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This work describes the design and development of a new glass-based joining material, suitable to be
applied as slurry between two components of foam glass to be joined. Shear strength tests have been done
on as received and on joined samples, measuring a 0.095 and 0.075 MPa, respectively.
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1. Introduction

Heating and cooling of buildings account for more than 25%
of the total energy demand in Europe; improved energy
efficiency and associated greenhouse gas emission reduction
are imposed by increasing legislative and environmental
pressure, as a consequence, the importance of effective
insulation in building also increases (Ref 1).

The European market of insulation materials is dominated
by two groups of products: inorganic fibrous and inorganic or
organic foamy materials; typically, the insulation materials for
applications above 60 �C (i.e., several process plants) are based
on rockwool, foam glass, or calcium silicate fibers.

Among insulation materials, foam glasses are increasing
their significance because of their effective role in energy
saving and for their advantages compared to fiber- or polymer-
based insulating materials (Ref 2). Furthermore, foam glass is
suitable for internal or external insulation of both civil
buildings and technological plants.

The use of foam glass as a structural and highly effective
thermal insulation material has raised the question of its
joining. Just a few joining materials and joining techniques are
available for foam glass (Ref 3): adhesives are generally used to
join foam glass insulation to vessels, tanks, chambers, etc., and
to join foam glass panels during fabrication (Ref 4).

A simple mechanical joint (rivets, screws, fixing brackets,
etc.) is often unsuitable, because foam glass is brittle and a
mechanical joint is not tight. There are some hybrid joints
resulting from the combination of a mechanical joint with an
adhesive, but, to the best of authors� knowledge, none of them
use a glass as joining material for foam glass.

The new solution proposed in this article is a glass joining
materials for foam glass, cheap, reliable, and easy to obtain by
slurry deposition and heating directly on foam glass.

The main advantage of this new joining material and
technique for foam glass is the possibility of obtaining insula-
tion materials in large and complex shapes, while overcoming
typical problems (i.e., thermal bridging) occurring with tradi-
tional systems (i.e., mechanical joints and/or polymeric adhe-
sives) where the material continuity is interrupted. In this
case, a foam glass is joined by a glass, having the same thermo-
mechanical properties.

A lead free glass in the system Na2O-B2O3-ZnO, previously
designed and developed as coating material (Ref 5, 6), has been
used as joining material for foam glass.

2. Experimental

The composition of the foam glass used in this work
(Foamglas�, Pittsburgh Corning, USA) and of the glass
(referred to as G7) used to join Foamglas� is shown in Table 1.

Foamglas� is a porous heat-insulating and sound proof
material, with true porosity up to 90-97%. The foam glass
forms thin porous walls of single cells several micrometers
thick and the closed cells are filled with gases. Details about its
preparation and properties can be found in (Ref 7).

The glass joining composition was designed by using
SciGlassTM and literature data in order to obtain thermo-
mechanical properties matched with those of the Foamglas�

parts to be joined (Ref 6).
Details about glass preparation, its characteristic temperatures

and thermomechanical properties are reported in (Ref 5, 6).
The as produced glass was ground by milling and sieved to a

grain size lower than 60 lm; slurry (solid content 40 wt.%) was
prepared by mixing glass powders with ethanol as organic
binder.

The slurry has been deposited between the two Foamglas�

panels at room temperature, in order to obtain a sandwich-like
structure. The optimized joining heat treatment was performed
in a laboratory oven at 550 �C for 60 min in air atmosphere
with a pressureless process (Ref 6). Reproducible results in
terms of thickness homogeneity were obtained.

The morphological characterization of joined samples was
performed by Scanning Electron Microscopy SEM (FEI
Inspect, Philips 525 M).

Samples for mechanical testing (modified asymmetrical
four-point bending test, adapted from Iosipescu Test) (Ref 8, 9),
were accurately machined to the required dimensions (Fig. 1a),
from the as-received Foamglas� slab.
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All tests were performed in a universal material testing
machine (Zwick Z100, with a maximum load up to 100 kN,
equipped for these tests with a smaller range load cell) using a
very low constant cross-head speed (0.15 mm/s). Joined foam
glass samples before and after loading are shown in Fig. 2(a)
and (b).

Modified asymmetrical four-point bending tests were per-
formed on not joined as received Foamglas� panels and on
joined ones. For comparison purposes not joined Foamglas�

panels heat treated at 550 �C 60 min (the same thermal
treatment of the joined sample), were also tested.

Some FE analysis was carried out by the authors in order to
better understand the state of stress in the specimen cross
sections (between the notches). These results come from a
simple linear elastic FE model of the loaded specimen by using
linear solid hexahedron elements. Linear behavior seems a
reasonable approximation due to the brittle nature of the
considered material.

3. Results and Discussion

Figure 3 shows two Foamglas� specimen joined by the
glass G7 (each half-sample has size 30 by 30 by 30 mm).

The choice of the G7 joining glass composition is mainly
based on the value of its coefficient of thermal expansion (CTE =
9.19(200�-300 �C) 9 10�6 �C�1) which matches very well with
that of Foamglas� (CTE = 9.24(200�-300 �C) 9 10�6 �C�1).

SEM cross section of the joined Foamglas� (Fig. 4), shows
an average joint thickness of about 500 lm. No cracks in the
joining region and at the interface between the glass joining
material and Foamglas� are visible. A very good adhesion
between the G7 joining glass and the two Foamglas� samples
can be observed. As it can be seen in Fig. 4, the samples, joined
at 550 �C for 60 min, maintained the pore structure of the
original foam glass substrate, thus indicating that neither
softening of the glass nor coalescence of pores was observed
after joining heat treatment.

A SEM cross section of the interface between the G7 glass
and Foamglas� is reported in Fig. 5; a continuous interface can
be observed with a closed porosity in both G7 and Foamglas�,
no cracks or voids are present at the interface thus indicating
that this glass provides a hermetic joint. EDS measurements in
two different areas revealed no diffusion of elements from the
Foamglas� into the G7 and vice versa.

Modified asymmetrical four-point bending tests were per-
formed on joined and not joined Foamglas�. The four-point
asymmetrical bending test is a straightforward solution to get a
pure shear loading in a specimen�s section. With this type of
loading the bending moment M(x) drops to zero in the central
section (Fig. 1b), exactly in the middle position between the
supports, whereas the shear loading T(x) is constant between
the supports (Fig. 1c). The middle section is thus only
subjected to pure shear stress. However, bending moment
steeply increases from zero when shifting from the middle
section along the specimen axis. To avoid failure due to
combined bending and shearing away from the middle section
it is necessary to reduce its strength there. A couple of
symmetrical U-notches had to be machined in the specimen�s
middle section, as in Fig. 1(a).

This ensures to have a pure shear loading in the middle
section but cannot avoid the occurrence of a nonuniform stress
distribution. As is well known as the Jourawski approximation,
the shear stress distribution is nearly parabolic. Figure 6 shows
the results of a finite element analysis of the specimen
during the test. The shear stress distribution, obtained by a
simulation with hexahedral solid elements and shown for the
middle section only, follows approximately the parabolic
distribution predicted by the Jourawski theory, but a variation
along the thickness is found.

Therefore, to estimate the (local) material strength, the usual
average stress calculation is not sufficient to give an accurate
evaluation. The maximum stress within the transverse section,
which is the cause for the onset of failure, is in fact higher than
the average: according to the Jourawski approximation the
maximum stress value is 3/2 times the average (T/A) stress.

Table 1 Composition of Foamglas� and of the glass (G7) used to join Foamglas�

Chemical composition, wt.%

Glass ID B2O3 ZnO Na2O CuO Foamglas� SiO2 CaO Al2O3 Fe2O3 MnO K2O Others (a)

Foamglas� 13.4 … 66.8 5.8 5.6 3 <6
G7 50 33 12 5

(a) MnO, K2O, SO3, BaO, TiO2, SrO, Carbon

Fig. 1 Modified four point asymmetrical test: (a) schematic of
loading and forces applied: F, total external load; Fi, loads acting on
the inner supports; Fe, loads acting on the external supports; (b) bend-
ing moment M(x) diagram; (c) shear loading T(x) diagram with indi-
cation of the shear value within the inner part of the specimen
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Compared with other test methods, such as the thin-walled
tube test and the solid rod torsion test (ASTM E2207-08 and
ASTM F734-95), the Iosipescu shear test uses a parallelepiped
shaped specimen that is easier to obtain. Consequently, more
reliable results can be obtained, and the test has become well
accepted among researchers in the field (Ref 8) even if some
authors (Ref 10) advice against testing high porous and brittle
material (e.g., carbon foam) with the Iosipescu test. Roy et al.
(Ref 10) always found premature failures in the specimens due

to overstress under the loading pins. In contrast, in our
experimental activity this problem has never been detected: the
failure always occurred in the gauge section both for not joined
and joined samples.

Fig. 3 Foamglas� specimen joined by glass G7 (half-sample size
30 by 30 by 30 mm)

Fig. 4 Scanning electron microscopy cross section of glass joined
Foamglas�

Fig. 5 Scanning electron microscopy of the interface between the
G7 and Foamglas�

Fig. 6 Results of a finite element analysis of the specimen during
the test

Fig. 2 Modified four-point asymmetrical test on joined Foamglas�, before (a), and after failure (b)
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In order to understand if the thermal treatment used to join the
Foamglas� has an effect on its mechanical properties, tests on the
three following sets have been carried out: a first set of as
received not joined Foamglas�, a second group of not joined
Foamglas� heated at 560 �C for 30 min for comparison purposes
with the third group of Foamglas� joined by slurry at 560 �C for
30 min; Table 2 summarizes the shear strength results.

For all the joined specimens the failure occurred in the
Foamglas� substrate (Fig. 2b) and never through the joined
area. For the not joined foam glass specimens the failure did not
occur at the center of the U-notches, as expected, but at
intermediate positions.

This behavior has been experimentally studied by Borzani
Manhani et al. (Ref 11) and by finite element simulation by Roy
Xu et al. (Ref 12), which confirmed this mechanism: failure
occurs when the maximum principal stress reaches the limit
value of the brittle, foam glass. Unfortunately, this condition
does not occur in the mid section where the load is pure shear,
but in a nearby position, where a combination of shear load and
bending moment has been calculated.

This means that this test is not suitable to measure the shear
strength, but only to estimate a lower limit, since the shear
strength of the joint is certainly higher than the measured value.

Even if not evident after SEM on joined samples (Fig. 4),
the thermal treatment chosen to join the samples gave slightly
lower shear strength (0.075± 0.040 MPa) than the as received
Foamglas� (0.095± 0.042 MPa, Table 2). This problem will
be likely avoided with a more suitable joining process, able to
heat only the slurry and not the whole Foamglas� components
to be joined.

4. Conclusions

A new glass has been designed to join Foamglas�. Shear
strength tests have been performed on joined Foamglas� and on
not joined as received and thermally treated samples, measuring
a slight decrease in shear strength after joining process. The
mechanical strength of the joint is satisfactory since its strength
overcomes that of the substrates. Failure always occurred
outside the joined region.

The slight decrease in mechanical strength of Foamglas�

after the heat treatment could be likely avoided with a more

suitable joining process, able to heat only the ‘‘joining zone’’
and not the whole Foamglas� tile.

The glass was found to be effective to join Foamglas�,
opening the possibility of obtaining tight complex shapes
and large components without using adhesives or mechanical
joints.
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