Foamed gypsum for multipurpose applications in building
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Abstract

Gypsum plasterboards are nowadays very appreciated in buildings, mainly due to their lightness,
thermal insulation and suitable sound transmission loss when used in double walls. However
thermal and acoustic features of gypsum plasterboard can be enhanced. In the present study an
innovative method, consisting in the direct addition of a pre-manufactured foam to gypsum pastes is
used to increase the gypsum porosity improving sound absorption, lightness and thermal insulation
features. In this aim, the role of both different amounts and dilutions of a vegetal foaming agent on
the main physical, mechanical and microstructural characteristics of the gypsum was experimentally
investigated. Moreover, also X-ray computed micro tomography technique (Micro-CT) was carried
out in order to investigate the 3D internal microstructure of the materials. The results confirmed the
effectiveness of the foaming agent in increasing the gypsum porosity, with a linear correlation
between densities and mechanical strengths. Moreover, the presence of large bubbles, mainly
connected each other, involved in a strong reduction of the thermal coefficient (A), from 0.57
W/m-K of REF sample to 0.25 W/m-K of LG10 5% sample, and in a strong increase of the normal
sound absorption coefficient (ay), from 0.06 of REF sample to 0.20 of LG10 5% sample. Finally, in



the light of the results obtained by the present research, the use of a pre-whipped vegetal foaming
agent represents a suitable way to obtain lightweight gypsum-based materials with enhanced

thermal and acoustic properties.

Keywords: lightweight gypsum; foaming agent; thermal insulation; acoustic absorption, micro-

tomography.

1. Introduction

Gypsum can be considered as one of the most eco-sustainable building materials and so, in recent
years, its relevance in construction industry is considerably growing. In fact, thanks to the lower
calcination temperature, especially if compared with cement and/or lime, gypsum manufacturing
requires reduced energy consumption. Moreover, several waste products, such as phospho-gypsum
[1] and flue gas desulfurization (FGD) gypsum [2], can be used in gypsum manufacturing,
promoting the reuse of secondary raw materials. In addition to being an environmentally friendly
material, gypsum exhibits many advantages, such as excellent fire-protecting and heat-resistant
properties, good workability and fast setting, aesthetic appearance, acoustic insulation and humidity
controlling abilities [3—6]. Despite these numerous advantages, the most common utilization of
gypsum in buildings is mainly limited to the production of gypsum boards, flooring and ceiling
panels, interior plasters [3,7]. In order to promote new possible applications for gypsum based
materials, it is possible to improve some specific gypsum properties, such as mechanical strengths
[8,9], lightness, thermal insulation features and sound absorbing properties [10—12] with respect to
traditional gypsum plasters. This need is particularly required for historical buildings restoration,
above all for those protected by the Superintendence of Cultural Heritage, where the use of higher
performing materials is often prohibited. The most common way to enhance the thermal insulation
and sound-absorbing properties of gypsum matrices and of materials in general, is to act on their
porosity, allowing at the same time also to improve their performance in terms of strength to weight
ratio, which represents a key parameter especially for building materials. In fact, porous materials
show a wide number of peculiarities which make them suitable for numerous and multipurpose
applications, according to the features of their porosity such as pores amount, distribution, shape,
size, connectivity, etc. [13]. Among the several applications of porous materials (heavy metal
absorption, catalysis, energy storage, filtration membranes, etc.), the ones concerning with thermal

insulation and sound-absorbing behavior are the most interesting for building materials. Currently,
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the most common materials used for this purpose are polymers, especially polyurethane and
polystyrene, but, they are highly flammable [14]. So, the main interests of research activity is now
focused on the development of inorganic, fire-resistant thermal insulation materials [7][15]. A great
attractive is nowadays represented by foamed glasses, a promising alternative material for the
thermal and acoustic insulation of buildings, which exhibit several interesting features, such as high
insulation capacity, a very long lifespan, recyclability and non-flammability [16]. In this context,
also gypsum foams result to be a valuable material to be used for multipurpose applications in
buildings, with a favorable compromise between mechanical, thermal and acoustic features,
sustainability, cheapness, and no toxicity [17][11][18]. Several innovative strategies have been
recently explored to increase and tailor properly the porosity of materials [14,19,20] and referring to
the gypsum, the most widely used techniques consist in the addition of chemical additives,
lightweight aggregates or air-voids [5,6,21,22]. In particular, chemical additives allow to embed
pores into the gypsum matrices by two mechanisms, gas-producing chemical reaction [7,23] and
mechanical foaming by means of surface active substances. The effect of surface active substances,
or surfactants, is the lowering of the surface tension. This effect can be achieved by strongly
whisking at high speed the gypsum mixture, after adding surfactants directly into the slurry, or
cautiously mixing pre-whipped foams, consisting of water and chemical surfactants, into the
gypsum paste [3,12,21,24]. The addition of pre-manufactured foams to inorganic mixtures, widely
known as physical foaming, is typical of the production of porous ceramic materials, and allows to
obtain a more stable and fine pored product as final result of foaming process [25]. Moreover,
selecting suitably the whipping conditions of pre-manufactured foams, especially whipping rate, it
is possible to obtain stable foam networks, able to act as ‘‘meringue’’ type foams, maintaining
themselves during the hardening processes of the inorganic matrix [26].

In the present paper, gypsum matrices have been lightened by means of physical foaming, using a
pre-manufactured foam obtained from a water solution, containing natural surfactants. The use of a
physical foaming to produce lightened gypsum matrices represents an innovative technique which is
up to now scarcely investigated in scientific literature. Moreover, the role of different amounts and
concentrations of the foaming agent solution on the final features of the lightweight gypsum have
been widely investigated. Finally, a deep characterization of the 3D microstructure has been carried
out, in order to assess the correlation between the porosity morphology and the physical,
mechanical, morphological, thermal insulating and sound-absorbing properties of so obtained

gypsum composites.



2. Experimental
2.1 Materials

Gypsum used in the manufacturing of lightweight samples was a commercial product by Gyproc
Saint-Gobain (Milano, Italy) and its main constituent is calcium sulphate hemihydrate
(CaS04°0.5H,0). The chemical composition of gypsum was evaluated by simultaneous thermal
analysis (DSC-TGA) (temperature range: 20-1000 °C; heating rate: 10 °C/min; atmosphere: N»),
using a Netzsch STA409PC Luxx apparatus. The mineralogical composition of the binder was
evaluated by XRD analysis on powdered samples using a Panalytical X'Pert Pro diffractometer,
equipped with PixCel 1D detector (operative conditions: CuKa1/Ka2 radiation, 40 kV, 40 mA, 2Q
range from 5 to 80°, step size 0.0131° 2®d, counting time 40 s per step). In order to complete the
chemical characterization of the raw gypsum, FT-IR analyses were carried out at room temperature
by using a PerkinElmer Spectrum 3 Tri-Range FT-IR spectrometer apparatus and selecting a
wavenumber resolution of 4 cm’l for 32 scans from 4000 to 550 cm'l. The FT-IR spectra were
collected in ATR absorbance mode.

The foaming agent (FA) was supplied by Isolchem s.r.1. Italia (commercial name ISOCEM S/L) and
it is a liquid solution made of water, vegetal proteins and natural surfactants, mainly fatty acids. The
foaming agent was further diluted, in bi-distilled water, before being added to water-gypsum paste.
In particular, two dilutions (Wtg4/Wtgawater) had been selected, which were respectively 5% and

10%.

2.2 Preparation of lightweight gypsum samples
2.2.1 Foaming agent properties and whipping process

ISOCEM S/L has already been used, not diluted, as foaming agent for gypsum composites in a
previous paper [12]. In the present paper, the two diluted foaming agent solutions were whipped for
60 s, at about 12000 rpm, with a Moulinex HM6151 Powermix mixer, before being added to the
gypsum paste. In order to investigate the foaming behavior of the two ISOCEM S/L dilutions and
the stability of the produced foams, the two solutions diluted at 5% and 10% were first whipped in
600-mL glass beakers for 60 s and then the obtained foams were held for 30 min. Foaming
properties have been evaluated by means of three parameters: relative overrun (RO), foam stability
(FS), and liquid drainage (LD) [27,28]. In particular, RO allowed to define the foaming capacity
and it was calculated as reported in Fig.1 (see Eq. (1)), while FS and LD were calculated using

respectively Eq.(2) and Eq.(3) (see Fig.1) [28,29]. The same parameters were also evaluated for the
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pure foaming agent in order to verify the potential effect of the dilution on foaming capacity and/or

stability. Three measurements were carried out for each mixture.
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Figure 1 Evaluation of foaming properties and calculation of relative overrun (RO), foam stability (FS), and
liquid drainage (LD). V; = volume of initial liquid, V¢ = volume of foam after Imin whipping, V3o = volume

of foam at 30 min, V30 = volume of liquid at 30 min, V(= volume of liquid after 1min whipping.

2.2.2 Preparation and characterization of gypsum pastes

Gypsum pastes were prepared at room temperature adding the previously dry homogenized gypsum
powder to the bi-distilled water and mixing for about 60 s with a paddle stirrer. A fixed water to
gypsum ratio (wt/wt), equal to 0.6, was selected. Then, different amounts of the foaming agent
solution, diluted and whipped as previously described, were added to the paste and the resulting
mixtures were mixed for further 60 s. The quantities of whipped foaming agent added were
calculated as weight percentage in respect to the gypsum, so 5 wt%, 7.5 wt% and 10 wt% were
selected. Preliminary investigations demonstrated that a lower amount of whipped foam led to no
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significant lightening of the specimens, whereas a higher amount led to lighter specimens with
scarce mechanical features. Furthermore, gypsum plasters (water to gypsum ratio still 0.6) without
adding foaming agents to the water-gypsum paste, were produced as reference material. All the
produced mixtures were first poured in open molds of several geometries and compacted using a
vibration table and then, after that setting time had reached, the hardened specimens were demolded
and cured at 40°C for 48 h. After curing, specimens were placed in a climatic cell (T=20°C,
Hr=50%) to ensure that homogeneous conditions of temperature and relative humidity were
reached before performing the experimental tests. The compositions and the labels of the reference

(REF) and of the lightweight gypsum samples (LG) are summarized in Table 1.

Table 1. Lightweight gypsum mixtures compositions and labels.

Sample w/g ratio | Foaming agent amount Foaming agent

(wt. %) dilution (wt. %)
REF 0.6 / /
LG5 5% 0.6 5 5
LG7.5 5% 0.6 7.5 5
LGI10 5% 0.6 10 5
LG5 10% 0.6 5 10
LG7.5 10% 0.6 7.5 10
LGI10 _10% 0.6 10 10

The setting times of REF and LG samples were evaluated according to the Vicat test [30], as the
increase of porosity in lightweight gypsum samples could affect their setting behavior [18]. All the

measurements, both for initial and final setting times, were carried out in triplicate.

2.3 Characterization of hardened lightweight gypsum samples
2.3.1 Physical characterization

The open porosity and the water absorption were evaluated according to UNI 11060 [31] on cubic
specimens (5 cm side), so the experimental test allowed to know the amount of water uptake (wt%)
after full immersion. The samples were first dried at 60+5°C until constant mass was reached (M,
g) and then immersed in water in an evacuation vessel at room temperature under vacuum. Vacuum

condition was maintained constant for 2 h, pressure was then returned to atmospheric condition and
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the samples were weighed immersed in water (hydrostatic weighing, M,, g). Finally, after being
softly wiped with a damp cloth, samples were weighed again, determining the mass of the water-
saturated samples (M3, g). The water absorption is calculated as follows:

Mz—M
——1x100 (4
My

Then, nondestructive measurements of ultrasonic P-wave velocity (UPV) were performed according
to UNI EN 14579 [32] by means of a BOVIAR DSP UTD 1004 Ultrasonic device (55 kHz
transducers in direct arrangement) in order to qualitatively estimate the porosity change between
reference and lightweight gypsum samples. In fact, ultrasonic techniques are widely used to
investigate the presence of cracks or defects in materials [33] and then to analyze the materials
microstructure development [34]. Moreover, if UPV is used in association with tomography, it can
provide even more satisfying qualitative information about the variations occurring in materials
properties as well as on their microcracking state [35]. All the experimental test above described

were carried out in triplicate.

2.3.2 Mechanical characterization

Flexural and compressive tests were performed on both REF and LG samples using a Tensometer
2020 apparatus and according to UNI EN 1015-11 [36]. In particular, the flexural tests were carried
out on prismatic samples (40 x 40 x160 mm) with a load cell of 500 N and a crosshead rate of 1
mm/min. Compression strength tests were carried out on the cubic (40 x 40 x 40 mm) fragments,
resulting from the flexural tests, with a load cell equal to 10 kN and a crosshead rate equal to 2

mm/min. All the measurements were performed in triplicate.

2.3.3 X-ray Micro-tomography characterization

X-ray computed microtomography (Micro-CT) is a powerful technique for visualization, inspection
and quantitative investigation of the 3D internal microstructure of materials. Micro-CT allows to
explore samples in three dimensions, non-destructively and at high resolutions (down to the
submicron), through the reconstruction of three-dimensional digital maps (in function of differences
in density and atomic number in the scanned sample). From these digital maps, key quantitative
information can be directly extracted in 3D (e.g., 3D distribution of content, size, shape, orientation

of pores, fractures, minerals, grains, etc).



In this study, microtomographic analyses have been performed using a Carl Zeiss Xradia Versa-410
3D X-ray microscope. This system includes a polychromatic microfocus X-ray source (40-150kV,
maximum 10W) that allows the scanning of samples with a wide range of density and a 2k x 2k
pixel, noise suppressed charge-coupled detector equipped with different magnification objectives
(0.4x, 4x, 10x, 20x) that allow a high resolution, up to 0.9 micron/voxel. Samples of diameter 0.5
cm were scanned in absorption mode, acquiring 4001 projections over a 360° rotation at 90-80 KV
and 8-7 W with objective 4x. The resulting nominal voxel (volumetric pixel) size is 5.08 um.
Moreover for the reference gypsum sample (REF) a higher resolution scan with a nominal voxel of
2 um (objective 10x) has also been acquired in order to detect and measure the smaller (< 5-10 um)
pores population inside the matrix. For LG samples the percentage of matrix pores has been
estimated considering the content of matrix pores in REF as reference value.

The tomographic reconstruction was achieved through a filtered back-projection algorithm using
XRM Reconstructor software, thus producing a stack of 967 cross-sectional, grey-scale digital
images. Image analyses were performed by using the Dragonfly (ORS) and Avizo (FEI) program
and following the procedure described by Pappalardo et al.[37] and Liedl et al. [38].

2.3.4 Characterization of thermal insulation and sound-absorbing behavior
Thermal insulation

In order to investigate the thermal insulating properties of both REF and LG samples, the thermal
conductivity was measured according to ASTMWKS50791-WK43689 [39][40]. Experimental tests
were performed at ambient conditions on cylindrical slabs (d = 10 cm, h = 2 cm) using a thermal
conductivity analyzer (C-Therm Technologies, Fig.2) whose operating principle is the Modified

Transient Plane Source (MPTS) method. For each sample typology, five tests were performed.



Figure 2 Apparatus for thermal conductivity measurement.

Acoustic absorption

The normal incidence sound absorption coefficient o of both REF and LG samples was measured
by means of the transfer function method proposed by Chung and Blaser [41] and reported in the
ISO 10534-2 Standard [42]. In particular the SCS9020B Impedance Tube provided by VIBRO-
ACOUSTIC srl was used. The measurements were performed placing the rigid backed specimens
being tested at an end of a 10 cm diameter standing wave tube, while at the other end of the
standing wave tube was mounted a loudspeaker fed by a white noise signal. Each tested sample was
cut into circular slices with flat faces and, to avoid any air leakage along the lateral edges of the
specimen in contact with the internal surface of the tube attached to the tube, the edges of the
specimen were sealed using vaseline grease. The sound pressure was picked up at two locations
along the wall of the tube, spaced 50 mm each other. Given the standing wave tube diameter and the
distance between the positions of the microphones, the measurements were carried out in the
frequency range between 350 Hz and 1750 Hz. A sketch of the measurement set-up is shown in Fig.

3.
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Figure 3 Apparatus for normal incidence sound absorption coefficient measurement.

The measurement of the sound pressure signals at the two positions allows to calculate the transfer

function H,(f) between the two microphones as follows:

_ FFT(py)
le (f) - FFT(pl) (5)

where p; and p; are, respectively, the sound pressure impulse response at the microphone position
nearest to the loudspeaker and the tested sample. From the knowledge of the transfer function
Hi,(f), the complex reflection coefficient at the surface of the specimen, taking into account for the

plane sound wave assumption, is given by:

R(f) = e gkt ()

efkod—H,,

In Eq. 6 &y is the wavenumber whereas / and d, as shown in Fig. 3, are respectively the distance of

microphone 1 from the tested samples and the distance between two measurement microphones.

Then the normal incidence sound absorption coefficient oy is obtained by:
ag =1—IR(I* (7)

The measurements were performed on three LG samples, one for each percentage of considered FA,
and on a sample of reference gypsum. For each sample the measurements were repeated three times
and the results were averaged. To take into account for low sound attenuation of the measurement
equipment, the measurements were carried out on a rigid wall as well and for automatic calibration
of amplitude and phase for two measurement microphones, the microphone switching technique

proposed by Chung and Blaser [43] was used.

10



3. Results and discussion
3.1 Characterization of raw materials

In Fig. 4 the thermal (a) and XRD (b) analysis of raw gypsum were reported. The thermal analysis
revealed the presence of two main peaks. The first, around T=140°C, is representative of the de-

hydration of hemihydrate (see Eq. (8)):
CaS04-2H,0 1 CaSO4 + 2H,O  (8)

This reaction indicates that the de-hydration of 1 mol of CaSO4-2H,O (145 g) generates a weight
loss corresponding to 0.5 mol of H,O (9 g), which represent a weight loss of 6.2%. Therefore, as the
measured weight loss referred to the first peak is equal about to 5.5%, the amount of hemihydrate
(H) in the raw gypsum is about 89%. A second peak was detected around T=740°C, and was

relative to the decomposition of calcite (see Eq. (9)):
CaCOs 1 CaO+CO2  (9)

This reaction indicates that the calcination of 1 mol of CaCO; (100g) produces a weight loss
corresponding to 1 mol of CO; (44 g), which represent a weight loss of 44%. Therefore, as the
measured weight loss referred to the second peak is equal about to 4%, the amount of calcite (C) in
the starting raw gypsum is about 9%. Finally, the remaining part of the raw gypsum (about 2-3%)
mainly consists of anhydrite, whose presence, together with the above-mentioned hemihydrate (H)
and calcite (C), was confirmed by XRD analysis (Fig. 4b). The presence of carbonate species was
further confirmed by ATR-FTIR results reported in Fig. 4c. In particular, the spectrum of the raw
gypsum showed two peaks characteristic of the presence of carbonate anions: one band centered
around 1453 cm™, typical of the C—O stretching mode and a narrow band at 873 cm™ related to the
bending mode [44]. Moreover, the IR spectrum showed the presence of typical vibration bands of
gypsum, centered at around 1113, 660, and 600 cm ' as well as the stretching and deformation

vibrations of the O—H bond of water at 3580, cm ' and at around 1627 cmfl, respectively [44,45].
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Figure 4 Characterization of gypsum powder: (a) thermogravimetric analysis (black line) and its first

derivative (red line); (b) XRD spectrum. H = Hemihydrate; A = Anhydrite; C = Calcite; (c¢) FT-IR spectrum

of gypsum powder.

The main properties of the FA, evaluated as widely described in section 2.2.1, are reported in Table

2. By inspecting the table, it is possible to assess that the foam stability is definitely not affected by

the dilution process, in fact its value is basically the same for pure foaming agent and for both

dilutions. The foaming capacity, instead, slightly decreases when the foaming agent concentration

lowers, in fact the RO value results to be reduced of about 8% passing from the pure foaming agent
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to the 5% dilution. Moreover, the use of diluted foaming agent solutions leads to a moderate

increase of liquid drainage, regardless of the foaming agent amount.

Table 2 Foaming agent properties of pure and diluted foaming agent.

Foaming agent dilution
Pure FA 10% 5%
Relative overrun 6.10£0.10 5.80£0.12 5.60+0.11
Foam stability 0.81 +£0.05 0.81 £ 0.04 0.78 £ 0.05
Liquid drainage 0.78 £ 0.09 0.90+0.10 0.90 £ 0.08

3.2 Physical characterization of fresh and hardened lightweight gypsum

In Table 3 both the initial and final setting times of all the manufactured samples were reported. The
data indicate that the use of surfactant foaming agent leads, on the whole, to faster setting times,
because of the surface tension reduction, due to the effect of surfactants addition, and the following
increase of the dissolution phenomenon of gypsum hemihydrate [18]. However, this trend appears
to be less evident with the increasing of the FA, i.e. for both dilutions no significant variation on

setting times occurs passing from 7.5% to 10% of FA amount.

Table 3 Initial and final setting times of the lightweight gypsum samples.

Sample Setting time (min)
Initial setting Final setting

REF 350+0.5 38.5+ 0.5
LG5 5% 31.0+0.5 345+0.5
LG7.5 5% 27.0+1.0 31.0+0.5
LG10 5% 27.5+1.0 305+ 1.0
LG5 10% 32.0+0.5 37.0+ 0.5
LG7.5 10% 30.5+0.5 350+ 1.0
LGI10 _10% 30,0+ 1.0 340+1.0

The main physical properties of all the manufactured samples are reported in Table 4 (and
compared with reference gypsum). By inspecting these data, the role of the FA on the porosity
increase of gypsum matrices is strongly evident. In fact, for both the dilutions (5% and 10%), FA
addition led to an increase of the open porosity from =47% (REF) up to =70% (LG10_ 5% and

LG10 10%). In particular, it is worth noting that most of this increase is already achieved for
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foaming agent additions of 7.5% and that a similar behavior can be recorded also for the water
absorption and for the apparent density, which decreases following this same trend. Regarding the
values of real density, all the samples show basically the same result, as expected taking into
consideration that the real density is related only to the gypsum matrix, which is always the same.
Finally, the different dilutions of FA do not affect considerably all the above discussed physical
properties.

The strong increase of the porosity due to the above discussed addition of FA, also influences the
measurements of ultrasonic P-wave velocity (UPV), summarized in Table 5. These data exhibit an
evident reduction of UPV with the increasing of FA amount, mainly up to 7.5% addition of FA,
while a further addition (from 7.5 to 10% of FA) does not led to a significant UPV reduction. This
trend is consistent with the above discussed role of the FA on the LG porosity. Similarly, there is

not an evident role played by the FA dilution on the UPV measurements.

Table 4 Main physical properties of reference and lightweight gypsum mixtures (average values + standard

deviations are reported).

Sample Apparent (gensity Real den3$ity Open Porosity | Water absorption
(g/cm’) (g/cm’) (%) (%)

REF 1.20£0.02 2.25+0.04 46.68 £ 0.75 3891 +0.87
LG5 5% 0.86 +0.05 2.27+0.06 62.03 +£0.83 72.60 = 1.06
LG7.5 5% 0.72 +£0.03 2.34 £ 0.05 69.11 +0.87 89.51+£1.20
LGI10 5% 0.67 +0.09 2.29 +0.05 70.85+0.68 89.43 +£1.35
LG5 10% 0.86 +0.06 2.28 £0.05 62.00 = 0.94 72.54 +0.98
LG7.5 10% 0.74 £0.01 2.32+0.01 67.95+0.72 88.78 £1.23
LGI10 _10% 0.68 +0.06 2.30+0.01 70.45 +0.88 90.83 +1.42

Table 5 Ultrasonic pulse velocity (UPV) for REF and LG samples.

Sample UPV (m/s)
REF 2150.54 £ 19.31
LG5 5% 1652.89 +23.56
LG7.5 5% 1462.52 + 26.76
LGI10 5% 1426.02 + 38.15
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LG5 _10% 1639.34 + 18.56
LG7.5_10% 1483.68 +21.36
LG10_10% 1406.96 + 24.57

3.3 Mechanical characterization

The results of flexural and compressive tests are described by the curves reported respectively in
Figs. 5 and 6, while the average values of flexural and compressive strengths are listed in Table 6.
As expected, the addition of FA caused a reduction of both flexural and compressive strengths due
to the porosity increase [46]. Moreover, regarding the flexural behavior (see Fig. 5), it is worth
noting that also the elastic modulus of the lightweight gypsum samples decreased proportionally
with the amount of foaming agent added. Finally, in accordance with the results reported in the
previous section, the different dilutions of the foaming agent seem to not affect the mechanical
performance of LG samples.

Looking at the curves depicted in Figure 6, a toughening effect can be noted for all the LG samples.
This effect, totally absent for the reference sample, which showed the typical brittle behavior, can
be related to the gradual collapse of the porosity. The foamed samples, showed an initial linear
elastic behavior and then, after that the maximum load has been reached, small load falls can be
detected and probably due to the pore strut fractures [47]. Then, the following small load increases
can be explained as a consequence of the densification process due to the collapse of pore structure.
In fact the porosity acts firstly as a microcracks, causing load falls and then as densifier agent,
causing the load increases. This behaviour led the porous gypsum matrices to support further loads
without brittle cracking [12,47]. The above mentioned “densification process” is macroscopically
evident looking at the surface of the LG samples after the compressive test. As an example, the
surface of the sample LG10 5% is reported in Fig. 7. Finally, Fig. 8 demonstrates that the
compressive strengths are linearly correlated to the density, with a satisfactory correlation

coefficient (R?).
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Figure 5 Flexural strengths of LG produced with foaming agent diluted respectively at 5% (a) and 10% (b).
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Figure 7 LG10 5% sample after compressive test.
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Table 6 Mechanical properties of the reference and all the lightweight gypsum samples

Sample Flexural strength, o Compressive strength, o,
(MPa) (MPa)
REF 4.19+0.14 6.98 £0.12
LG5 5% 2.00+0.13 3.17+0.15
LG7.5 5% 1.40+0.18 1.77 £0.10
LG10 5% 1.07+0.19 1.26 £0.40
LG5 10% 2.20+0.10 3.43+0.84
LG7.5 10% 1.48+0.11 1.87 £0.08
LG10_10% 1.16£0.14 1.45+0.16
® REF © LG 5% @ LG 10%
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Figure 8 Correlation between bulk density and compressive strength for REF and all LG samples.

The results discussed until now, demonstrated that the different dilution of the FA (i.e. 5% and

10%) did not considerably affect the main physical and mechanical features of the LG samples. So,

in the further experimental campaign, only the LG samples obtained with a 5% dilution of foaming

agent were investigated.
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3.4 X-ray Micro-tomography characterization

A visual inspection of the micro-CT gray-scale images of the four analyzed samples show that they
are constituted by a gray matrix (hemihydrate), with dispersed highly-attenuating white grains
(calcite and anhydrite) and black (poorly-attenuating) pores, see Fig. 9.

The reconstructed three-dimensional volume rendering for each sample has been used to measure
porosity percentage, as well as pores connectivity, size and distribution. In general the porosity
includes large spherical bubbles (> 10 um in diameter), produced by the foaming agent and
randomly distributed in the sample, and smaller (mostly between 5-10 pum in diameter) gypsum

matrix-pores possibly inherited by voids initially present in the gypsum powder, Fig.10.

Figure 9 Examples of Micro-CT gray-scale slices of analysed samples: black areas represent low-density

pores, white spots are high density grains (calcite and anhydrite). The side of each slice is 5 mm.
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Figure 10 Segmented pores: in blue large bubbles and in yellow gypsum matrix-pores

Micro-CT data, summarized in Table 7, show that total porosity percentage (by volume) increases
according to the amounts of foaming agent in the sample, from 48.72% in REF (which is the typical
porosity of a gypsum matrix), to 63.58% in LG5 5%, to 67.47% in LG7.5 5%, to 69.62% in
LG10 5%. In particular the increment in porosity is mainly due to the growing of the total volume
(number and diameter) of the large bubbles in LG samples, while the microstructure of the gypsum
matrix-pores remains unchanged in LG samples and similar to that of REF. It is worth noting that
the total porosity values obtained by Micro-CT are definitely comparable to those obtained by water
absorption test, reported in Table 4. Therefore, it is possible to deduce that all the samples do not

exhibit closed porosity.

Table 7 Micro-CT 3D Textural parameters

Total porosity | Gypsum matrix pores Large bubbles | Connected porosity
Sample (% vol) (% vol) (% vol) (% vol)
REF 48.72 48.72 - -
LG5 5% 63.58 34.59 28.99 92.06%
LG7.5 5% 67.47 30.89 36.58 95.29%
LG10 5% 69.62 28.85 40.77 96.78%

As the amount of foaming agent in LG samples essentially affects the characteristic of large bubbles
(but left unchanged the structure of gypsum matrix-pores), a detailed estimation on their size,

distribution, and connectivity was performed, to better define the possible relation between large
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pores structure and material properties. The distribution and size of the large bubbles in the
analyzed samples are shown in Fig. 11. A slightly increment in the volume of the bubbles (mainly

due to coalescence) is observable passing from LG5 5% to LG7.5 5% to LG10_5%.
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Figure 11 3D distribution and size of large bubbles in LG_5% samples

Moreover, the connectivity between pores is displayed in Fig. 12. In particular the spheres represent
the centroid of each connected pore and the size of the spheres is proportional to the number of

connected pores. The connectivity is quite similar in the three analyzed samples.
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Figure 12 Pores connectivity of LG_5% samples

Summing up, Micro-CT investigations revealed that the microstructure of the analyzed LG samples
is characterized by 1) even-distributed fine irregularly-shaped pores, possibly inherited by voids
initially present in the gypsum matrix and 2) uneven-distributed large size and connected pores,
produced by the foaming agent. In particular, the latter show an high degree of connectivity and
porosity volumes that increase with the amount of foaming agent from 28.99% (LG5 5%) to 40.77
(LG10_5%). This transition in porosity value of the large connected bubbles is particularly
important as it controls the so-called percolation threshold (¢c) that corresponds to the minimum
value of the connected porosity at which extended connected networks exist. Following standard
percolation theory when porosity is slightly greater than ¢c, the permeability increases rapidly with
increasing porosity following a power law relationship. Moreover standard percolation theory

shows that if uniform spheres are placed randomly in a much larger sample volume and the spheres
21



are allowed to overlap (connect), then a cluster of touching and overlapping spheres will span the
sample volume at ¢ (porosity) = ¢c = 28.5 vol% [48]. For this reason a percolation threshold at ¢ ~
30% is generally assumed [49]. In this view, in our LG samples this threshold is achieved roughly

between LG5 5% and LG7.5 5%.

3.5 Thermal and acoustic properties

As above mentioned, the discussion on the thermal insulation and sound-absorbing properties of the
insulating behavior will be hereafter limited to the samples manufactured with the 5% dilution of
the foaming agent. In particular, thermal conductivities of REF and LG samples are summarized in
Table 8, along with the densities previously discussed (see Table 4). The data showed a significant
influence of the foaming agent amount on the thermal conductivity, and that these latter appear to
be correlated by a direct proportionality (see Fig. 13). Moreover, it is possible to observe that, as
expected from literature [50,51], the thermal conductivity decreases for lower densities, as air has
lower lambda than solids. In particular, a reduction respect to REF sample of about 39% and 56%,
respectively for LG7.5 5% and LG10 5% samples was detected (Table 8). Interestingly, a strong
relationship between thermal conductivity with growing and expansion of pores has been recently
predicted on the basis of high-speed synchrotron X-ray imaging of glass foaming and thermal
conductivity simulation [52]. It is worth noting that the values of thermal conductivity obtained for
LG samples resulted to be absolutely comparable with the values exhibited by foamed gypsum
composites [23] and inorganic lightweight materials for thermal insulation [51,53]. Furthermore,
materials characterized by a not too high thermal insulation and a suitable weight, like LG samples
produced, can be used in warmer climatic areas where the achievement of effective building energy
saving requires not only low thermal conductivity values, but a proper balance between thermal

insulation and thermal capacity.

Table 8 Thermal conductivity (A) of the reference and lightweight gypsum samples obtained with 5%

dilution of foaming agent.

Thermal conductivity, A Density, p

Sample s
(W/m-K) (g/cm”)
REF 0.57+0.02 1.20 £0.02
LG5 5% 0.46 £0.04 0.86 +0.05
LG7.5 5% 0.35+0.05 0.72 +£0.03
LGI10 5% 0.25+0.04 0.67 +0.09
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Figure 13 Correlation between thermal conductivity and amount of foaming agent for LG samples obtained

with 5% dilution.

The value of the normal incidence sound absorption coefficient oy versus frequency obtained as
described in section 2.3.4 is reported for the three LG samples and for the reference gypsum in Fig.
14. The acoustic results show that the normal incidence sound absorption coefficient values of LG
samples are higher than one of reference gypsum, due to the increase of the total porosity as well as
the connected porosity (see Table 7). However, whereas for the LG5 5% sample the improvement
of sound-absorbing features is very poor, for the LG7.5 5% and LG10 5% samples it is quite
remarkable. In fact, the average value of the normal incidence sound absorption coefficient in the
considered frequency range changes from 0.05 for REF sample to 0.07 for LG5 5% sample up to
0.16 and 0.15 for LG7.5 5% and LG10 5% samples respectively. Therefore the acoustic results
show that the amount of foaming agent has to be at least 7.5 % to give quite relevant sound-
absorbing features to lightweight foamed gypsum samples. This significant increment of sound
absorption coefficient for the LG7.5 5% and LG10 5% can be related to the above discussed
exceeding of the critical porosity value (about 30%), which corresponds to a substantial
permeability growth. Moreover, the slightly lower value of the normal incidence sound absorption
coefficient for LG10 5% sample with respect to LG7.5 5% sample is probably due the higher

tortuosity value for the former than the latter. However, this issue needs to be further investigated.
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Figure 14 Normal sound absorption coefficient (a,) of the REF and LG samples.

4. Conclusions

In the present paper, a foaming agent, made mainly of natural surfactants dissolved in water
solution, has been used to produce lightweight gypsum composites. In particular, two foaming
agent formulations, based on 5% and 10% dilutions (wt/wt) of the pure foaming agent solution,
were selected and their foaming properties were preliminarily investigated. Then, different amounts
(5, 7.5 and 10% wt) of pre-manufactured foams obtained from the whipping of the foaming agent
solutions, were added to the gypsum matrices in order to lighten them. The effects of the porosity
increase induced by the foaming agent addition, on the physical, mechanical and morphological
features of the gypsum composites were widely evaluated. Also the enhancement of the thermal
insulating and sound-absorbing properties of the lightweight gypsum was investigated. The use of
surfactant-based foaming agent, led to a reduction of the setting time of fresh gypsum pastes, even
if this effect tends to lower with the increase of foaming agent amount. The experimental results
demonstrated that, while the different dilutions of the foaming agent did not affect significantly
neither the main physical properties nor the mechanical behaviour of the LG samples, the addition
of higher amounts of foaming agent influenced considerably both of them. In fact, the increase of
foaming agent content caused a reduction of flexural strength and a modification of the compressive

behavior, due to a toughening effect related to the porosity increase. Also thermal conductivity
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resulted to be influenced by the percentage of foaming agent, in particular the conductivity values
decreased proportionally with the increase of foaming agent addition. Finally the acoustic behavior
of the gypsum foams revealed that the increase of the total porosity as well as the connected one,
translated into higher values of normal incidence sound absorption coefficient compared to REF
sample. Moreover, micro-CT analyses confirmed that the porosity percentage in gypsum matrices
increased for higher amounts of foaming agent and that the large pores obtained are strongly
interconnected. Particularly the Micro-CT results show that microstructure of analyzed LG samples
includes both small gypsum matrix pores possibly inherited by voids initially present in the gypsum
powder as well as large pores whose total porosity (number and diameter) increases according with
the amount of foaming agent. This porosity variation of the large bubble population influences
permeability behavior (percolation threshold) and thus material proprieties. A significant variation
in both thermal conductivity as well as acoustic proprieties has been observed when a critical
porosity threshold is reached between LG5 5% (under the threshold) and LG7.5 5% -LG10 5%
samples (both above the threshold).

It is possible to conclude that the lightweight gypsum-based composites studied in the present
investigation, can be successfully proposed as innovative and sustainable building materials for

thermal insulation and sound absorbing applications.
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