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Abstract

The usefulness of the proprietary method of testing the impact strength of adhesive joints under shear loads was checked. An
adhesively bonded lap sample of flat bars with a thickness of 5 mm, loaded on the side surface of the overlap, was proposed.
Numerical calculations have shown that in such a loaded lap joint, shear stresses dominate. Impact tests of such specimens
can be performed on conventional Charpy hammers. Experimental tests were carried out on samples made of steel, brass and
aluminum alloy bonded with various adhesives: Epidian57/Z1, Raychem S1125, Loctite 9464 and DP 420. The conducted
experimental tests showed high reproducibility of the results of such tests and as expected, higher destruction energy of
flexible adhesive and adhesive layers of greater thickness was obtained.
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Streszczenie

Sprawdzono przydatnos¢ autorskiej metody badania udarnosci potaczen klejonych obciazonych na $cinanie. Zaproponowano
klejona na zaktadke probke wykonang z ptaskownikow o grubosci 5 mm, obcigzang na bocznej powierzchni zaktadki.
Obliczenia numeryczne wykazaty, ze w tak obciazonym ztaczu zaktadkowym dominujg naprezenia styczne. Proby udarnosci
takich probek mozna wykonywac na konwencjonalnych mlotkach Charpy’ego. Przeprowadzono badania eksperymentalne
na probkach wykonanych ze stali, mosiadzu i stopu aluminium klejonych r6znymi klejami Epidian57/Z1, Raychem S1125,
Loctite 9464 oraz DP 420. Przeprowadzone badania eksperymentalne wykazaly duza powtarzalnos¢ wynikéw takich badan

i zgodnie z oczekiwaniami uzyskano wyzsza energi¢ niszczenia kleju elastycznego i warstw kleju o wigkszej grubosci.

Stowa kluczowe: kluczowe: potaczenia klejowe, udarnos¢ potaczen klejowych, nowa metoda badan udarnosci

1. Introduction types of collisions (Grant 2009, Galvez 2017,

Adhesive bonded is one of the methods of joining
parts. The factor driving the dynamic development of
the adhesive technique is, above all aviation and

Machado 2018).

Currently, three methods of testing the impact
strength of adhesive joints are recommended:

e Block Shear Test (ISO 9653) (Adams 2016,

cosmonautics as well as the automotive industry Taylor 1996, Asgharifar 2014)

(Adams 1997, Higgins 2009, Silva 2011) and
construction. In addition to testing static properties, for
some time now more and more tests have been carried

e Impact Wedge Peel Test (1ISO11343, Blacman
2000, Gyeong-Seo 2020),

out on the resistance of adhesive joints to impact loads.
This especially applies to vehicles exposed to various
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o Impact shear method of lap joints subjected to
tensile loading (Adamvalli 2014, Raykhere
2010, Komorek 2021).

The first two methods are standardized. The first is
like the standard for wood adhesives. It consists in
adhesively bonding a plate 3 mm thick, 25 mm wide
and 10 mm long (Fig. 1) to a metal block, which is
dynamically loaded with a hammer impactor (Fig. 2)
during the tests. The result of the experiment depends
on the direction of the impact. The destruction energy
of the adhesive joint is measured, and divided by the
joint surface, it is possible to calculate the impact
strength of the tested joint.

The main disadvantage of this method is the low
reproducibility of the experiment results, the reasons
explained in publications (Adams 1966, Komorek
2016) are difficult to eliminate.
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Fig. 1. Block sample
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Fig. 2. Block sample load

An attempt to modify this method by changing the
shape of the adhesively bonded element to cylindrical
(Fig. 3) allowed to reduce the scatter of the test results
but led to plastic deformation of the loaded element
(Fig. 4), which resulted in the accumulation of stresses
in the adhesive layer near the striking edge (Komorek,
2020).
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Fig. 3. Modified block sample

Fig. 4. Plastic deformation of the cylindrical
plate under dynamically loaded

Due to the disadvantages of the block connection
test method, such tests are rarely conducted.

The 1S0O11343 method, consisting in dynamic
cleaving of the adhesive joint with a wedge (Fig. 5), is
more widely used.

MIEJSCE UDERZENIA MEOTA

SPOINA KLEJOWA
(20mm x 30mm)

Fig. 5. The method of dynamic cleaving the adhesive
joint with a wedge

This method is used in the automotive industry to
test the crash test resistance of adhesively bonded car
bodies. It requires a specialized device measuring and
recording the dependence of force on time or force
on displacement, which, after integration, allows the
energy to be determined between 25% and 90% of
the curve. The results of such tests depend on the
properties of the adhesive, the surface treatment of the
joined elements (adhesion forces) and the mechanical
properties of the bonded materials. Such tests are
essentially dynamic peel tests.
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Due to the fact, that a properly designed adhesive
joint should be mainly stressed for shear, attempts are
made to test the impact strength of lap joints. Due to
the lack of an appropriate standard, researchers use
their own solutions, which makes it difficult to
compare the obtained results.

The authors conducted tests on lap specimens
made of two plates with dimensions of 20x100 mm
and a thickness of 2 mm. A pendulum hammer with a
modified striker shape was designed to conduct such
research (Fig. 6).

striking elements
of the pendulum

Fig. 6. Modified striker of a hammer

At one end of the adhesively bonded lap sample,
a special holder with a wedge was attached (Fig. 7),
which prevented the sample from moving in the holder
during loading.

Fig. 7. A lap specimen with a handle

The other end of the sample was fixed in a rigid
holder (Fig. 8) and a hammer hit a self-clamping
holder fixed on the sample.

The impact tests carried out in accordance with the
presented method were characterized by a much

greater reproducibility of the results than in the tests of
block joints, although it was not possible to eliminate
the removal of samples from the holders (about 10%),
which resulted in a rapid increase in the measured
energy.

Fig. 8. The sample attached to the impact tests

The presented test method allows to study the
effect of the overlap length, the thickness of the
adhesive layer, the method of preparing the surface for
bonding and the stiffness of the sheets to be bonded on
the impact strength of the joints. Its disadvantage is the
labor-consumption of such tests resulting from careful
assembly of samples and the need to have a pendulum
hammer with a modified structure. Considering the
limitations of the test method for lap specimens,
another method of testing the impact shear resistance
of adhesive joints has been proposed. The theory of
strength of adhesive joints shows that there are three
basic structural systems of such joints, in the adhesive
layers of which shear stresses dominate (Silva, 2011)

(Fig. 9).
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Fig. 9. Models of shear-loaded adhesive joints (a - lap, b - sleeve-twisted, ¢ - lap-stressed along the width of the overlap)
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The aim of the analysis was to check the suitability
for impact tests of samples loaded similarly to the third
load model presented in Fig. 9.

2. Numerical analysis

It was assumed that the sample will have similar
dimensions to the samples used in the impact tests of
metals and it will be possible to perform the tests on
commonly available Charpy pendulum hammers. The
sample load model and its numerical model of such
a sample is shown in Fig. 10.

Fig. 10. Model of sample mounting and loading

The adhesively bonded elements were given
the properties of an aluminum alloy (E = 72 GPa,
v = 0.33), and an adhesive layer with a thickness of
0.15 mm was given the properties of epoxy adhesive
(E =2 GPa, v = 0.35). The sample was supported on
both sides (spacing of supports 43 mm) and centrally
loaded with a total force of 2000 N distributed evenly
along the edge. The calculation results are shown in
Figs. 11 to 14.

F: Static Structural

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
02.09.2021 11:05

55,318 Max
49,201

0,2631 Min

Fig. 11. The von Mises stress distribution in the adhesive layer

F: Static Structural
Maximum Principal Stress

Type: Maximum Principal Stress
Unit: MPa

Tirme: 1
02.09.2021 11:07

42,15 Max
36,488
30,826
25,164
19,502
13,841
81787
2,5168
3,145
-8,8069 Min

Fig. 12. Distribution of the maximum principal stresses
in the adhesive layer

F: Static Structural
Maximum Shear Stress
Type: Maximum Shear Stress
Unit: MPa

Time: 1
02.09.2021 11:09

31,937 Max
28404

3,6732
0,14022 Min

Fig. 13. Distribution of maximum shear stresses
in the adhesive layer

F: Static Structural
Normal Stress 2

Type: Normal Stress(Y Axis)
Unit: MPa
Global Coordinatef
Time: 1
02.09.2021 11:07

16,171 Max

Fig. 14. Distribution of normal stresses perpendicular
to the adhesive layer surface

The performed calculations show that shear
stresses dominate in the adhesive layer of the analyzed
joint, to a greater extent than in lap joints. It follows
that the proposed samples meet the criterion of joints
loaded in shear and can be used in impact tests.

Additionally, numerical calculations were carried
out in which the type of bonded materials (Young's
modulus) was changed, the length of the overlap and
the thickness of the bonded elements under the same
load. The results of these calculations are presented in
Table 1.
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Table 1. The relationship of stresses in the adhesive layer on the type of joined materials, the thickness of the bonded elements
and the length of the overlap

Thickness of the joined elements 6 mm Thickness of the joined elements 5 mm

Overlap 15 mm 25 mm 25 mm
Material duralumin duralumin brass steel duralumin brass steel

Stresses [MPa]

OVM 68.4 55.3 48.9 419 59.7 524 44.4
cl 55.5 422 35.0 28.2 45.2 37.3 29.8
Tmax 39.5 31.9 28.3 24.2 345 30.2 25.6
oY 22.8 16.2 11.6 7.5 17.3 12.5 8.1

ovm — von Mises stress, 6 | — maximum principal stress, Tmax — maximum shear stress, oy — hormal stress perpendicular
to the adhesive layer surface

The calculations show that in the case of
standardization of such a test method, the length of the
overlap, the thickness of the bonded elements and their
width should be determined. When changing the
distance between the supports from 43 to 60 mm, the
calculated stresses increased by about 50%. If we
assume that the criterion of dynamic failure was only
the value of stresses in the adhesive layer, then the
highest failure energy should be obtained for steel
samples of greater thickness, jointed with a longer lap
and with a smaller spacing of support.

3. Research methodology

Rectangular cross-section bars with dimensions of
12x5 or 12x6 mm were cut into 45 mm long sections.
On one side of the sample, a surface with a side length
of 25 mm intended for adhesive bonding was marked.
The joined surfaces were prepared for adhesive
bonding using various methods: only degreasing with
extraction gasoline, roughening with abrasive cloth
No. 80 and degreasing with gasoline, or sandblasting
with corundum and degreasing with gasoline. Two
elements made of a 12x5 mm flat bar 45 mm long each
were adhesively bonded, with an overlap of 25 mm.
The bonded elements were made of brass M69, steel
C45 and aluminum alloy AW 3035 H12).

Adhesives were applied to both dried surfaces. To
obtain the appropriate thickness of the adhesive layers,
sewing threads were placed in them or not. Epidian 57
resin was mixed with the Z1 hardener in weight
proportions of 100 to 10.5. The ingredients of other
adhesives are dosed automatically while squeezing
them from the packaging. The samples were bonded in
a special device with low contact pressures exerted by
springs. The adhesives were cured according to the
manufacturers' recommendations (Epidian 57 - 24 h at
ambient temperature and 5 h at 80°C, Loctite 9464 —
7 days at ambient temperature, DP 420 — 48 h at
ambient temperature, Raychem — 24 hours at ambient
temperature).

After the joints had hardened, the adhesive flashes
were removed using a metal cutting saw blade and an
abrasive cloth. The samples were mounted centrally
in swing hammers. The experiment was conducted
mainly on a SW — 5 swing hammer with an energy of
50 J and a speed of 3.8 m/s with a support spacing of
43 mm (Fig. 15) and on a pendulum hammer Julietta
with the energy of 7.5 J with a spacing of supports
60 mm (only one batch of samples).

Fig. 15. Sample placed on a pendulum hammer

Five samples in each batch were tested and the
energy of destruction of joints was recorded (Fig. 16).
The results were analyzed statistically by calculating
the mean value and confidence intervals at the 95%
significance level.
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Fig. 16. A batch of brass samples bonded with
Epidian 57 / Z1 adhesive

4. Experimental tests

In the first stage of the research, the influence of
the thickness of the adhesive layers and their stiffness
on the impact strength of the joints was estimated. The
adhesively bonded surfaces were roughened with
abrasive cloth of granulation 80 and washed with
gasoline. Three batches brass samples of 5 pieces each,
were bonded with adhesive: Epidian57 / Z1 (thickness
of adhesive layer 0.04 mm), Epidian 57 / Z1 (thickness
of adhesive layer 0.3 mm) and Raychem S-1125
characterized by great flexibility (thickness of adhe-
sive layer 0.25 mm) and one batch of steel and
aluminum alloy samples were bonded with Epidian
57 | Z1 adhesive (thickness of the adhesive layer
0.3 mm).

The tests were carried out on a pendulum hammer
SW — 5. The nature of the destruction of the adhesive
layers of brass samples is shown in Fig. 17.

The results of the tests with confidence intervals
for the 95% level of significance are presented in
Table 2.

Fig. 17. The nature of destruction of adhesive layers with
a thickness of 0.3 mm (Epidian 57 / Z1 adhesive)
and 0.25 mm (Raychem adhesive)

Table 2. Results of impact tests

Adhesive Epidian57/Z1 Epidian57/71 Raychem Epidian57/Z1 Epidian57/Z1
v g=0.04 mm g=0.3 mm g=0.25 mm g=0.3 mm g=0.3 mm

Material brass steel AW 3035
1.8 2 3.5 1.5 2431
1.7 2 3 1.3 2'1
Energy [J] 1.6 1.8 3.6 1.4 1'7
1.7 2.1 2.8 1.5 2'3
1.7 22 3.1 1.6 17

Average energy [J] 1.7£0.03 2.02+0.18 3.2+0.46 1.44+0,19 2.08+0,33
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The test results are characterized by satisfactory
repeatability and as expected, a significant influence
of the adhesive layer thickness and adhesive stiffness
on the impact strength of the tested joints.

The impact strength of steel and brass specimens
adhesively bonded with Loctite EA 9464 adhesive was
also compared with different spacing of supports. In
this case, the tests were carried out on a pendulum
hammer Julietta with a spacing of supports 60 mm.
The results of the specified energies are shown in
Table 3.

Table 3. Comparison of the failure energy of brass and steel
samples bonded with Loctite EA 9464 adhesive, tested at
different spacing of supports (steel samples only washed with
gasoline, brass samples roughened with cloth 80 and degreased)

Spacing of supports 60 43
Material Average energy of failure [J]
steel 1.48+0.22 1.88+0.26
brass 2.43+£0.36 4.12+0.22

According to the results of numerical calculations,
the increase in the spacing of supports resulted in
a decrease in the energy of joint destruction.

Even though in the adhesive layers of steel
samples there are lower stresses than in the brass
samples under the same static load, their impact
strength turned out to be lower. This may be due to the
different adhesion of the adhesive to different
materials or the lower impact strength of the stiffer
joints.

To compare the adhesive properties of steel, brass
and aluminum alloy surfaces prepared for bonding by
various methods the tension strength tests were carried
out on cylindrical samples (Fig. 18) bonded with
Loctite EA 9464 adhesive.

_ 216

M12
225

B A / \\,, I A

Fig. 18. A sample for testing the tension strength of adhesives

Table 4. Tensile strength test results for Loctite EA 9464
adhesive bonding various materials

Surface Roughening with .cloth 80 Degreasing

treatment and degreasing

Material AW 3035 Brass Steel Steel

Strength, 26.4 37.1 315 17.59
MPa +2.35 +2.1 +2.3 +0.35

The research shows that when the surface
preparation for adhesively bonding with Loctite EA
9464 is roughened with cloth no. 80, better adhesive
properties are shown by brass than steel and aluminum
alloy. Only the degreasing of steel surfaces with
gasoline resulted in a significant decrease in the tensile
strength of steel samples (about 50%).

Table 5 compares the impact toughness of samples
made of different metals bonded with Loctite EA
9464.

Table 5. Comparison of the failure energy of samples made of
various materials bonded with Loctite EA 9464 adhesive
(surface treatment with abrasive cloth No. 80)

Material AW 3035 Brass Steel

4.43+0.80 4.12+0.42 5.68+0.27

Failure energy, J

The impact energy destruction of samples was also
tested, the surfaces of which were prepared for bonded
by sandblasting with electrocorundum and then
washing with gasoline. The test results are presented
in Table 6 (tests were performed twice).

Table 6. Comparison of the failure energy of samples made of
various materials adhesively bonded with Loctite EA 9464
(sandblasting of bonded surfaces)

Material AW 3035 Brass Steel
Failure cnray, | | 300E044 | 6.0450.48 | 445408
&Y, 2924026 | 5.06+0.57 | 4.57+0.12

The use of such a method of surface preparation
resulted in a significant increase in the destruction
energy of steel lap specimens loaded on the side
surface as well as brass specimens, but a decrease in
the energy of aluminum alloy specimens. This proves
the relevant influence of the adhesive forces on the
impact strength of adhesive joints.

Considering the high heat capacity of the samples
and the speed of performing the impact tests, tests of
the influence of temperature on the impact strength of
adhesive joints were carried out. The tests were carried
out on steel samples, sandblasted, adhesively bonded
with two adhesives: Loctite 9464 and DP 420. The
destruction energy of joints at ambient temperature
and heated in a laboratory oven to 60°C was tested. To
eliminate the effect of increased temperature on the
hardening of the adhesive, all samples were annealed
at 60°C, and some of the samples intended for testing
at ambient temperature were then cooled. The test
results are presented in table 7.
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Table 7. Comparison of the destruction energy of steel samples
at ambient and elevated temperature of 60°C

Adhesive

Temperature

Loctite 9464 DP 420
200c | 60°c | 20°Cc | e0°C

For both adhesives, a significant decrease in the
impact strength of the tested joints was found at an
elevated temperature of 60°C. An inverse relationship
was expected, as the adhesive layer will become more
flexible with increasing temperature. It was assumed
that the reason for the decrease in impact strength may
be stresses caused by different values of linear
expansion coefficients of steel and adhesives.

D: Copy of Sila 6600
Maximum Principal Stress
Type: Maximum Principal
Unit: Pa

Time: 1

17.01.2023 1¢:19

6.7661e 7 Max
6,045627
5,3252¢7
4,604967
3,8844¢7
3,16307
2,4435¢7
1,7231e7
1,0027e7
2,82246 Min

Numerical calculations were carried out in the
ANSYS 19 system, in which the sample was first
loaded with a force of 6600 N (resulting from tests of
the static strength of such joints), and then with the
same force and a temperature increase of 40°C.

For steel, the value of the linear expansion
coefficient oo = 1.2 10-5 1/C was declared, and for the
adhesive o =5 10-5 C. temperature change.

Fig. 19 and 20 show the distributions of the
maximum principal stresses in the adhesive layers:
loaded with force and loaded with force and
temperature change.

Fig. 19. Maximum principal stresses in the adhesive layer loaded with a force of 6600 N

E: Copy of Sita6600 iTemp,
Maximum Principal Stress
Type: Maximum Principal Stress
Unit: Pa

Time: 1

17.01.202310:12

8,1319e7 Max
7,2231e7
6,3142¢7
5,4054e7
4,4065¢7
3,5877¢7
2,6789¢7
1,777
B8,6116e6
-4,7681e5 Min

Fig. 20. Maximum principal stresses in the adhesive layer loaded with a force of 6600 N and a temperature increase of 40°C

Even though the load on the joint with only
a temperature increase of 40°C generated stresses in
the adhesive layer of about 2.5 MPa, the increase in
stresses in the adhesive layer loaded with force due to
the temperature increase was 13.6 MPa, i.e. it had
a significant impact on the joint effort.

5. Conclusion

In the joints of the samples tested according to the
proposed method, shear stresses dominate, i.e. those
that occur in properly designed adhesive joints.

The impact test in accordance with the propo-
sed method is characterized by a much greater
repeatability of results than in the case of testing block

or lap samples, which allows to reduce the number of
tested samples.

The tests can be carried out on typical pendulum
hammers with energies of 10 J, and the adhesively
bonded elements can be reused several times in the
tests after removing the adhesive from the previous
tests.

Considering the relatively high thermal capacity
of the proposed samples and the speed of the tests,
the proposed method enables the study of the influence
of temperature on the impact strength of adhesive
joints.
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