 22 presents the select-
ed Ra and Rz surface roughness parameters of the
surface of adherends, whose surfaces were sub-
jected to sandblasting according to three variants
(Table 4) and the shear strength of the adhesive
joints of the analysed sheets.

When considering the dependence between
the values of the Ra and Rz surface roughness pa-
rameters of the aluminium alloy sheets and the
strength of the adhesive joints of the analysed
sheets, in case of the variant 1 a positive correla-
tion between these values may be observed. How-
ever, it is not as strong as for the variant 2. The
correlation coefficient for the distribution for the
compared parameters Ra and Rt is 0.66, and for
the compared parameters Rz and Rt it is 0.67.

In case of the second variant (V2), when com-
paring the analysed surface roughness param-
eters, it was observed that together with the in-
crease of these parameters’ value, the strength of
the adhesive joints of the aluminium alloy sheets
increases as well. The correlation coefficient for
the distribution for the compared parameters Ra
and Rt is 0.98, and for the compared parameters
Rz and Rt it is 0.99.

For the third variant of sandblasting V3), an
inverse correlation may be observed: together
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Table 22. Surface roughness parameters of the aluminium alloy sheets, whose surfaces were subjected to sand-

blasting according to three variants and the strength of the adhesive joints of the analysed sheets

Pressure ""."“e during Variant Adherend Surface roughness parameter, m Strength, MPa
sandblasting, MPa Ra Rz
EN AW-2024 TO 4.66 26.81 7.72
0.41 V1 EN AW-2219 TO 3.96 24.03 10.23
EN AW-2014 T4 5.04 28.40 22.65
EN AW-2024 TO 4.80 26.86 5.28
0.51 V2 EN AW-2219 TO 5.03 28.03 7.34
EN AW-2014 T4 5.49 31.16 19.18
EN AW-2024 TO 5.58 30.06 8.80
0.56 V3 EN AW-2219 TO 5.04 26.99 10.55
EN AW-2014 T4 4.38 26.50 17.58

with the decrease of the roughness parameters
value, the strength of the joints increases. The
correlation coefficient is negative and for the cp-
mapred parameters Ra and Rt it is -0.96, and for
the compared parameters Rz and Rt it is -0.74.

de Barros et al. [56] in their research showed
that the influence of individual average surface
roughness parameters (e.g. after mechanical
treatment in the form of grit-blasting and sand-
blasting) is not statistically significant when it is
correlated with the bond strength. In turn, Bock-
enheimer et al. [18] emphasized that the effect
of mechanical surface treatment for aluminium
alloy bonding was very complex, compromised
the topography structure of adherends surface
and changed the chemical state of the adherends
surface. On the basis of the present tests, it can
be added that technological factors of machining
can shape a specific surface structure, which ul-
timately affects the strength of adhesive joints,
considering the aspect of mechanical adhesion.
This statement was also supported by the results
of research presented in the study prepared by
Rudawska et al. [20]. Moreover Boutar et al.
[53] and Harris and Beevers [19] concluded that
the changes in the adhesive joints properties as-
sociated with the roughened surfaces cannot be
explained simply by the increased roughness
characteristic, such as mechanical anchoring and
increased effective real bond area. The proper-
ties and changes of both physical and chemical
surfaces of joined materials should be considered
simultaneously. Spaggiari and Dragoni [13] un-
derlined that that a simple correlation with the
surface roughness is not sufficient to forecast the
best adhesive joint execution.

With regard to the results obtained, it is also
important to notice that more than two times the
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strength of the joints was obtained by those made
of the EN AW-2014 T4 aluminium alloy, which
had been subjected to heat treatment, i.e. solution
heat treatment and natural ageing until obtaining
a stable state. This procedure resulted in the ma-
terial’s hardening, and this was the only material
that was not deformed after sandblasting. The
adhesive joints of the EN AW-2014 T4 alumini-
um alloy obtained more than three times higher
strength than those made of the EN AW-2024 TO
aluminium alloy. In case of the two other alumin-
ium alloys sheets, i.e. EN AW-2024 TO and EN
AW-2219 TO (not subjected to heat treatment),
many samples were deformed during sandblast-
ing. This proves the fact that sandblasting of these
materials, is not recommended due to lower hard-
ness and high susceptibility to deformation. For
these materials it is recommended to use a differ-
ent surface preparation method.

CONCLUSIONS

Based on the conducted tests, it can be under-
lined that a main technological factor that has an
impact on the shear strength of adhesive joints is
a proper surface treatment of the adherend. The
technological parameters of sandblasting have
an influence on the adhesive joints strength of
the aluminium alloys sheets. The type of mate-
rial and its technological surface treatment (heat
treatment) after the production process also play
a significant role both in terms of surface rough-
ness and the strength of the adhesive bonds of
these materials. When using the same pressure
value during sandblasting of different aluminium
alloys surface, the roughness parameters Ra and
Rz of the obtained surfaces differed depending
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on the aluminium alloy type. The adhesive joints
of the aluminium alloy sheets, the surface of
which has been heat treated after the production
process, showed a much higher strength than the
other joints for which sheets were not subjected
to heat treatment.

The conclusion is that an important element
in the bonding technology is not only the surface
treatment prior the bonding process, but also the
surface treatment of adherends after the produc-
tion process (temper state). However, the surface
treatment method should be selected for each
type of the material individually, depending on
its properties.
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