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Featured Application: This publication describes a mineral-based insulating plaster sprayable
on a facade.

Abstract: Renovation of old buildings plays a key role in the sustainable energy transition because
they are often poorly insulated and, therefore, lose a lot of heat through walls and ceilings. An
important measure of renovation is facade insulation. Established and widely used materials include
rigid expanded polystyrene (EPS) and extruded polystyrene (XPS) insulation boards. However, these
boards do not easily follow the form of non-planar surfaces such as individually formed, ornamented,
or bent fagades. Furthermore, fire protection of these boards requires the addition of, for example,
hazardous brominated flame retardants that impede recycling. This paper investigates a novel
alternative insulating composite plaster. It is purely inorganic and can be applied easily by casting or
wet spraying to any wall or ceiling element. The composite material consists of only two components:
micro hollow glass microspheres as the insulating light component and calcium sulfoaluminate
cement as the binder. Various compositions containing these components were cast, hydraulically set,
and characterized with respect to microstructure, phase development during hydration, and thermal
conductivity. With an increasing amount of hollow glass spheres, the density decreased to less than
0.2 g-cm ™!, and the thermal conductivity reached 0.04 to 0.05 W-m~!K~!, fulfilling the demands of
building insulation.

Keywords: insulating plaster; calcium sulfoaluminate cement; hollow glass microspheres; thermal
insulation; energetic renovation of buildings

1. Introduction

CO; emissions reduction is the most pressing topic to mitigate global warming. The
European Green Deal sets the ambitious goal of a 55% reduction in greenhouse gas emis-
sions by 2030 [1]. This applies in particular to the building sector. In the European Union,
around 33% of greenhouse gases are currently emitted by buildings [2]. These are generated
especially by the use of fossil fuels for heating. Therefore, CO, emissions can be lowered by
improving building insulation in order to reduce heat losses through the building shell [3].
Since new buildings generally have good insulation, the impact of the energy-efficient reno-
vation of old buildings is even greater [4]. Apart from the general need for better insulation
of old buildings, renovation has to be sped up in order to meet the requirements of the
European Union by 2030. The renovation rate is nowadays around 1% of the building stock
per year, but it is estimated that this rate has to be at least doubled in the near future [5].

Appl. Sci. 2022, 12, 1152. https:/ /doi.org/10.3390/app12031152

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12031152
https://doi.org/10.3390/app12031152
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8137-2858
https://orcid.org/0000-0001-8835-5057
https://orcid.org/0000-0002-6526-2496
https://doi.org/10.3390/app12031152
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12031152?type=check_update&version=1

Appl. Sci. 2022,12,1152

2 of 14

Building insulation materials range from purely mineral insulation materials, such as
rock wool over polymer foams, such as EPS or XPS, to organic materials such as wooden
or straw-based materials. EPS boards have a market share of about 80% in Europe [6]
because of their low thermal conductivity (0.035-0.049 W-m 'K~1!) [7] and low density
(30 kg-m~3) [8], which are combined with low costs. EPS boards are applied directly onto
the wall, resulting in two challenges. First, planar boards need to be adjusted and fixed
manually on the fagade, which is labor- and time-intensive. Secondly, EPS boards must
cover the entire facade to avoid thermal bridges, which is problematic for some older
buildings as their facades are often uneven, decorated, or even landmarked. Since EPS
boards cover and conceal any individual facade design, there is a growing interest in
form-following materials and application techniques for facade renovation.

An attractive solution to these problems is a mineral-based composite insulation
plaster that can be applied, for example, by wet spraying [9]. Earlier investigations on
lightweight concrete reported an admixture of hollow glass microspheres embedded in
a Portland cement and geopolymer cement matrix [10,11]. By embedding hollow glass
microspheres (HGMSs) in concrete, the thermal conductivity and the density of the com-
posite concrete were reduced. However, cement clinker production emits an average of
0.842 t of CO, for every ton of cement clinker [12]. Many of these emissions result from
the calcination of limestone to produce Portland cement clinker [13]. Over the past few
decades, several alternative cementitious binders have been developed [14]. One of them is
calcium sulfoaluminate (CSA) cement. Its production emits only 50% of the CO, compared
with Portland cement [15]. This is due to its limited lime content and the reduced firing
temperature of the clinker of only 1250 °C [16], which is 200 K lower than for Portland
cement. In addition, CSA cement also settles very quickly [17]. This is mainly due to the
formation of ettringite, which provides early strength. The shrinkage of CSA cement can
be controlled by adjusting the sulfate content in the clinker [18]. After mixing with water, a
transportable and processable mass is created. This mass can be conveyed through pipes
using cement pumps and applied by plastering machines. These properties make CSA
cement a superior binding agent for a mineral insulating plaster [9].

Based on the above considerations, this study investigated a composite plaster based
on CSA cement and HGMSs only. Varying compositions of HGMSs and CSA cement were
prepared by setting the amount of HGMSs from 0 to 70 wt.% in relation to the dry mass.
After hydraulic setting, the mixtures were analyzed in order to report the thermal and
mechanical properties as well as the phase composition.

2. Materials and Methods
2.1. Materials

The plaster mixtures were prepared by admixing the two components (CSA cement
and hollow glass microspheres (HGMSs)) with water. CSA cement was used as the bind-
ing agent (Next Base Cement grey, Buzzi Unicem, Casale Monferrato, Italy). Its X-ray
fluorescence analysis (XRF, ZSX Primus II, Rigaku, Japan) is provided in Table 1.

Table 1. Oxide composition of the CSA cement clinker used in this study determined by X-ray
fluorescence analysis.

Element

CaO A1203 503 Si02 F6203 Ti02 MgO K20

Composition (wt.%)

45.7 23.5 19.5 6.3 24 1.3 1.0 0.3

Hollow glass microspheres (HGMSs) of type K15 from 3M Europe were used as the
lightweight insulating component. According to the datasheet, the HGMSs are made
of alkali-resistant borosilicate glass with a density of 0.15 g-cm~3, a median diameter of
60 um, and a wall thickness of 1-2 um [19].

CSA cement and HGMSs were mixed in the ratios presented in Table 2. A ratio of
HGMSs higher than 70 wt.% was not feasible due to the low mechanical strength of the
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hydrated material. Dry mixing of CSA cement and HGMSs was performed with a tumble
mixer (Turbula T2F, WAB, Muttenz, Switzerland) at 47 rpm for 15 min to ensure a good
mixture and to prevent segregation.

Table 2. Composition of the dry mixtures and the used w/c ratios.

Specimen 100C 90C 80C 70C 60C 50C 40C 30C
. CSAcement 100% 90% 80% 70% 60% 50% 40% 30%
in wt.% of dry matter
HGMSs in wt.% of dry matter 0% 10% 20% 30% 40% 50% 60% 70%
water/cement ratio 0.45 0.7 1.3 1.8 1.9 24 2.75 3

Since the content of the binding component varied with each mixture, the water/
cement (w/c) ratio was increased stepwise in order to achieve good workability. The best
w/c ratio for each mixture was determined individually by carefully adding tap water
during continuous mixing. The maximum addition of water was reached as soon as the
mixture stopped absorbing water, and excess water showed up at the surface, which is
known as “bleeding”. The determined and used w/c ratios are summarized in Table 2.
The prepared plaster mixtures were finally stirred for 1 min in a mixer (N50-619, Hobart,
Offenburg, USA) according to the standard DIN EN 196-1 [20].

After mixing with tap water, the plaster was immediately cast into suitable molds. For
each set of samples, six prisms with a 20 x 20 x 76 mm? edge length and one prism with a
134 x 160 x 40 mm? edge length were cast. Before casting, the molds were treated with
rapeseed oil as a mold-release agent to prevent sticking after hydration. The small prisms
(Figure 1a) were used to measure bending strengths, density, and porosity, while the larger
samples were used to analyze thermal conductivity (Figure 1b).

Figure 1. Specimen with 50 wt.% CSA cement (50C) after 14 days of hydration: (a) small prism;
(b) big prism.

After casting, the molds were placed immediately on a vibrating table (Analysette
3 Spartan, Fritsch, Idar-Oberstein, Germany) for 1 min in order to achieve form fitting and
to remove large bubbles. The amplitude was set to 1 mm. Afterwards, the molds were
covered and stored inside a sealed cabinet at 99% relative humidity and 20 °C. After 24 h,
the specimens were demolded and stored inside the same cabinet for another 13 days.



Appl. Sci. 2022,12,1152

4 of 14

2.2. Methods

Mechanical testing was performed using a universal testing machine (Inspect 5 Table
Blue, Hegewald & Peschke, Nossen, Germany). According to the standard DIN EN
196-1 [20], the three-point bending tests had to be performed on wet specimens. The testing
device was set to a traverse speed of 5 mm/min until a pre-load of 1 N was reached. The
traverse speed was then immediately lowered to 2 mm/min. The termination criterion was
reached when the measured force decreased by 80%. All measurements were conducted
with a 1 kN load cell.

The density of the raw materials in powder form was determined using a helium
pycnometer (AccuPyc™II 1340, Micromeritics, Norcross, GA, USA). Before measurement,
the chamber was flushed 10 times by helium gas. The filling pressure was set to 134.45 kPa,
and the measurement started when equilibrium was reached (<0.0345 kPa/min). A series
of 10 measurements for each powder was performed [21].

The porosity of the cast specimens was measured using the Archimedes method.
Before the measurement, the samples were stored in a drying chamber at 40 °C for at least
24 h. Then, the dry weight of the specimen was determined using a precision scale (AC
210 S, Satorius, Gottingen, Germany). The specimen was degassed inside a desiccator
and evacuated for 30 min at a pressure of 10 mbar. Afterwards, deionized water with
50 ppm 2-octanol (Merck, Germany) was poured into the desiccator until the specimen
was completely immersed. A cover with holes was placed above the specimen to prevent
floating because the density of the specimen was expected to be lower than that of deionized
water. After the addition of deionized water, the desiccator was evacuated for another
30 min before the lid was removed. The specimen was kept immersed at atmospheric
pressure for at least 30 min. After infiltration, the buoyancy mass was determined. The
weight of the wet sample was measured directly after removing the sample from the bath
and blotting water with a wet towel.

The pore network and microstructure were investigated by scanning electron mi-
croscopy (SEM, Sigma 300 VP, Zeiss, Oberkochen, Germany). The hydrated specimens
were dried at 40 °C for at least 24 h before SEM analysis. Each specimen was sputtered
with gold (Sputter Coater 108 Auto, Cressington, Watford, England) at 30 mA for 60 s. The
SEM analysis was performed with an acceleration voltage of 5 kV.

Phase analysis was carried out by X-ray diffractometry (XRD, D8 Discovery A25,
Bruker, Billerica, MA, USA) with a copper radiation source (1.54060 A) operating at 40 kV
and 40 mA. The diffractograms were recorded using a Lynxeye detector. The measurement
range of 20 was set from 10° to 60° with a time step of 0.2 s. During the measurement,
the sample was rotated at a speed of 15 rpm. Rietveld refinement and phase analysis were
performed with the open-source software Profex (Version 4.3.5) [22].

The thermal conductivity was measured using a surface and a needle probe
(Isomet 2114, Applied Precision, Bratislava, Slovakia). Each specimen was dried in a
drying chamber at 40 °C for 5 days before measurement. The measurement was conducted
in an air-conditioned laboratory at 20 °C. Conductivity measurements were performed at
three different spots on the large prisms.

3. Results and Discussion
3.1. Density and Microstructure

First, the pure density of the raw materials, i.e., CSA cement and hollow glass mi-
crospheres (HGMSs), was measured using helium pycnometry. The pure densities of
HGMSs and CSA cement were found to be 0.142 g-cm~3 and 2.87 g-cm~3, respectively.
The Archimedes measurement was performed on three specimens for each composition re-
ported in Table 2. Equation (1) was used to calculate the open porosity (¢) of each specimen
using the dry mass (mq,y), the buoyancy mass (my,), and the mass of the water-infiltrated
specimen (Myet).

Mwet — Mdry

e= —¢v— 7 1

Mwet — Mp
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Figure 2 illustrates the calculated open porosity for each plaster composition, starting
with 100% cement at the left side. The open porosity, ¢, changed slightly with a changing
composition. The specimens with 100% and 90% cement (samples 100C and 90C) had
open porosities of around ¢ = 25%. With an increasing HGMS content, the open porosity
increased to € = 32.7% with 60% cement (sample 60C) but decreased slightly to & = 30%-31%
with further addition of HGMSs (samples 50C to 30C). Because the addition of HGMSs
mainly contributes to closed porosity, the open porosity is generally not expected to be
affected much by addition of HGMSs. Moreover, an open porosity of 26% is the void
fraction of the densest sphere packing of uniformly sized spheres with a volume fraction
of 74 vol.%. The increase in the void fraction above 30% as a function of the rising HGMS
fraction was probably caused by remnants of the increasing water amount used for the
plaster’s preparation (see Table 3). Excess water, which is not used during hydration,
accumulates in the voids until the specimen has dried. The evaporating water leaves pore
space behind, which then contributes to the overall open porosity.

35 {
8
30 & 60C #
50C
70C 40C
X 25 L } 80C 30C
~
w 100C QSC
>
=2 20 F
wv
o
8
p 15 F
9
&
10
5t ® measured
O 1 1 1 1 1
1 0.8 0.6 04 0.2 0
mass fraction of CSA cement, Wy / -
Figure 2. Open porosity measured using the Archimedes method for each sample composition using
three specimens each (N = 3). The specimens were investigated after 14 days of hydration.
Table 3. Calculated volume fractions, ¢;, of CSA cement, HGMSs, and air as well as the calculated
density of the hydrated and dried specimens according to open porosity.
Specimen 100C 90C 80C 70C 60C 50C 40C 30C
@air (vOl.%) 25.9 24.1 28.5 29.5 32.7 31.3 30.3 30.6
Pricms (vol.%) 0 48.3 57.1 61.4 61.5 64.6 66.9 67.6
dcsa (vOl.%) 74.1 276 144 9.1 58 41 2.8 1.8

Density (g-cm’s)

1.63 £ 0.02 0.82+0.01 0444001 026£002 023+001 0194+0.02 0.16£0.01 0.13+0.01

The open porosity values and pure densities of the HGMSs as well as the pure density
of hydrated CSA cement (2.24 g-cm~2) were used to determine the real volume fractions (¢;)
of CSA cement and HGMSs with ¢,i, = ¢, respectively. Table 3 shows the volume fractions
¢; for each specimen. The volume fraction of HGMSs reached 48.3% with an addition of
only 10 wt.% of HGMSs (specimen 90C), and then increased to 67.6% in specimen 30C.
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The bulk densities were determined according to the Archimedes method using
Equation (2). The bulk densities (p) of the specimen were calculated from the dry mass
(Mgry), the buoyancy mass (im,), and the mass of the infiltrated specimen (1wet). Since the

infiltration medium is deionized water at 20 °C, the density p, is 0.9982 g-cm .
Mdry
. @)

Figure 3 shows the development of the bulk density as a function of the volume
fraction of CSA cement, ¢csa. The direction of the x-axis is inverted, so the pure cement
appears on the left side at ¢ = 1, and all mixtures with HGMSs follow into the right direction
with increasing HGMS content. Since the open porosity did not vary significantly, the
decrease in bulk density can be mostly attributed to the addition of HGMSs. The highest
bulk density was 1.66 g-cm 3 for sample 100C, whereas the lowest value was 0.15 g-cm 3
for sample 30C (Table 3). The data points in the diagram show almost a linear behavior of
density over volume fraction.

- ® measured
- B - --- data fit
e -~
Y 100C RN
Cﬂ.l | -
~ N R
Q - .
> 90C .
e
° i 80C Tl
3 L I N
i 70C 60C |~\.\\
¢ o Tes-
30C "~
0.1 L1 1 1 1 1 1 L L1 1 1 1 1 1 1 1
1 0.1 0.01

volume fraction of CSA cement, ¢esp/ -

Figure 3. Calculated bulk density of each specimen based on Archimedes measurement. Data fit to
flp) =ag +a-¢?, with ag = 0.055, 4 = 2.184, and v = 0.81.

Properties of composites containing two or more components are often described
mathematically by a power law, here in the simplified form f(x) = ag + a-x" with x = [0, 1]
for binary systems. The exponent, v, can be determined by the slope of the curve in double
logarithmic diagrams. A data fit performed for the measured bulk densities shows an
exponent of v ~ 0.8 if the composites are considered as a quasi-binary system and the
contribution from air is neglected.

The microstructure and the adhesion between HGMSs and CSA cement were inves-
tigated with SEM. Figure 4a shows the as-received HGMSs without addition of concrete.
The diameter of the spheres varied between 10 and 90 um. Furthermore, very few spheres
showed defects, such as being punctured or having completely destroyed shells. Since the
HGMSs were not mixed or mechanically treated beforehand, these defects must originate
from production, transport, or handling.
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Figure 4. (a) SEM image of HGMSs. The acceleration voltage was set to 3 kV, while a SE detector was
used. (b) SEM image of the hydrated CSA cement (sample 100C) after storage for 14 days in a moist
atmosphere. The acceleration voltage was set to 5 kV, and again a SE detector was used.

Figure 4b shows an SEM image of a fractured surface of a CSA prism containing no
HGMSs (sample 100C) after the flexural bending test. The specimen was prepared with a
w/c ratio of 0.45 and hydrated for 14 days. The cracks that can be seen on the surface were
most likely a result of the flexural bending test since no shrinkage was observed either after
casting or after hydration. The sample showed a dense microstructure; needle-like crystals
resulted from the formation of ettringite. Apart from ettringite crystals, clinker phases such
as ye’elimite and anhydrite might still have been present due to an incomplete hydration
reaction. Thus, XRD measurements were used to analyze the degree of hydration, which
will be described in the last section.

Figure 5 shows SEM images for mixtures with 50 wt.% HGMSs (sample 50C) at
different magnifications. The volume fraction of the CSA cement was just 3.2%, yet the
HGMSs were smoothly embedded in the cement matrix, which was forming an extended,
needle-like network due to the hydration reaction. To a large extent, the HGMSs were
intact, which is a prerequisite for achieving excellent insulating properties.

(b)

Figure 5. SEM images of sample 50C, stored for 14 days in a moist atmosphere. The acceleration
voltage was set to 5 kV, using a SE detector: (a) magnification 250 % ; (b) magnification 1500x.

The needle-like structures surrounding the HGMSs are characteristic for ettringite.
This ettringite network provided a well-connected network and bonding between the
cement phase and HGMSs. The ettringite matrix also contributed positively to the open
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porosity and, hence, to a low thermal conductivity, but the addition of HGMSs probably
lowered the mechanical properties in comparison with the pure CSA samples.

Figure 6 shows SEM images of sample 30C, with 70 wt.% HGMSs. The volume
percentage of CSA cement was just 1.4 wt.%. The HGMSs were loosely stacked, and the
void was scarcely filled with ettringite, but the hydration of the cement phase occurred
obviously on the shells of the HGMSs, which helped to connect the HGMSs and created
a durable network. However, in contrast to sample 50C, the long crystals in the network
were missing. Figure 6b shows very few crystals with a pronounced needle-like structure
(see, e.g., the top left corner). Apart from that, the number of broken shells seems to be
slightly increasing compared with Figures 4 and 5. This could be attributed to an increased
degree of shell breakage during preparation or during three-point bending tests, as shown
by the SEM pictures of the fractured surfaces.

(b)

Figure 6. SEM images of a fractured surface after three-point bending tests of the hydrated sample
30C, with 70 wt.% HGMSs and 30 wt.% CSA cement. The acceleration voltage was set to 5 kV, while
a SE detector was used: (a) magnification 200x; (b) magnification 500 x.

The three-point bending tests were carried out in a non-dried state according to DIN
EN 196-1 [20]. All specimens were covered with a wet towel before testing to prevent them
from drying. The results of the three-point bending tests are shown in Figure 7. Sample
100C showed the highest bending strength of 3.74 MPa. With an increased amount of
HGMSs, the maximum bending strength decreased by more than 80% to 0.56 MPa for
sample 70C, and even to 0.34 MPa for sample 30C (Table 4).

Table 4. Flexural strength and thermal conductivity for all mixtures.

Specimen 100C 90C 80C 70C 60C 50C 40C 30C
Flexural
3.74 + 0.36 2.30 +£0.22 1.54 +0.29 0.56 + 0.03 0.50 + 0.09 0.57 +0.07 0.42 + 0.06 0.34 + 0.03
strength (MPa)
Thermal

conductivi 0.833 + 0.024

(W-m~1K-T)

0.186 +£0.003  0.073 £0.002  0.072 4 0.007  0.055 4 0.001  0.048 +0.001  0.046 4= 0.001  0.043 & 0.001

The rapid decrease in mechanical strength with the first addition of HGMSs indicates
that the primary strength-providing component was the hydrated cement phase. As soon
as the volume percentage of HGMSs rose to more than 60% (cf. Table 3, samples 70C to
30C), the flexural strength dropped to about one-tenth of the value of sample 100C. Beyond
that point (70C), the volume fraction of HGMSs increased only slightly. Accordingly, the
flexural strength only declined to a small extent.
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Figure 7. Three-point bending tests of the hydrated specimens. The specimens were tested after
14 days of hydration in a wet state. For each sample composition, six prisms were tested (N = 6).
Data fit to f(¢) = ag + a-¢°, with ag = 0, a = 4.892, and v = 0.638.

3.2. Thermal Properties

The thermal conductivity was measured using a surface probe at room temperature.
The specimens were stored in a drying chamber for five days before measurement to ensure
that the samples were water-free.

Figure 8 shows the results of the measurements. Sample 100C exhibited the highest
thermal conductivity of 0.83 W-m K. Since the specimen contained an open porosity of
about 26%, the thermal conductivity of the sample should include contributions from the
CSA cement and air. With the addition of HGMSs, a third contribution had to be accounted
for. Consequently, the thermal conductivity decreased with an increasing amount of
HGMSs and accordingly a decreasing amount of cement. The lowest thermal conductivity
was achieved for sample 30C. Its conductivity was A = 0.043 W-m~ 'K~ (Table 4). Given
the fact that the open porosity for the specimens from 70C to 30C did not vary much (only
3.2% variation), the decrease in thermal conductivity can be exclusively explained by the
insulating effect of the HGMSs. The HGMSs exhibit low-pressure conditions inside, which
result in a very low internal heat transfer by means of convection, and heat conduction is
limited due to their thin glass shell. In accordance, the thermal conductivity of the pure
HGMSs was measured to be 0.0401 W-m~!K~! using a needle probe. As described, the
spheres arrange themselves close to the densest sphere packing. It is therefore expected
that the thermal conductivity of the HGMS/CSA composites would approach that of pure
HGMSs with an increasing amount of HGMSs. According to the performed data fit in
Figure 8, the infinite limit is ag = 0.0404 W-m~'K~!, which is in good agreement with the
above value.

In order to achieve even lower thermal conductivity values (the conductivity of air
is 0.026 W-m~!K~1 [23]), an increase in open porosity would be required without losing
the structural cohesion that is mainly provided by solid bridges between HGMSs and the
cement’s crystalline phases.
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Figure 8. Thermal conductivity as a function of the cement content using surface probes. For each
sample composition, a large prism (N = 1) was measured at three different spots (S = 3). Data fit to
flp) =ag +a-¢¥, with ay = 0.0404, 2 = 1.234, and v = 1.48.

3.3. Phase Analysis

As already seen from the SEM images in Figures 5 and 6, the hydration of the CSA
cement clinker led to the formation of large ettringite crystals that enveloped the HGMSs
and formed solid bridges among the spheres when the HGMS content was comparatively
low. However, with an increasing amount of HGMSs, the amount of large crystals dropped.
In order to thoroughly analyze the differences in phase formation, X-ray diffraction (XRD)
was applied.

First, the non-hydrated CSA cement was analyzed. Figure 9 shows the diffractogram
of the cement powder, which was investigated at room temperature. The diffractogram
shows diffraction peaks of the clinker phases ye’elimite and anhydrite. Ye’elimite is
characteristic of CSA cement [24], while anhydrite is added as a sulfate source. Depending
on the ratio of these two cement clinker phases, either ettringite (calcium-trisulfate) or
calcium-monosulfate will form during hydration, as can be expressed by

nA
where m is the weight ratio between anhydrite (114) and ye’elimite (ny). For complete
hydration of anhydrite and ye’elimite to ettringite, the ratio m has to be greater than
0.45 [25]. For the used CSA clinker, the ratio was found to be m = 0.53 according to Rietveld
refinement. Therefore, the formation of ettringite is most likely to happen, at least until the
clinker phase ye’elimite is fully depleted.

Figure 10 shows the XRD diffractogram of the hydrated CSA cement (sample 100C),
which was prepared using a water/cement ratio of 0.45. Apart from the clinker phases
ye’elimite (Y) and anhydrite (A), ettringite (E) was detected as expected from the calculated
ratio m = 0.53. However, ye’elimite and anhydrite were still present, which can be explained
by the relatively short time of hydration of only 14 days. Complete hydration of ye’elimite
and anhydrite phases to ettringite would probably take a couple of months or even years.
However, the amount of ettringite that had already formed in the first 14 days of hydration
led to a high early flexural strength of sample 100C of about 4 MPa, as shown in the above
bending tests (Figure 7).
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Figure 9. XRD diffractogram of the CSA cement clinker used in this study. The cement was measured
as a powder that was stored in a dry environment until the measurement.
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Figure 10. XRD diffractograms of the following samples after 14 days of hydration: 100C (solid line),
90C (dotted line), and 40C (dashed line).

Even though the addition of the amorphous HGMSs reduced the overall intensity of
the diffractograms, ettringite formation was easily recognizable for the composite samples.
Exemplarily, the diffractograms of samples 90C and 40C are shown in Figure 10. Apart
from ettringite, ye’elimite as well as anhydrite were still detected. However, the peak
intensities for ye’elimite (Y) and anhydrite (A), e.g., at 23.5° 20 (Y) or 26° 26 (A), decreased
clearly (sample 90C) or almost vanished (see Y in sample 40C), while the ettringite €
peaks, e.g., at 16° 26, clearly stand out. We assume that the ettringite formation is, on the
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one hand, preferred by the increasing water-cement ratio, and on the other hand by the
huge amount of surface area that is provided by the HGMSs and which is presumably a
preferred place for nucleation of ettringite crystals. Considering that nucleation outweighs
the crystal growth of ettringite with an increasing amount of HGMSs, it could explain the
decreasing proportion of those large needle-like ettringite crystals in the SEM micrographs
in Figures 5 and 6. Ettringite was still the dominant crystal phase and was present even at
high fractions of added HGMSs, but its crystal growth was retarded. The crystallite size,
calculated by using the Scherrer equation [26] utilizing the peaks” width measured for the
Ettringite peak at 26 = 16° for the specimens 100C and 30C, shows a decrease by around
50% from 96 nm in sample 100C to 45 nm in sample 30C. Overall, the hydration seemed to
be faster with the addition of HGMSs as the ye’elimite phase almost vanished after 14 days
of hydration in sample 40C, while sample 100C still contained a considerable fraction of
ye’elimite after the same period of time.

4. Conclusions and Outlook

Our investigations aimed at characterizing a two-component lightweight composite
mortar consisting of hollow glass microspheres (HGMSs) and CSA cement as the binder
with varying amounts of the components. After mixing and casting, the prepared prisms
rested for 14 days under a controlled temperature and moisture to achieve hydraulic
setting. The prepared samples were finally characterized in terms of porosity, density,
flexural strength, thermal conductivity, and phase formation.

As expected, the addition of HGMSs led to a decrease in the density, flexural strength,
and thermal conductivity of the solidified composites. Each of the parameters dropped
by approximately one order of magnitude by increasing the amount of HGMSs from zero
to 70 wt.%. By contrast, the open porosity of the solidified samples was only somewhat
influenced by the addition of HGMSs, as the open porosity was increased from about 25%
without addition of HGMSs to 32% with 70 wt.% of HGMSs. Generally, the properties of
the solidified composites should be considered as a three-component system consisting of
cement, HGMSs, and porosity (air), while the remaining water is mainly chemically bound
to the cement phases. The material properties of the composite might be interpolated by
the volume-related contribution of each of these components by the help of mathematical
mixing rules. While the trend of the curves for bulk density, flexural strength, and thermal
conductivity indicated some non-linearity, a power-law-based mixing rule is justified.

Micrographs and phase analysis demonstrated that, in composites with up to 50 wt.%
of HGMSs, the spheres were surrounded by a void-filling, loose network of large, up to
10-pum-long, needle-like ettringite crystals. Ettringite is the preferred hydration product
according to the given ratio of anhydrite and ye’elimite in the clinker. With an increasing
amount of HGMSs, the network of large crystals gradually vanished. The decrease in the
embedding matrix phase was accompanied with a loss of mechanical strength and heat
conduction, respectively. Micrographs revealed that at high loads of HGMSs (60 or 70
wt.%), the glass spheres were covered predominantly by tiny ettringite seed crystals instead
of columnar crystals. Phase analysis confirmed, however, that ettringite formation was
proportionally even more pronounced at high loads of HGMSs. Therefore, we conclude
that the high surface area provided by HGMSs contributed preferentially to heterogeneous
nucleation of ettringite on the glass surface at the expense of crystal growth. The increase
in nucleation rate led to an even faster consumption of the cement phases ye’elimite and
anhydrite. Hence, the clinker phases, such as ye’elimite, almost vanished after 14 days of
hydration. In contrast, the mixtures containing less HGMSs still contained a considerable
share of ye’elimite after the same period of time.

The mixture of CSA cement and HGMSs generally meets the requirements for a
lightweight insulating plaster. Compositions consisting of 50 to 60 wt.% of HGMSs are
lightweight with densities ranging from 0.15 to 0.2 g-cm 3 and heat-insulating with ther-
mal conductivities ranging from 0.043 to 0.046 W-m~'K~!, while also offering a sufficient
flexural strength of 0.4 to 0.5 MPa for facade application. The thermal conductivity ap-
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proaches that of the most commonly used materials for facade insulation, EPS and XPS.
The thermal conductivity of EPS ranges from 0.035 to 0.049 W-m 'K, while its density is
about 0.03 g-cm 2 [7,8]. Due to its purely mineral composition, the HGMS/CSA compos-
ites are fire resistant without addition of flame retardants. Its spraying applicability was
demonstrated elsewhere [9].

As stated above, a further improvement in thermal insulation to less than
0.040 W-m~!'K~! would require the composites to have more open pores. That would
necessitate elongated solid bridges among the HGMSs to maintain structural cohesion
and thus sufficient mechanical strength. Currently, this seems to be contradictory as high
amounts of HGMSs tend to form smaller ettringite crystals as demonstrated in this study.
Future work will therefore extend the focus to the hydration process of CSA cements. Our
intention is to investigate the dependence of nucleation and crystal growth on secondary
phases such as HGMSs. Further, the effect on the interparticular bonding and mechani-
cal strength of the composite plaster will be crucial for improving the plaster’s thermal
insulating properties.
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