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Abstract

This dissertation offers new concepts for the mineralogical characterization of hydrother-
mally synthesized tobermorite and commercial autoclaved aerated concrete (AAC). The
applied key methods include X-ray powder diffraction (XRD) combined with Rietveld
refinement, scanning electron microscopy (SEM) and differential thermal analysis (DTA).
11 Å tobermorite was synthesized from various compounds characterized by different
dosages of metakaolin. The Al3+ incorporation into the lattice of tobermorite and the
formation of katoite are verified by XRD analysis. The impact of Al3+ incorporation
on the microstructural properties of tobermorite is determined by the change of lattice
parameters and by use of a Rietveld-compatible approach to anisotropic peak broadening
due to domain morphology. Any change of the Al2O3 dosage in the raw mix affected the
lattice parameters of tobermorite, while the domain morphology was only altered within
a small range of Al2O3 contents. The disadvantages of SEM analysis of tobermorite in
AAC compared to XRD analysis are presented in detail. Regardless of the chemical
composition, the morphology of tobermorite in AAC appeared heterogeneous and could
only be observed clearly in the pores and pore surfaces. Investigation of the effect of
sulfate dosage on tobermorite in AAC revealed that in most samples all of the sulfate was
present in anhydrite and did consequently not affect the structure of tobermorite. Finally,
improvements of the monitoring of the phase development during the entire production
process of AAC are presented. Especially the tracking and characterization of portlandite
and tobermorite during AAC manufacturing are refined.
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Kurzfassung

Im Rahmen dieser Dissertation wurden neue Herangehensweisen zur Charakterisierung
von hydrothermal synthetisiertem Tobermorit und großtechnisch hergestelltem Poren-
beton ausgerarbeitet. Die dabei wichtigsten angwandten Analysemethoden umfassen
Rötgenbeugungsanalyse (XRD) kombiniert mit Rietveld-Verfeinerung, Rasterelektronen-
mikroskopie (REM) und Differenz-Thermoanalyse (DTA). 11 Å-Tobermorit wurde aus
verschiedenen Anteilen an Metakaolin in der Ausgangsmischung synthetisiert. Der Ein-
bau von Al3+ in die Struktur von Tobermorit und die Bildung von Katoit wurden mittels
XRD untersucht. Die Auswirkungen des Einbaus auf strukturelle Eigenschaften von To-
bermorit wurden anhand der veränderlichen Gitterparameter und anhand einer mit der
Rietveld-Analyse kombinierten Methode zur Berücksichtigung der anisotropen Relflexver-
breiterung erfasst. Der Ursprung der Reflexverbreiterung liegt dabei in der Morphologie
kohärent streuender Domänen. Während jegliche Veränderungen des Al2O3-Gehalts in der
Ausgangsmischung einen Einfluss auf die Gitterparameter zeigten, wurden Auswirkungen
auf die Domänen-Morphologie nur innerhalb eines geringen Bereichs von Al2O3-Gehalten
beobachtet. Die Problematiken bei der REM-Analyse im Vergleich zur XRD-Analyse von
Tobermorit in Porenbeton werden genauer veranschaulicht. Unabhängig von der chem-
ischen Zusammensetzung des Porenbetons zeigte sich bei der REM-Analyse eine sehr
heterogene Morphologie der Tobermorit-Kristalle, die allerdings nur in den Poren und an
Porenoberflächen beobachtet werden konnte. Die Untersuchung der Auswirkungen des
Sulfatgehalts auf die Bildung von Tobermorit in Porenbeton ergab, dass das gesamte Sul-
fat im System in Form von Anhydrit vorliegt und somit kein Einfluss auf die Struktur von
Tobermorit besteht. Weiterhin werden Verbesserungen zur Erfassung des Phasenbestands
aufgezeigt, die beide der grundlegenden Fertigungsschritte bei der Herstellung von Poren-
beton betreffen. Dabei stehen die Quantifizierung und Charakterisierung der Bildung von
Portlandit und Tobermorit im Vordergrund.
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1 Introduction

1 Introduction

Tobermorite is a naturally occurring calcium silicate hydrate forming under hydrother-
mal conditions. It is mainly found in calcium-rich metamorphic rocks such as marble and
skarn [1]. In 1880 the mineral was described for the first time by Heddle at its type local-
ity of Tobermory (Scotland) [2, 3]. The tobermorite supergroup includes various related
mineral species characterized by basal spacings of 9, 11 and 14 Å and different sub-cell
symmetries [4].
Besides its occurrence in rocks, tobermorite is a major well-crystalline mineral phase
present in commercial masonry units such as sand-lime bricks and autoclaved aerated
concrete (AAC). Commonly, in these products the 11 Å species with the chemical for-
mula Ca5Si6O16(OH)2·4H2O and orthorhombic sub-cell symmetry is present. In equiva-
lence to the crystallization of 11 Å tobermorite in a geological environment, hydrothermal
treatment of masonry units triggers its formation during production. Thermal and me-
chanical properties of these products depend on the microstructure and mineralogical
phase composition. For this reason, the investigation of the crystallization process and
the morphology of tobermorite1 crystals have been subject of numerous studies [5, 6, 7].
Conventionally, scanning electron microscopy (SEM) analysis is the most applied method
for this purpose [8, 9, 10, 11]. In addition, poorly-crystalline C-S-H in hydrating cement
pastes was structurally derived from a tobermorite species [12]. Apart from construction
technology, tobermorite has found several applications due to its ion exchange capacity
[13] - for instance in wastewater treatment or radioactive waste management [14, 15].

AAC is an established masonry material due to its thermally insulating capacities com-
bined with low densities of 275 - 750 kg/m3 [16] and sufficient compressive strength for
construction. The fabrication is divided in two fundamental process stages and was exem-
plarily portrayed in the work of Schober [17]. The major materials needed for production
are quartz sand, burnt lime, cement, a sulfate source and water. Compared to foamed
concrete, the pores in AAC are generated based on the release of hydrogen gas due to a
chemical reaction of aluminum powder triggered by an alkaline environment during the
cement hydration [17, 18]. The first production step includes the green body hydration
as well as the generation of pores, which endure the hydrothermal curing and are present

1Unless otherwise specified, "tobermorite" in the following always refers to the 11 Å species.
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1 Introduction

Figure 1.1: Porous structure of autoclaved aerated concrete.

in the final product (Figure 1.1). During the second production step the green cakes
are treated hydrothermally under saturated steam pressure in order to gain compressive
strength. A shift of the pore size distribution during the autoclaving process was reported
by Mitsuda et al. [10].

Generally, the rather complex phase development during the production process of AAC
is insufficiently considered. Established AAC products are very often the result of purely
empirical and time-consuming test series. Therefore, a better understanding and moni-
toring of the phase development is the preferable way. This thesis is intended to demon-
strate advanced analytical methods for the characterization of 11 Å tobermorite in both,
lab-scale samples and commercial AAC. The majority of innovations are gained from X-
ray diffraction (XRD) and an approach to fit anisotropic peak broadening [19] compatible
with Rietveld refinement [20]. The suitability of SEM analysis in this context is discussed.
Moreover, effects of changes in the chemical composition in the starting compound are
investigated. Finally, the new analytical possibilities are applied to the entire production
process of AAC.
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2.1 Mineralogical characteristics of 11 Å tobermorite

2.1.1 Tobermorite structure

The orthorhombic tobermorite structure basically consists of sevenfold coordinated [21]
calcium polyhedral layers and silicate tetrahedral chains (Figure 2.1) [3]. Running along
b, two pairing tetrahedra centered by Si cations are connected by another Si-centered
bridging tetrahedron [3].
Apart from the undisputed layered structure and the wollastonite-like chains, several
approaches have coexisted regarding the possible space groups and the location of the
remaining calcium cations and water molecules in the lattice of 11 Å tobermorite [3,
21, 22, 23]. However, Biagioni et al. presented a new nomenclature for the tobermorite
supergroup including very precise structures [4]. Oxygen atoms, hydroxyl groups and
water molecules are located at the apical sites of the calcium polyhedra. The Si-centered
bridging tetrahedra of the wollastonite-like chains share the oxygen and hydroxyl groups
with the calcium polyhedra. Merlino et al. and Biagioni et al. stated that additional water
molecules and cations are located in structural cavities running along b [3, 4]. According to
Merlino et al. and Bonaccorsi et al. the content of these zeolitic cavities is the determining
factor for the resulting tobermorite species [3, 24]. The additional cation in the interlayer
is primarily calcium, so that there is a variability of calcium content between 4 and 5 atoms
per formula unit [4]. 11 Å tobermorite is characterized by the calcium-rich endmember
of this series [4]. The interlayer calcium is then sixfold-coordinated by framework oxygen
atoms. The amount of interlayer water molecules determine the degree of hydration and
the basal spacing of the resulting tobermorite species [24]. The reader is referred to a
well-specified categorization of all tobermorite polytypes provided in the publications by
Merlino et al., Bonaccorsi et al. and Biagioni et al. [3, 4, 24, 25].
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2 State of research

Figure 2.1: Calcium polyhedral layers and silicate tetrahedral chains in 11 Å tobermorite
structure according to Merlino et al. [3]. Si1 and Si3 = pairing tetrahedra, Si2
= bridging tetrahedra. Interlayer water molecules and cations are not shown.
Figure created with VESTA 3.1.6 [26].
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2 State of research

2.1.2 Synthesis of stoichiometric 11 Å tobermorite

The starting materials required for the hydrothermal synthesis of stoichiometric tober-
morite are quartz flour or a different silica source, calcium oxide or calcium hydroxide
and deionized water [7, 22]. In accordance with the chemical formula, the starting mix
appropriately conforms to a Ca/Si molar ratio of about 0.8 [9, 27].
After preparing the slurry, a distinct temperature setting of 170-180 °C, autogenous satu-
rated steam pressure (1–1.2 MPa) and a curing time of 12 h were recommended [5, 7, 28].
Consequently, an elevated water-to-solid ratio [7, 23] in the starting mix and high over-
all water content are required in order to ensure a saturated steam atmosphere in the
laboratory autoclave. Qu et al. showed that shorter curing times led to a lower reac-
tion turnover [6]. According to Šiaučiūnas & Baltakys at prolonged curing duration the
formation of xonotlite (Ca6Si6O17(OH)2) was favored [7]. It has been reported that the
surface area and solubility of all raw materials have an effect on the reaction time and
reaction products [7, 9, 29]. For instance, gyrolite formation was triggered by highly sol-
uble amorphous SiO2 in a study by Šiaučiūnas & Baltakys [7]. El-Hemaly et al. showed
that when amorphous type of silica was used, the formation of C-S-H was accelerated but
the subsequent conversion to tobermorite was slowed down [22].
The simplified hydrothermal reaction path (equation 2.1) [10, 27, 30] for the formation
of stoichiometric tobermorite was described as follows. Depending on the surface area
of raw materials, the dissolution of Ca(OH)2 and SiO2 in the hydrothermal environment
initially leads to the formation of a C-S-H gel, which is characterized by poor structural
order in c direction [22, 27]. The Ca/Si molar ratio in this precursor is variable [30]. The
hydrothermal reaction proceeds and the C-S-H gel transforms into tobermorite but with a
more particular Ca/Si ratio of approximately 0.83. The Ca/Si ratio decreases in this step,
as further SiO2 is dissolved and supplied for reaction [10]. Within this step, periodicity
in c direction increases and the calcium polyhedral layers and silicate chains gain more
structural order as reported by Shaw et al. [27].

xCa(OH)2 + ySiO2 +H2O =⇒ C-S-H gel =⇒ C-S-H gel + zSiO2 =⇒ tobermorite

(2.1)

Commonly, pure phase synthesis of tobermorite is hardly attainable and some minor
phases and amorphous content are frequently present in samples after hydrothermal cur-
ing. Common additional phases occurring in this system include calcite, quartz, xonotlite,
scawtite and poorly crystalline C-S-H with varying Ca/Si composition [7, 9, 31].
In most studies autoclaved samples were dried at 60 - 100 °C [6, 29] and ground prior
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2 State of research

to further analyses. Synthesized samples are commonly investigated by means of ther-
mogravimetric analysis (TGA) combined with differential thermal analysis (DTA), SEM
analysis and X-ray diffraction. For estimation of the chemical purity of tobermorite, usu-
ally the basal spacing of 11.3 Å is verified by XRD analysis, as substitutions such as Al3+

incorporation would reflect in it [15, 28]. Moreover, according to Mostafa et al. and Qu
et al., stoichiometric tobermorite showed plate-like morphology in SEM images [6, 32].

2.1.3 Substitutions in the lattice of tobermorite

The incorporation of foreign ions into the lattice of tobermorite has been investigated in
two major respects. In the first case, the substitutions occur during the application of
previously synthesized tobermorite. The potentials of these substitutions were exemplar-
ily highlighted in chapter 1 [14, 15]. In the second case, the substitutions occur during
the hydrothermal formation of tobermorite. Whenever a basic compound includes chem-
ical components apart from calcareous materials and silica, substitution in the lattice of
tobermorite is likely to happen during the hydrothermal reaction. Biagioni et al. stated
that Al-free natural tobermorite is extremely rare [4].
Supplementary cementitous materials (SCMs) are established components in various ap-
plications - equally in AAC production. Merchantable SCMs are usually limited to well
available materials, so that only distinct foreign ions are supplied in a considerable scale.
Calcined clays, diatomite, blast furnace slag and especially metakaolin are amongst the
most frequent materials for this purpose [31, 33, 34, 35]. They are, in turn, characterized
by a specific chemical composition. These raw materials supply primarily aluminum and
alkali metal cations. In addition, the presence of sulfate ions in the system has been con-
sidered by some authors, since sulfate is a component in most composites for construction
[32, 36].
Sakiyama & Mitsuda and Rios et al. successfully synthesized Al-substituted tobermorite
by applying different amounts of kaolinite and metakaolin [5, 23]. The incorporation of
Al3+ into the lattice of tobermorite resulted in lath-like crystals1 observed by SEM anal-
ysis. At a higher Al3+ dosage the formation of katoite was reported. Skawinska et al.
investigated various halloysite contents in the initial mix [34]. They confirmed katoite
formation caused by increased supply of Al3+. The substitution of Si4+ by Al3+ in the
tetrahedral chains ranges to a possible 1/6 substitution of the tetrahedral sites reaching an
Al content up to 1 Al atom per formula unit [4]. Merlino et al. explained that this mainly
occurred in the bridging tetrahedron and for charge balance additional (OH)– substituted
O2– in one site [3]. This leads to an increase of the basal spacing and lattice parameter c,

1The terminology of observed crystalline particles is addressed in subsection 2.2.2.
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2 State of research

which was observed in several studies [15, 28, 37]. In a different publication by Jackson
et al. the incorporation of additional Na+ or K+ for charge balance was suggested [38].
Matekonis et al. stated that in this case tobermorite showed anomalous thermal behavior
[29]. Furthermore, 29Si NMR measurements revealed that the substitution by Al3+ led to
an increase of the chain length in b direction [38, 39]. Klimesch & Ray performed thermal
analysis of Al-free and Al-substituted tobermorites [40]. They reported that in the case
of Al3+ incorporation, the conversion of 9.3 Å tobermorite into β-wollastonite required a
higher temperature. This observation is discussed later in this thesis (section 3.1). Qu et
al. performed XRD analysis and considered relative intensity broadening of Al-substituted
tobermorite reflections in order to estimate the crystallinity [6]. However, the broaden-
ing was not measured and evaluated. The present thesis provides extensive insights into
the evaluation of the peak broadening of tobermorite depending on the supply of Al3+ (
section 3.1 and section 3.2).
According to Mostafa et al. substitution by (SO4)2– in the lattice of tobermorite led to
basal imperfection [32]. Their study was mainly based on XRD analysis and FTIR spec-
troscopy. It was suggested that charge balance was achieved by substitution of (SO4)2–

and 2 (OH)– for (SiO4)4–. Moreover, the transformation of C-S-H gel into tobermorite was
accelerated. The sulfate-substituted tobermorite showed leafy crystals in SEM images.
By contrast, Sauman & Valtr stated that the morphology of sulfate-substituted tober-
morite did not differ substantially from the morphology of stoichiometric tobermorite
crystals [41]. Instead, anhydrite formation was observed by means of XRD analysis. In
section 3.2 of this thesis a new perspective on this discussion is provided.

2.2 Characterization of autoclaved aerated concrete

Supplied materials for AAC fabrication are transforming continuously during the pro-
duction process, which is displayed in Figure 2.2 [42]. It can be seen that the phase
transitions before autoclaving remind of ordinary portland cement (OPC) hydration [43].
The following main reactions run during the hydration before autoclaving [10, 12, 17].

CaO +H2O =⇒ Ca(OH)2 (2.2)

Ca3SiO5 + 3.9H2O =⇒ C1.7SH2.6 + 1.3Ca(OH)2 (2.3)

Ca3Al2O6 + 3CaSO4 + 32H2O =⇒ Ca6Al2(OH)12(SO4)3 · 26H2O (2.4)

This process step is finished when the generation of pores along with simultaneous expan-
sion is completed and sufficient strength for wire cutting has developed through hydration.

7



2 State of research

The reaction of aluminum powder does not only lead to the formation of hydrogen gas
but to very low amounts of different modifications of aluminum hydroxide [17]. However,
it can be seen that none of the hydrate phases forming during the green cake setting
endure the autoclaving process. Only quartz does partially not react and is consequently
present in the final product. After transforming into ettringite and later AFm phases,
initially supplied anhydrite recrystallizes during the hydrothermal treatment. A multi-
step reaction sequence of C-S-H, portlandite and further intermediate hydration products
leads to the crystallization of tobermorite. The reader is referred to the comprehensive
study of Schober for a more detailed presentation [17]. Further supply of dissolved silica
at hydrothermal conditions contributes to the formation of tobermorite in the manner
outlined in equation 2.1. Clearly, tobermorite is the major mineral phase present after
autoclaving and is therefore the main focus of research. In the following subsections 2.2.1
and 2.2.2 the state of knowledge concerning the characterization of AAC by means of
SEM analysis and XRD analysis is provided.

Figure 2.2: Exemplary phase development during the entire production process of AAC.
Figure adopted with permission from Schober [42].

2.2.1 SEM analysis

At first sight AAC has rather favorable properties compared to hydrated Portland cement
when it comes to SEM analysis. Due to the hydrothermal treatment several phases such

8



2 State of research

as tobermorite show better crystallinity. In addition, the hardly evitable effects of dam-
age to poorly crystalline phases and removal of water are not as significant in the case of
AAC. This is why environmental scanning electronic microscopy (ESEM) was suggested
in order to investigate hydrated Portland cement after early hydration [44, 45]. However,
while hydrated OPC is a reasonably homogeneous material, AAC shows heterogeneity
due to the porous structure (Figure 1.1).
As reported in subsection 2.1.3, several authors investigated the morphology of tober-
morite in AAC in order to verify the influence of foreign ions supplied by SCMs and
estimate their effect on the thermal and mechanical properties. Well crystallized tober-
morite often shows a house-of-cards structure in AAC (Figure 2.3), which was observed
in numerous studies [46, 47, 48].

Figure 2.3: House-of-cards appearance of tobermorite crystals in AAC.

Wongkeo & Chaipanich stated that the application of coal bottom ash for partial replace-
ment of cement in the starting compound resulted in a change of plate-like to lath-like
morphology of tobermorite crystals [49]. Equally, thin lath-like plates of tobermorite were
observed by Różycka et al. in samples prepared from perlite waste [50]. Venhodová et
al. investigated AAC samples prepared from mixes including fly ash and Al(OH)3 and
confirmed the elongated shape of Al-incorporated tobermorite [8]. In these studies the
fraction of aluminum ions was increased by adding the respective SCM. An effect on the
morphology of tobermorite was respectively reported, which conforms to the conclusions
made by different authors in subsection 2.1.3. Nevertheless, the heterogeneity of AAC
samples in SEM images was barely addressed in all of these examples. By contrast, Mit-
suda et al. differentiated between macropores and micropores in their SEM images of
industrially manufactured AAC [10]. Huang et al. separately analyzed walls and pores in

9
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their samples prepared from copper tailings and blast furnace slag [48]. The wall sections
appeared dense, while in pores platy tobermorite and long-strip shaped anhydrite was
observed. Only the tobermorite crystals in the pores showed the previously described
house-of-cards structure. As is evident from these published results, there is a lack of
clarity about the meaning and informative value of observations made in AAC samples
by SEM analysis. In the main results of this present thesis (section 3.2) a substantiated
assessment of this circumstance is given.

2.2.2 XRD analysis

While SEM analysis of AAC is majorly performed in order to characterize the crystallinity
and morphology of tobermorite, XRD analysis is mainly applied in order to assess the
overall phase composition. Apart from the phases shown in Figure 2.2, additional calcite,
feldspar, mica, gypsum and bassanite occur frequently in AAC depending on the miner-
alogical composition of the used raw materials. Frequently, minor phases are unreacted
residual components of raw materials such as sericite in the publication of Isu et al. [51] or
phlogopite in the study of Huang et al., who applied skarn-type copper tailings for AAC
preparation [48]. Prolonged curing duration resulted in minor quantities of xonotlite in
the study by Mitsuda et al. [10].
Mainly qualitative phase contents have been determined based on XRD in studies dealing
with the mineralogy of AAC. A clear recognition of amorphous content in AAC along with
the crystalline phases has been barely addressed and discussed. Relative quantities were
determined by Matsui et al. by plotting normalized intensities [28]. They estimated the
quantity of C-S-H gel by regarding the integrated intensity of the assumed tobermorite
precursor in a distinct section of the XRD pattern. Coming in agreement with the authors
cited in subsection 2.1.3, increased d spacing along c in Al-substituted tobermorite was
reported in the same study. Venhodová et al. performed XRD analysis of AAC samples
in their publication previously addressed in subsection 2.2.1 [8]. They compared relative
intensities of tobermorite in their samples, but no absolute quantities of the phases were
calculated either. Mitsuda et al. applied an internal standard method in order to quantify
unreacted quartz in their AAC samples [10].
More recently, Ectors proposed a promising method for the tracking of portlandite forma-
tion during the green cake hydration [52]. By applying a Rietveld compatible approach
for TOPAS 5.0 (Bruker AXS) to fit anisotropic peak broadening due to domain mor-
phology [19], two generations of portlandite could be refined separately and assigned to
the hydration of calcium oxide and tricalcium silicate, respectively. The key idea behind
this approach is that the average domain morphology of a mineral phase in a powder
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sample implies certain mineralogical characteristics. The simplified domain morphology
can be calculated on the basis of geometrical shapes such as cylinder, ellipsoid or cuboid.
Depending on the crystal system and the expected morphology, the geometrical shape
can be adjusted accordingly. In the example reported by Ectors, the one generation of
portlandite originating from burnt lime hydration showed anisotropic peak broadening
- unlike the generation forming from tricalcium silicate hydration. In accordance with
the trigonal crystal system, a biaxial cylinder model was applied for the fitting of the
anisotropic generation. The operating principle of the approach to fit the anisotropic
peak broadening due to domain morphology can be precisely explored by accessing fur-
ther publications by Ectors et al. [53, 54]. Apart from this benefit, a better fit to the
measured data enables a more accurate refinement and quantification of all phases. The
two generations of portlandite were additionally quantified by means of an external stan-
dard method [55]. The combination of quantitative phase analysis by XRD (QXRD) with
the refinement of anisotropic peak broadening is a promising approach in this context -
especially in consideration of the fact that phase quantifications in AAC samples have
been barely performed ever before. Hence, the application of these methods is the key
matter of this present thesis. Especially the potential of the domain morphology analysis
of tobermorite is precisely investigated. The terms domain size and domain morphology in
this sense refer to the coherently scattering unit measured by XRD analysis. Crystalline
particles observed by means of electron microscopy, which are frequently termed grains,
crystals or crystallites, are for the most part clusters of coherently scattering domains
[56, 57].
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3 Main results

This chapter introduces the main results presented in three peer reviewed publications
[58, 59, 60] incorporated in chapter 6. The new findings are put in a general context and
subsequently they are summarized and discussed in chapter 4. The sections 3.1 and 3.2
deal with the characterization of tobermorite in both, lab-scale samples and AAC sam-
ples produced on an industrial scale. In section 3.3 the entire production process of AAC
including the hydration before autoclaving is addressed.

Figure 3.1: Application of a triaxial cylinder model for the calculation of anisotropic do-
main sizes of tobermorite implemented with Rietveld refinement and influence
on the fit compared to ordinary refinement [60].
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One particular main result is a key element in each of the following sections. In Figure 3.1
the fit of tobermorite after two Rietveld refinements of different accuracy is shown. In a
regular Rietveld refinement, for simplification the coherently scattering units are treated
as spherical shapes, as usually only one size value for each mineral phase is calculated. As
average domain sizes of a mineral phase in different crystallographic directions are in many
cases indeed close to one value, this approximation is often sufficient in order to achieve
a satisfactory fit to the measured diffractogram. The crystal system and surrounding
conditions during the formation of a mineral phase are significant factors in this context. A
misfit at different (hkl) reflections as displayed in Figure 3.1 is an indication of anisotropic
peak broadening. Clearly, orthorhombic tobermorite shows anisotropic peak broadening
due to its anisotropic domain morphology. For the possible origins of anisotropic peak
broadening apart from size broadening, the reader is referred to section 6.1. In accordance
with the orthorhombic crystal system, a triaxial model is applied in order to fit the peak
broadening [19]. By implementing the macro during the refinement, no longer one but
three sizes (x, y and z for respectively a, b and c direction) are calculated. Besides the
improved fit, the calculated domain morphology is an additional information extracted
from XRD analysis and it is representative for the average value of the phase in the entire
sample. In each of the following sections the different benefits regarding this approach
are outlined in more detail.

3.1 Hydrothermal synthesis of tobermorite on a
laboratory scale - application of two types of
metakaolin

This study covers mineralogical properties of tobermorite synthesized from a set of various
compounds including different amounts and types of metakaolin [58]. Unlike in sections
3.2 and 3.3, the samples were not aerated before autoclaving and their composition is
adjusted to the Ca/Si molar ratio of stoichiometric tobermorite. On the one hand, the
reactivity of metakaolin and minor phases at hydrothermal conditions for the possible use
in AAC production was investigated. On the other hand, the effects of consequent changes
of the bulk chemistry in the basic compound on the mineralogical characteristics of to-
bermorite such as lattice parameters and domain morphology were analyzed. In addition,
for one particular compound the effect of different curing times was explored. While the
conventional raw materials for AAC production are rather low-cost resources, metakaolin
is a high-priced SCM in this regard. For this reason, besides one comparatively pure com-
mercial metakaolin (MK), a second by-product type of metakaolin (MKg) was applied
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at equivalent dosages. All investigated mix composites and the chemical composition of
MK and MKg are summed up in tables in section 6.1.
In Figure 3.2 the effect of different amounts of the two types of metakaolin on the phase
quantities is displayed. Clearly, at moderate dosages of MK and MKg tobermorite was
present in comparable quantities. However, the application of any amount of metakaolin
reduced the amount of tobermorite compared to the blank mixture. It can be seen that
katoite was present whenever the content of Al2O3 in the starting drymix exceeded 2
wt.%, which fits well with the state of knowledge [5, 23]. For the highest possible dosages
of the two types of metakaolin (MK60 and MKg60) contrary effects were observed. Ap-
plication of impure metakaolin (MKg) led to a considerable amount of tobermorite, while
in MK60 no tobermorite was present. The high content of Al2O3 seems to have hindered
the formation of tobermorite. Not all of the Al2O3 in MKg was supplied for reaction,
as minor phases such as feldspar remained unreacted, which is shown accurately in the
respective publication in section 6.1.

Figure 3.2: Weight fractions of tobermorite, quartz and katoite measured by QXRD anal-
ysis and contents of Al2O3 in the starting drymix. Amorphous content and
minor phases are not shown.

The results of thermal analysis of samples characterized by MK addition in small steps
are shown in Figure 3.3. It can be seen that the conversion of 9.3 Å tobermorite into β-
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wollastonite depended on the dosage of MK. However, unlike suggested by Klimesch &
Ray, there was no effect of lower contents of Al2O3 in the drymix [40]. Consequently, the
influence of Al3+ at low dosages (MK2.5 and MK5) could not be observed on the basis
of this method. Apart from this result, the other signals showed good agreement with the
suggested conversion ranges by Klimesch & Ray, as for samples MK9 and MK16 a clear
shift towards higher temperature was measured. However, the role of Al3+ incorporation
verified by this method is not necessarily conclusive, as additional reactions during the
heating experiment involving Al3+ are possible. On that basis the observations made
by means of DTA would not reflect the amount of Al3+ originally incorporated into the
structure of 11 Å tobermorite.

Figure 3.3: Conversion of 9.3 Å tobermorite into β-wollastonite in samples synthesized
with various amounts of metakaolin and suggested temperature ranges ac-
cording to Klimesch & Ray [40].

In accordance with authors referenced in subsection 2.1.3, lattice parameter c of tober-
morite increased with elevated dosages of Al2O3 in the basic dry mix (Figure 3.4). The
impact could be observed for the complete range of samples as displayed in section 6.1,
which indicates that a limit of Al3+ incorporation was not reached in this study. For
comparison, the relative domain morphology is plotted in Figure 3.4. Unlike the DTA
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signals, both lattice parameter c and the domain morphology are impacted by very low
dosages of Al2O3. There is a good accordance of the relation of growth in b direction to a
direction and the c parameter. This is valid up to 2.0 wt.% of Al2O3 in the starting dry
mix. By contrast, more elevated contents of Al2O3 did not affect the domain morphology
any further, even though the incorporation is verified through the increased c parameter.
It follows that the impact of Al3+ incorporation on the domain morphology is limited to
very low contents, while the impact on lattice parameter c can be tracked throughout
the entire examined range of samples. In section 6.1 additional results show that growth
in b direction increased with reaction time. These observations are solely based on XRD
analysis and offer new benefits for the structural understanding of tobermorite.

Figure 3.4: Impact of the calculated Al2O3 content in the basic dry mix on the lattice
parameter c and on the relation of calculated domain sizes of tobermorite in
a (x) and b (y) direction.
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3.2 Structural properties of tobermorite in AAC - SEM
versus XRD analysis

This section and the respective publication [59] mainly deal with the suitability of SEM
analysis of tobermorite in AAC. The effects of varying amounts of SO3 and Al2O3 in the
dry mix on structural properties of tobermorite are discussed based on XRD analysis.
As shown in subsection 2.2.1 and Figure 2.3, tobermorite often shows a house-of-cards
structure in AAC samples. This property has been considered to be relevant for the
thermal and mechanical properties of AAC (subsection 2.2.1). However, SEM analysis
within this study revealed that this type of appearance is mainly found in the pores
and pore surfaces (Figure 3.5). This finding comes in agreement with the observations
made by Huang et al. [48]. In the solid skeleton of the dense AAC material, neither the
morphology, nor the house-of-cards structure could be observed properly, which can be
seen very clearly in additional micrographs provided in section 6.2. It should be considered
that the major amount of tobermorite by weight is located in the dense material and not
at the pore surfaces. In this way, these findings are clear disadvantages coming along with
only SEM analysis of AAC, as representative results can hardly be obtained.

Figure 3.5: House-of-cards structure of tobermorite in a pore surrounded by dense mate-
rial.

Moreover, several authors in subsection 2.2.1 justified the morphology of tobermorite with
the incorporation of foreign ions. Al-substituted tobermorite showed lath-like morphology,
whereas Al-free tobermorite showed rather plate-like morphology [6, 32, 49]. However,
the present investigation revealed that independent of Al2O3 content in the raw mix, there
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is always heterogeneity regarding the morphology of tobermorite. In Figure 3.6 plate-like
and lath-like morphology of tobermorite in AAC observed in two statistical, chemically
various samples are displayed. This result supports the previous assumption that the
observations made by SEM analysis of tobermorite in AAC strongly depend on what
part of the sample is selected. Yet again, no clear observations could be made that were
representative for the entire sample.

Figure 3.6: Heterogeneous morphology of tobermorite (plate-like in a and c, lath-like in b
and d) in two AAC samples characterized by different Al2O3 contents in the
raw mix.

The effects of Al3+ on the domain morphology of tobermorite were measured and evaluated
in a similar manner as in section 6.1 and the results could be confirmed. The relative
domain growth in b direction was increased by Al3+ incorporation in both studies [58,
59]. Moreover, lattice parameter c was increased with Al3+ incorporation, which can be
seen more accurately in section 6.2. Unlike SEM analysis, XRD analysis allowed clear
conclusions whenever structural properties of Al-substituted tobermorite were affected.
Instead of a local observation as made with SEM, representative and statistical results
were obtained. The reader is referred to section 6.1 and section 6.2 for further results and
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more specific conclusions.
In addition, the effect of various amounts of sulfate in the raw mix was analyzed. Unlike
in the case of different dosages of Al3+, neither the domain morphology nor the lattice
parameters of tobermorite were affected by the SO3 content in the dry mix. In Figure 3.7
these observations and additionally the amounts of anhydrite measured by QXRD are
shown. As the amount of available SO3 in the dry mix is known, the maximum possible
amount of anhydrite could be calculated for each of the samples in focus. Obviously,
the measured amounts of anhydrite are either equal or slightly higher compared to the
expected quantities. This result leads to the assumption that all of the available sulfate
is transformed into anhydrite, so that no more sulfate could be incorporated into the
structure of tobermorite. The over-estimation of anhydrite in some of the samples can be
explained due to the inaccuracy of the quantification method. The present results rather
match with the suggestions by Sauman & Valtr [41], as in their study no effect of sulfate
on the structure of tobermorite was observed either.

Figure 3.7: Impact of the sulfate content in the AAC raw mix on lattice parameter c
and relative domain morphology of tobermorite (a) and comparison of the
expected maximum amount of anhydrite to the measured amount determined
by QXRD (b).

3.3 Improved monitoring of the phase development
during the production of AAC

In this study not only autoclaved samples were analyzed but additionally a lab-scale slurry,
which included the reactive components of the green cake stage during AAC production
at equivalent weight proportions. In-situ XRD was performed at 70 °C and at a water-to-
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solid ratio of 0.8 for 24 h (Figure 3.8), which are respective conditions during commercial
production. Clearly, the phase development is dominated by OPC and lime hydration, as
described in section 2.2. It can be seen that the major reaction turnover occurs during
the first 200 minutes, which is the average duration of the green stage. After only 30
minutes all of the quicklime had transformed into portlandite, whereas Schober proposed
a duration of one hour for this reaction [42]. The amount of portlandite is composed of
two different generations, as proposed by Ectors [52]. Equally, a biaxial cylinder model
was applied in order to fit the peak broadening of the first generation of portlandite in the
present investigation. Minor phase developments such as the formation of AFm phases are
not shown in Figure 3.8. A coarse fraction of anhydrite did not react, so that constantly
around 1.5 wt.% were measured after 6 h. As the decomposition of ettringite due to
sulfate depletion [55] does not occur prior to 12 h, the green cake strength is not affected.

Figure 3.8: In-situ XRD measurement of AAC model slurry at water-to-solid ratio of 0.8
and 70 °C. For clarity and comprehensibility not all phases are shown.

The separation of two generations of portlandite in the system does not only translate into
different domain morphologies, as shown by Ectors [52]. In Figure 3.9 more indications
for different mineralogical properties are displayed. The shape of the (0 0 1) reflection in
XRD patterns after only quicklime hydration and after both, quicklime and alite hydration
shows a distinct feature. While portlandite originating from quicklime hydration shows
a broad peak implying lower crystallinity, the peak after alite hydration is characterized
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Figure 3.9: Formation of two generations of portlandite in AAC slurry in XRD (a) and
DTA (b) plots.

by a sharper component. Yet, the peak breadth did not change, indicating that the first
generation is still present with the original characteristics. This observation is supported
by DTA measurements, additionally demonstrating two degrees of crystallinity only after
alite hydration. In agreement with XRD analysis, the better crystalline second generation
of portlandite decomposes at a higher temperature.

Figure 3.10: Quantification of tobermorite in statistical, chemically various AAC samples
with and without the application of the macro for the fitting of anisotropic
peak broadening.
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Furthermore, commercial AAC samples were considered in this study. By applying the
method for the refinement of anisotropic peak broadening (Figure 3.1), a more accurate
quantification of tobermorite can be achieved. In Figure 3.10 the calculated amounts of
tobermorite in statistical, chemically various AAC samples are plotted. In some samples
the refinement using the macro leads to considerably higher but never lower quantities
of tobermorite, whereas in other samples nearly the same amount of tobermorite is cal-
culated. This observation can be well understood taking into account that the macro
allows to account more peak area for tobermorite, as shown in Figure 3.1. Clearly, there
is evidence that the anisotropy of tobermorite domains is not uniform from one sample
to another, which was basically justified in the previous sections. As an improved quan-
tification of a single phase leads to a better quantification of other phases in the sample,
this adaption is very valuable in order to assess the phase development. Here, the peak
broadening of tobermorite equally observed by Qu et al. [6] could be tracked and evalu-
ated in order to gain more accurate results. Moreover, in section 6.3 McCrone milling is
suggested in order to avoid spottiness in XRD patterns caused by coarse grains of quartz
or anhydrite (Figure 3.8).
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4 Conclusions

The research results presented in the previous sections yield advances in the mineralogical
investigation of tobermorite and autoclaved aerated concrete. Recorded diffraction pat-
terns contain plenty of usually unused data regarding the microstructural characteristics
of the sample and phases therein. The profit of XRD measurements can be significantly
improved, whenever one or more phases show anisotropic peak broadening and appro-
priate models for the respective domain morphology are implemented into the Rietveld
environment. Within the scope of the present investigations portlandite and tobermorite
show this particularity.
The effects of changes in the chemistry of the starting mix were examined based on dif-
ferent dosages of metakaolin. Al-substituted tobermorite showed increased growth in b

direction and an increase of lattice parameter c compared to Al-free tobermorite. The rel-
ative domain sizes were determined based on anisotropic peak broadening. However, while
the effect of Al3+ incorporation into the lattice of tobermorite was limited regarding the
domain morphology, lattice parameter c showed an increase throughout the entire range
of samples. The consequent effects suggested by Klimesch & Ray observed by means of
DTA are debatable, as reactions during the heating experiment may lead to to a change
of Al3+ content in tobermorite [40]. While both types of applied metakaolin showed good
reactivity at hydrothermal conditions, some included minor phases such as feldspar or
anatase remained unreacted. At high dosages of Al2O3 in the starting mix the formation
of either only katoite or katoite along with tobermorite was observed (Figure 3.2).
SEM analysis of tobermorite in AAC cannot be suggested based on the observations
presented in this work, as it is only visually accessible in the pores or at pore surfaces.
The dense material of the AAC skeleton contains several crystalline and X-ray amorphous
phases, which hardly allows a proper investigation. Even in single pores tobermorite crys-
tals appeared very heterogeneous at various chemical compositions. As a result, lath-like
tobermorite was not only present in samples characterized by elevated Al3+ incorporation.
By contrast, the benefits of XRD analysis presented in section 6.1 equally accounted for
tobermorite in AAC samples. Sulfate incorporation into the lattice of tobermorite was
not observed. All of the sulfate in the system was detected to be present in anhydrite.
The phase transitions in the AAC raw slurry during the green stage hydration were show-
cased by in-situ XRD analysis of a model mix at 70 °C. Additional DTA and XRD mea-

23



4 Conclusions

surements during this step confirmed the presence of two generations of portlandite char-
acterized by different crystallinity as suggested by Ectors [52]. The inclusion of anisotropic
domain morphology during the Rietveld refinement allowed a more accurate quantifica-
tion of tobermorite in autoclaved samples. Sample preparation adjusted to the grain size
distribution in AAC samples (section 6.3), the external standard method for quantita-
tive XRD analysis [55] and the approach to evaluate anisotropic peak broadening [19]
are the key methods for a more accurate tracking of the phase development during AAC
production.
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A B S T R A C T

Different amounts and types of metakaolin were analyzed and applied for the hydrothermal synthesis of 11 Å
tobermorite. All synthesized samples were investigated by means of powder XRD combined with Rietveld re-
finement. Al-substituted 11 Å tobermorite was successfully synthesized on the basis of a broad range of com-
pounds characterized by a varying content of metakaolin. Katoite was present depending on the amount of
supplied Al3+, which was determined by the dosage of metakaolin. Minor crystalline components included in the
two types of metakaolin sources varied greatly in their reactivity under hydrothermal conditions. Despite a
different degree of purity, the two types of metakaolin showed corresponding effects at moderate dosages but
contrary effects at higher dosages as for the synthesis of 11 Å tobermorite. The domain morphology of to-
bermorite could be associated with Al3+ incorporation for low dosages of metakaolin represented by up to 2 wt.-
% Al2O3 in the dry mix. By contrast, Al3+ affected tobermorite lattice parameters at equivalent and even at
higher dosages with c reaching 22.95 Å at 12 wt.-% Al2O3 in the dry mix.

1. Introduction

1.1. Application of metakaolin as a reactive material in construction
industry

The application of supplementary cementitious materials (SCMs) in
the field of construction technology has received a lot of attention in
recent years. Due to limited resources and an urgent need for alter-
native and more eco-friendly construction materials, SCMs such as
metakaolin offer a great potential. The usage of SCMs has not only
spread to the cement and mortar industry but also to advanced appli-
cations such as autoclaved aerated concrete (AAC) (Demir et al., 2014;
Koutný et al., 2014; Walczak et al., 2015; Różycka and Pichór, 2016;
Chucholowski et al., 2018). Unlike ordinary cementitious construction
materials, AAC is produced from hydrothermal curing. Due to the dif-
ferent thermodynamic environment, the hydration process and the re-
activity of raw materials have to be investigated properly in order to
understand the effects on the AAC product. The leading mineral phase
in AAC is 11 Å tobermorite (Ca5Si6O16(OH)2·4H2O). As a consequence,
the thermal and mechanical properties of AAC depend on micro-
structure and crystallinity of tobermorite to some extent. In addition to
the curing time and the fineness of raw materials, the supply of ions
that can substitute in the tobermorite structure is a crucial factor in this
context. Especially substitutions by aluminum, sodium and potassium

ions have been investigated thoroughly (Sauman, 1974; Klimesch and
Ray, 1998; Mostafa et al., 2009; Matekonis et al., 2010; Skawinska
et al., 2017). Calcined clays usually contain a considerable amount of
the mentioned ions.

There is a vast amount of literature on the reactivity of SCMs at
ambient temperature and standard pressure, but there is little when it
comes to hydrothermal conditions. In previous publications the beha-
vior of metakaolin under hydrothermal conditions was mainly in-
vestigated for the synthesis of zeolites (Zhang et al., 2007; Aguilar-
Mamani et al., 2014; Setthaya et al., 2016; Luo et al., 2018). In these
studies, the reactivity of metakaolin was observed at a wide range of
temperature and pH values. During the transformation of kaolin into
metakaolin, a loss of framework alumina was observed (Ayodele et al.,
2019). In recent decades, metakaolin has been the subject of studies in
the field of geopolymer research (Rashad, 2013; Chen et al., 2016). For
the synthesis of 11 Å tobermorite a more distinct setting of temperature
setting (180–200 °C) and steam pressure (1–1.2 MPa) are required.

This publication is intended to make a new contribution to the
challenging field of hydrothermal synthesis in the system CaO-Al2O3-
SiO2-H2O based on XRD analysis combined with Rietveld refinement.
Various dosages of two types of metakaolin with different chemical and
mineralogical purities are compared for the effects on the hydrothermal
synthesis of Al-substituted 11 Å tobermorite. Especially changes of the
bulk chemistry in the raw mixes, the reactivity of minor crystalline
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phases of the two types of metakaolin and the effect of different curing
times are the focus of interest. On the one hand, metakaolin offers a
great potential in the AAC industry. On the other hand, of all SCMs,
metakaolin is a good source material for investigating the influence of
Al3+ on the synthesis of Al-substituted 11 Å tobermorite.

1.2. Synthesis of Al-substituted 11 Å tobermorite

In addition to being present in AAC, tobermorite has found appli-
cation in wastewater treatment and nuclear waste management due to
its ion exchange capacity (Maeda et al., 2012; Monasterio et al., 2015).
The substitution of silicon by aluminum results in a different to-
bermorite structure due to general and local charge balance affecting
the lattice parameters. Especially c is impacted by this substitution
because it occurs in the bridging tetrahedron and additional OH– sub-
stitutes O2– (Komarneni et al., 1985; Merlino et al., 2000). As suggested
in some additional studies, the substitution of Si4+ by Al3+ and Na+ or
K+ leads to a lath-like morphology of tobermorite crystals (Mostafa,
2005; Mostafa et al., 2009; Venhodová et al., 2015; Qu et al., 2018).
However, because of the heterogeneous appearance of tobermorite in
AAC it is hardly possible to conduct a proper characterization based on
SEM analysis. In our recent work, the anisotropic peak broadening of
tobermorite in XRD diffractograms was successfully linked with the
incorporation of foreign ions supplied in a common AAC production
(Schreiner et al., 2019). This finding allowed a more statistical struc-
tural characterization of tobermorite in bulk compositions compared to
SEM analysis. Moreover, it was reported in other studies, that different
hydrate phases occur depending on the amount of supplied ions and on
the experimental settings. In compounds with a high content of Al3+,
formation of katoite could be observed (Klimesch and Ray, 1998; Ríos
et al., 2009; Matsui et al., 2011). In the case of a longer curing duration,
instead of 11 Å tobermorite the formation of xonotlite (Siauciunas and
Baltakys, 2004; Galvánková et al., 2018) or - depending on the fineness
of used silica source (Siauciunas and Baltakys, 2004) - gyrolite is fa-
voured.

Kalousek (1956) suggested that tobermorite can contain up to 5%
Al2O3. More Al2O3 in the system resulted in the formation of hydro-
garnet. Klimesch and Ray (1998) additionally investigated the stability
of hydrogarnet depending on the Al/(Si + Al) ratio and its role in re-
lation to the formation of 11 Å tobermorite in an equivalent system.
They suggest that hydrogarnet always appears before tobermorite but
the former can only be detected for higher Al/(Si + Al) ratios in the
event of longer curing times. Ríos et al. (2009) and Qu et al. (2018)
confirmed these findings in extensive investigations. In the latter pub-
lication it is additionally suggested that samples prepared at lower
temperatures (160 °C) are less impacted by the supply of Al3+. They
also consider the peak broadening of tobermorite in their XRD plots
based on the amount of incorporated Al3+. In two recent publications
we suggested that the peak broadening of tobermorite enables a mi-
crostructural analysis by calculating the orientation dependent domain
sizes (Schreiner et al., 2018, 2019). However, these studies are based on
samples of industrially produced AAC, so that the curing time was fixed.
The studied AAC was produced from raw materials with a broad che-
mical spectrum such as ordinary Portland cement (OPC), which
somehow complicates the interpretation of results.

In this work the influence of aluminum ions - provided by meta-
kaolin - on dominant crystallographic direction-dependent domain
growth of tobermorite is investigated by analysis of anisotropic peak
broadening (Ectors et al., 2015, 2017). In Fig. 1 of the supplementary
material, the method of fitting the anisotropic peak broadening of to-
bermorite using a triaxial cylinder model is visualized (Schreiner et al.,
2018) Fitting of the anisotropic peak broadening of tobermorite. This
method is used to calculate the average and reliable values for to-
bermorite domain sizes in the powder sample and associate them with
average Al3+ incorporation. Microstrain should be considered because
it is an additional source of peak broadening. However, this usually

accounts for materials, that have been exposed to different kinds of
stress such as metals and alloys (Badawi et al., 2019). In addition, the
instrumental contribution to peak broadening should be considered.
Hydration products such as tobermorite are characterized by crystallite
sizes in the range of nanometers, so that anisotropic size broadening
clearly outweighs the effect of instrumental broadening (Jenkins and
Snyder, 1996). Moreover, the impact of Al3+ on the lattice parameters
of tobermorite is considered. It should additionally be clarified, whe-
ther the results from our previous publication (Schreiner et al., 2019)
based on industrially produced AAC can be confirmed by investigation
with less complex raw mixes and purely based on laboratory experi-
ments.

2. Material and methods

2.1. Starting materials

The starting materials for hydrothermal synthesis included deio-
nized water, quartz flour, portlandite (99.9% pure) and two types of
metakaolin. One type was ordinary, commercially available metakaolin
(MK) with nearly a stoichiometric composition. For comparison, the
second type of commercially available metakaolin was a by-product
from expanded glass production (MKg) and consequently highly im-
pure. The chemical composition of MK and MKg determined by XRF is
given in Table 1. With MKg containing less Al2O3 but considerably more
Na2O than MK, the effects on hydrothermal synthesis were of interest.
Both types of metakaolin have been characterized in previous pub-
lications (Schmidt et al., 2012; Naber et al., 2019). In addition, we
verified the mineral phase content by XRD analysis. Besides amorphous
metakaolin, MK contained minor amounts of anatase, quartz and mica.

Fig. 1. Weight fractions of tobermorite, quartz and katoite determined by
quantitative XRD analysis – samples including MKg crosshatched.

Table 1
Chemical composition of MK and MKg determined by XRF analysis – major
contrasts in bold letters.

Oxides [wt.-%] MK MKg

SiO2 53.6 60.4
Al2O3 39.2 20.6
CaO 0.1 4.0
MgO 0.1 1.2
Na2O 0 9.6
K2O 1.0 1.8
Fe2O3 1.8 0.5
TiO2 2.1 0.3
P2O5 0.1 0.2
Loss on ignition 1.5 1
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MKg contained additional kaolinite, feldspar and quartz.

2.2. Investigated mix composites

For the preparation of raw mixtures, the powders were weighed and
homogenized using a lab-scale mixing mill. Table 2 lists the composi-
tion and nomenclature of all samples including Al2O3 content and
curing time in the autoclave.

• Besides one blank mixture (MK0) that did not contain any type of
metakaolin, eleven more compounds were prepared, of which three
included different dosages of MKg (MKg16, MKg23 and MKg60).
Three more mixes contained equivalent amounts of MK instead of
MKg (MK16, MK23 and MK60). These mixes were investigated in
order to have a direct comparison concerning the effects of different
raw material on the synthesis of tobermorite.

• Additionally the mixes MK9, MK5 and MK2.5 with lower dosages of
metakaolin were analyzed. In the referenced literature (Schreiner
et al., 2019), the effect of Al3+ on the anisotropic peak broadening
of tobermorite could only be observed in the case of Al2O3 contents
lower than 4% in the drymix. In the latter three mixes Al2O3 con-
tents range from 1 to 3.5% Al2O3 (calculated from XRF data), which
meets the region of interest for the analysis of tobermorite domain
morphology.

• The curing time for nearly all of the investigated samples was 12 h
but compound MK9 was prepared two more times for curing times
of 2 h and 6 h. The different curing times were chosen in this par-
ticular sample, so that the reactivity of metakaolin and the phase
transitions could be observed more precisely.

2.3. Hydrothermal treatment

Due to the different fineness of raw materials, there was a different
water demand from one mixture to another. In order to obtain slurries
of comparable rheology, the amount of water was adapted respectively
resulting in water-to-solid ratios of 2.5 to 3, which matches the sug-
gested water-to-solid ratio for this purpose (Rózycka et al., 2014;
Galvánková et al., 2018). The weighed water was added to the dry mix
and after stirring for 1 min at 23 °C the slurry was poured into the
reactor. Minor changes in the quantity of added water did not have an
influence on the measured steam pressure. All experiments were con-
ducted using a PTFE-lined stainless steel autoclave with a reactor vo-
lume of 300 ml. The oven temperature was fixed at 180 °C and auto-
genous steam pressure of 1.1–1.2 MPa was measured during each
experiment with an external manometer. After cooling to room tem-
perature, the sample was removed from the reactor, coarsely ground

using an agate mortar and dried at 60 °C for 12 h. After drying, the
sample was ground with an agate mortar again in order to deagglo-
merate the particles. As no coarse raw materials were used, there was
no need for wet McCrone milling (Schreiner et al., 2018).

2.4. XRD analysis

After preparation into front-loading sample holders, the powder
samples were measured with a D8 diffractometer (Bruker) equipped
with a LynxEye detection system and Bragg-Brentano geometry. The
settings for XRD analysis included a tube voltage of 40 kV, a current of
40 mA, an angular range from 6 to 80° 2θ (Cu Kα radiation), a time per
step of 0.54 s, a step width of 0.0236° 2θ and a PSD opening of 3.3°. The
background was fitted with Chebyshev polynomial of the fifth order.
The major contribution of amorphous phase was fitted with a single
peak with a fixed position at 30.8° 2θ, so that tobermorite reflections
were not affected. An external quartzite standard was measured with
the same parameters in order to determine phase quantities (Jansen
et al., 2011). Bruker AXS software TOPAS 5.0 was used for Rietveld
refinement (Rietveld, 1969) and the used structures are shown in
Table 3.

3. Results and discussion

3.1. Different dosages of MK and MKg

In Fig. 1, the quantities of tobermorite, quartz and katoite present in
most of the samples determined by XRD analysis are illustrated.
Whenever tobermorite was the leading mineral hydrate phase, a basal
spacing of 11.3 Å could be verified in each of the diffractograms. The
quantities of minor crystalline phases and amorphous content are not
shown. For low dosages of MK, it can be seen that the weight fraction of
tobermorite decreased. At moderate dosage of both types of metakaolin
(MK16, MK23, MKg16, MKg23) tobermorite was present in comparable
quantities. It can be seen that the amount of katoite in the mixes de-
pended on the dosage of metakaolin, and it appeared only at dosages of
MK5 or more. Due to the higher content of aluminum in MK compared
to MKg, more katoite could always be observed in the MK mixes at
equivalent dosages. Despite equal amounts of quartz as starting mate-
rial in mixes for both types of metakaolin, the resulting weight fractions
in the cured samples were not alike. Considerably more quartz was
present in the MK samples. Even though less quartz was used for mixes
containing higher amounts of MK, even more quartz was present after
hydrothermal curing (Table 2, Fig. 1). Consequently, some of the SiO2

provided by MK did not transform into an amorphous phase or to-
bermorite but into quartz. This finding is verified by the presence of
quartz in MK60 because no quartz was included in the raw mixture. The
feldspar present in MKg did not react, so Na2O and an unknown amount
of Al2O3 may not have been supplied for hydrothermal reaction. Besides
tobermorite and quartz, additional calcite, scawtite (Ca7Si6(CO3)

Table 2
Basic powder compounds prepared for the hydrothermal synthesis of to-
bermorite with the respectively calculated Al2O3 content and curing time in the
reactor.

Sample Portlandite
[wt.-%]

Quartz
[wt.-%]

MK
[wt.-
%]

MKg

[wt.-
%]

Al2O3

[wt.-%]
Curing
time [h]

MK0 49 51 – – 0 12
MK2.5 49.5 48 2.5 – 1 12
MK5 49 46 5 – 2 12
MK9_2h 48 43 9 – 3.5 2
MK9_6h 48 43 9 – 3.5 6
MK9_12h 48 43 9 – 3.5 12
MK16 47 37 16 – 6.3 12
MK23 46 31 23 – 9 12
MK60 40 – 60 – 23.5 12
MKg16 47 37 – 16 3.3 12
MKg23 46 31 – 23 4.7 12
MKg60 40 – – 60 12.4 12

Table 3
Structural data used for the investigation with powder XRD analysis.

Phase Author

Anatase (Horn et al., 1972)
Biotite (Brigatti et al., 2000)
Calcite (Maslen et al., 1995)
Kaolinite (Zvyagin, 1960)
Katoite (Bartl, 1969)
Microcline (Bailey, 1969)
Plazolite (Basso et al., 1983)
Portlandite (Busing and Levy, 1957)
Quartz (Le Page and Donnay, 1976)
Scawtite (Grice, 2005)
Tobermorite (Hamid, 1981)
Xonotlite (Hejny and Armbruster, 2001)
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O18•2(H2O)) and xonotlite (Ca6Si6O17(OH)2) could be identified in
sample MK0 (XRD plots of samples MK0, MKg16, MKg23, MK16 and
MK23.). Comparing MK0 and MK2.5, scawtite and xonotlite could still
be identified in a very low amount in MK2.5, but no longer in samples
that contained even more MK (XRD plots of samples MK0, MK2.5, MK5
and MK9_12h.).

Two additional experiments were done without quartz in the raw
mixes (MK60 and MKg60). The according diffractograms after hydro-
thermal curing are shown in Fig. 2. In sample MKg60 tobermorite (> 50
wt.-%) was successfully synthesized without any other silica source
than MKg, whereas no crystalline quartz occurred. By contrast, no to-
bermorite but quartz could be identified in equivalent mixture MK60
containing MK. It can be seen that crystalline components such as mica
and anatase in the raw MK did not react at the selected conditions and
remained present in the autoclaved samples. Except for feldspar in MKg,
all of the crystalline components appeared to be reactive at the chosen
hydrothermal conditions. A minor unidentified phase occurred at
32.8°2θ and additional xonotlite was identified in sample MKg60. In
sample MK60 more calcium was needed for the formation of more
hydrogarnet (Fig. 1) resulting in a lower Ca/Si ratio for the remaining
system. Sample MKg60 contained only half of the amount of Al3+ and it
was not completely supplied for reaction due to its partial presence in
feldspar. Consequently, essentially less hydrogarnet (Fig. 1) was present
in MKg60 after hydrothermal treatment and the Ca/Si ratio in the re-
maining system was affected to a lesser extent.

3.2. Application of MK for different curing times

The development of hydrate phases in the autoclave for compound
MK9 is displayed in Fig. 3. After only 2 h of hydrothermal curing all of
the available portlandite had reacted and katoite (9.5 wt.-%) was pre-
sent. The applied type of metakaolin appeared to react quickly, as it
supplied aluminum for formation of katoite. No formation of to-
bermorite could be observed at this stage yet. An assumably amorphous
precursor can be seen at 28 to 30°2θ. Calcium was provided by the
dissolution of portlandite. After 6 h of hydrothermal reaction amounts
of katoite (8.5 wt.-%) and quartz (from 31 wt.-% at 2 h to 16.5 wt.-% at
6 h) had decreased and a major amount of tobermorite (35 wt.-%) was
present. Apparently, between 2 and 6 h under hydrothermal conditions,
the amorphous precursor and quartz reacted resulting in the formation
of tobermorite. An additional 6 h of reaction time (MK9_12h) did not
change the phase composition significantly. Slightly more tobermorite

(36.5 wt.-%), less quartz (16 wt.-%) and katoite (6.5 wt.-%) were
measured.

3.3. Tobermorite domain morphology and lattice parameters

In the referenced literature, an analysis of tobermorite domain
morphology based on anisotropic peak broadening was possible for
samples that contained not> 4 wt.-% Al2O3 in the drymix (Schreiner
et al., 2019). Accordingly, in this study samples MK0, MK2.5, MK5,
MK9_6h and MK9_12h were suitable (Table 2) with MK9_2h not con-
taining any tobermorite. In Fig. 4 the respective growth in a and b di-
rection is visualized with x indicating the domain size in a direction and
y indicating domain size in b direction using a macro for TOPAS 5.0
(Ectors et al., 2015, 2017). The calculated cylinder models in Fig. 4
represent the relation of y/x and not absolute sizes. With no supply of
aluminum ions (MK0), the relative domain growth in b direction is
lower compared to samples containing metakaolin. This finding agrees
with the results from a similar investigation of tobermorite in AAC
(Schreiner et al., 2019). However, within the samples MK5 and
MK9_12h the different amounts of supplied aluminum ions did not
show a clear effect. It appeared that low dosages of Al3+ (1 wt.-% Al2O3

in MK2.5 and 2 wt.-% Al2O3 in MK5) were enough to determine the
domain growth of tobermorite. Additional results from the samples
MK9_6h and MK9_12h indicated that growth in b direction increased
with reaction time.

In Fig. 5 lattice parameters of tobermorite depending on metakaolin
dosages are plotted. B clearly remained unaffected throughout the
range of samples. Increasing amounts of metakaolin led to a slightly
smaller parameter a. However, both types of metakaolin showed a
corresponding impact on parameter a. By contrast, parameter c in-
creased strongly with increasing amounts of MK and MKg, but the type
of metakaolin was significant. At an equivalent dosage, MK affected the
cell dimension in c direction considerably more than MKg, so that the
fraction of Al3+ appeared to be the decisive parameter. Different metal
oxides in MKg did not show a notable effect, certainly, as they were
partially not provided for reaction. Unlike for the domain morphology
of tobermorite, the impact on lattice parameters could be observed
within the complete range of examined dosages.

4. Conclusions

The results obtained from the introduced investigations allow con-
cluding remarks on the effects of the applied types of metakaolin on the
synthesis of 11 Å tobermorite, the phase transitions and the in-
corporation of Al3+ into the lattice of tobermorite.

With a critical dosage, the use of any type of metakaolin led to the
formation of katoite in an according amount. At moderate dosages
(MKg16, MKg23, MK16 and MK23) the two types of metakaolin showed
a good correspondence in consideration of the quantities of to-
bermorite. For higher dosages, there were contrary effects. Lower do-
sages of MK led to considerable quantities of Al-substituted to-
bermorite. Samples containing low dosages of MK revealed that katoite
appeared in the case of> 5 wt.-% of MK - corresponding to 2 wt.-%
Al2O3 - in the basic compound. Minor crystalline phases in MKg showed
better reactivity than those in MK. The observation that no tobermorite
was present in sample MK60 indicated that high dosages of Al3+ hin-
dered the formation of tobermorite.

Investigations of MK9 at 2, 6 and 12 h displayed the evolution of
hydrate phases. At first, katoite was the only crystalline hydrate phase
present after 2 h, which corresponded to observations in a different
publication (Klimesch and Ray, 1999). The amount of katoite and
quartz then decreased and a major amount of tobermorite formed from
2 to 6 h curing time. In order to gain more information on the trans-
formation of amorphous C-(A)-S-H into tobermorite, additional ex-
periments in the range of 2 to 6 h curing time will be needed.

Domain morphology analysis of tobermorite revealed that low

Fig. 2. Diffractograms of MKg, MKg60, MK and MK60 from 7 to 34°2θ CuKα. A,
anatase; C, calcite; F, feldspar; k, kaolinite; K, katoite; M, mica; Q, quartz; T,
tobermorite; U, unidentified phase; X, xonotlite.

J. Schreiner, et al. Applied Clay Science 185 (2020) 105432

4

6 Publications

34



dosages of Al3+ determined the domain growth, which agreed with the
results published on tobermorite in AAC samples (Schreiner et al.,
2019). Different curing times unveiled that growth in b direction in-
creased with the reaction time. Al3+ incorporation into the lattice of
tobermorite only reflected to a limited extent in the domain mor-
phology. By contrast, an increase of lattice parameter c was triggered by
Al3+ even at the highest dosage in this study. Ultimately, there is no

evidence for a limit of incorporation of Al3+ but there is a limit of
influence on the domain morphology. These results additionally re-
confirm this assumption similarly made in the previous work (Schreiner
et al., 2019) and suggest a new mechanism of tobermorite crystal-
lization depending on the presence of Al3+.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2019.105432.
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A B S T R A C T

This work presents improved analytical methods for both steps of the production process of autoclaved aerated
concrete (AAC), the phase development during the hydration before autoclaving and during the autoclaving
process itself. The improvement includes new insights into preparation methods of AAC samples for powder
diffraction as well as Rietveld refinement strategies. For the first time a new implementation for calculating
anisotropic crystal domain sizes is applied to major hydrate phases occurring during AAC production, namely
portlandite during the hydration before autoclaving and tobermorite during the autoclaving process. The cal-
culation of anisotropic domain size growth, which can be implemented in the Rietveld environment, is based on
crystallographically and geometrically appropriate models. The implementation of calculating anisotropic do-
main sizes for the Rietveld software TOPAS 5.0 allows a superior Rietveld fit and a more accurate quantification
of the phase development. Additionally it enables the tracking of growth mechanism of portlandite during
hydration.

1. Introduction

Autoclaved aerated concrete (AAC) is known as a lightweight con-
struction material, which offers outstanding properties such as suffi-
cient strength for construction in addition with excellent thermal in-
sulation [1,2]. AAC is produced by autoclaving from calcareous raw
materials such as lime (CaO) and cement, quartz, sulfate carrier and
other additives such as foaming agents and water.

The production process (Fig. 1) can be separated into the hydration
of the mixed slurry before the procedure of autoclaving and the auto-
claving at elevated temperature (180 °C to 200 °C) under saturated
steam pressure (1.2MPa) for several hours.

The hydration process before autoclaving is necessary to achieve
sufficient strength in order to cut the green cake blocks, as they should
have a specific shape and dimension after autoclaving. Furthermore,
the porous structure is generated by the foaming agent during hydra-
tion in the first process step. During autoclaving the final properties
namely strength and low thermal conductivity are achieved.

It is already well understood that the autoclaving process leads to
the formation of several phases, first of all tobermorite
(Ca5Si6O16(OH)2∗4H2O) [3–5]. Newest research has shown im-
pressively which reactions are running from the mineralogical point of
view. Insitu XRD measurements were carried out during the

autoclaving process and the phase development was shown by plotting
normalized intensities [6]. The study of Mitsuda et al. [3] was mainly
focused on the tracking of the phase evolution during the autoclaving
process of AAC. However, their statements concerning phase evolution
are mainly based on XRD data and TGA measurements. There is a
common agreement that the following reactions occur. The consump-
tion of the alite (OPC) leads to the formation of an initial C-S-H phase
during the first processing step. Portlandite, which was initially formed
during the first process step (from CaO and C3S), further quartz and the
C-S-H phase are consumed during autoclaving resulting in the crystal-
lization of tobermorite. Hence, the crystallization process of to-
bermorite as well as the crystal structure of tobermorite was an issue of
research and discussion over the last years and numerous publications
to these topics are available. Concerning the crystal structure of to-
bermorite, respectively the tobermorite supergroup, a new publication
outlines all important references and recommends a new nomenclature
[7].

The presented study was performed to create new analytical possi-
bilities for the characterization of the production process of AAC. Both
of the production process steps are essential for the final product.
Hence, the present work focuses on crystallization of hydrate phases in
both processes.

Firstly, an external standard method [8,9] was published and
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recommended for the determination of absolute phase contents in
mixtures with amorphous content. It was shown that the method can
absolutely be recommended for hydrating cement pastes in which water
cannot be quantified directly by XRD [10]. This method seems to be
very promising for both, the quantification of the hydration of the AAC
slurry before autoclaving and the quantification of the phase evolution
during autoclaving inasmuch as both production steps form crystalline
and amorphous phases.

Secondly, a new approach to anisotropic peak broadening due to
anisotropic domain morphology, which was developed [11,12], is ap-
plied to AAC samples to improve the fit of portlandite and tobermorite
by Rietveld refinement [13]. By applying this approach, the refinement
of both portlandite and tobermorite should additionally lead to better
quantitative results as well as to better insights into the development of
the domain size morphology of both phases formed.

It was already shown that in a hydrating raw mixture for AAC, two
species of portlandite precipitate at 23 °C, one showing dynamically
anisotropic peak broadening and another one following the isotropic
trend [14]. The application of the anisotropic refinement model led to
an improved fitting of portlandite. Moreover the mechanism of aniso-
tropic domain growth of portlandite was tracked.

2. Materials and methods

In order to examine the hydration of the AAC slurry before auto-
claving a mixture of the hydraulic reactive components was weighed
and measured in-situ at a Bruker D8 diffractometer with a LynxEye
detection system.

Ordinary Portland cement (OPC) was mixed with lime (CaO) and
anhydrite (C$). The raw materials were taken from the same batches as
for the industrial samples. The drymix (58% OPC, 36% CaO and 6% C$
by weight) was then mixed with water (w/s= 0.8) and placed into an
appropriate sample holder. The samples were not aerated. The slurry
samples were covered with a kapton film to avoid evaporation and
carbonation. Diffractograms were recorded with an angular range from
7 to 54,5° 2θ and a step width of 0,011° 2θ. Measurements were carried
out every 15min. For each measurement 96 XRD patterns were re-
corded over the first 24 h. The temperature was fixed at 70 °C, which is
the mean temperature generally prevailing in the industrial process
during hydration before autoclaving. Rietveld refinement was carried
out using the G-factor method. All structures used for Rietveld refine-
ment are shown in Table 1.

For investigation of the autoclaved samples, five different specimens
were taken at different autoclaving times. The specimens were taken
out of a technical production process, hence it was not possible to in-
terrupt the process at an earlier time inasmuch it would lead to damage
of a whole concrete production batch. The specimens were firstly dried
at 60 °C until weight constancy. The whole blocks were then broken and
statistical samples of 20 g were taken. In order to receive the right mass
attenuation coefficient (MAC) for G-factor method, the loss on ignition
and the chemical composition (XRF) were determined. For energy
dispersive XRF analysis (Spectro Xepos) tube voltage from 20 kV to
50 kV and tube current from 0,8 to 2,0mA were used for different
targets.

The final sample preparation (grinding) before XRD measurements
was carried out using both, an agate mortar and a McCrone micronizing
mill for wet milling with isopropanol. Both preparation methods were
applied separately to see which one is suitable in order to get the best
preparation for XRD investigations. Six preparations were performed by
one operator, of which two were prepared with an agate mortar and
four with a McCrone mill. For the McCrone milling 3 g of the sample
and 10ml of isopropanol were used for grinding for 12min. The grain
size distribution of one sample prepared with an agate mortar and one
sample prepared using a McCrone mill was measured by laser granu-
lometry in isopropanol using a Mastersizer 3000 (MALVERN).

After milling the samples in these two ways for XRD analysis the
powders were prepared into a front loading sample holder and mea-
sured. Diffractograms were recorded with an angular range from 6 to
80° 2θ, a step width of 0,0236° 2θ and a time per step of 0,54 s. Rietveld
refinement combined with external standard (G-factor) was applied in
order to get absolute quantities for each phase. The refinement strategy
for portlandite and tobermorite in the TOPAS Launch Mode (TOPAS
5.0, Bruker AXS) is attached as a Supplementary material file.

3. Results and discussion

3.1. Hydration of the mixture before autoclaving

The hydration of the investigated paste before autoclaving is
dominated by the hydration of the cement as well as the reaction of the
free lime (CaO) resulting in the formation of portlandite. It can be
clearly seen from Fig. 2 that the hydration of the paste leads to the
formation of ettringite, portlandite and C-S-H phase. For simplification,
the remaining phase developments are not shown in Fig. 2 because they
are not in the focus of this study. The hydration of CaO forming

Fig. 1. Simplified process steps of AAC production and hydrate phase evolution.

Table 1
Structures used for Rietveld refinement.

Phase Author

Alite [15]
Anhydrite [16]
Bassanite [17]
Belite (β) [18]
Belite (α′) [19]
Brownmillerite [20]
C-S-H [21]
Calcite [22]
Ettringite [23]
Gypsum [24]
Hemicarbonate [25]
Hydroxylellestadite [26]
Lime (CaO) [27]
Microcline [28]
Portlandite [29]
Quartz [30]
Tobermorite [31]
Tricalciumaluminate (cubic) [32]
Tricalciumaluminate (orthorhombic) [33]
PONCKS model for Water [21]
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portlandite begins rapidly after the addition of water to the mixture and
lime is fully consumed after only 1 h of hydration. This translates into a
quick rise of heat of hydration so that cement hydration is accelerated,
which leads to further portlandite formation by the reaction of alite.
Ettringite formation stalls after few hours of hydration. After 12 h et-
tringite is partially decomposed, probably due to sulfate depletion [9]

and poorly crystalline AFm phases (not shown in Fig. 2) are formed.
In Fig. 3, it can be seen that in fact two generations of portlandite

are formed, a 1st dominant generation showing anisotropic peak
broadening and 2nd one occurring considerably later following the
isotropic domain size refinement, which is usually carried out using the
Rietveld method. This occurrence comes along firstly with lime hy-
dration and secondly with alite hydration. The expected quantity of
portlandite formed from lime hydration very well complies with the

Fig. 2. Phase development in AAC paste on a laboratory scale before autoclaving ana-
lyzed by in-situ XRD at 70 °C.

Fig. 3. Formation of two generations of portlandite by hydration of lime (1st) and C3S
(2nd) at 70 °C before autoclaving with the major generation showing anisotropic peak
broadening.

Fig. 4. Biaxial cylinder domain size model of portlandite used for Rietveld refinement of anisotropic peak broadening.

Fig. 5. Morphological evolution of portlandite showing anisotropic domain size growth
during hydration at 70 °C.

Fig. 6. Comparison of quantification of crystalline quartz in samples prepared with
McCrone mill and agate mortar at different autoclaving times.
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quantity of the observed 1st generation. The development of portlan-
dite growth was already tracked in an equivalent slurry at 23 °C [14].
Thus, this observation confirms that the crystallinity of portlandite in
mixtures for AAC production depends on the starting phase for hydra-
tion, as already indicated by Ectors [14].

Fig. 4 shows the used biaxial cylindrical model for anisotropic do-
main size calculation and the portlandite structure, which was created
with structural software VESTA 3.1.8 [34]. Using the cylindrical ap-
proach, domain sizes in a (here equating to b) and c direction
(dz= cylinder height) can be calculated, which comes along with the
expected symmetrical parameters of portlandite.

The 1st portlandite generation showing anisotropic domain growth
can be tracked in terms of cylinder diameter and height, which is rea-
lized in Fig. 5. The blue cylinder represents the geometric approach and
cylinder height and diameter are calculated newly for each range. The
cylinder height remains rather stable throughout the hydration process,
while the cylinder diameter increases during the first hours of hydra-
tion. After 10 h of hydration the mean cylinder diameter no longer in-
creases. Consequently, these observations match the results of the ex-
aminations conducted at 23 °C [14], as well as the assumption, that
different mechanisms of growth exist for portlandite depending on the

hydration educt. The maximum cylinder diameter is reached earlier in
this work very likely because of the higher hydration temperature.

3.2. Quantification of the reactions during autoclaving

Autoclaved samples were ground with an agate mortar and com-
pared to samples, which were wet-ground with a McCrone mill. Fig. 6
shows precisely that the determination of the amount of crystalline
quartz is more reproducible in the two shown samples, which were

Fig. 7. 2D XRD with Bruker GADDS-system plots of samples prepared with agate mortar and McCrone mill. Coarse quartz grains are pointed out in the plot of the sample prepared with
agate mortar.

Fig. 8. Particle size distribution of one sample prepared with an agate mortar and of one
sample prepared with a McCrone mill measured by laser granulometry.

Fig. 9. Rietveld refinement for Tobermorite of autoclaved AAC sample by use of isotropic
domain size model (a) and of anisotropic domain size model (b).
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prepared with a McCrone mill. The high variance of crystalline quartz
in the samples, which were prepared with an agate mortar, is a result of
insufficient grinding and remaining of too large quartz grains. When
this spottiness occurs, a reliable quantification using the G-factor
method is not possible.

The 2D XRD with Bruker GADDS-system plots in Fig. 7 demonstrate
the insufficient grinding when using an agate mortar compared to wet
milling with a McCrone mill. Quartz would be overrepresented in a one-
dimensional XRD pattern focusing on a section with bright spots (green
arrows). The lack of bright spots in the right plot shows that the quartz
grains are milled more thoroughly using a McCrone mill. In Fig. 8 the
particle size distribution after both ways of sample preparation is
compared. Most grains in the sample prepared with an agate mortar are
larger than in the sample prepared with a McCrone mill. The grain size
distribution of the sample prepared with a McCrone mill complies with
the recommended particle size range for XRD analysis of under 5 to
50 μm [35,36], while the other sample exceeds the range.

In Fig. 9 Rietveld refinement of an autoclaved sample is shown. The
dominant peaks at 7.7, 29.0 and 30.1° 2θ are attributed to tobermorite.
In the upper diagram (a), Rietveld refinement was carried out regularly
calculating isotropic domain sizes for tobermorite. However, the cal-
culated fit differs significantly from the raw data. It can be assumed that
tobermorite shows a similar pattern to portlandite in terms of aniso-
tropic peak broadening, taking into account that tobermorite is as-
signed to the orthorhombic crystal system. Thus, instead of a biaxial
cylinder model, an elliptic cylinder model (Fig. 10, structure created
with VESTA 3.1.8 [34]) was applied for the refinement in the lower
diagram (b). The elliptic cylinder model is a sufficient approach to the

orthorhombic crystal system as it allows the distinction between do-
main sizes in a, b and c direction. The fit is clearly superior using the
anisotropic domain size model, highlighted by the difference plot in
Fig. 9b. The comparison refinement with isotropic and anisotropic ap-
proach was done for all of the five autoclaved samples. In Fig. 11, the
resulting Rwp values for the whole pattern and the RBragg values of to-
bermorite are shown. The refinement using the anisotropic model leads
to both, lower Rwp and RBragg values and consequently to a better fit and
a more accurate quantification of tobermorite in all refined samples.

4. Summary and conclusions

Improved analytical methods for both, the phase development
during the hydration before autoclaving and during the autoclaving
process of AAC are presented. It could be shown that wet McCrone
milling is the best way of preparation of AAC samples in order to obtain
suitable samples for powder diffraction. A new approach to treat ani-
sotropic domain sizes for Rietveld refinement could be successfully
applied – with the benefit that portlandite and tobermorite in AAC
samples could be refined more accurately using the Rietveld method.
Thus, this application allows an improved quantification of the phase
development during both of the production steps.

For the future, there are still plenty of possibilities to apply the
presented approach of calculating anisotropic domain sizes to AAC
production. As exemplified with portlandite, the mechanisms of growth
of tobermorite can be tracked likewise during the autoclaving process.
In addition, the effect of variations in the chemical composition of AAC
raw mixtures on the crystal morphology of tobermorite can be ex-
amined. This leaves a new perspective to discuss the link between mi-
neral phase morphology and the thermal and mechanical properties of
AAC.
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