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The distributions of organic additives in self-leveling flooring compounds (SLCs) were investigated using
laser-scanning microscopy for the selective visualization of the additives, which had been previously stained
by a fluorescent dye. The distributions of latex (VC), polycarboxylate ether (PCE), cellulose ether (CE), casein
(Cas) and polyvinyl alcohol (PVA, a component of redispersible powders) were analyzed in Portland (PC)

ﬁg:::rrds" and Calcium aluminate cement (CAC) dominated SLC formulations as a function of application thickness and
Additives different climatic conditions. It is shown that evaporation induced water flux through the communicating
Polymers pore system causes considerable enrichments of these additives in the uppermost millimeter of the mortar

layer. The resulting fractionation factors can be correlated with the different hydration kinetics of PC or CAC
dominated mixed binders as well as with the drying conditions. Investigations on the additive distribution
indicate that CAC dominated formulations develop more homogeneous enrichments than PC dominated

Microstructure gradients

systems.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Self-leveling compounds (SLC; also called underlayments) are low
viscous mortars, which are hand-applied as thin layers of 1-10 mm on
any type of floor substrate (e.g. concrete, screed). The purpose of
applying SLC is to produce a smooth and even substrate, on which the
final covering such as a carpet or parquet can be applied. SLCs are
delivered as dry mortars to the construction site, where they have to
be mixed with a predefined amount of water to obtain a ready-to-use
mortar. To fulfill all requirements of self-leveling, early setting and
final properties, a SLC contains at least 10 different components plus
water. Among these components a number of organic additives are
required to provide the workability properties [1]. Table 1 shows the
composition of the used mortar formulations. The most important
additives are the superplasticizers casein (Cas) or the synthetic
polycarboxylate ether (PCE), which provide flow and leveling proper-
ties; cellulose ether (CE), a stabilizer; polyvinyl alcohol (PVA) as a
component of the redispersible powder (redispersion aid) and vinyl
chloride terpolymer latex (VC) as the main component of the
redispersible powder. A vinyl chloride terpolymer was taken for the
purpose of localisation of the latex by chlorine mapping. The
redispersible powder enhances flow properties, flexural strength
and surface abrasion resistance. In addition retarders are required,
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because otherwise the setting of mixed-binders would occur much too
fast. On the other hand, accelerators are added to improve the gain in
early strength. The superplasticizers (casein or a synthetic super-
plasticizer) act as water reducing agents and provide flowing and
leveling properties. The defoamer reduces the air content, which finally
increases compressive strength. A low quantity of stabilizer prevents the
mortar from sedimentation and bleeding, which would negatively affect
material properties. The redispersible powder is mainly a strength
promoter to improve final flexural strength properties. For fast curing,
SLCs are based on a mixed-binder system (Calcium aluminate cement
(CAC), Portland cement (PC), Calciumsulfate (C$)), which provides high
final strength [2-5]. The high surface/volume ratio makes drying a key
parameter. The water/cement ratio is relatively high (w/c 0.7),
compared to common concrete (w/c 0.4-0.6). In light of the impact of
organic additives on the properties of fresh slurries and cured mortars,
empirical tests are usually performed. Self-leveling compounds are
tested for their flow ability (rheological fresh mortar property)
according to EN12706. With respect to the properties of the hardened
mortar there is no specific industrial standard for SLCs. Therefore testing
of the physical properties of a hardened SLC is carried out according to
standards for screeds such as EN13813 and EN13892.

In terms of the organic additives, empirical lab tests provided in
the past knowledge on the impact on the physical properties and their
interaction with the cement phases for fresh mortars and for final
cured mortars [4,19]. Many previous investigations dealt with the
influence of organic additives on the cement hydration. Plank and
Winter [6], Plank et al. [7], and Hirsch et al. [8], for example, describe
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Table 1

Composition of the used SLC dry mix formulations: Portland cement dominated with
casein (Pc-c) or polycarboxylate ether (Pc-p), Calcium aluminate cement dominated
with casein (Cac-c) or polycarboxylate ether (Cac-p).

Component Function Model mortar Pc-c~ Pc-p Cac-c Cac-p
Portland cement Binders 0.00 26.00 26.00 4.00 4.00
Calcium aluminate 0.00 10.00 10.00 20.00 20.00
cement
C$ a-hemihydrate 0.00 400 4.00 7.00 7.00
Calcium hydroxide 0.50 0.50
Quartz sand Fillers 43.60 43.60 43.60 36.65 36.63
Calcite powder 53.05 13.05 1335 2795 28.15
Casein Flow 0.40 0.40 0.30
Polycarboxylate 0.10 0.12
§ ether
% Retarder Retardation 0.25 025 025 025 025
=  Accelerator Early strength 020 020
E Defoamer Densification 0.10 010 010 005 0.05
£ Cellulose ether Stabilization 0.10 010 010 010 0.10
B  Redispersible  Strength, 2.50 250 250 3.00 3.00
= powder workability
Mixing water 23.00 23.00 23.00 23.00 23.00

The CAC-dominated formulations were taken from Bier Th. A. & Amathieu L. (1997):
Calcium aluminate cement (CAC) in building chemistry formulations. Lafarge
Aluminates Technical Paper F 97. Presented at the CONCHEM congress 1997 and
slightly adapted to our raw materials. Note that the model mortar contains no
cementitious phases. Quantities are given in wt.% on the dry mix.

the interaction of superplasticizers with cements. It was found that
organic additives adsorb on cementitious phases and generally reduce
cement hydration [9,10]. Wang and Zhang [11] show that, particularly
CE enhances the water retention of the fresh mortar and some
physical properties of the cured mortar. CE decelerates further the
hydration kinetics of PC more than of CAC. This effect is dependent on
the concentration and the structure of the CE [12]. Dimmig [13]
investigated the morphology and distribution of organic additives in
mortars. It has also been reported that latex reduced the amount of
calcium hydroxide and changed the morphology of AFt and Afm
[14,15]. Rozenbaum et al. [16] describes a decreasing effect of latex on
the capillarity and porosity in the cement matrix. Note however, that
most of these investigations were carried out on Portland cement
based systems [28] and not in mixed binder systems like SLCs.
According, for example, to Amathieu et al. [2], Bier and Amathieu [3],
and Kighelman et al. [17] ettringite is the main phase formed in such
mixed binder formulations. Synchrotron X-ray diffraction indicates
ettringite crystallization immediately after the cement-water contact
[18]. Jenni et al. [20,21] investigated the distribution of latex, PVA and
CE in much simpler formulations of cured tile adhesive mortars. Latex
was detected by element mapping and the water-soluble polymers
were stained by a fluorescent dye (prior to mortar mixing) and then
selectively visualized by laser scanning microscopy (LSM). The
experiments of Jenni et al. [20] revealed that certain organic additives
(e.g. CE) are locally enriched due to different directions of water
migration during the evolution of the mortar. In case of SLCs, however,
such studies are missing so far.

In this work, we try to close this gap by visualizing and quantifying
the distribution of latex (vinyl acetate/ethylene/vinyl chloride terpoly-
mer (VC)), polycarboxylate ether (PCE), cellulose ether (CE), casein (Cas)
and polyvinyl alcohol (PVA, component of the redispersible powder)
and the changes in their distributions as function of the evolving
microstructures of the SLC mortar layers. In a second part, the processes
and influences, which control the distribution of organic additives, will
be investigated and discussed. For this reason, conventional and in-situ
experiments, were performed under different climatic curing condi-
tions. These experiments in combination with the use of different
formulations, i.e. with Portland cement (PC) or Calcium aluminate
cement (CAC) predominance, allowed the investigation of the distribu-
tions of the organic additives as a function of (i) the predominance of PC

or CAC, (ii) the application thickness, and (iii) different climatic
conditions and discuss their relevance along these steps.

2. Materials and sample preparation

The formulations used in this study are given in Table 1. To allow
selective visualization of polycarboxylate ether (PCE), polyvinyl
alcohol (a component of common redispersible powders), cellulose
ether and casein, the original additives were stained prior to mortar
mixing with fluorescein-5-isothiocyanate isomer [ (FITC), according
the procedure described by Jenni et al. [20]. Tests with mortars
containing the stained additives showed that they did not change the
properties of the additives and moreover, the FITC was not detached
from the additive during mortar evolution. In this way, the FITC
concentration directly reflects the spatial distribution of the corre-
sponding additive within the mortar matrix [20]. As is mentioned in
the work of De Gasparo [1], the interaction between cementitious
mortar water and the FITC can reduce the fluorescence intensity in
wet environments. This artifact affects in-situ fluorescence during
early stages of mortar curing. To evaluate this effect, a model mortar
without cementitious phases was used in addition to the real
formulations as an analogue material (Table 1), where the cementi-
tious phases were substituted by calcite powder with similar grain
size distribution as covered by the cement phases in case of the real
formulations.

2.1. Mixing procedure and mortar application

According to an ELOTEX-internal working procedure, 100 g of dry
mix were mixed with the appropriate amount of water. The mixing
schedule was as follows: 45 s of intense mixing (propeller stirrer,
~900 rpm), recovery of the fresh mix for at least 3 min (“time of
maturation” to assure proper dissolution and dispersion of the
components) followed by manual mixing with a spatula for another
15 s. Afterwards the fresh slurry was immediately poured onto an
unprimed cement fiber-board (Eternit) resulting in an approximate
thickness after spreading of 4 mm. Some specific samples were
applied in layers with thicknesses of ~20 mm (see below).

2.2. Sample preparation for microscopy

Confocal laser scanning microscopy (LSM) and electron micro-
scopy required specific sample preparations. For confocal LSM, it is
essential to collect fluorescence signals within a planar 2-D section.
For samples, which are exposed to water during the preparation
procedure, a prior impregnation is inevitable. Otherwise wet sawing
and polishing would provoke additional hydration of only partially
hydrated cement grains and dissolution of some of the polymeric
phases. Furthermore, impregnation prevents a mechanical destruc-
tion of delicate microstructural features by abrasion products
generated during sawing and polishing. In case of the LSM samples,
impregnation was done by polyfin, which avoids reactions between
impregnation resin and organic additives [22]. For more detailed
information in terms of sample preparation see [1]. Note that all
samples taken from the final hardened mortar represent sections
perpendicular to the mortar surface.

3. Methods and instrumental set-up
3.1. Laser scanning microscopy

Laser scanning microscopy investigations (Zeiss, LSM 410) were
performed over the entire cross-section areas (~4-23 mm thick layers)
from mortar surfaces to mortar base to detect the distribution of FITC
stained polycarboxylate ether (PCE), cellulose ether (CE), casein (Cas)
and polyvinyl alcohol (PVA). The LSM settings were kept identical for all
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Fig. 1. Quartz grain distribution in a 3 mm thick Pc dominated SLC layer. The left picture shows a binary picture of the segmented quartz grains. The right picture shows the

corresponding quartz grain distribution pattern.

samples and were as follows: confocal mode, lens: 6.3/0.25, image size:
512 x 512 pixels, pixel size: 2.646 pm, wavelength of the laser: 488 nm,
scan time: 2 s, confocal/average: 4, attenuation: 1/100, bandwidth: 0,
contrast: 292, brightness: 9816, pinhole: 100, and zoom: 1.5. To image
an entire mortar section, image mosaics consisting of 4 to 25 rows and 4
to 10 columns were acquired and matched afterwards.

3.2. In-situ observations of the mortar surface

To investigate the surface enrichment process of water-soluble
polymers like cellulose ether (CE), casein (Cas) and polyvinyl alcohol
(PVA) as a function of different climatic conditions, time resolved in-
situ observations of the mortar surface were performed under
different climates [1]. These experiments were carried out with
Portland cement dominated and model mortar formulations (Table 1).
For this purpose, a climate box, equipped with temperature and
humidity measurement devices, was developed [1]. Three different
measurement set-ups were applied: (i) normal curing at room
temperature (~23 °C and 50% rel. humidity), (ii) curing under hot-
dry air flux (~50 °C) and (iii) curing at room temperature with 100%
rel. humidity in the climate box. For these in-situ investigations, the
fresh slurry was applied in 4 mm thick layers on a cement fiber-board
(area: 40x 30 mm), which was positioned directly under a binocular
microscope (Leica Wild M10). The equipment consisted of a SONY
DFW-X700 digital camera, plane light (100 W) and UV light (Philips
bulb, 100 W, H44JM-100, mercury flood) for illumination. The
following measurement parameters were used: magnification: 10,
lens: 0.63, aperture: 1. Camera settings: brightness: 55, gain: 74,
sharpness: 7, hue: 45, saturation: 128, gamma: 1, shutter: 210, blue
gain: 128, and red gain: 140. To avoid measurement artifacts like
bleaching of the FITC, it was important to protect the sample from

daylight. Therefore, the experiments were carried out in a fume
cabinet that was shielded against light and the sample was
illuminated by fluorescent and/or plane light only during 10 seconds
for image acquisition (imaging interval of 30 min). Furthermore, the
angles of illumination and direction of flux of hot-dry air were kept
constant. Temperature and humidity were measured every 10 min.
Additionally, cross-sections perpendicular to the mortar surface were
investigated on the finally cured and cut samples with a laser-
scanning microscope (LSM; see 3.1).

3.3. Digital image analysis

Image processing and analysis were carried out with Photoshop 7.0
and Image SXM 174-1X (freeware: Steve Barrett, www.liv.ac.uk/~sdb/
ImageSXM/; dato 30.01.2009). Due to the low amount present, the
concentration of the stained organic additives was directly proportional
to the fluorescence intensity (FI) [23]. In this way, we used the
measured grey value in the finally investigated picture as an indicator of
the amount of additive present locally. Scanning of the laser beam and
simultaneous signal detection therefore allowed spatially resolved
polymer distributions to be obtained. Jenni et al. [20] developed an
analysis routine that calculates the grey value intensity of the
fluorescing additive for a user defined number of horizontal stripes,
for which the fractionation factor (total FI of a stripe/(total sum of FI of
the entire sample/number of stripes)) was calculated. In this sense,
fractionation plots over the mortar section were derived. For the
analysis of surface fluorescence, the green channel was extracted from
the original TIFF color image using Adobe Photoshop. This step is
necessary, because transformation of the original polychromatic color-
images into a monochromatic 255 grey value look up table delivers grey
values not uniquely defined by a specific color. Based on the resulting

Fig. 2. Secondary electron (SE) and back-scattered electron (BE) images of fracture surfaces of SLC formulations: polymer sails and menisci-like structures represent organic additive
structures (see arrows in a, b). In the BE image they loose their distinct contours or turn dark due to their low atomic weights.


http://www.liv.ac.uk/~sdb/ImageSXM/
http://www.liv.ac.uk/~sdb/ImageSXM/

316 A. De Gasparo et al. / Cement and Concrete Research 39 (2009) 313-323

0.0 0.2 0.4 0.6 0.8 1.0 1.2

4

[mm]
)
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Fig. 3. Element mapping of Mg (right part) representing the distribution of dolomite
(left part) as fine filler in the matrix: within the data scatter, note the maximal difference
of 0.25 between the fractionation factor at the mortar base (0.9) and the mortar top
(1.15). For electron microprobe analyzer (EMPA) measurement settings see [20].

gray-value image, rectangular stripes were selected for which the mean
grey values were extracted with image SXM representing the average
fluorescence intensity (FI). See [20,24,1] to obtain more detailed
information with respect to the applied methods to obtain additive
distributions in the mortar.

4. Results
4.1. Distribution of quartz sand in the SLC layer

There are five horizontal zones of distinct quartz concentrations
(Fig. 1). (i) At the top quartz sand is depleted. (ii) Then a ~1 mm thick
zone of a mean quartz concentration occurs. (iii) Nearly in the middle,
quartz is depleted (iv) to become gradually enriched downwards. (v) In
contact to the flat substrate, the coarse quartz grains are depleted again.
Another striking feature is the local appearance of vertical or inclined
channels consisting of matrix material only (see arrows Fig. 1).

4.2. Microstructures related to organic additives

Due to the dense packing of the very fine-grained matrix
components and the resulting capillary pores in micron and sub-micron
range, the size of the polymeric microstructures is very small.
Therefore, well-developed sail-like additive films of dimensions of 1

fractionation factor [Cl of VC] PC

1 2 3 4 5 6 7 8

HRERERERER
fractionation factor [Cl of VC]
2 4 6

Fig. 4. (a) Distribution pattern of chlorine of the vinyl chloride terpolymer within a
cross section, which is oriented perpendicular to the SLC surface. Black bars represent
quantitative additive distributions (1 stripe is ~42 pm thick). The inset (b) with grey
bars shows, relative additive distributions at higher resolution within the uppermost
millimeter of the mortar layer (1 stripe is ~10 pm thick).

to 3 um are relatively rare in real mortars, but can occasionally be seen
as menisci between mineral grains (Fig. 2). Other typical polymeric
microstructures are very fine ridge-like structures (Fig. 2), which
appear often together with thin films covering the mineral surfaces.
Such films can cover the cementitious phases over areas of
~10x10 pum (Fig. 2). The most common structures are composite
films consisting of organic additives, cement phases and fine fillers as
they were previously described by Jenni et al. [21] for ceramic tile
adhesive. Polymer films, which are transparent for back-scattered
electron signals, were rare indicating that most films are of composite
character or the films were simply too thick and, therefore, did not
allow back-scattered electrons to transmit. Damage induced by the
electron beam [27] was not observed.

4.3. Additive distribution in the matrix of PC and CAC dominated mortars

The goal of these experiments was to study if the cement type or
the application thickness influence the distribution of the additives.
For this reason, 4 mm and ~20 mm thick PC dominated and 4 mm
thick CAC dominated mortar layers were analyzed by LSM.

To test the distribution of fine filler in the mortar layer,
conventional calcareous fine filler was replaced by a similarly grained
dolomitic (CaMg(COs),) powder, whose spatial distribution can be
investigated by a magnesium element mapping in the SEM. Within the
data scatter, the distribution of the dolomite was slightly enriched
from bottom to top (enrichment factor from bottom to top: 0.25)
within the matrix (Fig. 3). As fractionation factors of other organic
additives (see Figs. 4-11; Table 2) are much higher than 0.25, the
processes responsible for this irregularity cannot fully account for the
organic additive enrichments described in more detail below.

Generally the additives in the 4 mm thick PC dominated layers
(Figs. 4, 5, 6d-e, 7d-e and 8d-e) are more enriched towards the
mortar surface than in the corresponding 4 mm thick CAC dominated
layers (Figs. 6-8, always f and g). For the thick layers, the surface
enrichment of cellulose ether and polyvinyl alcohol is higher (Figs. 6
and 7a-c) than in the corresponding thin layers. Casein shows a
conspicuous weaker surface enrichment in the thick sample (Fig. 8a-c)
than in the thin one.

Thick (~20 mm) and thin (4 mm) PC and CAC dominated mortar
layers show three distinguishable distribution zones: (i) the topmost
10 to 20 um thick skin at the mortar surface, containing the highest
organic additive concentration. Note that to detect the strong
enrichments in the thin skin, the topmost zone was additionally
quantified with a higher resolution of the analysis stripes (Figs. 4-8).
(ii) The upper part (~1 mm) of the mortar layer (just below the skin)

fractionation factor [PCE]
0 1 2 3 4 5 6 7 8
1

1 1 1 1 1
HERRERERER
fractionation factor [PCE]
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Fig. 5. Distribution pattern of polycarboxylate ether within a cross section through a PC-
dominated SLC, which is oriented perpendicular to the SLC surface. Black bars represent
quantitative additive distributions (1 stripe is ~42 pm thick). The inset with grey bars
show, relative additive distributions at higher resolution within the uppermost
millimeter of the mortar layer (1 stripe is ~10 pm thick).
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@ CE in Pc-c, 20 mm thick
0 1 2 3 4 5 6

fractionation factor

0 2 4 6 8 10 12 14
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Fig. 6. Quantitative distribution diagrams of cellulose ether in ~20 mm thick PC
dominated formulation (a-c), in 4 mm thick PC dominated (d, e) and in 4 mm CAC
dominated (f, g) formulations. For further explanations see text.

is characterized by enrichment in PCE, CE, Cas and PVA. (iii) Below the
~1 mm thick upper part the distribution of organic additives is quite
homogeneous.

A closer examination reveals additional differences in the
distribution between the different additives. Latex (VC) shows no
gradients throughout the mortar layer (Fig. 4a) except for an abrupt
and strong increase up to a fractionation factor of 2.5 at the very
mortar top (Fig. 4b). PCE reveals quite a homogeneous distribution
with a minor skin enrichment (Fig. 5). CE distributions in the PC
dominated thin and thick samples (Fig. 6a-e) show a homogeneous
distribution in the lower part but an abrupt increase in the uppermost
millimeter and the surface skin. In contrast, CE in the CAC dominated
sample (Fig. 6f,g) is quite homogeneously distributed over the entire
mortar layer. Only the blow up of the uppermost millimeter shows
enrichment in the surface skin. The casein distributions in PC

dominated thin and thick samples (Fig. 8a-e) show enrichments in
the surface skin and distinct casein depletion in the underlying
millimeter. In the CAC dominated formulation (Fig. 8f, g) the
distribution is more even and the depletion below the surface does
not exist. In the thin and thick PC dominated samples polyvinyl
alcohol presents (Fig. 7a-e) a pronounced enrichment in the skin and
the underlying millimeter, which continuously decreases towards the
base of the mortar layer. The PVA distribution in the CAC dominated
thin sample (Fig. 7f, g) shows a similar pattern but with an additional
enrichment at 2 mm height and a distinct depletion at the base.
Table 2 lists the fractionation factors of each of the additives in all
three characteristic zones of the mortar layer.

PC

©® PvAinPc-c, 21 mm thick
0 2 4 6 8 10 12

fractionation factor

21

20

[mm]

0 1 2 3 4 5 6 7 8
4 L L i I 1

N [mm] @

3.25

Fig. 7. Quantitative distribution diagrams of polyvinyl alcohol in ~20 mm thick PC
dominated formulation (a-c), in 4 mm thick PC dominated (d, e) and in 4 mm CAC
dominated (f, g) formulations. For further explanations see text.
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Fig. 8. Quantitative distribution diagrams of casein in ~20 mm thick PC dominated
formulation (a-c), in 4 mm thick PC dominated (d, e) and in 4 mm CAC dominated (f, g)
formulations. For further explanations see text.

4.4. Cellulose ether distribution in model mortar

Model mortars contain no cementitious phases (PC, CAC, Calcium
sulfate). The goal of these experiments was to check, if the absence of
cementitious phases has an effect on the distribution pattern of the
organic additives i.e. on the related transport/enrichment processes.

The cellulose ether in the model mortar (Fig. 9a) shows a surface
enrichment factor, which is higher than in all experiments containing
cementitious phases. At the mortar/air interface a distinct skin
developed. The blow up of the uppermost millimeter (Fig. 9b)
reflects a considerable additive enrichment followed by an abrupt
depletion towards the lower parts, which then show homogeneous CE
distributions.

mod

c 1 2 3 4 5 6 7 8 9 10 11 12

6 fractionation factor in model mortar [CE]

S

o [mm] o

3.0

Fig. 9. Quantitative distribution diagrams of cellulose ether in a 4 mm thick model
mortar layer.

hot-dry climate

fractionation factor
0 2 4 6 8 10

o [mm] &

2 Cas

o

w [mm]&

PVA

n

o

w [mm] &

n

0

Fig. 10. The skin (i) of the samples cured under hot-dry climate conditions represent the
zone with the most considerable additive enrichment. It seems that under these
extreme climatic conditions Cas, PVA and especially CE are mobilized from zone (iii).
Cas shows the lowest and CE the highest mobility due to strong evaporation.
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Fig. 11. Cas shows almost no fractionation in the mortar layer for humid curing
conditions. PVA develops a strong skin (i) enrichment and a much lower and irregular
distribution in zones (ii) and (iii). CE is characterized by a strong skin (i) enrichment
and by low and homogeneous distributions in zones (ii) and (iii). Note that the samples
were taken out of the climate box after 24 hours to let them dry under normal climate
conditions.

4.5. Organic additive distribution as a function of the curing conditions

Evaporation plays an important role for the organic additive
distribution in the mortar [1]. To improve the understanding of the

Table 2
Fractionation factors for CE, Cas, PVA, PCE and latex (VC) under the influence of different
climatic curing conditions.

CE Cas PVA PVA VC
HEHEEEE R EE
slelsls|ls| 2l&]l|s s|s8 | 8

0-01 mm zlzlz|l=zlzlz2l=z2lz|=lz|2
,L‘E 75| BTG S5 9 3 1 65| 7 |65 (12|25
S —

0907|0713 1 (1206 1 [12]15]( 1.0

influence of the evaporation rate onto the additive distribution, the
mortar specimens were cured under 3 different climates: 23 °C/50%
rel. humidity (referred to as normal climate (Figs. 4-9)), 50 °C/low
humidity (referred to as hot-dry climate (Fig. 10)) and 23 °C/100% rel.
humidity (referred to as humid climate (Fig. 11)). For the samples
cured at humid climate (Fig. 11), it is important to mention that they
were taken out of the climate box after 24 h to allow them to dry
under normal climate conditions (see also Fig. 12).

According to the distribution profiles of cellulose ether, casein and
polyvinyl alcohol three major zones can be distinguished: (i) the
uppermost skin (0-10 pm) with highest additive concentration, (ii) a
zone of about 1 mm in thickness, just below this skin with less
pronounced enrichment (or even a depletion like in case of casein) and
(iii) a zone, which begins at about 1 mm below the surface and reaches
down to the base. The latter zone is slightly depleted in additive
concentration.

The complete distribution profiles for the hot-dry climate are given
in Fig. 10 and for the humid climate in Fig. 11. Table 2 displays the
additive concentrations in terms of fractionation factors in the three
major zones as a function of the normal, hot-dry and humid climates.
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Fig. 12. The graphs show the development of the surface fluorescence intensity (FI)
under normal (a), hot-dry (b) and humid (c) climatic conditions.
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Fig. 13. Degree of hydration and changes in evaporation rate and temperature of a PC-
dominated SLC. The ettringite distribution in (a) is measured with TGA along a vertical
profile from top to base (method is described in the work of Jenni et al. [21]). The weight
loss due to water evaporation is represented in (b). (c) shows the temperature
development in the mortar for real and model mortars and for a mortar cured under
humid conditions.

4.6. In-situ surface fluorescence intensity

For the mortar surface subjected to different curing conditions
(normal, hot-dry, humid), Fig. 12 illustrates the development of the
fluorescence intensity (FI) in time. It is important to keep in mind that
by these experiments we only see the very surface, which corresponds
in the cross-section (e.g. Figs. 4-11) to the topmost skin. Enrichments
below the surface cannot be detected by in-situ surface observations.
The FI development can be divided into three main phases: (i) the
initial fluorescence, (ii) a fluorescence increase during the first 5-7 h
and (iii) the long-term development up to one day.

4.6.1. Normal cured samples (Fig. 12a)

Stained CE in model mortar shows a high initial FI at the mortar
surface that grows within 1 h to the maximum intensity, which is then
constant during the next 24 h. In the real formulation, CE presents
much lower FI values and the abrupt increase in Fl is retarded by about
3 h. Casein reveals two stages of enhanced surface enrichment. One
within the first hour while the second stage occurs simultaneous to CE
enrichment. PVA enriches continuously during the first 3 h.

4.6.2. Hot-dry cured samples (Fig. 12b)

Under elevated rate of evaporation the enrichment of all additives
at the surface is faster compared to the normal conditions, very similar
for all additives and occurs relatively rapid within the first 2 h.

4.6.3. Humid cured samples (Fig. 12c)

During storage under humid conditions, all three additives show
an initial enrichment subsequently followed by depletion. This
phenomenon is most intense for Cas. However, the main enrichments
of CE and PVA occur when evaporation is initiated by opening the box
after 24 h of humid storage. Note that this enhanced evaporation does
not affect Cas. These observations will have important implications for
the interpretation of the final profiles of additive distribution within
the SLCs cured under humid conditions (Fig. 11), as will be discussed
below.

4.7. Ettringite evolution and distribution

Fig. 13a reveals TGA analyses of ettringite (method is described in
[21]), which shows depleted and enriched zones, respectively, in the
upper 1/3 and lower 2/3 of the PC-dominated SLC layer. The
evaporation rate is nearly constant over the first 10 h and then levels
out to result in a final value of 75% of the total amount of initially added
water (Fig. 13b). Therefore only 25% of added water is chemically bound.

Due to the open system conditions, there is a distinct temperature
evolution within the thin mortar bed (Fig. 13c). (i) During the first hour,
the mortar temperatures of the real and model mortars decrease
between 3 to 5 °C below room temperature. (ii) Then the mortar
temperatures slowly rise to meet room temperature at about 7 h after
application. Mortars cured under humid conditions (Fig. 13c), i.e.
mortars with prevented evaporation, show a temperature increase
of 1 °C during the first 10 h and afterwards a decrease to the room
temperature.

5. Discussion

In the following discussion we will focus on the distribution of the
organic additives (latex, PCE, CE, PVA, Cas) in the mortar layer as a
function of different curing conditions, mortar thickness and the
predominant cement type (PC vs. CAC). The additive distribution
patterns are discussed in context of enrichment processes and
hydration gradients (TGA data). All the results are schematically
summarized in Fig. 14.

5.1. Influence of PC or CAC domination

Usually, the substrate is well primed before the SLC is applied.
Therefore, water evaporation at the surface is the only mechanism,
which can induce a significant water flow.

In the PC dominated formulations the enrichments of CE, Cas and
PVA are twice as high as in the CAC dominated formulations. This
could be explained by two factors: (a) different affinities of the
organic additives to these cements and (b) different hydration rates.

(a) Plank and Winter [6] and Hirsch et al. [8] describe that the
adsorption behavior of an additive is strongly selective with
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hydrated basal zone. The image (b) represents these three zones in a mortar layer after hydrochloric acid treatment.

respect to different cement phases. Therefore, the predominance
of PC or CAC would be expected to have an influence on the
mobility of an additive. The fact that casein acts as a plasticizer
implies a substantial adsorption on the mineral interfaces but
apart from these general statements, specific adsorption data of
the single additives on different clinker phases are lacking so far.
PC dominated formulations hydrate slower and to a lesser
extend. Therefore, they should have (i) bigger capillary pore
sizes and the pore system would be expected to be connected
over a longer time [25], (ii) a higher content of unbound free
pore water and (iii) if the additives can be trapped by the
growing ettringite [26], smaller amounts of ettringite in case of
PC dominated formulations should result in higher concentra-
tions of un-trapped free additive in the pore solutions. The
explanation that the enrichment of water-soluble polymers is
higher the lower the degree of hydration is confirmed by the
distribution patterns of the sequence shown by Figs. 6g.e
and 9b. Here a decreasing degree of hydration, which is even
zero in the model mortar, results in maximum fractionation
factors of 1.8, 5.1 and 11.5 at the mortar skin.

(b

—

CAC is highly reactive and supports the growth of hydrates
considerably. Ettringite growth, for example, consumes a substantial
part of the mixing water and decreases the amount of free water
already during an early stage of the fresh mortar. This reduces the
water migration towards the surface. Due to the formation of
ettringite the pore size is reduced and the total pore surface of the
system is enlarged. In this way, the small-sized porosity acts like a
filter and inhibits the movement of the large organic additives (e.g. @
casein micelle ~100 nm). Note that due to ongoing hydration, the
pores can be filled by hydrates, and that the consumption of pore
water creates empty pores. Both processes interrupt the communica-
tion of the pore water system with the surface and therefore also the
evaporation-induced migration of the pore water and therein
dissolved ingredients. Additionally, chemical and physical drying go

hand in hand with the start of the film formation of the organic
additives [29,30], which induces larger particle sizes of the additives
and an increase in viscosity of the remaining pore solution. This
behavior additionally reduces the migration ability of the additives.
PCE (Fig. 5) and latex (Fig. 4) were only investigated in PC
dominated systems. PCE shows strong adsorption behavior (Fig. 5;
Table 2) to cementitious surfaces [31,6]. Once adsorbed it is extremely
difficult to remove it from the mineral surfaces. This explains the very
homogeneous distribution of PCE without a major concentration
gradient. In contrast to solution polymers, redispersible powder is
composed of micron-sized latex particles, which cannot pass the finest
capillary pores. Therefore, their mobility is reduced and does not allow
migration across the entire mortar layer. As a consequence, latex
particles generally are homogeneously distributed throughout the
matrix (Fig. 4; also compare [20]). However, note a distinct
enrichment of latex in the skin (Fig. 4b), which is interpreted in
relation to the formation of a water rich layer during the phase of
defoaming. The drying of this water layer will then leave a skin rich in
phases, which were previously dispersed and dissolve in it. For
analytical reasons it was necessary to choose latex, which is not
exactly designed for this application. This may explain the uneven
chlorine distribution due to undispersed latex clusters (Fig. 4b).

5.2. Influence of cementitious phases

De Gasparo [1] demonstrated that the ionic strength of the pore
water can partly suppress the fluorescence intensity. To avoid this
artifact, reference measurements with a model mortar were carried
out containing no cementitious ingredients. In fact, Fig. 12 shows that
the initial fluorescence intensity (FI) of a model mortar is about twice
as high than in case of real mortars. On the other hand, for the model
mortar the additive enrichment occurs much earlier and faster, which
can be attributed to the lack of hydration. As no hydrates are formed,
only physical drying at the mortar/air interface causes the water loss
in the system and the capillary pore size is not changed. The mobility
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of the water-soluble additives is therefore increased (see discussion in
previous section 5.1b). Slowing down in enrichment results by the
steadily reduced amount of pore water. In this sense, the aforemen-
tioned plugging effect and enhanced viscosity induced by the
additives may also contribute to the slow down in enrichment in
case of real mortar systems.

5.3. Influence of mortar layer thickness (PC dominated)

The influence of mortar thickness (Figs. 6, 7 and 8a, b, c) on the
distribution of CE, Cas and PVA was tested in Portland cement
dominated formulations (Table 1). For the specific additives and
mortar locations where the thin SLC layers show a zone of enrichment
or depletion, there is also a corresponding zone of enrichment or
depletion in case of the thick layers. Thus, the distribution patterns of
the additives in thin and thick layers are generally quite similar.
However, an important difference is that CE and PVA are significantly
more fractionated if the layer is thicker, while in case of Cas the layer
thickness does not affect the fractionation factors much. This indicates
that CE and PVA are mobilized through the entire mortar layer. Hence,
the thicker the layer, the bigger are the fractionation factors because
larger amounts of additives can be mobilized. In case of Cas, the
enrichment in the skin (<100 um) seems only to create depletion in a
1 mm thick zone, which is right below the skin. This fractionation
behavior seems not to be influenced by the layer thickness, indicating
that Cas is quite immobile because it is generally adsorbed. However,
some minor mobility seems to be given in the uppermost 1 mm,
where the degree of hydration is low and, as a consequence, the
porosity must be high and the amount of mineral interfaces small.

5.4. Surface fluorescence development under different curing conditions

In-situ FI observations of the surface generally confirm the final
distribution patterns observed in cross-sections of hardened samples.
However, some distinct differences in the results of these different
experiments occur. The first 5 h of the normal and hot-dry cured
samples confirm the hypothesis, that evaporation plays a key role for
the enrichment process of water-soluble polymers (Fig. 12). Under
normal conditions it takes about 4 h to reach the maximum
fluorescence, whereas hot-dry conditions takes less than half of that
time. In terms of the effect of the degree of hydration on the additive
mobility, information can be directly obtained by comparing Fig. 12a
with 12¢, where the latter stage reflects a retarded onset of
evaporation after 24 h of hydration. Fig. 12c indicates that after
these 24 h of hydration, the mobility of CE is highest compared to PVA
and Cas. However, closer examinations show that the rate of
enrichment after these 24 h is four times slower compared to the
rate of enrichment under normal and hot-dry climate conditions. As
already mentioned above, this retardation can again be related to a
denser mortar texture due to an increased degree of hydration and
therefore a lower permeability.

5.5. Influence of normal, hot-dry and humid curing conditions

The climate experiments reveal the influence of different curing
environments on the fractionation of the organic additive in 4 mm
thick mortar layers (Figs. 6d, 7d, 8d, 10, 11). Except for Cas, hot-dry
cured samples generally show higher skin enrichments compared to
the normal cured samples. This can be explained with a higher
evaporation rate. Macroscopic observations reveal that the mortar
surface of hot-dry cured samples immediately develops a fine dry skin.
It seems that in this skin, the concentrations of water-soluble
polymers were enhanced while the water content decreased. It is
known that under elevated temperature conditions [29] these
polymers form films with inclusions of fine cementitious or
carbonaceous crystals, which grew in-situ or were transported with

the migrating pore water to the surface. These composite films at the
mortar surface [21] are also found in case of SLCs, where they appear
in the BE images as light grey structures [1,24].

The distribution pattern of humid cured 4 mm thin layers (Fig. 11)
can be regarded as a measure how strongly the additives get
immobilized during the first 24 h of humid curing conditions (closed
climate box), when evaporation is not allowed. As final curing (after
24 h) took place under open climate box conditions, the usual
migration processes related to drying became active. With this
respect, we can conclude that CE and PVA did not loose their mobility
and are still free to migrate in the mortar after 24 h. CE seems even to
be better dissolved, as the mortar skin is more enriched in CE (Fig.11c)
than under normal curing conditions (Fig. 6d). This can be attributed
to a complete hydrolysis of PVA under alkaline conditions of the
mortar, which reduced its water solubility and therefore limits its
resulting fractionation by the migrating pore water. Casein shows a
very homogeneous distribution if cured the first 24 h under humid
conditions (Fig. 11a). This indicates that casein must have lost its
mobility during the first 24 h in the climate box due to adsorption and
cement hydration (e.g. pore size reduction). Also the comparison
between normal and hot-dry cured samples (Figs. 8d and 10a) shows
a big sensitivity of casein distribution on the climate. Hot-dry curing
conditions have accelerated the migration of casein from the lower-
most area towards upper parts during a time where hydration was not
very progressed. This results in a gradual enrichment from bottom to
top. In contrast to this, under normal climate conditions a distinct
zone (~1 mm thick) of depletion in casein is developed right
underneath the casein-rich skin. The depletion in casein below the
skin could be the result of varying hydration intensities in different
mortar areas. Fig. 13a shows that the hydration is better developed in
the lower half of the SLC layers. It is possible that the active hydration
process in this area generates a downward flow of the free pore water,
which contains the dissolved casein. In these deeper areas the
continuous hydration generates new mineral surfaces, where casein
gets immobilised by adsorption. However, the mortar surface is
strongly enriched in casein due to evaporation driven water migration.
In the case of hot-dry cured samples, evaporation is accelerated and
dominates casein fractionation. The sample dries much earlier, before
hydration-induced downward pore water flow would be able to
transport non-adsorbed Cas towards deeper levels in the SLC.

6. Conclusions

The presented investigations allow the localization and quantifica-
tion of quartz filler (Fig. 1), organic additives (Figs. 4-11) and
ettringite (Fig. 13) in self-leveling compounds. Particularly the
approach of selective additive staining in combination with in-situ
observations of fluorescence development helps to gain new insights
into the dynamics of a SLC during curing.

- The Quartz filler distribution can be rather complex and is based on
combined effects of gravitational segregation and flow behavior
during spreading.

- The water-soluble organic additives like cellulose ether, casein and
polyvinyl alcohol are able to form films and are very sensitive to water
migration processes, which influences their final distributions. Under
normal curing conditions, all three additives finally are considerably
enriched at the mortar surface (skin). Due to the size of latex particles
(redispersible powder) and the high affinity of PCE to mineral
surfaces, these two additives are more homogeneously distributed
throughout the mortar layer. Hence, they were blocked in the matrix
(latex) or adsorbed on cement surfaces already during an early stage
of the evolving mortar and remained attached to these sites for the
entire evolution, preventing a remobilization by the migrating water.
However, the distinct enrichment of latex by a factor of 2 in the
topmost skin might indicate an additional fractionation process
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related to the formation of a water film at the surface during the

phase of defoaming. Drying of this water film can macroscopically be

observed and is generally referred as the end of gloss time. All
ingredients dispersed and dissolved in the mortar water would then
precipitate and form films creating a significant part of the skin.

Rheology modifiers (all of the investigated additives are to adjust

the rheological properties of the fresh mortar) become fractio-

nated during hardening of the mortar layer and have a substantial
influence on the final physical properties of the hardened mortar.

Best example is casein, a classical plasticizer, which finally acts as a

reinforcing additive increasing significantly surface hardness.

- The final distribution patterns strongly depend on the formulation, in

particular on the type of the used mixed binder system (see Table 1).

Portland cement dominated formulations react slower and less

intensive. Therefore, the water consumption by the hydration

reactions is weaker and the capillary pores are bigger. Both of these
compositional and structural differences increase the mobility of
water-soluble polymers. Thus, the surface enrichment of such
polymers is much more pronounced in Portland cement dominated
formulations compared to fast setting CAC dominated mixed binders.

Curing under normal, hot-dry and humid conditions of samples

(see Figs. 6-8, 10-12) with different layer thickness prove

evaporation to be the key mechanism for the fractionation of

water-soluble polymers. Samples cured under the influence of heat

(enhanced rate of evaporation) show the strongest fractionations.

This is confirmed by the observation that under humid conditions,

where evaporation is stopped, fractionation is reduced (see

Fig. 12c).

- Vertical fractionation of the water-soluble polymers and the
degree of hydration reveal strong vertical gradients in composi-
tions and microstructures. Thereby it was found that two major
mechanisms are responsible for all these gradients, (i) evaporation
and (ii) hydration.

(i) Evaporation causes two important aspects, an upwards-
directed flow of pore water and a downwards migrating drying
front. Evaporation is, thus, the principle driving force for the
generation of all gradients described above.

(ii) Hydration consumes water and the hydrates grow in the
capillaries reducing the amount and sizes of the latter. All
together, hydration is the principle factor to reduce any of the
gradients.

Conclusively, drying (mainly influenced by climatic conditions on
the construction site) and hydration (mainly given by mortar
formulation such as type of mixed binder and amount of polymer
modifications) are counteracting processes, which will decide how
self-leveling flooring compounds will finally perform. In light of a
general comparison between PC and CAC dominated systems, the
latter perform better. In detail, however, the performance of the SLCs
strongly depends on the specific formulations, which can be designed
for the purposes needed on the application site.
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