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Abstract Demand for structural glazing joints has
increased considerably in recent years due to the ever-
increasing loads resulting from growing dimensions,
especially in spectacular glass structures. Within the
scope of planning and production monitoring, exist-
ing influences are analyzed based on the standard H-
sample from the current structural glazing guidelines.
These guidelines do not define any specific methodol-
ogy or guidance for manufacturing test specimens. For
determining load-bearing properties, various parame-
ters, such as specimen age and curing condition, have a
relevant influence during and after manufacturing. This
study aims to investigate the manufacturing process for
H-specimens systematically to identify and minimize
the interfering influences. On this basis, the influence of
the curing of modified H-specimens was investigated in
detail for specimens under tensile load. Next to curing
at room temperature, tempering at 40 °C was investi-
gated for two different H-joint geometries. Thereby, a
relevant influence of specimen age and different curing
conditions on the strength as well as stiffness proper-
ties could be determined. As one result of the study, the
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curing time can be shortened by tempering the spec-
imens in relation to the specified 28 days by ETAG
002-1. For calculation methods used in practice, like
the structural spring method, suggestions for statisti-
cally validated strength and stiffness parameters repre-
senting the load-bearing behavior are proposed, consid-
ering the adhesive’s curing state and the joint’s nominal
stress.

Keywords Structural glazing - Civil engineering -
Silicones - Curing - Manufacturing - Joint properties

1 Introduction

Structural glazing (SG) has become widely accepted
for connecting glass elements as an alternative to
mechanical mountings when using glass in construc-
tion. The used silicone elastomers can be assigned to
the class of rubber-like materials (Treloar 1975), which
results in acomplex mechanical behavior (Martins et al.
2006; Meunier et al. 2008). This behavior depends
on numerous factors. Several of these properties have
been addressed in scientific research. The general load-
bearing behavior and first suggestions for the design
of structural silicone bonds are given in (Hagl 2006,
2007). In (White et al. 2012; van Lancker et al. 2016;
Wallau et al. 2021), the influence of environmental
factors, like temperature, humidity, ultraviolet radia-
tion, and cyclic movement, on the durability of sealant
systems was investigated. (Schuler et al. 2017; Bues
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et al. 2019; Bues 2021) researched the load-bearing
behavior of joint-like samples under geometry, temper-
ature, and moisture aging modifications and proposed a
tension-shear interaction and a cavitation-based failure
criterium.

In Schuler et al. (2017), initial results were obtained
on the influence of artificial heat aging on SG sili-
cones. Based on shear-stressed single-lap joint speci-
mens, no influence of temperature aging on strength or
stiffness could be determined. Based on shear-stressed
H-specimens, strength and stiffness were increased due
to heat aging at 45 °C for 21 and 42 days, compared
with the reference specimen. No relevant influence was
observed due to the different aging times. The reference
specimens were cured at RT for 7 days and afterward
annealed at 45 °C for 6 h.

The numeric representation of the deformation
behavior by extended hyperelastic material models was
part of several investigations (Dias et al. 2014; Richter
2018; Drass 2020; Rosendahl 2020; van Lancker et al.
2020). In addition, efforts have been devoted to defin-
ing criteria for predicting failure (Santarsiero 2015;
Descamps et al. 2017; Staudt et al. 2018; Richter et al.
2021). All these approaches have in common that devel-
oping and calibrating a complex and time-consuming
numerical model is necessary.

A method for determining a semi-probabilistic
material safety factor for SG-silicones is proposed in
(Drass and Kraus 2020b; Kraus and Drass 2020), where
the material properties of joints exposed to different
temperature conditions and after artificial aging are
investigated. A Eurocode-compliant approach to using
FEM is suggested by (Drass and Kraus 2020a).

From a normative point of view, for designing SG
joints in curtain wall facades, (ETAG 002-1, ASTM
C1401-14, DIN EN 13022-1:2014-08, EN 13830:2015
+ A1:2020) define concepts for quality assurance and
simplified calculation methods. The width /. and thick-
ness e of SG joints of four-sided fixed glass panes can
be calculated via (1) and (2) from (ETAG 002-1). These
expressions can only be applied when the joint geom-
etry complies with the boundaries in (3-5). For joint
geometries beyond the scope of the (ETAG 002-1), fur-
ther investigations are needed to account for the volu-
metric load-bearing behavior of the SG silicones.

To ensure an economical and safe planning pro-
cess, comparatively high global safety factors cover
the existing uncertainties and inaccuracies. oes is cal-
culated via (6) to account for these uncertainties and
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inaccuracies, which arise on the material side due to
environmental or manufacturing influences and on the
design side due to simplified material models and ana-
lytical approaches as described in the previous para-
graphs.

w
he > [mm] (D
20 4es
A
e > [mm] )
Tdes
e<h <3 3
e > 6mm 4)
he <20mm ®))

with i, = width of the SG joint; e = thickness of the
SG joint; a = short side dimension of the glass plane
[mm]; w = relevant combined actions of wind, the
snow, self-weight [MPa]; o 4. = design stress under
tension [MPa]; A = maximum thermal movement—-
combined strains in both directions [mm]; G = shear
modulus [MPa]; t4.s = design stress under shear [MPa]

Odes = % [mm] ©6)
Y

with oy = characteristic breaking stress giving 75%
confidence that 95% of the test results will be higher
than this value [MPa].y = method or safety factor = 6

A pragmatic method that has become established
and is frequently used in civil engineering is the mate-
rial modeling of the SG joint using spring elements
(Fachverband Konstruktiver Glasbau e.V. 21.09.21,
Schuler et al. 2019; Descamps et al. 2020). This type
of modeling brings several advantages to the practi-
cal application. The interaction between the adhesive
joint and the global loadbearing structure can be mod-
eled sufficiently precisely, efficiently, and clearly. In
the case of large structures, it is impossible to ideal-
ize the joint with 3D FEM elements for all applica-
tions. The calculation effort increases immensely here,
especially for different investigated joint properties. In
addition, the high number of load combinations due to
the combinatorics from (DIN EN 1990:2010-12) leads
to an increase in calculation effort. However, the user
must always be aware of the application’s limits and
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uncertainties. Due to the safety factors’ magnitude, the
bond’s deformation behavior is only represented to a
small extent. In addition, no conclusion can be drawn
about the internal stress state of the bonded joint com-
pared to modeling with 3D FEM elements.

When the modeling is performed using the ideal-
ization of the joint properties by structural springs,
the linear adhesive joint is modeled using a series of
force—displacement springs. The definitions of a joint
section’s spring elements are illustrated in Fig. 1a. The
adhesive joint can be modeled with these spring ele-
ments defined, as shown in Fig. 1b. The supporting
structure is modeled as a beam element, and glass pane
with a shell element, and the SG-joint via springs with
the distance Ar. Modeling with the structural spring
elements ensures that the stiffness properties of the
global model (shell and beam elements) and the con-
necting SG-joint can be considered in the same model
and that interactions are captured during verification.

As an alternative, the analysis of the bonded joints
can also be carried out with 3D FEM elements. This
may become necessary as part of the design process
if the application limits of the spring model can no
longer be complied with or a more precise analysis of
the internal stress in the joint is required. Appropriate
procedures are described in (Fachverband Konstruk-
tiver Glasbau e.V. 21.09.21, Maniatis et al. 2015; Drass
and Kraus 2020a).

When modeling the SG joints with structural spring
elements, the spring stiffness values are a decisive fac-
tor influencing the results of the structural calculation.
According to (Fachverband Konstruktiver Glasbau e.V.
21.09.21), these stiffness values can be provided by
adhesive manufacturers for joint dimensions within the
specifications of the ETAG and according to (3-5).

Project-specific stiffness values must be determined
experimentally for joint geometries deviating from the
limits defined in (ETAG 002-1). Using the permissi-
ble stress oges, the effective joint modulus Ejoint of the
SG-joint is determined according to (7). oges can be
calculated according to (6), where y can be reduced
to a factor of 4 with the permission of the adhesive
manufacturer. Alternatively, o4es can be taken from the
ETA of the adhesive manufacturer. Exemplary values
for the widely used bi-component structural silicone
DOWSIL™ 993 manufactured by Dow can be taken

Table 1 Material-properties of DOWSIL™ 993

Property Source

Odes,y6 [MPa] 0.14 y = 6 according to

(ETA-01/0005)

y = 4 according to
(Fachverband
Konstruktiver Glasbau
e.V.21.09.21), when
approved by the
manufacturer

Odes,y4 [MPa] 0.21

Ok,ETA [MPa] 0.84 Determined from o/,

Ey [MPa] 1.4 Elastic modulus in
tension tangential to
the origin — Dogbone

test (ETA-01/0005)

(Descamps and Hayez
2018) (Descamps
etal. 2017)

Joint modulus at origin
for 12 x 12 mm? SG
joints (Descamps and

Eoung [MPa] 19523

E joint [MPa] 4.1

Hayez 2018)
from Table 1.
0d
Ejoint = — [MPa] ()
€des

with Ejoine = Effective modulus of the SG-joint (joint
modulus) [MPa]; o4es = permissible stress [MPa]; €ges
= strain at permissible stress [—].

As an alternative, the determination of the joint mod-
ulus Ejoint of H-specimen under tensile load can also be
performed using a rigidity factor fyigidity according to
(Descamps et al. 2017). The rigidity factor fijgjqity can
be calculated from the aspect ratio %./e according to
Eq. (8) for the investigated SG silicone DOWSIL™ 993.
This relation can differ for other adhesives depending
on the adhesive type and the Poisson ratio (Feynman
et al. 2010). With this fijgjqity, the effective joint modu-
lus Ejoint can be calculated based on the young modulus
of the adhesive under uniaxial tension Eyoung, thatis not
influenced by the joint geometry, via Eq. (9) (Descamps
and Hayez 2018; Descamps et al. 2020).

frigidity = 0.5743 x he/e + 1.52[—] 8)

Ejoint = frigidity * Eyoung [MPa] )]
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Fig. 1 Idealization of a joint
section by structural spring
elements: a definition of the
spring elements of a joint
section; b illustration of a
model of an SG-joint
between supporting
structure and glass pane

with fiigiaiy = rigidity factor [~]; Eyoung = Young
modulus of the adhesive under uniaxial tension [MPa].

With Ejoint, the tensile stiffness for the structural
spring element ky can be calculated with Eq. (10)
according to (Fachverband Konstruktiver Glasbau e.V.
21.09.21). The shear stiffness for the structural spring
ky is calculated accordingly with the joint shear mod-
ulus Gijpint-

Eigint* A[ N
kN = joint 10
N e mm ( )

with kny = Tensile stiffness of the structural spring
element [N/mm]; ., = Width of the SG-joint [mm];
A = h, * Ar = Area of the structural spring element
[mm?]; e = Height of the SG-joint [mm].

Despite silicones being barely influenced by temper-
ature thanks to their low glass transition temperatures
(Habenicht 2009), typical influencing factors for plas-
tics like (artificial) aging, the curing conditions, cur-
ing time, and the manufacturing process of the sam-
ples affect the properties of the SG joint. According
to (ETAG 002-1), the initial mechanical strength test
should be carried out with H-samples with a joint geom-
etry of 12 x 12 x 50 mm? conditioned for 28 days after
manufacturing at a temperature of 23 + — 2 °C and 50 +
— 5% relative humidity. (ETA-01/0005) defines a min-
imal time before transport of 21 days. Earlier transport
may be allowed when the rupture is 100% cohesive and
a minimal breaking stress of 0.7 MPa in the H-sample
can be achieved.

The current SG guidelines do not define any spe-
cific methodology or guidance for manufacturing test
specimens. For the determination of load-bearing prop-
erties, various parameters have an influence during and
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after the manufacturing process. In this publication, the
manufacturing process for modified H-samples in the
style of (ETAG 002-1) is systematically investigated
to minimize the interfering influences and to ensure an
efficient determination of constant material properties.
A systematically investigated and secured procedure
to manufacture SG-specimen will be suggested. The
aim is to make the sample production as economical as
possible without compromising the test results.

The primary investigations aim to analyze the influ-
ence of the curing behavior of the specimens. The influ-
ence of different curing conditions on the properties
is determined for specimens under tensile load. Vari-
ous parameters such as specimen age, strength, stiff-
ness, and failure pattern are checked for two differ-
ent joint geometries to compare the curing methods.
Depending on the curing method, a minimum speci-
men age is determined from which no relevant influ-
ence can be expected from the curing. The calcula-
tion methods used in practice, like the structural spring
method, require material parameters that represent the
load-bearing behavior to be applied. Therefore, sugges-
tions are made for statistically validated strength and
stiffness parameters for different curing conditions.

2 Experimental investigations

2.1 Method and specimen manufacturing

2.1.1 Definition of joint dimensions

The general shape of the modified H-specimen is based

on the specifications in (ETAG 002-1) and was devel-
oped by (Schuler et al. 2017; Bues et al. 2019; Bues



Investigations on the influence of manufacturing and curing effects

Table 2 Joint geometries of the investigated modified H-
specimens

Geometry Joint dimensions
[mm?]
Height e [mm] Width h, Length |
[mm] [mm]
12 x 12 12 12 100
8 x 24 8 24 100

2021). Besides the standard geometry of 12 x 12 mm?,
an additional joint geometry of 8 x 24 mm? is inves-
tigated representing the limit value %, /e < 3. to apply
the calculation method in accordance with (ETAG 002-
1) or the spring model in accordance with (Fachver-
band Konstruktiver Glasbau e.V. 21.09.21) without fur-
ther stiffness investigations. The width of the joint &,
slightly esceeds the limit of 7, < 20mm according
to (ETAG 002-1). The length [/ of the modified H-
specimen is increased from 50 to 100 mm compared
to the ETAG H-specimen geometry to reproduce the
behavior of a continuous joint more precisely (Schuler
et al. 2017; Bues et al. 2019). The investigated geome-
tries are summarized in Table 2.

2.1.2 Material and surface preparation

When designing specimens according to (ETAG 002-
1), the exact material specifications used in the project
and the surface preparation products must be used for
the specimen. Two T-profiles (T 50 x 50 x 5 mm?)
were used as a support profile to provide a rigid load
path to the adhesive for the modified H-specimen used
for these investigations. The rigid connection between
the specimen and the testing machine ensures that the
results are not influenced by deformations in the test
setup or slippage, especially in the initial part of the
test part.

Natural extruded aluminum (EN AW 6060 T66) was
selected due to better machinability and lower cost of
materials in contrast to (Schuler et al. 2017), where
stainless steel and float glass was used as substrate
materials. Figure 2 shows the modified H-specimen in
comparison to a standard H-specimen. Prior to bond-
ing, the aluminum was cleaned and wipe-degreased

Fig. 2 H-specimen according to (ETAG 002-1) and mod-H-
specimen with 12 x 12 mm? and 8 x 24 mm? joint ratio (left to
right)

with isopropanol. After cleaning, the primer recom-
mended by the adhesive manufacturer was used before
applying the adhesive.

The influence of the surface treatment of the alu-
minum raised some uncertainties and was therefore
investigated in preliminary studies. Next to the natural
surface, the oxide layer was removed by a rough abra-
sive fleece with a comparable grain size of 180-220
before manufacturing. No relevant influence could
be analyzed by the two surface pretreatments when
analyzing the load-bearing behavior. All specimens
showed similar stress—strain curves and a 100% cohe-
sive failure, and no relevant difference in the failure
pattern was detected.

Since the cohesive fracture pattern required in
(ETAG 002-1) could also be determined in all further
tests, as described in Sect. 2.3.5, it is assumed that the
substrate surface has no relevant influence on the results
of the load-bearing capacity tests shown here. Further-
more, it should be noted that the surface of the sub-
strates can have a considerable impact when analyz-
ing, for example, the artificial aging behavior of SG-
adhesives or when planning real constructions. Here,
only substrates are permitted to be used according to
the manufacturer’s specifications. The proposed way
here seems reasonable in the interest of carrying out
economically bearing capacity tests. For further exam-
inations, the fracture pattern must continue to be con-
sistently monitored to avoid influences. All specimens
tested for this publication were manufactured with nat-
ural aluminum surfaces.
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Fig. 3 Preparation of the T-profiles with plastic spacers on the
bottom

2.1.3 Manufacturing

The specimens were manufactured under controlled
laboratory conditions using a bi-component silicone
material commonly used in the facade industry used
for structural glazing systems. The adhesive was pro-
cessed in an industry-standard mixing and dispensing
system. Manufacturing took place at the company seele
in Gersthofen, Germany.

Prior to the bonding process, the T-profiles were
aligned perpendicular and fixed on mounting pro-
files. Plastic spacers manufactured out of polytetraflu-
oroethylene (PTFE) were placed under the T-profiles
to achieve precise cross-section dimensions, as shown
in Fig. 3. The joints were filled from the top from one
side to the other with adhesive. After filling, the sec-
ond plastic spacer was pushed into the gap, and the
excess adhesive and air could escape to both sides. The
two mounting profiles were clamped together with two
clamps (Fig. 4) to secure the plastic spacers and get the
precise height of the joint. After a minimum of 2 days of
curing, the plastic spacers were removed, and the pro-
truding ends of the adhesive were cut off with a sharp
knife. The end of the finished specimen after cutting
the protruded adhesive is shown in Fig. 5 for the two
joint geometries.

Prior to testing, the real dimensions of the joint were
measured with a digital caliper. All evaluations in this
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Fig. 4 Clamped and finished specimen with excess adhesive and
two plastic spacers

Fig. 5 End of the finished specimen after cutting the protruded
adhesive

publication are based on real dimensions to avoid over-
estimating the adhesive’s load-bearing capacity.

2.1.4 Methods for investigation of the manufacturing
and curing influence

In preliminary tests, various parameters of the manu-
facturing process were analyzed and compared. Based
on these investigations concerning the surface prepara-
tion of the aluminum profiles, the used material of the
plastic spacers, and the dimensional accuracy of the
joint cross-sections, the basis for the primary experi-
mental investigations was established.

Curing conditions at room temperature (RT) can
be defined as the standard method for SG adhesives.
In addition, tempering at + 40 °C in a heating cabi-
net was selected as an alternative method, as storage
at increased temperature was found to have a deci-
sive influence on the load-bearing behavior of tensile-
stressed H specimens. According to the Arrhenius
equation, describing the kinetics of chemical reactions,
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Table 3 Methods for

specimen curing Method Pre curing Temper-ing 40 °C Post curing Total age at testing
[days] [days] [days] [days]
RT 7 7
14 14
21 21
40 °C 7 6 1 14
(40) 7 13 1 21
40 °C +RT 7 6 8 21
(40+4) 7 13 8 28
Table 4 Test matrix with
production batch for the Geometry RT 40 40+
curing behavior [mm?] 7d 14d 21d 14d 21d 21d 28d
12 x 12 /11 1 I 1 1 I I
8 x 24 1 11 11 11 11

the rate of chemical reaction increases with the tem-
perature. With every 10 °C increase in temperature,
the chemical reaction rate approximately doubles (Gent
2012) according to a rule of thumb. No harmful influ-
ence is expected by this environmental condition, as the
maximum processing temperature is in this range and
according to (Schuler et al. 2017). All specimens were
pre-cured for 7 days at RT before tempering them in the
heating cabinet to generate a fundamental strength. The
plastic spacers were removed during this time, and the
excess adhesive was cut off. Besides the fundamental
strength needed for better specimen handling, immedi-
ate tempering could generate bubbles during curing.
Generally, all specimens stored at RT were tested
7, 14, and 21 days after manufacturing. For the cur-
ing method “40” at the higher temperature, the sam-
ples were tempered for 6 and 13 days. After temper-
ing, the specimens were post-cured for 1 day at RT to
recondition. A total age at testing of 14 and 21 days is
reached. To analyze the influence of being stored at RT
for longer after tempering, the samples cured with the
method “40+” were post-cured for 8 days and tested
with a specimen age of 21 and 28 days. Table 3 sum-
marizes the investigated curing methods. All methods
were tested with the standard joint geometry of 12 x
12 mm?. Furthermore, multiple curing conditions were
selected for testing with the 8 x 24 mm? joint geom-
etry of the modified H-specimen. For each test series

with the same parameters investigated, 6 samples were
manufactured and tested.

All samples for investigating the effect of the curing
condition on the properties of SG joints were manu-
factured in two production batches (I and II) with two
different charges of SG silicone used. All other param-
eters relevant to production were changed as little as
possible.

The initial reference properties of curing at RT for
7 days were produced two times with the two different
charges of SG silicon to obtain an additional indication
of the variance between the two manufacturing batches.
Anoverview of the investigations carried out, including
the production batch, can be found in the experimental
matrix in Table 4.

2.2 Testing

All modified H-specimen were tested under global ten-
sile load, related to a load acting at a 90° angle to
the joint. The tests were carried out in a 100 kN uni-
versal testing machine, “Instron 5982”, with an inter-
posed 10 kN load cell under displacement control. The
load rate was selected according to (ETAG 002-1) with
5.0 mm/min for the joint with a height of 12 mm. The
displacement rate here was 3.3 mm/min to maintain the
strain rate for the 8 mm joint. Strain and load rates for
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Table S Loading and strain rates

Geometry Joint thickness Displacement Strain

[mmz] [mm] rate rate
[mm/min] [1/min]

12 x 12 12 mm 5.0 0.42

8 x 24 8 mm 33 0.42

Fig. 6 Test setup with load application structure, test specimen,
and load direction

the tested joint dimensions are listed in Table 5. The
test samples were mounted with screws in a rigid test-
ing device manufactured from 10 mm thick steel. The
displacement was measured with the deformation of
the crosshead of the testing machine. Additionally, the
displacement was recorded contactless on both sides
of the sample with the video extensometer “RTSS” by
“LIMESS Messtechnik u. Software GmbH.” The test
setup is displayed in Fig. 6.

The difference between the crosshead travel and the
video extensometer signals was analyzed by calculat-
ing the error over the entire test. Due to the rigid test
setup and mounting of the samples, no relevant devia-
tion was detected. The crosshead travel of the testing
machine thus corresponds to the actual deformation of
the adhesive. The further analysis performed in this
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publication, particularly the strain calculation, is car-
ried out with the traverse signal of the testing machine.

2.3 Curing influences
2.3.1 Overview

For analyzing the curing behavior of SG joints,
stress—strain curves of the experimental tests will
be compared. The stresses and strains were calcu-
lated using linear continuums mechanics of materi-
als. The stress—strain behavior results from the load-
deformation curve recorded during the test procedure.
All graphs contain the nominal engineering stresses and
strains. No conversion to true stresses and strains was
performed. All following figures are scaled with the
same axis limits for better comparability. For readabil-
ity, only one representative curve per series is illustrated
in color. The remaining curves are shown in light gray
but with the same line type to show the variance in the
series.

2.3.2 Specimen age

The stress—strain curves of the specimens with 12 x
12 mm? joint geometry cured at RT are shown in
Fig. 7a. Considering the load-bearing behavior, the
highest stiffness is for all series at the beginning
of the experiment. From about 0.2 MPa stress, the
stress—strain-curve flattens noticeably. Unlike this sim-
ilarity, the four series tested can be aggregated into two
groups with similar characteristics. The 6 specimens
with an age of 21 days had higher stiffness and the
ultimate fracture stress oy, exceeded that of the other
group. After reaching the maximum stress, all speci-
mens fail entirely in a very abrupt and brittle manner.
In contrast, in the samples with a lower adhesive age
of 7 and 14 days, the curve flattened at about 50% ten-
sile strain, and the samples slowly started to fail. The
final rupture started inconsistently at strains from 150
to over 250%. The variation of the ultimate fracture
stress oy is higher compared with the specimens with
an age of 21 days.

The samples with an adhesive age of 7 and 14 days
had similar adhesive properties that could be charac-
terized by a lower fracture stress oy and lower stiff-
ness. A significant change in adhesive properties was
observed when the age of 21 days was reached. It
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Fig. 7 Stress—strain curves: 12 x 12 mm? joint geometry: a curing at RT; b curing at 40 °C

appears that here the final adhesive properties were
reached. Whether this statement can be confirmed will
be verified in the following.

Samples with a specimen age of 7 days were man-
ufactured and tested for the first (I) and the second
(IT) batch to investigate the influence of different pro-
duction batches. Here, all samples of the second batch
failed at a significantly lower ultimate stress oy com-
pared to the specimen of the first series. As both series
were produced under the same controlled manufactur-
ing conditions apart from the two charges of SGsilicone
used, this difference may be caused by this. These fluc-
tuations were unavoidable, as only a limited number of
samples could be tested and manufactured simultane-
ously and must be considered in the subsequent inter-
pretation of the various influences. The load-bearing
behavior of the specimens with an adhesive age of 7 and
14 days is very similar. From an engineering point of
view, it was expected that this series’ properties would
be between those of the 7 and 21 days old samples.

2.3.3 Curing method

After curing at 40 °C, all series with joint geometries
of 12 x 12 mm? behaved rather similarly, as shown
in Fig. 7b. The load-bearing and failure behavior of all
curves fitted well with those of the samples cured at RT
for 21 days, as shown in Fig. 8. The two series stored
for one week at RT after curing at 40 °C (40 + °C) failed
at minimal lower ultimate fracture stresses oy. When

147

12x12 mm?
—— RT - 21 days (I)
= =40-21days (l)

40+ - 21 days (I1)

Nominal stress o [MPa]

0k . . .
0 0.5 1 1.5 2 2.5 3
Nominal strain ¢ [mm/mm]

L L S

Fig. 8 Stress—strain curves: 12 x 12 mm? joint geometry curing
for 21 days at RT and 40 °C

interpreting this effect from an engineering point of
view, the strength of the specimens should not decrease
due to extended storage at room or higher temperature.
Investigations by (Schuler et al. 2017) show that nega-
tive effects on single lap joints and H-specimens could
be observed by heat storage up to 95 °C. The produc-
tion influences, due to two different charges of SG-
silicone used, might explain the reduction in strength.
The decrease in ultimate fracture stresses oy was in a
very similar proportion compared to the two reference
series with 7 days old specimens at RT.
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Overall, the scatter in the specimens cured at a con-
trolled temperature of 40 °C appears reasonable, espe-
cially if considering production-related irregularities in
preparing component-like samples cannot be avoided.

2.3.4 Geometry

The influence of the joint geometry on the load-bearing
behavior was investigated in (Bues 2021). The influ-
ences determined due to the variation of the joint geom-
etry can be confirmed by these investigations, espe-
cially for the load-bearing behavior of the tempered
specimens.

The joints with the higher ratio 4, /e of 3 showed a
stiffer stress—strain curve than the joints with a ratio of
1. Similar to the narrower joints, the stiffness dropped
slightly at a stress of 0.2 MPa. The failure behavior of
the two geometries was also comparable. For the speci-
mens with an age of 7 days at RT, the stress—strain curve
flattened nearly completely after reaching its maximum
stress. The complete failure of the joints with a geome-
try of 8 x 24 mm? occurred with an elongation of about
350%. These results are shown in Fig. 9a for samples
cured at RT for 7 days and 40 + °C for 21 days.

Regarding the ultimate fracture stress oy, no rele-
vant difference could be detected between the two joint
geometries. The increase in strength due to tempering
at 40 °C was in a similar range. The stiffness for the 12
x 12 mm? joint cured for 21 days at 40 + °C was com-
parable with the 8 x 24 mm? joints cured for 7 days at
RT.

To compare the influence of tempering methods on
8 x 24 mm? joint geometry, the stress—strain curves
of 4 test series with a specimen age of a minimum of
14 days are shown in Fig. 9b. All series had a similar
stiffness behavior at the beginning of the experiment,
with a minimally increased stiffness of the two series
cured at 40 °C and 40 + °C for 21 days. Like all other
observed stress—strain curves, a first minor drop in stiff-
ness was observable at about 0.2 MPa. At about 15%
tensile strain, all curves flatten out visibly until the final
rupture occurs. The final fracture happens at a nomi-
nal tensile strain between 25 and 30%, except for the
series cured at RT, where the drop in stress occurs from
40 to 50% strain. The ultimate fracture stress oyj; is
nearly the same for 3 test series . Only the one tested
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after curing at 40 °C for 14 days fails at minimal lower
values.

After reaching the final adhesive properties, no rel-
evant influence of the specimen age and the curing
method on the load-bearing behavior of the tested
joints could be detected. The minimum required spec-
imen age for expecting the final adhesive properties
depended on the geometry and the curing method. In
chapter 2, the effect of the curing conditions and adhe-
sive age on mechanical strength and stiffness properties
will be investigated in more detail. Table 6 summarizes
the required minimum specimen age for expecting the
final strength properties.

2.3.5 Failure pattern

After the tests, all samples’ failure patterns were pho-
tographed and shown for four exemplary samples in
Fig. 10. Within the repeats with the same curing con-
dition, the fracture patterns did not deviate relevantly
from each other.

In addition to the influence due to the different joint
geometries, differences in the fracture patterns could
also be detected due to curing. For the 12 x 12 mm?
joint after 7 days of curing at RT, shown in Fig. 10a, the
failure pattern is characterized by two different areas.
The white dotted line indicates the transition of the two
patterns. A rather rough pattern on the outside changes
to a wavy pattern on the inside. The pattern with two
areas disappeared at the specimen cured for 21 days at
40 °C, as in Fig. 10b. A relatively uniform pattern with
small waves formed over the entire fracture surface.
This failure pattern from Fig. 10b is also characteristic
for the specimen cured at RT for 21 days.

For the larger joint geometry of 8 x 24 mm? dis-
played in Fig. 10c after curing for 7 days at RT, the
failure pattern can be characterized by three areas. A
similar failure pattern can be observed compared to
Fig. 11a in the outer part of the adhesive area. The
transition to a rough wavy pattern on the inside is indi-
cated by with dotted white line. In the middle of the
adhesive, the third area of the pattern can be noticed
in contrast to the 12 x 12 mm? joint geometry. The
dot-dashed line highlights the transition.

For the pattern in Fig. 10d, three areas can still char-
acterize the failure pattern after curing for 21 days at
40 + °C. The outer one is located outside of the dot-
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Fig. 9 Stress—strain curves: a 12 x 12 and 8 x 24 joint geometry after different curing conditions; b 8 x 24 mm? joint geometry
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Fig. 10 Exemplary failure pattern for different geometries and curing conditions: a 12 x 12 mm?, 7 days at RT; b 12 x 12 mm?, 21 days
at 40 °C; ¢ 8 x 24 mm?, 7 days at RT; d 8 x 24 mm?2, 21 days at 40+ °C

(b)

ted line increased. Here, the pattern changed to a rel- tern inside the dash-dotted line changed to a smooth
atively smooth pattern. Inside the ring, the rough pat- surface. Only a few tiny bubbles with a diameter from
tern between the two lines remains visible . The pat- about 0.5-1.0 mm can be detected here.
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3 Proposal of joint properties for tensile specimen
3.1 Initial mechanical strength
3.1.1 Definition of the mechanical strength properties

For further investigating and comparing the influence
of tempering on the properties of SG joints under ten-
sile load, characteristic parameters for the strength and
stiffness of the specimens were determined from the
stress—strain curves.

According to (ETAG 002-1), the initial mechanical
strength is represented as the average ultimate breaking
stress oy from all samples. To perform a general statis-
tical interpretation, the characteristic breaking stress oy
defined as the 75% confidence interval of the 95% quan-
tile of the test results can be calculated with Eq. (11).
The determination of the fractile factor k3 requires the
application of the noncentral student’s t distribution
with a non-centrality parameter 8 (Beech and Owen
1962; Loch 2014). For practical application, values for
the k3 factors are given in (ETAG 002-1, ISO 16269-
6:2014-01). Within the scope of this publication, the
calculation of the characteristic breaking stress oy was
carried out using the method according to (ETAG 002-
1). In this way, the best possible comparability with the
manufacturer’s value ok gra is ensured.

Ok = Xg,, — k3(n, p, 1 —a) x s[MPa] (11
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with ox = the characteristic breaking stress (75% con-
fidence that 95% of the test results will be higher than
this value [MPa]; X, = arithmetic mean of oy, [MPa];
k3(n, p, 1 — o) = Fractile factor for characteristic val-
ues [—]; n = Sample size [—]; p = P-quantile value
[—]; 1 —a = Confidence level [—]; 5 = Standard devi-
ation of the series under consideration [MPa].

As can be seen from Eq. (11), the fractile factor k3 is
directly influenced by the number of specimens when
determining oy. The influence of the variance of the
samples is thus weighted more strongly with less sam-
ples. The mean value X, is only indirectly influenced
by the number of samples. For the general analysis of
the various influencing factors, the use of the arithmetic
mean X, or the median of the ultimate breaking stress
oyl has proven to be advantageous. Boxplot diagrams
are a standard tool in descriptive statistics to visualize
the median and the variance. The top and bottom of
the box represent the 25% and 75% quantiles, and the
height of the box is the interquartile range (IQR). The
line inside the box corresponds with the median value.
Outliers are detected when their position is more than
1.5*IQR from the box. The lines above and below each
box, called whiskers, connect to the box with the max-
imum value that is not an outlier (The Mathworks, Inc.
2022).

Especially with many data points, these statistical
parameters can be displayed clearly, and an easy com-
parison is possible. With a minimum of 6 data points per
series, the application of this diagram is possible, but
the interpretation is less straightforward compared to
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Fig. 12 Ultimate fracture stress o,;; depending on the age of the specimen and the production batch

extensive data series. Despite this, an excellent descrip-
tion of the measured values by the median and the vari-
ation is possible with the boxplot diagram. In addition,
with the help of the grouped boxplot diagrams, the clas-
sification of data with two variables is possible, and a
good understanding of the data can be achieved.

After analyzing the various influencing factors, the
samples are regrouped, and a statistical evaluation is
performed. A comparison with the characteristic break-
ing stress ox gra from Table 1 given by the adhesive
manufacturer is therefore possible.

3.1.2 Analysis of the mechanical strength

Figure 11 shows the ultimate fracture stress oy); sepa-
rated for the 12 x 12 mm? as well as the 8 x 24 mm?
joint geometry. The individual diagrams are catego-
rized by specimen age as well as curing method. For
the 12 x 12 mm? joint, two separated groups become
visible. One group shows a lower ultimate stress oyj
in the range of ox. The second group can be charac-
terized by a significantly higher fracture stress oy of
over 1 MPa. In addition to all samples with an age of a
minimum of 21 days, this higher strength can also be
achieved by the samples with an age of 14 days after
curing at 40 °C. In contrast, the series with an age of
14 days is located between the two groups for the wider
geometry. It can thus be assumed that a slightly longer
curing time of a minimum of 21 days is required for
the wider geometry, which is independent of the curing
method used. This effect can be explained, as in wider

joint geometries, any potential by-products developed
during the curing process needs more time to leave the
specimen.

In Fig. 12, the same data is categorized by the pro-
duction batch instead of the curing method, where a
significant influence of the manufacturing batch can be
detected. Comparing the scatter of the data groups with
a specimen age of 21 days or higher, this influence of
the curing method is similar to that of the production
batch. For the specimens with an age of a minimum of
21 days, it can be assumed that the influence of the cur-
ing conditions on the strength can instead be attributed
to the differences from the production batches and,
therefore, two different charges of SG-silicone used.
After reaching the final strength properties, no change
in the ultimate stress oy; can be detected due to further
storage.

To investigate the influence of the curing condition
in more detail and to reduce the influence of the pro-
duction series, the ultimate stress oy is related to the
initial mean ultimate stress of the 12 x 12 mm? joint
Oult mean 7d- The result is shown in the scatter plot in
Fig. 13. Random values in the range of £ 1 day are
added to the specimen age to increase the readability
of the diagram. The corresponding production batch is
represented by the marker type, and the curing condi-
tion by the marker color. With these results, it becomes
evident that for both joint geometries, the specimen
cured at RT for 21 days does not yet wholly reach the
strength of the specimen cured at 40 or 40 + . The means
of the normalized ultimate stress oy1¢/0ylt mean 7d from
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the specimens cured at RT differ significantly from
those cured with method 40. After 21 days and curing
at 40, the highest ultimate stress oy could be achieved.

In summary, it can be confirmed that the tempering
method and specimen age influence the strength prop-
erties of the specimens. After the final properties have
been reached, the differences are largely determined
by the production batch, and the test date has only a
minor influence. The 8 x 24 mm? joint geometry shows
smaller variations in ultimate stress o, compared to the
12 x 12 mm? joint geometry. The required minimum
specimen age for expecting the final strength proper-
ties shown in Table 6 can be confirmed based on this
chapter’s evaluation of the strength parameters. For the
specimens with final strength properties, the ultimate
stress oy were achieved. In addition to the faster cur-
ing process, no negative aspects could be observed by
tempering the specimen at 40 °C and due to subsequent
storage after tempering at 40+.

3.1.3 Statistical evaluation of the mechanical strength

All specimens are categorized into three groups to per-
form a statistical evaluation. The minimum specimen
age for final material properties is defined in Table 6 as
a function of the curing method. Initial properties are
defined for all specimens tested after curing at RT for
7 days. All samples between the initial and final prop-
erties are categorized as intermediate (inter). Table 7
shows a statistical evaluation. Besides the mean, mini-
mum (min), maximum (max) values, and the standard
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Table 6 Required specimen age for final adhesive properties
depending on the curing method and geometry

Geometry Curing method
[mm’]

RT 40 °C
12 x 12 28 days 21 days
8 x 24 28 days 21 days

deviation (Std Dev), oy is calculated according to the
procedure in Sect. 3.1.1.

For the 12 x 12 mm? joint geometry, a relative dif-
ference of 30% between the mean values of the initial
and final ultimate stress oyj,mean can be observed. For
the 8 x 24 mm? joint, the increase is 28%. The charac-
teristic breaking stress oy calculated for the specimen
with initial properties and a joint geometry of 12 x
12 mm? is affected by the high standard deviation due
to the two production batches. For the 8 x 24 mm?
geometry, oylt, mean and oy are nearly the same because
of the low variance.

Regarding the characteristic breaking stress ok gra
from Table 1, which is given by the manufacturer in
the ETA, the characteristic breaking stress oy calcu-
lated for the specimen with initial properties is slightly
lower. o of the samples with final properties exceeds
ok gTA defined by the manufacturer by 16% for the
12 x 12 mm?. For the 8 x 24 mm? joint geometry,
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Table 7 Summarized

statistical evaluation of the Geor;]etry Adhesiye Number of  ounr ok
ultimate fracture stress oy [mm-~] properties  specimens Min Tou Max std 95%
and oy ult .
Dev quantile
75%
probability
[MPa] [MPa] [MPa] [MPa] [MPa]
12 x 12 Initial 12 0.78 0.85 0.94 0.05 0.75
12 x 12 Inter 18 0.82 1.05 1.22 0.15 0.75
12 x 12 Final 18 1.03 1.14 1.33 0.08 0.97
8 x 24 Initial 6 0.84 0.85 0.86 0.01 0.84
8 x 24 Inter 12 0.92 1.04 1.14 0.08 0.88
8 x 24 Final 12 1.05 1.09 1.14 0.03 1.02

an increase of 22% can be determined. For these val-
ues must be mentioned that the characteristic breaking
stress ok for the 8 x 24 mm? geometry could only
be calculated with specimens of the second production
batch. From the first batch, no specimens with final
properties were manufactured. Although the strength
of the second batch is assumed to be slightly lower, the
low variance leads to the high value of oy.

The tests presented here show that the values pro-
posed by the manufacturers in the ETA are on the safe
side. The exact size of the variation due to the differ-
ent production batches can only be estimated approxi-
mately based on the small database and should be ana-
lyzed in more detail by further investigations.

3.2 Stiffness
3.2.1 Definition of the stiffness properties

To determine the stiffness parameters of SG joints, in
(ETAG 002-1), the determination of a secant module at
12.5% strain on an H-specimen is proposed. The initial
stiffness is subsequently used to analyze the influence
of artificial aging on the stiffness properties.

The calculation based on a hyperelastic mate-
rial model is suggested by (Descamps et al. 2017,
Descamps and Hayez 2018) to determine the stiffness
of an SG-joint. Depending on the aspect ratio h /e of
the joint geometry, the effective joint module ranges
from Eyoun, for very low aspect ratios to a theoreti-
cal maximum value of approximately 17 times Eyoyng-
The relationship between the joint modulus Ejoint and

the young modulus Eyoung of the joint can be expressed
via Eq. (9), and the rigidity factor fiigidity. To determine
the rigidity factor frigidity, the stress—strain data of SG
specimens with different aspect ratios were fitted to the
neo-hookean relationship in Eq. (12) by a least-squares
algorithm. The fitting is calculated up to 15% strain.

1
0 = frigidity G<1 +e— m) (12)

Alternatively, (ISO 527-1:2019) defines two meth-
ods for determining the young modulus of plastics. In
addition to a strain-based determination of the secant
modulus, a linear regression calculation is possible.
The slope of the regression line is determined using the
least squares method. For both methods, the defined
strain range for the evaluation is between 0.05 and
0.25%.

According to (Fachverband Konstruktiver Glasbau
e.V. 21.09.21), the stress—strain diagram of the joint
can be used to calculate the joint modulus according to
Eq. (7). The permissible stress oges can be calculated
based on the used calculation method with the method
factor y = 4 or 6. In the following, oges is calculated
with y = 4, since this value is usually used when the
structural spring model is applied.

When determining the joint modulus Ejoine experi-
mentally, it is practical to extend (7) to (13) according
to (DIN EN ISO 527, Miiller et al. 2023), so the secant
modulus is determined in a previously defined stress
or strain range. In this way, inevitably arising inaccu-
racies at the start of the experiment can be relatively
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Fig. 14 Determination of the joint modulus Ej,;,, with the
extended FKG and the ETAG method

easily circumvented. In the investigations in this pub-
lication, o1 was selected as 0.02 MPa, as here, a good
compromise between the accuracy of the joint modu-
lus and inaccuracies due to the start of the experiment
could be reached.

To adapt the defined strain range in (ISO 527-
1:2019) to the low-modulus SG-silicones in (Miiller
et al. 2023), an adaption to the range of use of the adhe-
sives via (14) may be possible. The methods available
for determining joint stiffness are summarized in Table
8.

Odes — 01
Ejoing = ——— (13)
€des — €1

With: o1 /e;= stress/strain at the start of the secant
modulus

Odes,y4 0.21M Pa

7 pe = 0052511 (14)

ERef =
Ejoint

In Miiller et al. (2023), the influence of the evaluation
method is investigated for the methods according to the
extended FKG, the ISO 527-1 (adapted secant), and
the ETAG 002-1. It could be shown that due to the
hyperelastic material behavior, the chosen method has
a relevant influence. Figure 14 shows an example of
the determination of the joint modulus Ejoint using two
specimens with a joint geometry of 12 x 12 mm? for
the extended FKG and ETAG methods.
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According to (Descamps and Hayez 2018), an evalu-
ation method based on the hyperelastic material behav-
ior represents an additional promising approach for rep-
resenting higher strain ranges.

When calculating SG-joints in glass or facade ele-
ments with the presented structural spring elements,
the load-bearing behavior of the joint up to a stress of
0des = 0.21MPa or approx. a strain of € = 5.25% is
usually considered. Only a minor difference between
linear or nonlinear regression was recognizable for ana-
lyzing the relatively small strain ranges. For this rea-
son, the influence of manufacturing and curing effects
on stiffness is analyzed with the extended FKG method
within the scope of this publication.

3.2.2 Analysis of the stiffness

In Fig. 15, the joint modulus Ejoin¢ calculated with
Odes(4) and y = 4, is displayed separately for the two
joint geometries. As in the previous chapter, the indi-
vidual diagrams are categorized by specimen age and
curing condition. The emergence of two outliers occur-
ring at a specimen age of 21 days for both geometries
cannot be explained with certainty. A combination of
influences from production, curing, installation in the
testing machine, and testing of the specimens can lead
to this deviation.

A general correlation between the SG joint’s stiff-
ness and the specimen’s age can be observed. With
an increased specimen age, the joint modulus Ejoint
increases as well. For the specimen of the same age,
an increase in stiffness can be observed by curing at
the higher temperature. The increase in stiffness and
further curing matches the Arrhenius equation, which
describes the relationship between chemical reaction
rate and temperature.

When analyzing the stiffness of the specimen with an
age of 21 days and curing at 40 °C and 40+ °C, the sig-
nificant difference in stiffness cannot be explained by
the influence of the curing condition. Therefore, Fig. 16
shows the joint modulus Ejeint categorized by the pro-
duction batch instead of the tempering method. Here,
for the specimen with the same age, a higher stiffness
of the second production batch can be observed. There-
fore, the previously mentioned difference between the
two curing methods in Fig. 15 with a specimen age
of 21 days can be explained. A similar effect can be
observed for the specimen with a geometry of 8 x
24 mm? and an age of 14 days, which seems to have a
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Table 8 Methods for determining the stiffness of SG-joints

Method Equation Limits Analysis Source
principle
FKG Ejoint = f;’: 0des = 0.21 MPa Stress based Fachverband
) secant Konstruktiver Glasbau
modulus e.V.21.09.21
Extended-FKG Ejoint = % Odes = 0.21 MPa Stress based Miiller et al. (2023)
o1 = 0.02 MPa secant
modulus
1SO 527-1 (secant) Ejoint = % €1 = 0.05% Strain based (ISO 527-1:2019)
e =0.25% secant
modulus
ISO 527-1 (regression) Ejoint = ‘f;—‘; 0.05% <€ <0.25% Strain based (ISO 527-1:2019)
Linear
regression
ISO 527-1 (adapted Ejoint = GZZ%; €1 = 0.05% Strain based Miiller et al. (2023)
secant) ’ € =5.25% secant
modulus
ETAG K125 = Ejoint = € =12.5% Strain based (ETAG 002-1)
Secant
modulus
Rigidity factor Ejoint = frigidity * EYoung € <15% Strain based Descamps et al. (2017)
Nonlinear
regression
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Fig. 15 Joint modulus E ,;,; depending on the age of the specimen and the curing conditions

similar stiffness to the samples with an age of 21 days.
Here, the relatively high stiffness of the 14-day-old
samples may also be explained due to the production

batch.

To investigate the influence of the curing condition
in more detail and to reduce the influence of the pro-
duction series, the joint modulus Ejin¢ is related to the
initial mean joint modulus of the 12 x 12 mm? joint
Ejoint mean 7d- The result is shown in the scatter plot in
Fig. 17. To increase the readability of the diagram, a
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Fig. 17 Related joint modulus E j,;,, depending on the age of the specimen and the production batch

random scatter with & 1 day is added to the values of
the specimen age. The corresponding production batch
is represented by the marker type, and the curing condi-
tion by the marker color. With these results, it becomes
evident that for both joint geometries, the specimen
cured at RT for 21 days nearly reaches the stiffness of
the specimen cured at 40 or 40 + . The specimen with
the 12 x 12 mm? joint geometry shows a larger scatter
than the 8 x 24 mm? joint. After 21 days and curing
at 40 or 40 + , the highest values of the joint modulus
Ejoint could be achieved.
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3.2.3 Statistical evaluation of the mechanical strength

Compared to the strength parameters of the joints, the
stiffness parameters change much more consistently
over the specimen age. When trying to divide the results
into groups with initial, intermediate, and final joint
parameters, a similar division as defined in Table 6 for
the ultimate stress oy); seems suitable.

To compare initial and final stiffness parameters,
Table 9 shows a statistical evaluation. Comparing the
mean joint modulus Ejeine of the specimen with initial
and final material properties, a relative difference of
171% can be observed for the 12 x 12 mm? geometry.



Investigations on the influence of manufacturing and curing effects

Table 9 Summarized

statistical evaluation of the Geometry Adhesive Number of Ejoint
joint modulus Ejoin condition specimens ) _
Min XEjoint Max Std dev
[MPa] [MPa] [MPa] [MPa]
12 x 12 Initial 12 4.12 4.83 5.53 0.45
12 x 12 Inter 18 3.68 7.63 10.46 2.30
12 x 12 Final 18 7.85 13.06 16.87 2.36
8 x 24 Initial 6 7.34 8.20 8.71 0.47
8 x 24 Inter 12 9.61 15.26 16.67 1.85
8 x 24 Final 12 16.84 19.40 21.35 1.41

For the specimens with 8 x 24 mm? joint dimensions,
an increase in stiffness of 137% could be determined.

The differences between the adhesive conditions are
significantly more pronounced in the stiffness com-
pared to the ultimate fracture stress oyy;. In contrast to
the influence on the strength parameters, where the sec-
ond production batch results in alower ultimate fracture
stress oylt, the joint modulus Ejoint is increased in this
series.

4 Conclusion and future research

This publication investigated the influence of the man-
ufacturing and curing process on SG adhesives. For
the economical manufacturing of the modified H-
specimens, T-profiles made from raw aluminum were
used as the substrate due to easy machining and low
cost. Within the framework of the investigations, a
100% cohesive failure pattern could be determined for
all specimens. Thus, the manufacturing of the speci-
mens with this material does not seem to influence the
results of the load-bearing capacity tests. By using the
T-profiles, a rigid connection to the testing machine
could be achieved, making it possible to determine the
stiffness behavior of the joints accurately. The demon-
strated manufacturing method shows very low variation
in results for specimens within the same series.
Within the scope of the central investigations, it
was possible to determine that the adhesive’s curing
state significantly influences the strength and stiffness
properties. The specimen age and the selected curing
method had a relevant influence on the adhesive con-
dition and, thus, the load-bearing properties. It was
possible to define the specimens’ minimum age to

obtain final adhesive properties, depending on the cur-
ing method. Here it could be shown that the storage of
28 days described in (ETAG 002-1) seems sufficient but
can be shortened to 21 days by tempering the adhesive.
The failure pattern for both joint geometries confirmed
the difference in the adhesive condition.

Following the fundamental analysis of the influence
of manufacturing and curing, material parameters for
the calculation methods used in practice, like the struc-
tural spring method, were determined. For a detailed
description of the influences due to manufacturing and
curing, a good analysis of the influences was possible
by using boxplot diagrams.

All specimens were grouped into three adhesive
conditions to define the statistically validated mate-
rial parameters. Considering the two investigated joint
geometries, no relevant influence on the strength of the
joints could be determined. For all specimens, after
7 days, the strength of 0.7 MPa required by (ETA-
01/0005) to transport the manufactured elements could
be achieved. With the final properties, a 20% higher
characteristic breaking stress ox compared to the man-
ufacturer’s specifications of oy = 6x0.14 = 0.84 MPa
could be determined. It should be mentioned here that
this only applies to adhesives processed under con-
trolled conditions from industrial mixing plants and
cannot be transferred to other adhesive systems.

After validation by further research, this may be an
impetus to increase the characteristic breaking stress
ok and the associated design stress gy, in the future.
With this increase in the characteristic breaking stress
ok, a more economical design of SG joints is possible
without adjusting the level of the safety or method fac-
tor y, which is already frequently discussed. Within the
scope of further investigations, the behavior under high
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and low temperatures and after artificial aging should
be analyzed in particular. For the investigations of the
residual strength after artificial aging, (ETAG 002-1)
specifies a minimum strength of 75% compared to the
strength tested at RT. The load-bearing behavior under
shear load is also not part of these investigations.

An overview of the available calculation meth-
ods was given to determine stiffness properties. The
extended FKG method was used to determine the joint
modulus Ejoin to analyze the influence of manufac-
turing and curing. This calculation method provides
material parameters that well describe the deformation
range modeled within the scope of calculations by the
structural spring model. A significant influence on the
stiffness could be determined by both the curing con-
dition and the joint geometry.

The influence of the variation of the stiffness prop-
erties on the results in a static calculation was not
investigated within the scope of this publication. This
influence should be determined in future research. In
addition, alternative, especially nonlinear, methods for
more accurate stiffness determination could be consid-
ered, as well as the influence due to the variation of the
evaluation limits. However, the accuracy of such calcu-
lations can be significantly increased in the future with
the help of the realistic joint properties in dependence
on the joint geometry and adhesive condition defined
in this publication.
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