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Abstract

This communication highlights the study of glassektinterface behaviour where the
adhesion is achieved by gluing these two material®e investigation consists on the
experimental study of externally reinforced glapscémens with steel plates, using two
adhesive systems with different characteristicee Tdtus of this experimental study is to
analyse the effects of temperature and cyclic leqadin the structural response of adhesive
system. To do so, all the specimens are submitieal series of pull-out test that are
performed at +23 °C, +40 °C, +70 °C, and also eseaf cyclic tensile loading (only at
room temperature). The connection behaviour aratfate failure mode are evaluated.
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1 Introduction

The use of glass as a structural material has sdisedvantages compared to other
traditional materials, highlighting its reduced sé& strength and brittle behaviour. One of
the solutions found to increase the strength amdildy of the glass is its association with
other material (Louter [1]). The adhesive bond sohution that has been studied by several
authors (Overend [2]; Nhamoinesu [3]; Carvalho [4uter [5]; Machalicka [6]), since it
provides an adhesion with full transparency, avadithe use of any mechanical
connection, openings or application of bolted catioes. In this case, the load transfer
between the glass and the reinforcing materiacemplished by an adhesive layer and
consequently, the post-breakage behaviour of reiatbglass is dependent of this transfer.
However, the bond strength can be variable whemitdd to thermal and cyclic loadings,
due to the viscoelastic properties of structur&lesives.
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In this sense, the experimental study allows tduata the behaviour of the glued interface
between glass and steel when subjected to diffeeamperatures and cyclic tensile loads.
This work aims to contribute to the future studyeaternally reinforced glass beams with
steel elements through a high performance adhesistem, taking into consideration the
presence of combined bending and shear stresses.

2 Selection of adhesive systems

The selection of adhesive systems was based ofbpsekesearch of existing products on
the market, contact with companies that producgetirthese materials and consultation of
existing literature. Based on studies conductedidoyter [1] and Overend et al [2], it was
possible to select the most suitable adhesives, thé following basic criteria: high shear
strength; different levels of ductility; minimalde of strength after exposure to different
temperatures, ease of handling and quickly curinge.t The adhesive systems selected
were the 3M two-parts epoxy DP490 and the Huntstwarpart acrylate Araldite 2047.

3 Specimens description

All tested specimens are constituted by a simpdargular plate of tempered glass with
the dimensions of 36A.00x10 mnt. On each side of the glass plate were glued two
AIS| 304 stainless steel plates with dimensionsxB082 mnt. The stainless steel plates
were bonded with precision so as to be paralleis.impossible to guarantee that an equal
force is obtained in the two adhesive joints, wattsymmetrical test configuration, but
instead an average value of the force is dividethbytwo interfaces. All dimensions have a
tolerance of 1 mm. The specimen setup is showrigare 1a). The bonding area has 40
mm high by 30 mm width and the thickness of theeadle has a value of 0.3mm. In order
to ensure the adhesive thickness of 0.3 mm inpa&tisnens, was placed a spacer between
the two stainless steel plates during bonding amghg time, as is shown in figure 1c).

(Glass plate 300x100x10mm3

Adhesive 40x30x3mm3

Stainless steel plates 170x30x2mm3

c) Detail of the spacer and
adhesive bond

a) Specimen b) Scheme of specimen

Figure 1: Specimen setup
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All surfaces of steel and glass were carefully méeh with isopropyl alcohol before
applying the adhesive. In the contact zone, thimlets steel plates were sanded before
applying the adhesive to allow greater adhesiowden the two materials. The curing time
for all specimens was 72 hours, independent oathesive used.

4  Test procedure

The test setup is shown in Figure 2. The tests wertormed with the machine Microtest
EM1/50 which has a maximum capacity of 50 kN.

— steel bolt M10.9
- supporting structure /

glass T
>\ aluminum chock %

7~ steel support bar with two grooves

— stainless steel plates -

support piece between the steel plates

Figure 2: Test configuration

The specimen is supported on two steel piecesatwffixed to the upper of Microtest
machine.A steel piece was designed with two grooves thatuenthe support of the
specimen at the top of machine and allow the cngssf both stainless steel to the lower
part of the machine. The displacement is imposetherlower part of machine where the
two stainless steel plates are fixed. Therefoneait possible to impose equal values of slip
between the steel plates and glass in both adhgsits. Among the steel piece with two
grooves and the specimen is placed an aluminiungav@cich has a modulus of elasticity
equal to the glass, preventing the occurrencere$stconcentration in the contact zone and
the consequent premature failure of the gllserder to measure the slipping between steel
plates and glass in the adhesive bond, were désigradditional steel pieces that were
glued on each stainless steel plate.

Monotonic tests were displacement controlled amlisplacement rate of 0.2 mm/min was
applied for all specimens. At the beginning of etes$t, was applied a pre-load of 0.5 kN
with a displacement rate of 5 mm/min. The testsevebvided into three series for the three
levels of temperature: 23 °C, 40 °C and 70 °C.akhdest series were tested at least three

3
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specimens for each type of adhesive. The specinesied at 4°C and 7 °C were
previously heated for :h in the Fitoclima 300 climate chamber with a cant
temperature and relative humidity of %.

Cyclic tests were divided into three series. Inheaeries of tests were performed ei
cycles and controlled with loading rate ¢ kN/s. After end of cyclesall specimen:
achievedfailure with displacement control and rate «mm/s. At the beginning of eac
test, was applied a ptead of 0.! kN with a displacement rate ofdBm/min The tested
adhesive was the Huntsman Araldite 2047. The di&fimiof minimum and maximur
limits for each series of cycles had i benchmarkthe maximum capacity obtain by the
adhesive Araldite 2047 ithe monotonic pull-outest at temperature of °C. In the
Table 3 are presentélde parameters for each serieccyclic tests.

) . Lower limit Upper limit Loading rate Displacemen
Series Specimens  Cycles [% Pra] % Pra] (cycle) [kN/s] rate up to _fa||ur
[mm/min]
| 3 8 25 50 > >
Il 3 8 50 75 > 5
I 3 8 65 % 5 2

Table 3: Parameters for togclic test:

The average temperature measured i test room was 23C with an average relati
humidity of 55 %.

5 Results of monotonic pul-out tests

The results achieved by monotonic tests at diffetemperatures are presentedrigure 4.
In the forcedisplacement diagrams are represented one of tested specimens for ea
series of temperature: 23°C, 40°C and 7

A Monotonic pull-out tests - AR .5 Monotonic pull-out tests - 3M
- 38 30 10 23°C|
40°C 40°C
35 —_—00 gg —70°C
30 = 4
£ 2% £ % A
2 20 8 20 -
S 15 e — — 15 4
10 | 10 -
5 5 -
0 = T T T T T 1 0 T T T T T 1
N2 0 02 04 06 08 1 12 0 02 04 06 08 1 12
Displacement ( mm) Displacement ( mm)

Figure 4: Forcalisplacement diagranfor the monotonic tests for different temperatures
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5.1 Temperature of 23 °C

All Araldite 2047 specimens experienced plastiodeftion before failure and exhibited a
lower load capacity in comparison with 3M DP490 esitre. The mean load capacity of the
three tested specimens was approximately 20.39rkhll specimens was observed failure
at the steel/adhesive interface. The 3M DP490 spmws showed brittle behaviour,

although they presented a higher mean load cap&@itlure at the steel/adhesive interface
at relatively low values of slip was observed ihspecimens. The mean load capacity of
the three tested specimens was approximately 2N37

5.2  Temperature of 40 °C

There is a significant difference between the bghavof the two structural adhesive
systems. In the Araldite 2047 tests, was observedthemn load capacity loss of
approximately 15 % compared with the results olet@iat ambient temperature. The mean
load capacity of the three tested specimens wasozippately 17.26 kN. However, all
specimens showed failure at the steel/adhesivefast with plastic deformation prior to
failure. In the 3M DP490 tests, glass failure whsesved at relatively low values of slip. It
was only possible to obtain the load capacity efd@dhesive until the glass failure. It was
concluded that the adhesive showed higher loadciégpa comparison with the results
obtained at ambient temperature, since no faile@iwed at the adhesive/glass interface.
The mean load capacity of the three tested spesimeas approximately 39.82 kN,
corresponding to the glass failure.

5.3 Temperature of 70 °C

In the Araldite 2047 tests was observed a meandagédcity loss of approximately 27 % in
comparison with the results obtained at ambientptrature and 13 % compared to the
results obtained at 40°C. The mean load capadtyhmree tested specimens was
approximately 14.94 kN. Failure at the glass/adiesnterface was observed in all
specimens. The 3M DP490 specimens showed a Hatllee without plastic deformation
prior to failure. Glass failure at relatively lovalaes of slip was observed in all specimens.
It was only possible to obtain the load capacityhef adhesive until the glass failure. It was
concluded that the adhesive showed higher loadcigpi@ comparison with the results
obtained at ambient temperature, since no failweuwed at the adhesive or steel/glass
interface for higher load values. The mean loadactyp of three tested specimens was
approximately 27.80 kN when glass failure occurred.

In all monotonic pull-out type tests wasn't obsdrvailure modes associated with glass
embedment by compression or associated with stairséeel plates. Failure modes are
represented in Figure 5.
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Figure 5: Failure modes for timeonotonic testsAdhesive failure (left); failure at the steel/adive
interface (center)glass failure (righ

6 Results of cyclic pul-out tests

The achievedesults by three series of cyclic tests are preseimFigure 6.In the force-
displacement diagrams are represented one of tistsaspecimens for each seri

25
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0 0,1 0,2 0,3 0,4

Displacement (mm)

Figure 6: Forcalisplacement diagrams for tcyclic tests at 23°C (left); Adhesive Failure (tigh

6.1 | Series

In the first series of tests, the adhesive exhibdaemean lad capacity of approximate
21 kN. Adhesive failurat very low slip values was obsenin all gpecimens

6.2 1l Series

In the second series of testhe mean load capacitwas approximately equal to tt
obtained in the first series of cyclic te (21 kN).However, all specimens showed adhe:
failure with plastic deformatioprior to failure.
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6.3 Il Series

In the third series of tests, the mean load capaets approximately 26 kN. However, all
specimens showed failure at the glass/adhesivefante with plastic deformation prior to
failure.

In all cyclic pull-out tests wasn't observed falunodes associated with glass embedment
by compression or associated with stainless statdg

7  Conclusions

The main purpose of this paper was to identify aathpare the behaviour of the glued
interface between glass and steel when subjectedifferent temperatures and cyclic
tensile loads at 23°C.

In Figure 7 and Table 8 are presented the comparggsults of the mean load capacity of
the monotonic and cyclic tests.

40 40
35 35
30 \ 30
_ 2 / _ 25 *
S % - < ‘o’ao/
'é \ 5
S 15 — S 15
=g Fmax (AR)
10 10
Fu(AR) e FMiAX
5 - === Fmax (3M) 5 1
== Fu (3M) +=Fu
0 0
23°C 40°C 70°C | I I
Temperature N. Series
a) Monotonic test with different temperature b) Bytests at 23°C

Figure 7: Comparative graphs between monotoniacgolic tests
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Mean maximum Mean failure] Mean extensioh Mean extensiof
load load| at maximum loag at failure load
[kN] [kN] [mm] [mm]

Monotonic pull-out tests

Araldite 2047

23°C 20.39 19.01 0.69 0.81
40°C 17.26 16.26 1.05 1.17
70°C 14.94 13.16 0.44 0.49
3M DP490

23°C 24.37 23.89 0.21 0.21
40°C* 39.82 38.86 0.28 0.29
70°C* 27.80 27.57 0.30 0.30

*glass failure: load capacity of adhesive beforesglfailure.

Cyclic pull-out tests

Araldite 2047

| 20.96 20.84 0.32 0.33
Il 21.03 20.61 0.27 0.35
1l 25.98 25.74 0.41 0.44

Table 8: Numerical results of monotonic and cyplidi-out tests

Based on the results achieved by monotonic andccyuall-out tests, it can be concluded:

The Araldite 2047 adhesive has a good structurdlopeance for the type of
connection studied; in the specimens were obsemdbdsive failure or failure at
the adhesive/glass interface and showed good s$teangth; the percentage
maximum loss of load capacity was only 27 %; theesil’e exhibited significant
plastic deformation; easy handling; the effect bé tcyclic loading does not
significantly affect the load capacity of the adlesAraldite 2047, having been
observed a decrease of plastic deformation wherpaogd to the results obtained
in monotonic tests at ambient temperature.

The 3M DP490 adhesive showed higher load capatibilimonotonic tests; the

adhesive exhibited lower values of load capacitthantests at 23°C; brittle failure

at very low slip values was observed; glass failorests at 40°C and 70°C: it was
only possible to obtain the load capacity of thbemive until to glass failure; easy
handling.
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