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Abstract: Model cement systems form the basis for the systematic investigation of three
calcined phyllosilicates. Metamuscovite acts as pure filler, accelerates alite hydration and leads
to an increased degree of hydration of alite compared to the reference. A different picture
emerges for metaillite and metakaolin. Despite the slight filler effect of the clay particles, the
alite at the onset of the aluminate clinker reaction as well as after 2 days of hydration reaches
significantly lower degrees of hydration. This indicates interaction of the negatively charged
calcined clay surfaces with the sulfate from the pore solution. The chemical reactivity of the
metaillite and metakaolin during early hydration can be demonstrated by direct quantification
as well as by the consumption of portlandite and the formation of C-S-H. This leads to a better
understanding of the effect of individual calcined phyllosilicates and help to predict the

influence of complex calcined clays on early hydration.

Keywords: calcined clay; supplementary cementitious material; reaction kinetics; calorimetry;

in situ X-ray diffraction

1. Introduction
Calcined clays (CC) are among the most promising materials to meet the increasing demand

for clinker-reduced binders, as they are globally and locally available in sufficient quantities

1


mailto:sebastian.scherb@unibw.de
mailto:matthias.maier@i
mailto:mathias.koeberl@unibw.de
mailto:nancy.beuntner@unibw.de
mailto:christian.thienel@unibw.de

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

and qualities [1]. The mineralogical complexity as well as complex surface properties of CC
are a challenge in predicting their influence on early hydration [2, 3]. An improved
understanding of the mechanisms behind the influence of calcined clays on early hydration is
essential for their widespread use in modern cements and concretes and has a high potential for

saving CO, [4].

Both, the mechanisms behind the influence of CC on the silicate as well as aluminate clinker
reaction are currently under discussion and focus in case of the latter on the influence of
different supplementary cementitious materials (SCMs) on the sulfate balance. Different
theories are described regarding the impact on sulfate carrier dissolution and thus to an
influence on the aluminate clinker reaction. All theories unite that adsorption effects on the
surfaces of the C;A particles [5], on the surfaces of the formed calcium silicate hydrate (C-S-
H) phases [6, 7] or on the surfaces of the SCMs directly [8-10] influence the sulfate balance.
According to their results, the reactivity of the SCMs used plays a minor role for the early
hydration [7, 10]. Nevertheless, studies in clinker-free model systems show that both
metakaolin (MK) and metaillite (MI) can independently form hydrate phases at very early
times. Metamuscovite (MM) shows only a very low reactivity [9]. The relationship between the
formation of the C-S-H and the dissolution of the sulfate carrier is well established for pure
cement systems [7, 11, 12]. Thus, the influence of the aluminate clinker reaction, which is
controlled by the dissolution of the sulfate carrier, is strongly dependent on alite reaction and
the formation of C-S-H. This is also shown for the filler effect by the use of different SCMs.
An accelerated alite hydration and consequently C-S-H formation accelerate the dissolution of
the sulfate carrier [13]. Maier et al. [10] confirm this relationship in their reference systems and
systems with limestone powder as filler. However, the results for CC with different kaolinite
contents show that, in addition to the surfaces of the C-S-H, further surfaces are needed to

completely adsorb the sulfate. In addition Jansen et al. [14] proved with a complete mass

2



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

balance approach that after the sulfate depletion, all sulfate is bound in ettringite (AFt). Thus,
regardless of the mechanism and surfaces responsible for sulfate carrier dissolution and
adsorption, desorption must occur to be available for reaction to AFt. Clearly sharper aluminate
peaks during calorimetric measurements indicate differences of the desorption behavior and
faster desorption of sulfate from metakaolin particles in comparison to C-S-H surfaces [10].
Investigations on CC with a high metaillite respectively metakaolin content show a clear
influence, in particular on the sulfation of the systems depending on the meta-phyllosilicate

used [8].

Despite great progress in understanding the mechanism of CC in cementitious systems, their
mechanisms remain a subject of current debate. The complexity of the investigations with two
multiphase mixtures, cement and clay, make the differentiation of physical and chemical effects
very difficult. A reduction of the system to the clinker phases, which are decisive for the early
hydration, as well as possible pure-phase meta-phyllosilicates form the basis and the starting
point for the present work. The complete quantification of in situ X-ray diffraction (XRD)
measurements during the first 50 h yield information on the influence of three individual, nearly
pure calcined phyllosilicates (“meta-phyllosilicates”: metakaolin, metaillite and
metamuscovite) on the early clinker hydration of a synthetic cement system. By reducing the
cement to the fast clinker phases alite and C;A, aims to answer questions on the influence of
individual meta-phyllosilicates on the silicate and aluminate clinker reaction as well as on the
sulfate balance of the systems. The complete quantification of in situ XRD measurements
including the poorly crystalline C-S-H phase, as well as the meta-phyllosilicates gives a deeper
insight into the behavior of the different phyllosilicates. This will further verify the mechanisms
described previously and strengthen the understanding of complex blended cement systems

using CC.
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2. Materials and methods

2.1. Characterization of the meta-phyllosilicates

A detailed characterization of the meta-phyllosilicates (metakaolin (MK), metaillite (MI),
metamuscovite (MM)) and descriptions of the methods used for characterization can be found
in publications of clinker-free model systems [9, 15]. Table 1 summarizes the silicon (Si) and
aluminum (Al) ion solubility and physical parameters as well as the zeta potential of the meta-
phyllosilicates investigated in a synthetic model pore solution [16], Table 2 provides their

chemical and mineralogical composition.

Table 1 Si- and Al-solubility of 1 g meta-phyllosilicate in 400 ml MOH solution, specific
surface area, particle density, water absorption capacity and zeta potential of the meta-

phyllosilicates investigated

MK MI MM
Si [mmol 1] 7.97 3.44 0.44
Al [mmol I'] 7.64 1.85 0.29
Si/Al [-] 1.07 1.86 1.55
BET [m? g'] [17] 14.1 82.4 10.9
PD [g cm] [18] 2.42 2.76 2.70
WAC [%] [19] 77.0 76.4 154.5
Zeta potential
(V] [16] -47.3 -28.0 -9.5
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Table 2 Chemical and mineralogical composition of meta-phyllosilicates investigated

Oxides (wWt%) MK MI MM Phases (wt%) MK MI MM

Si0, 54.5 49.5 47.4 Quartz 5.0
AlLOs 40.2 21.3 32.7 Anatase 0.6
Fe,04 1.8 6.6 5.1 Phengite 1.4

CaO <0.1 6.9 0.2 Mllite 31.3

MgO 0.2 2.9 <0.1 Calcite 3.6

SO; <0.1 <0.1 <0.1 Lime 0.5

Na,O 0.3 0.3 0.6 Portlandite 1.5

K,0 0.3 6.3 12.0 Muscovite 76.3
TiO, 1.4 0.7 0.9

LOI 1.3 54 0.9 X-ray amorphous 93.0 63.1 23.7

2.2. Synthetic cement (SyCEM) systems and test program

The synthetic cement (SyCEM) consists of synthetic monoclinic alite and cubic tricalcium
aluminate C;A. Bassanite and gypsum were used as sulfate carrier. The magnesium and
aluminum stabilized M3 polymorph of alite was synthesized with a composition of 71.7 wt-%
Ca0, 25.9 wt-% Si0,, 1.8 wt-% MgO and 0.6 wt-% Al,Os. The cubic C;A was synthesized in
the stoichiometric ratio of 3:1 (3*CaO*Al,03). For the respective synthesis, the corresponding
powders were homogenized in a vibrating disk mill using an agate tool, calcined at 1000 °C
and then sintered in platinum crucibles in several sintering steps at 1400 °C for 5 or 6 hours.
Between the individual sintering steps, the samples were crushed in the agate tool and finally
ground to the required fineness. Bassanite was produced from gypsum (Merck) by dehydration
at 85 °C for 7 days. Two reference systems were prepared, one pure system (SyCEM) and one
with 10 wt-% of limestone powder (SyCEM-10LL). The limestone powder consists of 92 wt%

calcite, 6 wt% dolomite and 2 wt% quartz with a BET of 6.0 m?g! and a dsy of 20 pm. Its



104

105

106
107

108
109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

characterization can be found in [20]. The composition of the reference systems and their

specific surface areas (Blaine) are given in Table 3.

Table 3 Composition of the two reference systems in [wt-%] and their specific surface area

(Blaine) in [m?/g]

Alite C;Acubic Gypsum Bassanite LL Blaine
SyCEM 87.25 8.5 3.5 0.75 - ~ 4050
SyCEM-10LL 78.525 7.65 3.15 0.675 10 ~ 4100

The two reference systems were each substituted with 20 wt-%. of one of the three meta-
phyllosilicates. The naming of the systems corresponds to their compositions, such as SyCEM-
20MK or SyCEM-10LL-20MK. The w/b value for all tests is 0.6. In addition, sulfation of the

accelerated meta-phyllosilicate systems was carried out. Gypsum was added for this purpose.

Isothermal calorimetry, in situ X-ray diffraction, thermogravimetry were performed. Before the
start of each investigation, the materials were equilibrated overnight in a heating cabinet at
measurement temperature (25 °C). The equilibrated samples were stirred manually with a

spatula for 60 s and then immediately transferred to an appropriate crucible.

2.3. Particle size distribution

Particle size distribution (PSD) was performed on the three meta-phyllosilicates without and
with ultrasonic treatment using the Bettersizer S3 plus from 3P Instruments. The stirrer was set
to 900 rpm and then the sample was filled inside the instrument. After achieving optimum
obscuration, the first measurement was carried out without ultrasound treatment. Subsequently,
the sample was subjected to a 30 s ultrasonic treatment in the Bettersizer and then the PSD was

measured again.
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2.4. Isothermal calorimetry
Isothermal calorimetry experiments were performed with TA instruments TAM Air calorimeter
at 25 °C for 50 h with 2 g of quartz sand in the reference chamber. The measured heat flow was

normalized to 1 g of the SyCEM. Data analysis was done with Origin 2018b.

2.5. Thermogravimetry

Thermogravimetric (TG) investigations were carried out with Netzsch STA 449 F3. The
samples were stopped with acetone after 6 and 48 h of hydration. The exact process for sample
preparation and the experimental procedure is explained in [20]. The bound water was
determined using the temperature interval from 20 to 400 °C and is referred to weight percent
of the paste and normalized to 1 g of the SyCEM. The evaluation of the bound water is carried
out in three temperature ranges from approximately 20-140°C, 140-190°C, and 190-400°C. The
CH content was calculated from the mass loss in the temperature interval between 450 and
550 °C. The exact procedure and formulas for calculating the bound water and CH content are

given in [9].

2.6. In situ X-ray diffraction

In situ XRD measurements were performed with a PANalytical Empyrean diffractometer
equipped with a primary Bragg—BrentanoHD monochromator and a PIXcel!P linear detector.
A diffractogram was taken repeatedly in 15 min from 6 to 40° 2@ at 40 kV and 40 mA with Cu
Ka radiation for 50 h (200 scans). The sample holder of the diffractometer was connected to a
temperature device that allowed in situ XRD measurements at the same temperature as the
calorimetric measurements thus ensuring good comparability of both methods. The
measurements were analyzed with High Score 4.7 [21] using Rietveld refinement [22, 23] with

a combination of G-factor and PONKCS method [24, 25] according to Bergold et al. [26].
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Table 4 lists all structures used for Rietveld refinement. In contrast to determining the phase
content of the meta-phyllosilicates (section 2.1), the polycrystalline silicon disc was covered
with Kapton film in order to calculate the factor G. For the application of the PONKCS method,
hkl phase models were developed (Kapton film) and calibrated (free water, MK, MI, MM,
calcium-silicate-hydrate (C-S-H)) for all non-crystalline components of the sample for which
no structural data existed. The exact procedure is explained in [20] for creating the hkl-phase
model of the Kapton film as well as for creating and calibrating the hkl-phase models of free
water, MK and MM. The same procedure was applied to create and calibrate the hkl-phase
model of MI. The C-S-H model was created according to Bergold et al. [26] and is described

in detail in [9].

Table 4 Phases, Authors and ICSD numbers used for Rietveld refinement

Phase Author ICSD-No.
Silicon [27] 52266
Alite [28] 94742
C3A cubic [29] 1841
Gypsum [30] 92567
Calcite [31] 40107
Illite [32] 166963
Muscovite [33] 68548
CH [34] 34241
AFt [35] 155395
AFm-Hc! [36]
Tobermorite? [37] 403090
Kuzelite? [38] 100138

"Hemicarboaluminatehydrate

2Structure information used for creating hkl-phase model for C-S-H

3Structure information used to quantify Calcium Aluminum Sulfate Hydrate (Ca;Al,04(SO,) x 14 H,O
PDF-Nr: 42-0062 [39], abbreviation:C,A$ x H;4)

In order to ensure stable refinement over the measurement period of 200 scans, as few

parameters as possible should be unlocked during Rietveld refinement, especially if the

8
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PONKCS method is used with several hkl-phase models. The lattice parameter of the SyCEM
phases alite, C3A upic, gypsum and calcite were refined on pure powder samples and kept fixed
during refinement of the paste. A schematic illustration of the analysis routine is given in [9].
For MI and MM, both the scaling factor of the hkl-phase models and the crystalline structure

were refined and presented as a sum.

The degree of hydration (DoH) of alite or degree of reaction (DoR) of the meta-phyllosilicates
was calculated from the respective initial values and the data from in situ quantification,
smoothed by a fast fourier transformation (FFT) filter. The calculation of CH consumption and
C-S-H formation is based on the difference between the quantified content and the content

calculated from the reacted alite according to equation 1.
CsS+39H - C;,SH,6+1.3CH (equation 1)

The reaction rate of AFt was calculated using the content of AFt right at the beginning of
hydration (AFt start), the content of AFt at the onset of accelerated AFt formation (AFt at onset),
and the time interval until the onset of accelerated AFt formation (Time until AFt onset)

according to the following equation.

_ AFt at onset [wt%] — AFt start [wt%]
B Time until AFt onset [h]

Reaction Rate (AFt)[wt% h™1]
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3. Results and discussion

3.1. Particle size distribution

The PSD without and after 30 s ultrasound treatment (a) and their differences in PSD (b) is
shown in Figure 1. The results yields clear differences between the individual meta-
phyllosilicates. For MM, the ultrasound treatment leads only to small differences of 1 - 2 Vol.-
% at the peak. MI and MK, on the other hand reveal very significant differences and thus a clear
refinement of the PSD by ultrasound treatment. These results indicate the extent to which the
different meta-phyllosilicates agglomerate. MM hardly agglomerate while MI and MK clearly
agglomerate with maxima at 60 pm and 40 um respectively. Table 5 summarizes the d, dso

and dg values before and after ultrasound treatment.

100 16
—— MK without US 77 (a) (b)
90— — MK after 30 s US vt : -
MI without US 4/ y
= Miafter 30sUS 7/ ‘ SN
LR, MM without US o
S - —MMafter30sUS | =3
0 60 | 210
£ / £
TE 50 ‘ g 8
-g 40 % 6
k| =
2 30 — E
3 4
Q 20! g
10, 2
0 10 100 1000 07 10 100 1000
Particle diameter [um] Particle diameter [um]
Figure 1PSD before and after ultrasound (US) treatment (a) and their differences (b)
Table 5 Summary of the results of the PSD before and after ultrasound treatment
MK MI MM
Before US After US Before US After US Before US After US
dyo [pm] 1.7 1.4 5.4 4.1 5.8 5.7
dso [pm] 15.0 8.6 26.7 20.3 18.1 17.6
dgo [pm] 122.0 44.1 96.6 66.4 43.1 42.6

10
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3.2. Isothermal calorimetry

The heat flow of SYCEM with 20MK replacement and different sulfation (Figure 2a) shows a
similar influence on the silicate reaction at all sulfation levels. Only a minor difference to the
reference system can be observed. With limestone powder, all sulfation levels also behave
synchronously with respect to the silicate reaction. Here, the addition of 20MK leads to an
acceleration of the silicate reaction compared to SyCEM-10LL (Figure 2b). The influence of
20MK on the aluminate reaction is identical with and without limestone powder. While the
differences between the maximum of the silicate and the aluminate reaction in the reference
systems are > 15 h, the addition of 20MK leads to a strong acceleration of the aluminate reaction
and thus to a decrease of the difference to < 3 h. The low sulfate contents result from dilution
of the reference systems with 20 wt-% meta-phyllosilicate. Adding more gypsum results in a
comparable retardation of the aluminate reaction with and without limestone powder for both
sulfation levels. The sulfation corresponding to the original sulfate content of the reference
systems (2.0 and 1.8 % SO3) is not sufficient to reestablish the difference between silicate and
aluminate reactions. Finally, a further increase of the sulfate content by 50 % leads to a

retardation of the aluminate reaction beyond the level of the reference systems.

12 —
—— SyCEM (2.0% SO,) b) ——— SyCEM-10LL (1.8% SO,)
= 10 —— SyCEM-20MK (1.6% SO,) " ——SyCEM-10LL-20MK (1.4% SO,)
8 - - - - SyCEM-20MK (2.0% SO,) - - - - SyCEM-10LL-20MK (1.8% SO,)
R - SyCEM-20MK (3.0% SO5) | [ A\ o SyCEM-10LL-20MK (2.7% SO,)
E
= 6
2
o
= 4
M
1))
I
2
0

Figure 2 Heat flow with 20MK replacement and different sulfation of SyCEM (a) and
SyCEM-10LL (b) systems
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The calorimetric investigations of the 2:1 phyllosilicates MI and MM (Figure 3) yield a less
pronounced acceleration of the aluminate clinker reaction compared to the MK systems. The
difference between the maximum of the silicate and aluminate clinker reaction is 5 - 6 h. In case
of the systems with MM a sulfation of 2.0 and 1.8 % resp. is already sufficient to reestablish
the initial condition of the reference system. The retardation of the aluminate reaction in the
systems with MI lies between MK and MM. The sulfation of 2.0 and 1.8 % is almost sufficient
to reach the condition of the reference system. The silicate reaction is accelerated compared to
the reference both with and without limestone powder for the SyCEM — 20MM systems and
with limestone powder only for the SyCEM - 20MI systems. The influence on the silicate
clinker reaction is comparable for MK and MI and differs from the influence on MM. Since the
meta-phyllosilicates exhibit significant differences in their PSD and BET, no direct correlation
of the physical filler effect and the PSD or BET of the meta-phyllosilicates can be established.
Maier et al. [10] justify this observation based on a comparison between limestone powder and
kaolinite-rich clays with an agglomeration of clay minerals compared to limestone powder.
MM is not prone to such agglomeration (see Figure 1) and can thus exploit the physical
influence of the silicate reaction by the filler effect and the available surfaces for nucleation of

the C-S-H phases.

12
a) — SyCEM (2.0% SO;) b) —— SyCEM-10LL (1.8% SO,)

—_ ‘ SyCEM-20MI (1.6% SO SyCEM-10LL-20MI (1.4% SO,)
= 10 3 3
(ui ——— SyCEM-20MM (1.6% SOj) —— SyCEM-10LL-20MM (1.4% SO,)

Uu)) 8 SyCEM-20MI (2.0% SOj) SyCEM-10LL-20MI (1.8% SO,)

g / - SyCEM-20MM (2.0% SO,) ---- SyCEM-10LL-20MM (1.8% SO,)

! \

= °

o

©

§ 1

267 2\
)

400

15 20 25 30 35 40
Time [h]
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Figure 3 Heat flow with 20MI or 20MM replacement and different sulfation of SyCEM (a)
and SyCEM-10LL (b) systems

3.3. Thermogravimetry

The results of the TG measurements are presented in Figure 4. After 6 hours, the CH content
differs hardly (Figure 4a and b). The systems with MM show slightly higher CH contents than
the reference systems, which is in line with the stronger acceleration of the silicate reaction.
The influence of the meta-phyllosilicates becomes clear after 2 days. Both without and with
LL, the systems with MK and MI have lower CH contents than the reference, indicating the
chemical reactivity of the meta-phyllosilicates. The MM systems are in the range of the
reference after 2 d or reach a slightly higher value than the reference systems. Thus, no

portlandite consumption and therefore no chemical reactivity of the MM is detectable.

The sum of bound water is higher for all meta-phyllosilicates than for the corresponding
reference systems (Figure 4c and d). This can be attributed to the accelerated alite hydration of
the MM systems, and to the chemical reactivity of the phyllosilicates for MK and MI. In
addition, for MK an increased water binding is visible in “Stage 2”. This corresponds to earlier
observations [40] and is attributed to the higher content of reactive aluminum in MK compared

to 2:1 phyllosilicates.

13



248

249
250

251

252

253

254

255

256

257

258

20

—~ | SYCEM- a)| | SyCEM-10LL- b)
3] I Ref
0%%*15 20MK
= B 20Mmi
5 B 20vM
D
g 10
k=
i)
S 5
Q
5 [
. H =B || H = o
6h 2d 6h 2d
15
— | SYCEM- c)| | SyCEM-10LL- d)
3 Il Stage 1 (RT - 140°C)
cc? 12 Stage 2 (140 - 190°C)
3 I stage 3 (190 - 400°C)
@
&9
X
s
o 6
®
=
2 3
3
‘{ ElmE llll
0
Ref MK MI Ref MK IVII MM  Ref MK MI Ref MK MI

Figure 4 CH-content (a and b) and bound water (¢ and d) after 6 h and 2 d. The values are
normalized to wt-% of the paste per gram of the synthetic cement (SyCEM).

3.4. In situ X-ray diffraction

0 shows the quantification of the reference systems (a and b) and the 20MK systems (¢ and d).
Alite hydration progresses comparably for both reference systems. The onset of alite hydration
after 4-5 hours is accompanied by the first formation of CH. Quantification of C-S-H is possible
2-3 hours after the onset of alite hydration. This is due to the small crystallite size of the C-S-
H at the beginning of alite hydration, as shown by Bergold et al. [26]. With replacement of
20MK, alite hydration appears to be slightly accelerated but less pronounced compared to the

reference systems.
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The aluminate reaction goes along with an initial dissolution of bassanite, gypsum and C;A,
and initial formation of AFt between 0.7 and 1.7 wt-% (Table 7) after the first scan of the in
situ XRD analysis (15 minutes). This is followed by continuous AFt formation until complete
dissolution of the gypsum and subsequent accelerated AFt formation until it reaches its
maximum content (AFt.,,). Subsequently, the reaction in the limestone-free systems continues
to form monosulfate hydrate (AFm-MS) at the expense of Aft while the addition of LL
stabilizes AFt and its reaction to hemicarboaluminate hydrate (AFm-Hc), as already known
from other studies [41, 42] and thermodynamic modeling [43]. Overall, the MK addition
accelerates significantly the aluminate reaction. This is evidenced by the significantly earlier
occurrence of AFT ., and higher contents of AFm-MS and AFm-Hc after 50 h compared to the

respective reference system.

The decrease in MK content indicates a continuous reaction contribution of MK during early
hydration. There exist only minor differences between the MK systems without and with LL

and the content after 50 h declines to 6% for both systems due to its dissolution [44].

Figure 6 shows the quantification of the 20MI systems (a and c¢) and the 20MM systems (b
and d). Adding 20MM accelerates the silicate reaction (onset of Alite hydration after 3-4 h) and
significantly more alite reacts during the first 15 hours, which confirms the observations of the
calorimetry measurements and indicates a better filler effect of the MM in comparison to MK
and MI and less agglomeration of the MM particles. Analogous to the reference systems, the
first CH formation occurs parallel to alite reaction, while the C-S-H is only quantifiable several

hours later.

Both, 20MI and 20MM strongly accelerate the aluminate reaction compared to the reference,

but to a lesser extent than in the 20MK systems. AFt,,,x is reached after 12 — 14 h for all four

15



282

283

284

285

286

287

288

289

290

systems. The contents of AFm-Ms and AFm-Hc are similar for MI and MM, but significantly

below those of the 20MK systems.

The results indicate a higher chemical reaction contribution in the case of MK as observed in
clinker free model systems [9], due to the higher absolute solubility of aluminum and the lower
Si/Al ratio compared to the 2:1 phyllosilicates MI and MM. This is evidenced by the
quantification of the MI and MM. The MM content is not provided, since no decrease can be
determined during the first 50 hours and thus no chemical reaction contribution of the MM
takes place. MI exhibits a very slow but continuous decrease and thus reaction contribution,

which is significantly lower compared to MK.
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Figure 5 Quantification of in situ XRD measurements of the reference systems (a and b) and
of the SyCEM - 20MK systems (c and d)
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Figure 6 Quantification of in situ XRD measurements of the SyCEM - 20MI systems (a and
c¢) and of the SyCEM - 20MM systems (b and d)

Figure 7 shows the quantification of the highly sulfated 20MK systems, which shifts the
aluminate reaction to such an extent that it becomes similar to the reference system (dotted line
in Figure 2). Compared to the 20MK systems with low sulfate content (Oc and d), no difference
is observed at the onset of Alit hydration. It is obvious especially for the systems without LL
that significantly more alite reacts during the first 15 hours. The onset of accelerated AFt
formation occurs after about 22 hours for both systems and is thus clearly shifted to a later point
in time. In the time interval until accelerated AFt formation starts, more AFt is formed

compared to the lower sulfated systems (0). As a result of the shift of the aluminate clinker
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reaction, the formation of AFm-Ms or AFm-Hc occurs later and reaches a lower content after
50 h compared to the undersulfated 20MK systems. The quantification of MK does not differ

between the low and highly sulfated systems within the error margin.

Overall, it is confirmed that the additional sulfate addition strongly affects the aluminate as well

as the silicate clinker reaction.

a) SyCEM - 20MK - 3.0 SO, b) SyCEM - 10LL20MK - 2.7 SO,
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Figure 7 Quantification of in situ XRD of the sulfated SyCEM - 20MK systems (dotted lines
in Figure 2)

3.5. Implications regarding the interaction of meta-phyllosilicates with the
silicate reaction

The calculation of the DoH of Alite from the XRD quantifications in Figure 8 clearly illustrates
the different influence on the silicate clinker reaction by the individual meta-phyllosilicates.
First, the comparison of the reference systems shows that the interaction of LL leads to a slight
increase of the DoH of alite. The influence of limestone powder on early hydration is largely
determined by its fineness [45]. A higher fineness leads to a stronger acceleration and thus to a
higher DoH of alite compared to the reference system without LL replacement [10, 45]. The

fineness of the LL used is in the range of the clinker phases (see Blaine values of the SyCEM
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systems in Table 3), which means that this is not causing the acceleration of alite hydration
here. However, the higher DoH of alite for the SyYCEM-10LL system can be attributed to the
additional dilution of the system and thus more space for the formation of hydrate phases and
the filler effect of LL, which promotes the hydration of alite. This is confirmed when
considering the systems containing meta-phyllosilicates, which show an increase of the DoH
of alite in systems with LL. Compared to the reference systems, only the 20MM systems yield
a higher DoH, while using 20MK or 20MI decreases in the DoH of alite. For their part, the
meta-phyllosilicates show a gradation of the DoH of alite from MM with the highest, to MI and
finally MK with the lowest DoH of alite. The strong decrease of the DoH of alite for the 20MK
system is remarkable. Also in the 10LL20MK system, alite has a lower DoH compared to the
reference. However, the addition of the limestone powder causes a lower decrease of the DoH
of alite. Maier et al. [10] also report a decrease of the DoH of alite when using a calcined
kaolinite-rich clay with a kaolinite content of 69 wt.%. They describe an accelerated alite
hydration and an increase of the DoH of alite with the limestone powder used. The authors
partly attribute this to the different behavior of LL and calcined clay particles. While LL
provides a larger part of its surface for nucleation and growth of C-S-H phases, calcined clay
particles tend to agglomerate. This leads to a significantly less pronounced filler effect than
expected from the BET surface area and PSD of calcined clay particles. A second explanation
provided is a different surface charge of the particles and an associated adsorption of Ca*" and
SO, ions on the surfaces of the clay particles. The comparison of the zeta potentials of the
meta-phyllosilicates delivers the most negative value for MK (Table 1), which can be regarded
as the reason for the strongest interference regarding the ion balance of the pore solution. MI,
on the other hand, causes a lower impediment of alite hydration, while for MM with the lowest
zeta potential of -9.5 mV no impediment of alite hydration is detectable. On the contrary, the
addition of MM has a strong filler effect comparable to fine limestone powder [45]. The
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differences between the systems become even more apparent when the DoH of alite at the time
of onset of accelerated AFt formation is examined (Table 8). While the MM systems reach the
DoH of the reference systems, a significant drop in the DoH of the Alit can be observed for the
MI and MK systems. This is another indication that the surfaces of the calcined clay particles

influence the sulfate balance.

The additional dosage of sulfate to the 20MK systems leads to a significant increase of the DoH
of alite compared to the low sulfate 20MK systems. This confirms the observations of [10, 46]
that the timing of accelerated C;A dissolution and accelerated AFt formation significantly

affects the DOH of alite.

The clear shift of the aluminate reaction of the 20MI and 20MM systems already at a low
addition of sulfate (dashed lines in Figure 3) also indicate a lower influence by adsorption
effects of the 2:1 meta-phyllosilicates MI and MM compared to the 1:1 meta-phyllosilicate MK.
It can be assumed that an additional sulfate addition to the 20MI systems would cause a slight
increase of the DoH of alite, while the 20MM systems already reach a very high DoH in the
low sulfated systems and thus do not require any further sulfate carriers from the perspective

of the DoH of alite.
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Figure 8 Degree of hydration (DoH) of Alite calculated from the XRD quantifications

3.6. Implications regarding the influence of meta-phyllosilicates on the sulfate

balance

Even though the addition of meta-phyllosilicates accelerates the silicate reaction and thus leads
to an earlier onset of alite hydration as described before [10, 47, 48], this does not result in a
higher DoH of alite for MK and MI systems after completion of the main reaction. Figure 9
shows the DoH of alite at the onset of the aluminate reaction depending on the difference of the
total sulfate content and the bound sulfate content in AFt analogous to [10]. After [49, 50], the
added sulfate carrier is completely dissolved at the onset of the aluminate reaction which is also
the case in this study (0 - Figure 7). Thus, the sulfate that is not bound in AFt must be present
in the pore solution or adsorbed on available surfaces. The data points of the two model cement
systems SyCEM and SyCEM-10LL are close to each other (Figure 9), indicating only slight
differences of the silicate and aluminate reaction. The PSD of the LL leads only to a slight filler
effect and thus to a slight increase of the DoH of alite. The MM systems also show only small

differences of the DoH of alite to their reference systems. The slight shift along the x-axis
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indicates a somewhat lower AFt content, which can be explained by the significant acceleration
of the aluminate clinker reaction and thus less time for AFt formation. Zunino and Scrivener
[51] describe a correlation between the quantity of C-S-H phases formed and the acceleration
of the aluminate clinker reaction due to the adsorption of sulfate on the C-S-H surfaces during
their formation. For MM systems, the formation of the C-S-H and thus the DoH of alite can
also be considered as the driving force for the acceleration of the aluminate reaction. The
influence of MM on early clinker hydration is comparable to the influence of LL and, according
to [45], depends essentially on the fineness of the particles: a higher fineness increases the DoH

of alite.

More differences exist for the MI systems, although the acceleration of the aluminate reaction
is comparable for the MI and MM systems, respectively (see Figure 3). The DoH of alite is
lower at the onset of the aluminate reaction in case of MI systems and significantly lower in
case of MK systems. These observations are consistent with the observations of Maier et al.
[10] who conclude that the meta-clay surfaces serve as host for the adsorption of sulfate in
addition to C-S-H. The results in Figure 9 confirm this assumption. The adsorption of sulfate
in the case of MI and MK cannot be attributed to the ongoing formation of C-S-H alone. In fact,
the results illustrated in Figure 9 confirm the adsorption effects of calcium — sulfate complexes
as reported by [5, 10] on the meta-phyllosilicate particle surfaces. This is consistent with the
increasing negative zeta potential of the meta-phyllosilicates from MM over MI to MK (Table
1, [16]) and in line with observations in systems with two kaolinitic clays with different zeta
potentials [10]. A direct link to the BET surface or to the PSD (Table 1) cannot be established

in the comparison of different meta-phyllosilicates.
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Figure 9 Correlation of the SO; content with the DoH of Alite at the onset of accelerated AFt
formation (Table 8). The SO; content is calculated from the difference between the total

SO; content and the SO; bound in AFt analogous to [10].
The orange band in Figure 9 indicates the area of adequate sulfation based on the DoH of alite.
The highly sulfated MK systems (half-filled points in Figure 9), indicate a higher DoH of Alite.
The time shift of the aluminate clinker reaction (Figure 2) leads to an unimpeded alite hydration
and a higher DoH of alite at the aluminate onset compared to the respective reference systems.
Thus, for the present MK systems, adequate sulfation according the orange area can already be
achieved with lower sulfate dosages. The higher amount of adsorbed sulfate (shift along the x-
axis) does not seem to influence alite hydration in the case of a retarded aluminate clinker

reaction.

The mechanisms behind the impediment of alite hydration remain unclear. It is known that
aluminum, alkali and sulfate have a great influence on alite hydration [52, 53]. While the

presence of sulfate has a positive influence on the DoH of the alite [53], the presence of
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aluminum in the pore solution leads to an impediment of alite hydration [54]. In addition to the
cement phases, another phase, the meta-phyllosilicates, could compete for the sulfate by
adsorbing sulfate on their surfaces and thus hinder alite hydration. The high content of adsorbed
sulfate and the rapid conversion to AFt in the highly sulfated systems support the conjecture of
Maier et al. [8] that adsorbed ions are more readily desorbed on the meta-phyllosilicate surfaces
than on C-S-H surfaces. Furthermore, Jansen et al. [14] show with their complete mass balance
approach that the aluminum concentration in the pore solution increases significantly at the
onset of accelerated AFt formation, but no aluminum can be detected in the pore solution up to
this point. The authors assume that the aluminum already dissolved from the cement phases is
adsorbed on surfaces or attributed to an aluminum enriched layer of C;A as stated by Myers et
al. [5]. The influence of additional aluminum from the meta-phyllosilicates on the mass balance

and pore solution could lead to an impediment of alite hydration.

3.7. Implications regarding the reactivity of the meta-phyllosilicates

Table 6 lists the DoR of the meta-phyllosilicates based on the value of the FFT fit after 50 h.
Although the DoR from the XRD quantification has a large error [44] clear trends can be
identified that are consistent with the observations from the clinker-free systems [9]. The DoR
of the MK is around 48 + 3 % for all MK systems and in the range reported by [55]. Thus, no
differences in the DoR of the MK can be seen from the XRD quantification, neither by using
LL nor by additional sulfate doses. Also for MI and MM the addition of LL has no impact on
the DoR of the 2:1 meta-phyllosilicates. MI with a DoR of 20 % reaches about 40 % of the
reactivity of MK. No reactivity is detectable for MM during the first 50 h, as already mentioned
in section 3.4. The overall trend of the reactivity of the meta-phyllosilicates is in line with the

reactivity observed in clinker-free model systems [9].
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Table 6 Degree of reaction (DoR) of the meta-phyllosilicates calculated based on the value
after 50 h of the FFT fit of the in situ XRD quantifications

10LL
20MK - 10LL 10LL 10LL
20MK 20MK - 20MI 20MM
3.0 SO, 20MK 20MI 20MM
2.7 SO,
DoR
meta-
51 48 46 45 20 22 3 3
phyllo-
silicate

A part of the chemical reactivity of the meta-phyllosilicates can be illustrated by the time course
of the CH consumption during the first 50 h (Figure 10). The calculation is based on the alite
hydration and equation 1. In addition, the value calculated from TG analysis after 48 h is plotted.
Figure 10 confirms again that MM does not show a pozzolanic reaction during early hydration
and thus does not consume CH. The course is almost identical to the reference. The
underestimation at the beginning of alite hydration can be explained by the very high hydration
rate of alite and the low resolution of the in situ XRD analyses of 15 minutes. For the 20MI and
20MK systems, a difference in the course of CH consumption is noticeable. Whereas in the
case of MI, CH consumption is evident from about 20 h, in the case of the highly sulfated MK
and the 10LL20MK systems, CH consumption starts after about 15 h. Only the 20MK system
shows an even earlier CH consumption after about 10 h. Overall, the 20MK consumes more
CH especially between 10 and 20 h, which could indicate an increased activity of the MK during
this period which might influence the hydration of the clinker phases. However, the time course
of the XRD quantification of the MK (0c) cannot validly confirm a higher reactivity between
10 and 20 h. After 50 h, the CH consumption of all investigated 20MK systems is in a close
range (see Table 8) analogous to the calculation of the DoR of MK. The general trends of the

evaluation of the reactivity of the meta-phyllosilicates based on the CH consumption after 50 h
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hours and after 48 h from the TG analysis, respectively, confirm the previous observations: MM
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Figure 10  CH consumption of all systems quantified based on alite hydration and
equation 1 (section 2.6). In addition, the value calculated from TG analysis after 48 h is

plotted.
The calculation of C-S-H formation (Figure 11) based on alite hydration and equation 1 yield
the same trends. The C-S-H formation after 50 h (50 h value of the FFT fit Table 8) is
underdetermined by about 2 wt.-% for the SyCEM and the 20MM systems. This under-
determination can consequently also be assumed for 20MI and 20MK systems, where the C-
S-H formation takes on slightly negative values (20MI) and positive values between 1.5 and
2.6 % (20MK). The increasing trend for the MK and MI systems represents the C-S-H formed

through pozzolanic reaction and verify a chemical reaction contribution of MK and MI.
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Figure 11  C-S-H formation of all systems quantified based on alite hydration and

equation 1 (section 2.6)
The influence of the reactive aluminum of the meta-phyllosilicates is much more difficult to
identify. The very high initial dissolution of the C;A means that sufficient aluminum is available
for the formation of AFt already at the beginning of the hydration. Table 7 summarizes the key
data concerning the formation of AFt. Within the error of quantifying the hydrating systems,
the differences must be considered as small. The initial formation of AFt (AFt Start) right at the
beginning of the hydration shows lower values for the meta-phyllosilicate systems compared to
the respective reference systems. Lower AFt contents are also observed at the onset of
accelerated AFt formation, with the most reactive meta-phyllosilicate MK surprisingly showing
the lowest AFt content (AFt at onset). Thus, no direct influence of the reactive aluminum by
higher AFt contents can be demonstrated. However, considering the reaction rate of the AFt
(equation 2, section 2.6) until the onset of the accelerated AFt formation, slightly increased
values are found for the MK and MI systems compared to the respective reference and MM

systems. The extent to which an increased AFt formation rate can be explained by interaction
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492  with the sulfate carrier through adsorption effects (Figure 9) or the reactivity of the meta-

493 phyllosilicates (Table 6) remains open at this point.

494  Table 7 Summary of the key data concerning the formation of AFt

SyCEM 20MK 20MI 20MM 20MK - 3.0 SO3
Time onset AFt [h] 19.75 8.50 11.00 11.75 22.00
AFt Start [wt-%] 1.68 1.09 1.02 1.15 0.79
AFt at onset [wt-%] 5.77 3.33 3.74 3.86 5.52
Reaction rate [wt-%/h] 0.21 0.26 0.25 0.23 0.22

SyCEM- 10LL20MK —
LOLL 10LL20MK 10LL20MI 10LL20MM 57503

Time onset Aft [h] 19.50 6.75 9.50 11.50 21.50
Aft Start [wt-%] 1.34 0.90 0.96 0.91 0.68
AFt at onset [wt-%] 5.06 2.46 3.04 3.22 4.86
Reaction rate [wt-%/h] 0.19 0.23 0.22 0.20 0.19

495

496  Overall, the present investigation does not proof a direct influence of the reactivity of the meta-
497  phyllosilicates on the silicate clinker reaction and on the aluminate clinker reaction.
498  Nevertheless, an influence on the sulfate balance by the reaction contribution of aluminum from
499  the meta-phyllosilicates can be assumed, especially on the sulfation of the systems. Meta-
500  phyllosilicates with a higher reactivity cause a shorter time shift of the aluminate clinker

501  reaction and thus a higher sulfate demand.

502 4. Conclusion

503  The present study clearly shows that such significant differences occur not only between
504  limestone powder and calcined kaolinite-rich clays, but do already exist between individual
505  meta-phyllosilicates The investigation of three different meta-phyllosilicates metakaolin (MK),
506  metaillite (MI) and metamuscovite (MM) in model cement systems lead to the following

507  conclusions:
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e MM acts solely as filler without chemical reactivity during early hydration and

accelerates the early alite hydration.

e MK and MI accelerate the aluminate clinker reaction in all model systems and decrease
the DoH of alite. The extent to which the negatively charged surface of the meta-
phyllosilicate particles influences the hydration of alite and C;Athrough adsorption and

desorption effects of calcium - sulfate complexes is still not clear.

e Due to agglomeration especially of MI and MK particles, no correlation of their
influence on early hydration to PSD and BET surface area can be established for all

three meta-phyllosilicates.

e MK and MI show a clear chemical reactivity already during the first day of hydration,
which can be determined directly by the quantification of meta-phyllosilicates as well

as indirectly by the consumption of portlandite and increased contents of C-S-H.

e The extent to which the chemical reactivity of the meta-phyllosilicates has an influence

on the reaction kinetics and sulfation of the systems cannot be finally clarified.

e The investigations in the model cement systems confirm the reactivity of the individual
meta-phyllosilicates experienced in the clinker-free model systems [9]. In the present
investigations, the reactivity of MI is about 40% of MK, while MM exhibits no

measurable reactivity during the first two days.
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6. Appendix

Table 8 Summary of the values from the XRD quantification after 50 h (FFTS5 - fit)

DoH Alite CH C-S-H
DoH Alite
at AFt onset consumption formation

SyCEM 51.5 70.2 - 2.0
SyCEMI10LL 55.2 72.4 - D4
SyCEM20MK 15.2 59.9 3.5 2.6
SyCEM20MK - 3.0 SO 59.0 74.3 3.8 1.9
SyCEM10LL20MK 22.7 66.9 2.7 1.5
SyCEMI10LL20MK — 2.7 SO; 61.7 77.0 2.9 2.3
SyCEM20MI 33.1 67.5 0.8 -0,66
SyCEM10LL20MI 32.0 70.0 1.0 -0.2
SyCEM20MM 49.5 75.8 0 -2,2
SyCEM10LL20MM 50.7 76.4 0.3 -1.7
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