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Abstract

Construction mortars contain a broad variety of both inorganic and organic additives beside the cement powder. Here we present a study
of tile mortar systems based on portland cement, quartz, methyl cellulose and different latex additives. As known, the methyl cellulose
stabilizes the freshly prepared cement paste, the latex additive enhances final hydrophobicity, flexibility and adhesion. Measurements were
performed by solid state nuclear magnetic resonance (NMR) and low voltage scanning electron microscopy (LVSEM) to probe the influence
of the latex additives on the hydration, hardening and the final tile mortar properties. While solid state NMR enables monitoring of the bulk
composition, scanning electron microscopy affords visualization of particles and textures with respect to their shape and the distribution of
the different phases.

Within the alkaline cement paste, the poly(vinyl acetate) (VAc)-based latex dispersions stabilized by poly(vinyl alcohol) (PVA) were
found to be relatively stable against hydrolysis. The influence of the combined organic additives methyl cellulose, poly(vinyl alcohol) and
latexes stabilized by poly(vinyl alcohol) on the final silicate structure of the cement hydration products is small. But even small amounts of
additives result in an increased ratio of ettringite to monosulfate within the final hydrated tile mortar as monitored by 2’Al NMR. The latex
was found to be adsorbed to the inorganic surfaces, acting as glue to the inorganic components. For similar latex water interfaces built up by
poly(vinyl alcohol), a variation in the latex polymer composition results in modified organic textures. In addition to the networks of the
inorganic cement and of the latex, there is a weak network build up by thin polymer fibers, most probably originating from poly(vinyl
alcohol). Besides the weak network, polymer fibers form well-ordered textures covering inorganic crystals such as portlandite.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction crystallization during the hydration and hardening [1-9].

When water is added to the cement powder, ettringite

Commercial cements and mortars are quite complex
systems. Portland cement as one of the ingredients consists
of a variety of inorganic calcium aluminates and silicates [1—
4]. Several components like calcium sulfate, alkali oxides,
MgO and Fe,O3 within the portland cement modify the
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(trisulfate, CagAl,04(S04)3*32H,0 [1]) is formed. The high
water content of ettringite results in an enormous increase of
volume at the surface of the cement grains. When the cement
paste runs poor in sulfate concentration, monosulfate
(CayAl,04S04*12H,0) is formed by consuming the trisul-
fate partially. Finally sulfate-free components can also be
formed. In addition to this fast crystallization process, there
is a slow reaction of the silicates within the calcium silicates
and of the iron oxides, which form higher condensed
aggregates during the hydration, resulting in a network of
calcium aluminate hydrates and calcium silicate hydrates.
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Cement is commonly modified by inorganic compounds
such as quartz or gravel and fillers. Inorganic and organic
additives can be summarized with respect to their influence
on the setting and hardening of cement [5-8]. Concrete
plasticizers and super plasticizers are the most common
organic cement additives, other additives retard setting or
hardening or accelerate it. Stabilizers bind water and adjust
viscosity, thereby stabilizing the freshly prepared cement
paste. Air entraining agents enable pores in the final
hardened cement paste. Waterproofing agents commonly
consist of fatty acids or latex dispersions and afford
hydrophobicity in the hardened paste by means of filling
the pores and sealing the final hydrated cement. Here,
questions concerning size and surface of the latex particles
as well as their ability to form films arise. Additionally, the
polymer latex acts as organic binder and promotes improved
adhesion and flexibility to the hardened cement paste [10].

In addition to the influence of the additives on the
mechanical properties during cement hardening as described
above, the molecular interactions can modify the final
crystal structure and growth, even in small amounts of
organic additives [11-15]. This effect is caused by either
adsorbing onto the growing inorganic surfaces or by binding
aqueous ions into a complex or a salt. Such adsorbed
organic components modify ionic diffusion near the
inorganic substrate and can alter specific crystal growth.

The objective of our study is to elucidate the influence of
various latex additives on the hydration/hardening and on
the final texture of portland cement-based tile mortars by
combining spectroscopic and microscopic techniques [16—
19]. Solid state NMR spectroscopy [20-23] monitors the
bulk composition and its changes during the hydration
process of both the hardened cement and the polymers.
Thus, differences in the tile mortar systems with respect to
the bulk composition can be determined. Low voltage
scanning electron microscopy (LVSEM) [24-27] enables
visualization of the particle shapes of the hydrated cement
phases and the latex. Electron microscopy detects the
differences within the tile mortar systems with respect to
the shape of their microscopic morphology. Several
contributions to the hydration and hardening of cement
pastes as determined from 'H, *’Al and *°Si NMR [28-38]
and scanning electron microscopy methods [39—41] are
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available in the literature. The presented work extend these
methodologies into a combined NMR and LVSEM study of
latex modified tile mortar systems to monitor the influence
of the organic components on the hydration and hardening
of the cement paste at a microscopic level. While 2’ Al NMR
monitors the hydration reaction products of the calcium
aluminate clinker phases [1-9], *°Si NMR is sensitive to the
slow silicate condensation during the hydration. Specifically
the 2’ A1 NMR signals can be correlated with defined crystal
structures within the inorganic phase [29,30]. The individual
shape of the different phases within the hardened cement
texture can be obtained by scanning electron microscopy.
Here multiple hydrated cement phases can be correlated
with structures known from the literature [39-42].

2. Materials and methods
2.1. Materials

The tile mortar systems presented here contain about 25—
50 wt.% of portland cement, quartz, 0.1-0.5 wt.% cellulose
ethers and 3-20 wt.% of latex. In principle latex dispersions
can be applied to the cement as aqueous dispersion or as
dispersion powder [16—19]. In this study, dispersions were
applied as redispersible powders made from dispersions
stabilized by poly(vinyl alcohol). Latex polymers were
chosen to be poly(vinyl acetate co-ethylene), poly(vinyl
acetate co-ethylene co-versatic acid vinyl ester) and poly-
(vinyl chloride co-ethylene co-vinyl laurate) copolymers.
Poly(vinyl alcohol) was used as surfactant during emulsion
polymerization and was subsequently added in combination
with anti-blocking agents (e.g. minerals) to ensure the latex
powder redispersibility. The latex powder contained about
15 wt.% of poly(vinyl alcohol) and 10 wt.% of the anti-
blocking agents in addition to the latex particle polymers.
The final tile mortar product would contain additional
wetting agents and defoamers.

Several tile mortar samples were prepared from Rohrdor-
fer cement CEM [ 42.5R, fine milled quartz, methyl cellulose
and various polymer latex dispersion powders as summarized
in Table 1. Already the applied portland cement “Rohrdorfer
Zement CEM 1 42.5 R” is a mixture of various oxides,

Table 1

Composition of the tile mortar samples in %

Sample Cement Quartz Dispersion powder P(VA co-VAc) in dispersion powder MC, P(AAm co-AA) Water
Tml 423 54.3 3.0 0.15 0.4, - 83.3
Tm2 80.2 - 19.1 0.95 0.4, - 83.3
Tm3 423 54.3 3.0 0.3 0.4, 0.05 83.3
Tm4 423 54.3 3.0 0.26 0.4, - 83.3
Tm5 423 54.3 3.0 0.18 0.4, - 83.3
Tmé6 80.2 - 19.1 1.15 0.8, — 83.3
Tm7 423 54.3 3.0 0.3 0.4, - 83.3

As cement the Rohrdorfer cement CEM I 42.5R was taken. Samples were adjusted to a constant water/cement ratio. The abbreviations P(VA co-VAc), MC and
P(AAm co-AA) are poly(vinyl alcohol co-vinyl acetate), methyl cellulose and poly(acrylamide co-acrylic acid); respectively. Poly(vinyl alcohol co-vinyl
acetate) is part of each dispersion powder. The amount of water is given in wt.% based on dry matter (100 wt.%).
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aluminates and silicates with the elemental composition
described elsewhere [42]. Walocel® MKX 40000 PF 01 from
Wolff Walsrode was applied as methyl cellulose. All latex
powder samples contain poly(vinyl alcohol) at a degree of 88
mol.% hydrolysis as stabilizer originating from emulsion
polymerization and further added to the dispersion as a
poly(vinyl alcohol)/anti-blocking agent (minerals) admixture
for the spray drying of the dispersion. Latex polymers were
poly(vinyl acetate co-ethylene), poly(vinyl acetate co-ethyl-
ene co-versatic acid vinyl ester) and poly(vinyl chloride co-
ethylene co-vinyl laurate) copolymers as summarized in
Table 2. Tile mortar 3 additionally contains low amounts of a
thickener made from poly(acrylamide co-acrylic acid). The
glass transition temperatures (7',) of all latexes were found to
be below the room temperature, the minimum film formation
temperatures (MFT) as determined on a temperature gradient
bar [43] were found to be close to the freezing point of water
for all the samples. Particle sizes of the latex particles were
determined by a Malvern Instruments Zetasizer 3000 HS. The
particle sizes were determined to be about 1 pm in diameter
for both the investigated dispersions and the redispersed
powders. Due to the applied emulsion polymerization
performed under semi-batch conditions up to 20% smaller
particles of 200- to 300-nm size were additionally found.
Particles of the dispersed anti-blocking agents were deter-
mined to a size of about 3 to 10 um.

2.2. Sample preparation

Tile mortar powder samples (composition in Table 1) were
carefully mixed for 10 min to achieve a sufficient homoge-
neity and stored in closed PE flasks. The hydrated and
hardened cement paste was obtained from these samples by
adding distilled water to the samples, applying a constant
water/cement ratio, while stirring them carefully for several
minutes. The compositions of the hydrated tile mortar
systems Tm1 to Tm7 are summarized in Table 1. Preparation,
hydration and hardening were again performed in closed PE
flasks to prevent water evaporation from the samples,
carbonization by CO, from the air [44], or alkali contami-
nation from glass. For these hydration and hardening experi-
ments, samples were stored at room temperature for a variable
time. A complete water uptake was found for most samples
within one day. A decelerated water uptake was found for tile
mortar 4 and 5. Even after four days of hardening, not all

Table 2

Characterization of investigated latex polymer systems

Tile mortar Dispersion polymer T, (°C) MET (°C)
Tml, Tm2 P(VAc-E)-1 -7 0

Tm3 P(VAc-E)-1 -7 0

Tm4 P(VAc-E-VeoVa) —14 0

Tm35, Tm6 P(VAc-E)-2 16 4

Tm?7 P(VC-E-Vinyl laurate) 1 0

VAc: vinyl acetate, E: ethylene, VeoVa: vinyl ester of versatic acid 10, VC:
vinyl chloride, MFT: minimum film formation temperature.

water was consumed, while tile mortar 7 contained even
excessive dispersion at this time. After specific hardening
times, samples were milled and investigated by different solid
state NMR methods and by LVSEM.

2.3. Solid state NMR

Nuclear magnetic resonance (NMR) spectroscopy [20—
23,45] can be applied for both liquids and solids. In solids,
broadening interactions of nuclear spins are no longer
averaged, consequently, the solid state NMR spectra are
characteristically broadened. In principle, the line width in
amorphous solid materials is related to the chemical
environment and the local mobility within the investigated
sample. The line width of 'H, B3¢, ?7Al and *°Si spectra in
solid state NMR can be reduced by spinning the sample at
the magic angle (magic angle spinning, MAS) [23] where
typical rotation frequencies are currently in the range of 2—
35 kHz.

The '°C, 2’ Al and ?°Si NMR spectra were acquired using
Bruker DSX 300 and DSX 500 spectrometers, operating at
magnetic fields of 7.05 and 11.74 T. All '*C CP MAS
spectra [23] were measured using 4-mm rotors with a
commercial double-resonance probehead and spinning
speeds of 8 kHz at temperatures of 233 an 243 K. *’Al
NMR measurements were performed with 4-mm probes,
2°Si NMR with a 7-mm probe. The CP time within the '*C
CP MAS experiments was 2 ms at a 'H 90° pulse length of
4 us and at a recycle delay 2 s. For ?’Al NMR measure-
ments, the 90° pulse length was 4 ps at a recycle delay time
of 5's, while 5 ps as 90° pulse length and 60 s as recycle
delay were applied for *°Si NMR measurements.

2.4. Low voltage scanning electron microscopy

The low voltage scanning electron microscopy (LVSEM)
images were taken from dry chunks and powders of the
freshly split concrete samples with a LEO Gemini 1530
SEM without sample sputtering. Samples were fixed to the
substrate by means of conductive adhesive tapes or carbon
glue. The accelerating voltage of the applied field emission
gun was between 1 and 3 kV. Applying an aperture size of
20 or 30 um, the working distance was between 3 and 6
mm, generally around 5 mm.

3. Results and discussion
3.1. Principles of latex modified concrete

Our investigations are focused on the influence of
various latex additives on the hydration/hardening and on
the final texture of portland cement-based tile mortars. The
pH within the aqueous cement paste was about 13, so the
stability, specifically the aging of the latex modified tile
mortar system is an important issue. Due to the high pH,
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there is a probability of hydrolysis/saponification of organic
additives like poly(vinyl acetate) copolymers to poly(vinyl
alcohol). The decomposition of pure PVAc dispersions
within the hardened cement paste is well known [46]. Upon
decomposition, the poly(vinyl acetate) forms Ca(CH3CO,),
and poly(vinyl alcohol). In order to clarify the latex stability
within the alkaline medium, NMR measurements were
performed on the polymer composition prior and after the
hydration and hardening. Only minor differences in the '*C-
CP MAS spectra of tile mortar 2 were detected at an
increased P(VAc-E)-1 content before and after 14 days of
hydration as can be seen from the spectra in Fig. la.
Additionally, no Ca(CH;COO), '*C NMR signals could be
recorded. So the latex P(VAc-E) core at about 22 wt.%
ethylene is stable with respect to hydrolysis. These data are
in good agreement with the previous mechanical measure-
ments, showing no decrease in flexural and compressive
strength of hardened cement pastes within 10 years [47]. For
comparison, the '*C CP MAS spectra of both the initial
latex powder additive and of tile mortar 6 after 30 days of
hydration and hardening are shown in Fig. 1b. '>C CP MAS
spectra are clearly different for the latex polymer P(VAc-E)-
2 in tile mortar 6 at the reduced ethylene content of about 9
wt.%. After hardening, the signal ratios of the CHO and
CH, groups to the CO and CHj; groups have changed
indicating a polymer decomposition due to partial hydrol-
ysis. The additional line broadening of the CHO and CH,
signals observed in the spectra is due to changes in the

a)

initial sample
P(VAc-E)-1
(standard)
~C=0

after hydration
and hardening
(dotted line)

*

b)

initial sample
P(VAc-E)-2
(VAc enriched)

after hydration
(dotted line)

240 220 200 180 160 140 120 100 80 60 40 20 0 -20 ppm
* spinning side bands
Fig. 1. '*C CP MAS spectra before and after hydration and hardening (a) of

tile mortar 2 measured at a temperature of 233 K and (b) of tile mortar 6
measured at a temperature of 243 K and at a MAS frequency of 8 kHz.

resonance frequencies of poly(vinyl acetate) and of poly
(vinyl alcohol). Resonance frequency changes from 40 to 45
ppm for the CH; signal and from 67 to 70 ppm for the CHO
signal directly reflect hydrolysis. The latex is therefore
stable against hydrolysis at 22 wt.% ethylene, but shows
partial hydrolysis for ethylene contents of 9 wt.% or less.

During emulsion polymerization of vinyl acetate (VAc),
the growing polymer chains are known to react partially
with the stabilizer poly(vinyl alcohol) (PVA) and to form
PVA-graft-PVAc copolymers [48,49]. The amount of the
grafted, water insoluble PVA was found to exceed 20% of
the total 30 wt.% PVA applied for the stabilization [48].
Consequently, the resistance against hydrolysis of PVA
stabilized PVAc latex particles is increased due to the
grafted protecting colloid.

In the LVSEM image of Fig. 2a, the latex is found to be
adsorbed to the inorganic surfaces and to cover them. Due to
the low latex concentration of 3 wt.%, no complete film
formation is observed. Even in the best case scenario, just a
partial latex film formation can be expected. Latex film
formation requires a close contact of latex particles. Film
formation might therefore succeed latex adsorption and
latex coagulation. But the latex is competing with the PVA
and the methyl cellulose for the adsorption onto the
inorganic surfaces. As a result, the hydrated cement surfaces
are covered by both, PVA stabilized latex particles and
excessive PVA. Latex particles or films can be found among
the inorganic components, sticking them together as a glue
under appropriate conditions. This can be seen in the
scanning electron micrograph of tile mortar 1 in Fig. 2b.
Here the latex is sticking between the portlandite crystals.
Nevertheless, the space between the hydrated cement grains
is filled by ettringite needles as shown in Fig. 2c.

Polymer (additive) cement interactions can alter the
inorganic structures and products during hydration. The
cement pastes, used in this study, contain methyl cellulose,
poly(vinyl alcohol) and latexes stabilized by poly(vinyl
alcohol). Therefore, the influence on the crystal growth and
the hydration of the organic additives is expected to be
similar to that of the individual stabilizing additives methyl
cellulose and poly(vinyl alcohol) [42]. By adding the sum of
the organic additives to the cement paste, a reduced
monosulfate/ettringite ratio is obtained as shown by 2’Al
NMR in Fig. 3. This ratio is even more reduced upon an
addition of the pure methyl cellulose. The influence of the
latex, PVA and the methyl cellulose on the *’Si NMR
spectra is weak.

Principles on the role of the latex within the hardened
cement paste are already described in the literature [50]:
The latex particles reduce the viscosity of the cement paste.
The particles can be used to replace water in the cement
paste and to modify the process window of the paste or to
change the setting time. During the hydration and harden-
ing, the latex particles cover the inorganic surfaces and
form an additional organic network. Microcracks due to the
material shrinking might therefore be covered by latex
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Fig. 2. LVSEM micrographs of the hardened cement pastes after two month of hydration: (a) tile mortar 5 showing the latex being adsorbed to the inorganic
surfaces, (b) tile mortar 1 imaging latex particles sticking and stretched between portlandite crystals, (c) tile mortar 5 showing ettringite needles filling the space
between the cement grains, (d) an ettringite needle fixed to the hardened cement paste by latex within tile mortar 4.

within the hardened cement paste, their propagation might
be terminated or retarded [50]. Additionally, the latex
provides an improved adhesion to surfaces and the pore
filling seals the material.

octahedral

2TAINMR Al
15 kHz MAS ettringite
A || monosulfate

other
aluminate
hydrates

¥

a)

tetrahedral Al

ratio modified

9 8 70 60 50 40 30 20 10 O -10 ppm

Fig. 3. 27Al solid state NMR spectra of hardened cement pastes (a) without
and (b) with latex and poly(vinyl alcohol co-vinyl acetate) in tile mortar 1
after 10 months of hydration and hardening measured at 15 kHz MAS.

3.2. Differences due to latex composition

Differences in latex systems are due to variations in the
surfactant layer, which result in changes in the polymer water
interface [51], in the latex polymer and in the particle
morphology. Within the present study, changes in the final
properties of latex modified hardened cement pastes result
from latexes having similar interfaces built up by P(VA-co-
VAc) but different latex core polymers. The latex polymers
applied in this work differ in their hydrophilicity and T%,. While
T, influences the film formation, hydrophilicity alter diffusion
of water and ions as well as hydration and crystallization. Here
only small differences in 7, are present with a maximum
deviation of 30 °C. All latex systems form films at room
temperature according to their minimum film formation
temperature (MFT) of 0 or 4 °C. Polarity varies from quite
polar and hydrophilic, e.g. poly(vinyl acetate) copolymers to
hydrophobic, e.g. vinyl chloride ethylene-based polymers.

Latex particles or films in close proximity to portlandite
were generally taken for the detailed LVSEM analysis: In
principle it is possible to find latex particles (by LVSEM)
close to a wide variety of inorganic crystals, the CSH and
CAH phases and both aluminum and silicate-free compo-
nents. Electron micrographs of latex particles close to
portlandite crystals (Fig. 2b) or to an ettringite needle
(Fig. 2d) are shown as examples. Large and brittle crystals
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Fig. 4. SEM images of tile mortar 3 after hydration and hardening with the latex particles (a) sticking to and (b) between portlandite crystals.

like ettringite and portlandite are most relevant from a
mechanical point of view. Additionally, due to the crystal
shape of portlandite (Ca(OH),), microcracks caused by
shear are easily visible within the hardened cement texture.
The variations in latex modified tile mortar systems,
presented in this study, therefore, describe differences in
the latex shape close to portlandite (by LVSEM) and in the
composition of the inorganic texture as detected by NMR.

Within the LVSEM images of Fig. 4, the latex of tile
mortar 3 (compare with Fig. 2b on tile mortar 1) is found be
to adsorbed onto the calcium hydroxide surfaces. The latex
nestles to the crystal surface, indicating a high compatibility
of both. A gap between the different portlandite plates is
visible, connected by latex filaments. Similar latex filaments
close to portlandite crystals can be found within the electron

Fig. 5. Electron micrographs of tile mortar 4 after hydration and hardening
showing the latex sticking between portlandite crystals given (a) as an
overview and (b) as a detailed view.

micrographs of tile mortar 4 in Fig. 5 after the hydration and
hardening. The shape of the latex, especially of the latex
filaments connecting the gap—visible in details in Fig. 5b
and also in Fig. 2d—is different. Latex lamellaec and
filaments possess a rather high surface roughness. Lamellae
and surfaces are not fully relaxed to a minimum surface
area. The latex within tile mortar 4 was optimized for
improved adhesion properties.

In contrast to this, the original particle shape of the “high
T, latex with particle sizes ranging from 200 nm to 1 um
within tile mortar 5 is still visible as shown in Fig. 6. Here a
portlandite crystal is shown, bound by latex particles to the
hardened cement matrix. Only partial film formation can be
observed even after | month of hydration and hardening. By
manual cracking, the final tile mortar is found to be more
brittle. In Fig. 7, the hydrophobic poly(vinyl chloride co-
ethylene) latex within tile mortar 7 is found to be partially
aggregated. The latex is sticking close to the inorganic
crystals and shows better film formation than the polar
“high T, latex. In contrast to the good compatibility
between the latex and the portlandite surface in tile mortar

T ~
e

Fig. 6. Partially filmed latex within tile mortar 5. The latex sticks the
portlandite to the hardened cement matrix.
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Fig. 7. Partially filmed latex within tile mortar 7 between the inorganic
crystals after hydration.

1 and 3 (Fig. 4), the contact angle of the latex to the
inorganic surface is clearly changed in tile mortar 7 as seen
in Fig. 7. The reduced compatibility between the latex and
the cement was already visible during sample preparation
(Section 2.1). Although similar polymer water interfaces
built up by poly(vinyl alcohol) are used in all latex systems,
changes in the latex mortar compatibility are clearly visible.
As shown in a previous study [47], the hydrophobic latex
acts as a hydrophobizing agent. Once hardened, the water
absorption was shown to be dramatically reduced.

3.3. Differences of inorganic composition

The change of the latex polymer also influences the
composition of the inorganic texture. When water is added
to the portland cement, hydration and crystallization take
place. During hardening, the water is immobilized and
bound to the inorganic matrix. Aluminum oxides and
aluminates within the portland cement are converted from
tetrahedral to octahedral co-ordination during hydration. In
the ?Al NMR spectra, tetrahedral co-ordination corre-
sponds to a chemical shift of 80-90 ppm, while the
octahedral resonances appear at 0-20 ppm. Within the
27Al NMR spectra of hydrated cement [29,30], the signal at
13.2 ppm corresponds to ettringite, the resonance at 9.8 ppm
corresponds to monosulfate (CaAl,06S04*12H,0), while
other aluminate hydrates can be detected at 5 ppm [30].
Calcium aluminosilicates contribute to both the weak 2’Al
signal at 60—80 ppm [30,33] and at —5 to 10 ppm.

The condensation of the silicate components can be
monitored by 2°Si NMR spectra. Original portland cement
contains Q° groups in the initial CS phases (calcium
silicate). There are no Si—O-Si bonds within the silicates;
the silicates are isolated from each other. During hydration
to CSH phases (calcium silicate hydrates), additional Q' and
Q? groups are formed, as the silicates undergo condensation

[31,32]. While Q' groups represent terminal end groups
within the silicate network, Q* groups reflect silicate chains.
Quartz (Q* groups), which is used as an inorganic filler, is
integrated into the network during hydration and reorgan-
ization of the portland cement.

In a previous study, the portland cement quartz mixture
was, along with other additives, modified with methyl
cellulose and poly(vinyl alcohol co-vinyl acetate) [42]. Both
are commonly applied as stabilizers to bind water to the
freshly prepared cement paste [6]. During hydration and
hardening, both organic additives were immobilized and
adsorbed to the inorganic matrix. In addition to the
stabilizing effect, the additives modify the Al distribution
between ettringite, monosulfate and other aluminate
hydrates. It was found that more ettringite is formed if low
amounts of 0.4 wt.% methyl cellulose or poly(vinyl alcohol
co-vinyl acetate) at 88% hydrolysis are applied. The silicates
within the hydrated cement show a higher degree of
condensation without cellulose ethers, while the influence
of poly(vinyl alcohol) on the silicate condensation is weak as
detected by 2°Si NMR [42]. Poly(acrylic acid) and poly(-
acrylamide) as additives have a strong influence on the
mechanical properties of a freshly prepared cement paste
acting as thickening/stabilizing agents, however their effect
on the NMR spectra of the final hardened cement is weak.
The stabilizing effect is enhanced compared to adsorption
and modification of crystal growth especially for high
molecular weight additives [42].

As seen in the 2’Al NMR spectra of Fig. 8, the ratio of
the hydration products ettringite to monosulfate changes

2TAINMR ettringite || monosulfate
15 kHz MAS other
hydration time aluminate
77 days hydrates

e) tile mortar 7
P(VC-E-Vinyllaurate) latex

d) tile mortar 5
P(VAc-E)-2 latex

e

¢) tile mortar4
P(VAc-E-VeoVa) latex

b) tile mortar 3
P(VAc-E)-1 latex

a) Reference
Portland cement

+ quartz + HyO 64 days

T

9 8 70 60 S50 40 30 20 10 0O -10 ppm
Fig. 8. 2"Al solid state NMR spectra of hardened cement pastes without (a)

and with latex and poly(vinyl alcohol co-vinyl acetate) in tile mortar 3 to 7
(b—e) after 2 month of hydration and hardening measured at 15 kHz MAS.
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depending on the applied latex polymer. The ettringite/
monosulfate ratio is increased in a similar way for all vinyl
acetate-based latex polymers within tile mortar 3 to 5. The
ettringite formation is even more dominant for the hydro-
phobic vinyl chloride-based latex within tile mortar 7. In
contrast to the ?’Al NMR spectra, the influence of the
combined organic additives on the *°Si NMR spectra is
weak and will not be discussed here.

Weak effects of the latex T, on the final properties of the
hardened cement pastes are reported in the literature at small
amounts of the latex additive [47,52,53]. Increasing T, was
found to increase compressive strength and to reduce shear
and adhesion strength of the tile mortar. These findings
nicely complement our results on the compatibility of the
latexes with the hydrated cement matrix.

3.4. Fibril structures and networks

In addition to the inorganic texture modified by the latex,
well-ordered fibers can be found within the hardened
cement admixture as shown in Fig. 9a. Beside the “high
T, latex particles of tile mortar 5 adsorbed to the hydrated
cement, additional fibers are visible covering a portlandite

crystal. As presented in Fig. 9b, these fibers are oriented in
three directions according to the crystal axes of portlandite.
With increased thickness, a more or less complete film can
be found. Despite all changes in the chemical composition,
these fibers could be detected within all investigated latex
modified tile mortar systems but not in latex and poly(vinyl
alcohol)-free samples (Fig. 9d). The ordering of the fibers
according to the crystal axes of the portlandite can be best
observed at low surface coverage as shown in Fig. 9c. At the
right upper corner of the SEM image, the contrast is lost due
to the fact that the portlandite is not oriented perpendicular
to the camera, but at an angle of about 40°. For a vertical
camera position, the angle between the fibers is found to be
about 60°, which is in good agreement with the hexagonal
structure of portlandite.

No thin fibers were found close to portlandite crystals
within latex and poly(vinyl alcohol)-free hardened cement
paste samples. In Fig. 9d, a LVSEM image of portlandite is
shown without the fibers. Here the cement was hardened
without latex and poly(vinyl alcohol) additives. The cement
to methyl cellulose, quartz and water ratio was the same as
within tile mortar 1 (see Table 1). Due to the composition of
the organic admixture within the tile mortar samples

Fig. 9. LVSEM images of hardened cement pastes showing (a) partially filmed latex within tile mortar 5 (in front) and fibers (left upper corner), (b) ordered
fibers within tile mortar 5 on portlandite along the crystallographic axis, (c) the hexagonal organization of the fibers on portlandite within tile mortar 7 at a
camera tilt angle of about 40° to the portlandite crystal surface, (d) ettringite and gypsum needles piercing a fiber-free portlandite crystal within a latex and

poly(vinyl alcohol)-free mortar sample.



J. Rottstegge et al. / Cement and Concrete Research 35 (2005) 2233-2243 2241

consisting of hydrolysis resistant latex particles stabilized by
poly(vinyl alcohol), excessive poly(vinyl alcohol) and low
amounts of cellulose ethers, these fibers most probably
consist of poly(vinyl alcohol). This is in accordance with the
literature, reporting on a fiber formation during saponifica-
tion of poly(vinyl esters) [54] and on a worm-like texture of
a poly(vinyl alcohol) hydrogel as prepared by freeze etching
of a 8 wt.% PVA solution in water [55] as detected by
LVSEM.

The fiber layer changes structure during electron beam
exposure. A series of images was taken during exposure at a
vertical camera position as presented in Fig. 10. While Fig.
10a depicts the initial situation close to the beginning of the
exposure (after 10 s), the exposure time (dose) is increasing
via Fig. 10b taken at 100 s to the applied maximum as
shown in Fig. 10c at 200 s. The irradiation of substrates with
an electron beam results in a charging and heating of the
exposed structures. While many inorganic structures are
quite resistant to low exposure doses at a acceleration
voltage of 1 to 3 kV, most organic components melt, are
cleaved or finally removed at high exposure doses. As seen
in Fig. 10a—c, the e-beam exposure of the fiber textures
results in both melting and material removal. The melting of
the structures causes the formation of a dense film, while in
the center of the electron beam close to the highest exposure
dose, the material is removed.

Similar polymer fibers can also be found forming a
network within the hardened cement paste. In Fig. 11, a
finespun web from polymer fibers filling the space between
ettringite needles is shown after hydration and hardening of
tile mortar 5. Here no macroscopic orientation within the
network can be found. Again the fiber structures can easily
be removed by the e-beam exposure and are not found in
poly(vinyl alcohol)-free samples. For most polymers, an
aggregation of a dissolved polymer to bulk material would
generally be expected upon drying. Here the fibers as
depicted in Fig. 11 are elongated to a length of a few
hundred nanometers. The web formed from the polymeric
fibers might be correlated with the original morphology of
the PVA within the aqueous solution between the cement
grains [55]. Additionally, it should be kept in mind that the

I

e
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"
"o

Fig. 11. Network from polymer fibers in tile mortar 5 beside the larger
ettringite needles after hydration.

poly(vinyl alcohol co-vinyl acetate) forms fibers at a high
degree of hydrolysis.

So polymer fibers form both, well-ordered layers on
inorganic crystals like portlandite and weak networks
between the crystals. The polymer fiber structures are
present in addition to the organic network of the latex. As
a result, both the latex and the polymer fibers can be
observed within the electron micrographs in Fig. 12a and b
sticking between portlandite crystals within tile mortar 7. In
addition to the well-known latex network, the combined
organic network provides enforced mechanical flexibility to
the hardened cement paste.

4. Conclusion

Solid state NMR and scanning electron microscopy
methods were used to determine the composition and texture
of tile mortar systems and the influence of organic additives
on the hydration and hardening of cement pastes. The
investigated tile mortar systems were made from portland
cement, quartz, methyl cellulose and redispersible latex
powders. All dispersion powders were stabilized by poly
(vinyl alcohol co-vinyl acetate) at 88% hydrolysis. Latex
polymers were chosen to be poly(vinyl acetate co-ethylene),

Fig. 10. Film formation of polymer fibers and polymer removal during e-beam exposure in tile mortar 7 (left to right: increasing exposure time of about (a) 10,

(b) 100 and (c) 200 s).
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Fig. 12. Latex and polymer fibers sticking between portlandite in tile mortar 7 after hydration.

poly(vinyl acetate co-ethylene co-versatic acid vinyl ester)
and poly(vinyl chloride co-ethylene co-vinyl laurate)
copolymers. As the pH within the cement paste is about
13, especially the stability of the vinyl acetate copolymers
against hydrolysis is an important issue. Only minor
differences can be found within the '*C CP MAS spectra
of the corresponding tile mortars before and after hydration
and hardening at an ethylene comonomer content of 22 wt.%
within the poly(vinyl acetate co-ethylene) latex polymer.
The spectra clearly change at 9 wt.% comonomer content.
So latexes from vinyl acetate ethylene copolymers stabilized
by PVA are found to be stable against the alkaline medium at
an ethylene content of about 22 wt.%, while partial
hydrolysis occurs for ethylene contents of 9 wt.% or lower.

The latex within the tile mortar system is adsorbed to the
inorganic surfaces and acts as glue for the crystals. Latex
particles are known to provide increased flexibility to the
concrete, which can be traced down to the microscopic
length scale. Due to the low concentration of 3 wt.%, partial
latex film formation only is observed. Addition of PVA
stabilized latexes and methyl cellulose changes the distri-
bution of aluminum to the crystallization products as
detected by 2’Al NMR. Hardening in the presence of the
added PVA stabilized latexes results in an increased
ettringite monosulfate ratio within the hydrated cement,
while the influence of the organic additives on the silicate
hydration and condensation is weak.

Despite the small differences in Ty, of 30 °C and in
hydrophilicity between the quite polar and hydrophilic
poly(vinyl acetate) copolymers and the hydrophobic vinyl
chloride ethylene-based polymers marked differences in the
latex modified tile mortar systems are found. Taking latexes
close to portlandite (Ca(OH),) as sensors for LVSEM
analysis, the vinyl acetate-based latexes generally show a
small contact angle and therefore a good compatibility with
the calcium hydroxide surface. At a T, below 0 °C, the latex
sticks well to and between the portlandite crystals and acts
as a glue. At a T, of 16 °C, a reduced latex particle
coalescence and adhesion to the portlandite is found. The
compatibility between the latex and the portlandite is clearly
reduced for the hydrophobic poly(vinyl chloride co-ethyl-
ene)-based latexes. This results in an increase in the contact

angle between both phases. A change in the latex polymer
additionally modifies the hydration products of the alumi-
nate clinker phases. While only minor differences in the
silicate structure can be found between the various vinyl
acetate-based latex polymers, the ettringite/monosulfate
ratio is clearly increased for the vinyl chloride-based latex.
The inorganic texture is modified by latexes and thin
fibers within all tile mortar systems but not in latex and
poly(vinyl alcohol)-free samples. Due to the fact that the
investigated latex additives have different latex polymers
but similar surfactant interfaces made from poly(vinyl
alcohol), the fibers are most probably polymers deriving
from excessive, not grafted PVA. These polymer fibers
order on portlandite crystal surfaces according to the crystal
axes having an angle of 60° between the three main
directions. Beside these ordered structures, the polymer
fibers form an organic network in addition to the latex
network. On low dose e-beam exposure, these fibers form
films, while at high doses the fibers are finally removed.
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