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Abstract High performance thermal insulating
composite materials can be produced with mineral
binders and hydrophobic aerogel particles through a
hydrophilization process for the latter with surfac-
tants. The present study is focused on the development
of aerogel/calcium sulfate composites by the hydro-
philization of hydrophobic silica aerogel particles
through a polymer-based surfactant. Its effects on the
microstructure and hydration degree are examined as
well as their relation to the resulting mechanical and
physical properties. Results show that composites
with an around 60 % of aerogel by volume can
achieve a thermal conductivity <30 mW/m x K.
Interestingly, a surfactant addition of 0.1 % by wt%
of the water in the mixtures provides better material
properties compared to a surfactant wt% addition of
5 %. However, it has been found around 40 %
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entrained air, affecting the material properties by
reducing the binder and aerogel volume fractions
within the composites. Moreover, gypsum crystal-
lization starts to be inhibited at aerogel volume
fractions >35 %. Towards material optimization, a
model for the calculation of thermal conductivity of
composites and an equation for the compressive
strength are proposed.

Keywords Aerogel - Surfactant - Anhydrite -
Composite - SEM - Thermal insulation

1 Introduction

The high energy consumption of old buildings is often
related to a lack of thermal insulation of the building
enclosure [60, 65]. For masonry based buildings,
energy saving targets can be met with thermal
insulating panels with a suitable hygrothermal behav-
ior [38]. However, such constructive systems require
flat surfaces, panel adjustments, gluing and so forth. In
contrast, mortars with high thermal insulating proper-
ties, besides not presenting the paneling systems
disadvantages, can fill gaps and provide a continuous
thermal insulating layer avoiding thermal bridges.
Their thermal conductivities are however not as low.
Nevertheless, enhancements of the thermal insulating
properties of mortars can be achieved by using aerogel
particles as lightweight thermal insulating aggregates,
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taking advantage of the very low thermal conductivity
generated by their nanoporous structure [8, 14, 35].

There has been a rising interest in aerogels for
building applications in the last years, mainly for
building insulation [4, 7, 27, 30, 37, 39, 50, 55, 66, 76].
Aerogel granules have become more popular than
monolithic aerogels due to lower production costs.
Lately, a rising use of aerogel granules has been
reported as thermal insulating aggregates in composite
materials, based on mineral binders [10, 18, 24, 25, 36,
45, 58, 64]. The resulting composites can be used in
buildings as renderings or as thermal insulating layers;
however, these composite materials typically present
low mechanical strength, especially if the target is to
achieve high insulating values, as can be observed
from [3], with a compressive strength around
0.08 MPa and a thermal conductivity of 34 mW/m
x K. Because of this behavior, external rendering
applications of these products typically require addi-
tional mesh reinforcement and an external protective
layer. However, it would be of great interest to be able
to reduce or eliminate the need of a mesh reinforce-
ment, by reaching a compressive strength >0.40 MPa,
so it can comply with the first category (CS I) of the
European Standard 998-1, regarding thermally insu-
lating mortars for exterior applications.

Hydrophobic aerogels are mostly used in building
applications. This type of aerogels have undergone a
surface modification, which provides the hydrophobic
character [32, 41, 43, 54, 61, 63, 68, 69, 72, 74]. In
particular, their contact angle with water droplet
depends on the silylating agent (non-polar groups)
[43,54, 61, 69]. The data regarding water absorption of
such aerogels shows that the untreated aerogels (hy-
drophilic) absorb water by 4-5 times their own weight,
while silylated aerogels (hydrophobic), absorb less than
2 % water with respect to their own weight [68].
Nevertheless, the high hydrophobicity of aerogels poses
a processing problem when mixed with water based
mineral binders. This can be overcome by hydrophiliz-
ing the aerogels with surfactants or by adding wetting
additives to form a hydrophilic coating around the
hydrophobic core of the aerogel particles [18].

Surfactants are amphiphilic compounds that com-
prise a hydrophilic head and a hydrophobic tail. They are
mostly used in the manufacture of detergents, soaps and
many other personal care products. In building applica-
tions, surfactants have been used recently to form
mineral slurries with hydrophobic aerogel particles [10,

18, 36], besides other uses, like air-entraining agent to
produce freeze—thaw resistant concrete, but also foamed
concrete [19, 46, 49, 70, 73]. However, their use in
cement-free based composites has received compara-
tively little attention. One of the objectives of this paper
is to remedy this situation because of the promising
perspectives offered by such systems as high perfor-
mance insulating renders. In particular, we examine how
the binder matrix hydration and microstructure is
affected by the presence of polymeric surfactants and
a high concentration of hydrophobic aerogel particles.
This sets the basis for a rational discussion of the
development of physical and mechanical properties in
these novel mineral based composites.

Besides a good thermal insulation, the rehabilita-
tion of old buildings based in historic masonry
requires a material compatibility between the repair
mortars and the pre-existent main facade material
[34], which is why binders compatible with historic
mortars should be preferred. From this perspective, it
is worth noting that although hemihydrate has been
broadly used for developing building composites [13,
17, 22, 26, 31, 42, 48, 67, 75], only anhydrite based
binders are considered as repair mortars for exterior
applications by RILEM TC203RH [34]. Although
allegedly not water resistant, anhydrite based mortars
have been successfully used for exterior renderings [2,
40, 52, 56, 57] and joints in exterior walls of historic
buildings [44]. They appear to present better water
resistance and mechanical properties than correspond-
ing binders prepared with hemihydrate, probably
because they can be prepared with lower water/binder
ratios, producing lower porosities and higher densities
in the hardened material. Thus, gypsum based on high
anhydrite content and low water/binder ratios can be
considered for exterior applications.

The main aim of the present paper is therefore to
study the preparation and material properties of
thermally insulating renders based on anhydrite binder
and aerogel particles. More specifically, we develop
our approach by studying the resulting density of the
binder matrix and volume content of the components
within the composites providing key information
about this type of mixtures not reported in other
studies before. For this, we first compatibilize the
hydrophobic silica aerogel particles with the selected
water-based mineral binders by a hydrophilization
process through a polyethylene-glycol — polypropy-
lene-glycol — polyethylene-glycol block copolymer
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(PEG-PPG-PEG) based surfactant, then, we study the
effect of the surface modification of aerogels by
measuring the water absorption capacity during the
preparation of the samples, and finally, the resulting
microstructure of the composites, the binder hydra-
tion, as well as the mechanical, thermal and physical
properties. The surfactant used is specifically non-
ionic, to avoid possible ionic interactions with the
mineral binder.

2 Experimental
2.1 Materials

The composites were produced through the mixture of
the following materials, in different ratios:

(1)  Anhydrite II (artificial) from CTH Navarra, for
the main mineral binder [6], obtained by calci-
nation of natural gypsum between 300 and
700 °C (particles: >0.8 mm—2 %, >0.2 mm—
30 %). Classified Type A (according to European
Standard [21]).

(2) Hydrophobic silica  aerogel  granules
(0.01-1.2 mm) from Cabot, as insulating aggre-
gates [12]. Thermal conductivity (k) of
0.013 W/m x K at 21 °C, porosity >90 %,
particle density (120-180 kg/m?), oil absorp-
tion capacity (5.4-6.5 g/aerogel g).

(3) Non-ionic liquid surfactant (PEG-PPG-PEG) from
BASEF [53], for the hydrophilization of the aerogel
particles. Molar mass of 3650 g/mol, density of
1.03 g/cm3 , surface tension of 35 mN/m.

(4) Distilled water at 21 °C, for the formation of the
gypsum composites slurries.

Table 1 shows the real density of the base materials
measured by helium pycnometer and the particle
density of the aerogel particles as reported earlier [47].

Table 1 Real density of the base materials

Mineral ~ Aerogel  Surfactant
binder particles
Real density (g cm ™) 2.732 1.845 1.03*
Particle density (g cm™) - 0.155%*%  —
Calculated porosity (%) - 91.6 -

* From technical datasheet, ** [45]

2.2 Mixtures
2.2.1 Surfactant treatment

In order to reduce the hydrophobic forces of the
hydrophobic aerogels, and compatibilize them with
water, two different surfactant dosages (0.1 and 5 %
weight of the solution) were tested within the
composite mixtures, measuring the water absorption
capabilities of the aerogels after the re-treatment for
each case.

2.2.2 Sample preparation

The composition of all samples is described in
Table 2. The series are divided in two families; A
and B. The main difference between both is related to
the surfactant amount. The A and B mixtures contain a
constant addition of 0.1 and 5.0 % of surfactant
respectively in relation to water. The 5 % stands for
the concentration typically used to stabilize air
bubbles in foamed concrete [70]. The 0.1 % was the
lowest concentration we found to be able to stabilize
aerogel particles in all the aerogel concentrations, of
the A series. Also, each family is further divided into
series with different additions of aerogel particles by
wt% of the mineral binder (0, 10, 20, 30 and 100 %).

Samples were prepared following the manual
procedure described in the European Standard [21]
using a rubber spatula (5.1 x 7.9 cm, total length
24.2 cm), with minor changes. First, the addition of
the surfactant to the distilled water; second, the
addition of the anhydrite followed by a first 30 s
manual stir; and third, the addition of the aerogel
granules followed by another 30 s manual stir, both
describing 30 movements (one per second) in form of
number eight. This “gently” manual stirring proce-
dure prevents the aerogel particles from crushing, as
could be expected by using a more intense or
mechanical mixing process. In addition, this modified
procedure allows the anhydrite to hydrate partially
before adding the aerogel granules and was found to
lead to a better dispersion.

The final slurries are poured into standard molds
(4 x 4 x 16 cm, 3 specimens in two groups), and two
11 x 5 x 2 cm specimens for the thermal conductiv-
ity test, for each mixture series. Table 2 also shows the
water/binder ratios used in the preparation of the
specimens, all having the same flowability (160 mm)



3650

Materials and Structures (2016) 49:3647-3661

Table 2 Sample

- Name of the series Water/binder Surfactant Aerogel addition
composition (Ratio) (% of binder wt.) (% of binder wt.)
Reference gypsum 0.45 - -
A(0) 0.45 0.04 -
A(10) 0.69 0.07 10
A(20) 0.98 0.10 20
A(30) 1.27 0.13 30
A(100) 3.60 0.36 100
B(0) 0.45 2 -
B(10) 0.81 4 10
The components are B(20) 1.20 6 20
additions to the mineral B(30) 1.59 8 30
binder (wt% of the mineral B(100) 4.62 22 100

binder)

according to the European Standard [21] (this also led
to measure the water absorption capacity of the re-
treated aerogels during sample preparation). Labora-
tory conditions: 21 °C and 50 % RH.

2.3 Sample testing methods
2.3.1 Physical and mechanical properties

Physical and mechanical tests were made by the
procedure described in the European Standard [21],
cured at 21 °C and 50 % RH for 7 days and then dried
up to constant weight at 45 °C. The apparent porosity
% (water accessible porosity), was determined by the
Archimedes method, by the immersion of the samples
in water at RT for 24 h. The water absorption tests
were made by the procedure described in the European
Standard [20]. For thermal conductivity, a FP2C
Neotim (ASTM 5930-97 standard), with the “Hot
wire” method described in RILEM [1], with a
measurement range between 0.02 and 5 W/m-K. In
this test, specific probe is sandwiched between two
plates of the material to be measured, so that the
thermal response is an average between the properties
of both plates. For real density of the base materials, a
Helium Pycnometer Micrometrics AccuPyc II 1340.

2.3.2 Mineralogical and microstructure
characterization

For X-Ray diffraction analysis, a Bruker DS
Advance diffractometer, working in Bragg-Bentano

geometry, provided with an X-ray source with a
high stable copper anode and an energy dispersive
detector SOL-X has been used. The experimental
conditions were: measurement range 2-50° 26 with
time step-scanned of 1 s, fixed-angle divergence slit
of 0.02° 20. The software used was EVA
DIFFRACplus. The semi quantitative analysis of
the crystalline phases was done by the Chung
method [15, 16], set by the three most intense (hkl)
crystallographic plane directions for the more rep-
resentative components.

For scanning electron microscopy, a JEOL JSM-
820 with microanalysis equipped with a secondary
electron detector has been used, with the software
Oxford ISIS-Link.

2.3.3 Adsorption behavior of surfactant
on the mineral binder

The adsorption curve was determined by the method
described by [51], mixing for 3 h at 23 °C and then
centrifuged for 10 min for the extraction of the liquid
phase of the suspension. The w/b ratio used was 2.0.
The total organic content was determined on a
SHIMADZU TOC-VCSH/CSN total organic carbon
(TOC) analyzer. The surfactant adsorbed was deter-
mined by the difference between the initial amount of
polymer and the amount present in the solutions
measured by TOC. This method is typically used for
measuring the adsorption of admixtures on cement
particles [5, 11, 51].
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3 Results
3.1 Mineral binder analysis by XRD

The XRD analysis of the unhydrated mineral binder
shows a concentration of 59 % of CaSO, (anhydrite,
the main component), a concentration of 32 % of
CaS04-0.5 H,O (bassanite) and around 9 % of impu-
rities: 2 % of quartz (Si0,), and 7 % of phyllosilicates
(bulk represented by the KAI;Si30,¢o(OH),—Mus-
covite pattern).

The main mineral binder was obtained by the
calcination of natural gypsum (with impurities) from
temperatures from 300 to 700 °C; this process can
generate a resulting product that contains bassanite,
anhydrite III (that transforms into bassanite a few
hours after cooling), and anhydrite II-s or anhydrite II-
u, as also reported by other authors [9, 28, 59, 71].

3.2 Aerogel water absorption

During samples preparation, the aerogels showed
evidence of different water absorption capacities
depending on the concentration of the surfactant in
the solution. To some extent this can be assessed by
analyzing the amount of water needed for series to
reach the fixed flowability (measured by the flow
table method). For this we consider that the water
required can be distributed into two parts: one for the
binder and one for the aerogel. Considering for the
binder a water/binder ratio of 0.40, we then calculate
the binder to aerogel ratio of the remaining portion of
the added water, which is considered to be absorbed
into the aerogel particles. To consider that this extra
amount of water is absorbed by the aerogel, is
supported by the observation that in both series the
ratio of extra water to aerogel mass is roughly
constant.

In particular, the A series showed a constant 2.9 g
of absorbed water per aerogel gram between A(10) to
A(30) series, with a 10 % increase of the water needed
for the A(100) composites. The B series showed a
constant 3.7 g of absorbed water per aerogel gram
between B(10) to B(30) series, with an 8 % increase of
the water needed for the B(100) composites. The
increase of the water by the 100 % aerogel addition is
probably because of the low volume ratios of the
mineral binder, requiring additional water to maintain
the flowability, therefore, it is not considered to be

absorbed by the aerogel particles. However, between
the different composite series, the modified aerogel
granules of the B series absorbed 27.6 % more water
than the aerogels of the A series.

3.3 Adsorption behavior of surfactant
on the mineral binder

The adsorption of the surfactant on the mineral binder
is shown in Fig. 1. The adsorption is linear and
complete up to concentrations of 10 mg of surfactant
initial/g of mineral binder. At higher dosages the
fraction of polymer adsorbing decreases slightly. The
plateau adsorption is at 18 mg of surfactant adsorbed/
g of mineral binder and in these suspensions is reached
for a dosage of about 25 mg/g.

3.4 Physical and mechanical properties
of the composites

The apparent porosities (%), water absorption, bulk
density, compressive strength and thermal conductiv-
ity of the samples are shown in Table 3. The aerogel
containing samples with more surfactant showed in
general, lower mechanical strength, higher thermal
conductivity and higher bulk density than the samples
with less surfactant.

In the samples without aerogels, adding the surfac-
tant led to an increase of 19 % of the apparent
porosity. In presence of a 10 wt% (35 % volume) of
aerogel in both A and B series, the increase was 38 %.
However, while further increase in the aerogel addi-
tion increased the apparent porosity of the B series, it
caused porosity to decrease in the A series.

The compressive strength decreases as the content
of aerogel particles increased, as expected. However,
the surfactant concentration also modified the
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Table 3 Physical properties of the samples at 7 days. Standard deviation presented in brakets

Name of Apparent Water absorption Bulk density Compressive Thermal conductivity Aerogel
the series porosity (%) (m2 minO‘S) (g cm73) strength (MPa) (W/m x K) Volume (%)
Reference 21 (0.3) 0.5 (0.027) 1.38 (0.006) 19.3 (0.77) 0.282 £ 0.014 -
gypsum
A0) 25 (0.2) 0.9 (0.022) 1.36 (0.01) 17.2 (0.19) 0.283 + 0.014 -
A(10) 29 (0.7) 1.8 (0.079) 0.68 (0.006) 0.82 (0.11) 0.096 £ 0.005 34.5
A(20) 28 (0.3) 2.0 (0.099) 0.47 (0.003) 0.13 (0.01) 0.059 £ 0.003 442
A30) 26 (0.6) 2.1 (0.059) 0.37 (0.03) 0.06 (0.004) 0.059 £ 0.003 479
A(100) 19 (1.8) 1.6 (0.064) 0.20 (0.01) 0.01 (0.002) 0.028 £ 0.001 57.1
B(0) 25 (0.2) 0.7 (0.026) 1.30 (0.016) 12.6 (0.35) 0.282 £+ 0.014 -
B(10) 29 (0.4) 1.5 (0.083) 0.73 (0.01) 0.60 (0.01) 0.074 £ 0.004 358
B(20) 34 (0.6) 2.7 (0.061) 0.48 (0.01) 0.11 (0.04) 0.072 £+ 0.004 43.4
B(30) 35 (0.2) 2.9 (0.082) 0.39 (0.02) 0.05 (0.003) 0.065 £ 0.003 49.5
B(100) 36 (4.0) 2.9 (0.086) 0.22 (0.004) <0.01 (0.001) 0.034 £ 0.002 59.2

No standard deviation for thermal conductivity are given because only single measurements were performed, each however, giving
the average of two samples, as explained in the methods section

properties of the composite materials. The A(0) and
B(0) series, compared to the reference gypsum,
showed 10.9 and 34.7 % lower compressive strength
respectively. The A(10) shows 36.7 % higher com-
pressive strength than the B(10), however at the
highest aerogel concentration, the compressive
strength of the A and B series are almost the same.

As shown in Table 3, the reference gypsum (with-
out surfactant) and A(0) and B(0) samples presented
roughly the same thermal conductivity, showing no
significant effect related to different surfactant quan-
tities. However, this situation changes in presence of
aerogel particles, where indeed, not only the aerogel
addition decrease the thermal conductivity, but also
the effect is different between series A and B due to the
amount of surfactant.

3.5 Microstructure study of the composites
by SEM

The SEM images show the most representative
microstructure of each sample (Figs. 2, 3). The refer-
ence gypsum presented irregular pore morphologies
(Fig. 2a). The A(0) and B(0) samples presented similar
irregular pore morphologies (Fig. 2b, c respectively) as
the reference gypsum, but also presented some addi-
tional pores with spherical morphology, not detected in
the reference sample, generated by the surfactant. The
B(0) sample presented a higher concentration of the

spherical pores compared the A(0) sample, consistent to
the increase of surfactant dosage.

Different crystal morphology, growth and
microstructure of gypsum are observed within samples
depending on their aerogel contents (Fig. 3). The
reference gypsum, the A(0O) and the B(0) samples
present crystals with a tabular morphology sized from
1 x1x5t2 x 2 x 10 pm, however, the samples
A(0) and B(0) present also some smaller crystals, with
crystal sizesupto 0.5 x 0.5 x 1 um generated by the
surfactant dosage increase (Fig. 3a).

The SEM images show crystallization of gypsum at
the aerogel-gypsum interface in all cases. The crystal
growth behavior and morphology changed when the
aerogel particles were present, especially in the
highest aerogel addition samples (B(100), Fig. 3c),
leading to tabular, planar and needle like crystals with
sizes up to 0.5 x 0.5 x 15 pum. No visible changes
regarding the crystal morphologies were detected
between A and B series containing aerogel particles.

3.6 Anhydrite hydration by XRD

The X-Ray analysis results shows the different
mineralogical phases obtained after hydration for both
the low and high concentration of surfactant as well as
for the different aerogel contents.

Table 4 shows the evolution of the different
mineralogical phases during the hydration of the
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Fig. 3 SEM of the most representative samples: B(0)—a (x2000), B(10)—b (x2000) and B(100)—¢ (x2000)

Table 4 Semiquantification (%) and analysis of the degree of hydration (DOH) of the calcium sulfates by XRD at 7 days

Phase Reference A0) A(10) A20) A(30) A(100) B(0) B(10) B(20) B(30) B(100)
gypsum

Gypsum (%) 90 84 86 89 84 74 83 94 92 88 85

Bassanite (%) 3 1 1 2 3 7 1 2 3 5 8

(DOH) 0.91 0.97 0.97 0.94 0.91 0.80 0.97 0.94 0.91 0.86 0.77

Anhydrite (%) 7 15 13 9 14 19 16 4 5 7 7

(DOH) 0.89 0.77 0.80 0.86 0.78 0.71 0.75 0.94 0.92 0.89 0.89

calcium sulfates within the samples from XRD
analysis, without impurities. Moreover, there is a
certain heterogeneity among the samples, primarily
concerning the phyllosilicates.

After 7 days, the gypsum with a 0.45 water/binder
(w/b) ratio, presented an almost complete anhydrite/
bassanite hydration, with a remaining unhydrated
anhydrite and bassanite of 7 and 3 % respectively.

The addition of surfactant reduces by around 6 %
the hydration of the calcium sulfates compared to the
reference gypsum. In presence of aerogel granules, the

formation of gypsum is also reduced as the addition of
aerogel content is increased. However the A series
presented higher quantities of anhydrite and hemihy-
drate compared to the B series.

4 Discussion

It has been shown that it is possible to compatibilize
hydrophobic silica aerogels particles with water-based
mineral binders to form highly insulating composites

-
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by using a surfactant to modify the aerogel’s interac-
tion with water. In view of understanding the factors
that control the performance of the resulting compos-
ites, a systematic study was performed using two
different dosages of surfactant and several different
aerogel contents.

4.1 Water accessible porosity

The surfactant modifies the aerogel surface generating
a hydrophilic coating around the hydrophobic core.
Depending on the amount of surfactant added, the
amount of water that penetrates into the aerogel
granules varies; however, there is a minimum surfac-
tant dosage needed to change the aerogel’s hydropho-
bic behavior and to allow the formation of a slurry. For
the surfactant used in this study, this amount has been
found ata 0.1 % wt. addition with respect to water. To
notice that the interaction of the aerogel particles with
water changes suddenly at the mentioned surfactant
amount, thus lowering the surfactant addition does not
provide the compatibility needed to form slurries. This
results into a fixed amount of water and a fixed amount
of surfactant related to the aerogel addition, to which
the water needed by the mineral binder to form a slurry
must be added. The relationship between the surfac-
tant and the water suggests that the surface tension of
the solution should be decreased enough to be able to
form the slurries.

An interesting result is that although more water is
needed as the aerogel content is increased, this amount
is roughly constant with respect to the mass of aerogel
particles and this regardless of the surfactant dosage.
This suggests that a constant amount of water is
absorbed in the aerogels. Further increase of the
amount of surfactant will increase the aerogel’s water
absorption (up to 3.7 grams of water per aerogel gram,
for a 5 % wt. surfactant addition in respect to water).

4.2 Engineering properties of composites
4.2.1 Mechanical behavior of composites

The final distribution by volume of the components
within the mixtures in the fresh state, set (both dry and
water saturated) is presented in Fig. 8. These values
are calculated using the skeletal density of the aerogel
particles, the particle density, the water absorbed by
the aerogel particles and the surfactant adsorbed by the

mineral binder. The gypsum formation of each
sample, in the dry state, is calculated by the DOH
measured by XRD. They provide a basis for more
detailed consideration of the water distribution in
these samples.

In particular, they highlight the fact that during
sample preparation, the aerogel particles are capable
of absorbing not only a very high amount of water, but
also of surfactant. This value is obtained by consid-
ering that in the sample preparation the surfactant
solution first reaches an equilibrium with the mineral
binder, so the surfactant concentration decreases in
relation to the data presented in Fig. 1. Using the
reduced concentration and the amount of liquid
invading the aerogel we can calculate the amount of
surfactant that can be considered to have been
absorbed into this material. This provides a lower
bound for the amount of surfactant absorbed in the
aerogel, assuming that the surfactant does not get
displaced from the mineral binder to the aerogel owing
to a higher adsorption energy on the latter.

Moreover, as observed in Fig. 4, the addition of
aerogel and surfactant together increase the air content
within the mixtures, by a constant of 0.7 m> and
0.6 m® of air per m> of aerogel for the low and high
surfactant content respectively (Fig. 5).This unex-
pected behavior generates an air volume of around
40 %, which decreases the volume fraction of aerogel
and the gypsum, compromising both thermal conduc-
tivity and strength.

Also, as shown before in Fig. 2, the surfactant
causes an increase in the air content in absence of
aerogel particles, forming air bubbles. This is
explained by the fact that the surfactant molecules
tend to minimize unfavorable interactions between the
liquid phase and the surfactant lipophilic tail, aligning
to form a monolayer at the interface between the liquid
phase and the compressed air. The air bubbles are
stabilized in the slurry by the electrostatic and steric
repulsions of the surfactants; the interfacial properties
at the air bubble surfaces are determined by its
physical and chemical properties given by the nature
and concentration of the surfactants [19]. This surfac-
tant foaming ability has been well established and
studied by other authors [19, 46, 49, 70, 73]. Never-
theless, in presence of aerogel particles, no stabilized
air bubbles within the composites were detected;
although, an important amount of air entrained is
measured.
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series), as can be expected for the modified aerogel’s
hydrophobic to hydrophilic behavior. However, the
samples with the lowest surfactant ratio (A series)
show a decreasing water accessible porosity with
increasing aerogel content. Here the primary
hydrophobic nature of the aerogels themselves and
the lower surfactant dosage can be argued to account
for this behavior.

Therefore, depending on the surfactant and aerogel
concentration, it can be achieved different water
absorption capacities within the composites.

The crucial and most important side effect of the air
entrained by the aerogel granules is observed within
the gypsum in the composites, decreasing the bulk
density of the matrix from 1354 kg/m®> down to
233 kg/m” as the aerogel content is increased (Fig. 7).

The schematic illustrations in Fig. 7 explain the
changes in mechanical properties of the composites.
As the aerogel content is increased, more water is
needed in the mix and more air is entrained, so that the
binder density decreases (shown by using lighter
color). Moreover, the cross-section of the matrix,
which bears the load, decreases. Both changes nega-
tively affect the strength. Very interestingly they also
combine to give a direct dependence of compressive
strength on the volume fraction of gypsum in the mix
as can be observed in Fig. 8.

A(0): 1354 kg/m? A(10): 930 kg/m? A(20): 704 kg/m?
B(20): 711 kg/m?

B(0): 1294 kg/m’ B(10): 1031 kg/m?

A possible second order effect could be an impact
of the admixture on the hydration kinetics of the
anhydrite binder, either in terms of dissolution,
nucleation or growth. This would however mainly
affect the amount of gypsum formed and therefore
strength. It would therefore be a kinetic factor hidden
behind the relation revealed in Fig. 8. Apart from this,
a modification of gypsum morphology may also
modify intercrystalline bonding (Fig. 3c), as already
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----(AtB) " Re=09619 P
—(A) y=0,006¢!"-66x Pt
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Compressive strength (MPa)

00
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Gypsum Volume (%)

Fig. 8 Compressive strength versus volume fraction of gyp-
sum. The continuous line is an exponential fit for the A(10) to
A(100) samples. The discontinuous line is an exponential fit for
all the samples. Both are consistent with the volume controlling
the strength of the composite

A(30): 542 kg/m? A(100): 233 kg/m?
B(30): 605 kg/m? B(100): 274 kg/m?

Fig. 7 Density of the gypsum matrix of the composites. The fact that the matrix density increases as aerogel particles are added, owing
to the increased amount of entrained air, represented by the lightening shade of the continuous phase

-
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proposed elsewhere [62]. However, the impact of
hydrate morphology on strength is beyond the scope of
this paper, and while probably of second order
important, it is nevertheless something that we hope
to investigate in the future.

4.2.2 Thermal conductivity of composites

The thermal conductivity of our composites depend on
the volume fractions and thermal conductivities of
gypsum, aerogel and air. In what follows we propose a
way to estimate this on the basis of the proportions of
these three phases. In particular, it is proposed to
handle this in a two stage process. We emphasize here
that the assumption of a fixed w/b in the matrix only
affects the composition listed for the fresh state in
Fig. 4, but not the dry state ones, which are those used
in the model.

First we calculate the thermal conductivity of the
matrix, considered as a mixture of air (phase A) and
gypsum (phase B). In a second step, calculate the
conductivity of the composite, considered as mixture
of the aerogel (phase A*) and of the matrix (Phase B¥)
determined in the first step. In both steps we use the
same mixing rules to calculate the composite conduc-
tivity based on [33]. This relies on calculating upper
(ky) and lower (k; ) bounds of the thermal conductivity
using the following equations:

Model A(Upper bound): ky

B 110,
_kB+®A/<kA_kB+ 3k ) (1)

Model B(Lower bound):kr.

—in o (1-0/ (50 @
(o = Phase A volume fraction, k5 = Phase A k,
kg = Phase B k.

The authors of this model initially proposed to use
the arithmetic mean of the ky and kg to evaluate the
thermal conductivity of the composite material. How-
ever, we found that for our composites, the geometric
mean provides results in much better agreement with
our experimental data. Therefore in both steps we
calculate the composite thermal conductivities as:

Model C: k = \/kuky (3)

0,350

0,300 g
0,250
0,200

0,150

- Predicted

0,100

0,050 B

Thermal conductivity kX (W/m-K)

0,000

0,000 0,050 0,100 0,150 0,200 0,250 0,300 0,350
Thermal conductivity kX (W/m-K) - Measured

Fig. 9 Plot of thermal conductivity showing experimental
values versus those predicted with the model based on
Egs. (1)-(3). The continuous line represents the data obtained
from the proposed model according to the respective volume
proportions in our study

Numerical applications were done using the following
thermal conductivity values for the phases: kaero-
gel = 0.013 W/m x K, kBindcr =125W/m x K
(Gypsum solid phase) from [33] and ka;, = 0.026 -
W/m x K, while the volume fractions of the phases
come from our measurements reported in Fig. 4.

The model predicts extremely well all our mea-
surements without the inclusion of any fitting param-
eter, as shown in Fig. 9. We can therefore conclude
that this model can reliably be used to estimate thermal
conductivities having compositions in the range of
those reported in this work. It does however have some
limitations, in particular the link between scales.
Indeed, including a phase in one or another level of the
homogenization procedure does not lead to the same
result. The definition of the phases to be included at
each stage of the homogenization is therefore crucial.
In our samples, taking air and gypsum as first level,
leads to good results. However, this should not obscure
the risk misinterpretations that may result in applying
the same model to other systems.

4.3 Towards an optimization of aerogel
composites

In practical terms, the optimization of these composites
will involve a compromise between reducing thermal
conductivity and losing strength when the aerogel content
is increased. From this perspective, it is useful to plot
compressive strength versus thermal conductivity as in
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Fig. 10. This reveals a relation between both properties,
highlighting the difficulty of substantially increasing
strength at a defined thermal conductivity.

In practical terms significant strength improve-
ments, may not be easily noticeable in Fig. 10 because
of the logarithmic scale. For this reason, we included
the two discontinuous lines representing respectively
an improvement and a worsening of strength by a
factor 5. Achieving such a strength increase without
changing the thermal conductivity would already be
very interesting in practice. Such effects are within the
“scatter” of the data reported in Fig. 10, suggesting
that second order effects can play an important effect
in this optimization process.

These changes may relate to modifications of the
microstructure. Although of second order with respect
to the main factor of gypsum content, they probably
offer useful avenues to exploit for optimization. For
example only may consider trying to eliminate the air
entrained during the preparation of these materials as it
does not contribute to strength and has a higher
thermal conductivity that the aerogel granules (en-
trained air is about 40 % by volume as shown in
Fig. 4). This would probably worsen the fluidity of the
paste, which would then possibly have to be adjusted
by the inclusion of chemical admixtures such as
superplasticizers [23, 29].

This optimization of component proportions would
include two main options. The first is to replace the
volume of entrained air with aerogel to reduce the
overall thermal conductivity. This would not change
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Fig. 10 Experimental values of thermal conductivity versus
compressive strength. The continuous line corresponds to a
power law that fits all the data points presented in the graph. The
dotted lines represent an increase and decrease of the
compressive strength by a Factor of 5

the volume fraction of gypsum and should conse-
quently leave the strength unchanged in accordance
with Fig. 8. The second option consists in increasing
strength without changing the thermal conductivity.
For this, the right proportion of gypsum and aerogel
must be determined for replacing the air. Changes in
strength would be best estimated using the exponential
fit of the A(10) to A(100) samples presented as the
continuous line in Fig. 8.

The thermal conductivity can be estimated using
our model. Because of the previously mentioned issue
of homogenization, the same two step procedure
would be used. Here however, in the first step the air
volume would be replaced by a mixture of gypsum and
inclusions having the same thermal conductivity as the
aerogel. Following this procedure, we find that the
changes proposed would provide substantial improve-
ments as can be observed in Fig. 11.

Replacing the volume of entrained air by aerogel
would improve the overall thermal insulation of the
composites, as shown in Fig. 11. Fixing the volume of
gypsum, and thereby the strength would decrease the
thermal conductivity of the samples by about 20 %,
providing a very interesting ultralow thermal conduc-
tivity of 23 mW/m x K for our A’(100) and 63 mW/m
x K for A’(10). Moreover, modifying the volume of
gypsum and fixing the thermal conductivity value
would improve the strength significantly: 82.5 %
(0.024 MPa) and 227.4 % (2.57 MPa) respectively
for A”(100) and A”(10). Figure 11 also shows what
would happen if all the aerogel were replaced by air,
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Fig. 11 Predicted values of thermal conductivity versus
compressive strength. The continuous line corresponds to the
data calculated with a 40 % of air by volume (A). The dashed
line corresponds to the replacement of the mentioned air by
aerogel (A"). The dash-dotted line corresponds to a replacement
of the aerogel by air (A”)
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without changing the content of gypsum. The thermal
conductivity would increase by 57 % for A”(10) and
by 72 % for A”(100) compared to the corresponding
samples A’(10) and A’(100) respectively. This clearly
illustrated the benefit of using aerogel to enhance the
thermal insulation capacity of these composites.

Finally, we can also mention that changes in mor-
phologies of hydrates may be beneficial, for example by
enhancing the intercrystalline bonding in the matrix and/
or the bonding between the granules and the matrix. Our
results show that such changes take place, but a detailed
discussion of how to exploit this in an optimization
procedure is beyond the scope of this article.

5 Conclusions

Ultra lightweight (around 200 kg/m>) and high ther-
mal insulating (around 30 mW/m x K) gypsum
composites can be achieved by the addition of a
100 % by wt. of nanoporous hydrophobic aerogel
particles through a hydrophilization process in order to
stabilize the composite slurries, as showed in the
present study. However, an around 40 % of air volume
content entrained can be found within the mixtures,
lowering the mechanical properties more than
expected. Moreover, by changing the hydrophobic
behavior of the aerogels with surfactants (at least a
0.1 % addition to the mixture’s solution) very high/
binder ratios are required, possibly affecting the
hydration of the anhydrite binder.

This type of composite can be suitable for exterior
renderings on buildings. If used as a single layer, the
optimum aerogel particles might be considered at a 10
by wt% (with a k between 74 and 96 mW/m x K). The
composites with 100 % by wt. aerogel addition could
be used as insulating layers, once future material
optimization is done (to reach at least 0.08 MPa), but
requiring a protective exterior layer, which can be the
anhydrite-based mortar presented in this experiment.
However, the improved insulating layer should be
reinforced with a mesh, as other products in the
market. Nevertheless, the experiments and analysis
presented in this paper, set as a basis for future
material development, requiring additional experi-
ments regarding the application of these composites as
an exterior thermal insulating renderings, like weath-
ering chamber tests and large scale specimens, or
energy efficiency analysis. Moreover, additives like

superplasticizers to reduce the mixture water content
and its effect on the anhydrite will also be studied.
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