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Abstract

The impact of polymer modification on the physical properties of cementitious mortars is investigated using a multimethod approach.

Special emphasis is put on the identification and quantification of different polymer components within the cementitious matrix. With respect

to thin-bed applications, particularly tile adhesives, the spatial distributions of latex, cellulose ether (CE), polyvinyl alcohol (PVA), and

cement hydration products can be quantified. It is shown that capillary forces and evaporation induce water fluxes in the interconnected part

of the pore system, which transport CE, PVA, and cement ions to the mortar interfaces. In contrast, the distribution of latex remains

homogeneous. In combination with results from qualitative experiments, the quantitative findings allow reconstruction of the evolution from

fresh to hardened mortar, including polymer film formation, cement hydration, and water migration. The resulting microstructure and the

failure modes can be correlated with the final adhesive strength of the tile adhesive. The results demonstrate that skinning prior to tile inlaying

can strongly reduce wetting properties of the fresh mortar and lower final adhesive strength.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Commercially available tile adhesive mortars consist of a

binder and mineral fillers, and are usually modified with

cellulose ether (CE) and redispersible polymer powder

(RP). These additives fulfil different tasks during the

evolution from fresh to hardened mortar. The main purposes

of CE are thickening, air entrainment, and water retention to

establish proper workability properties. RPs further improve

fresh mortar rheology, but mainly provide flexibility and

tensile strength of the hardened mortar. The powder is

usually manufactured by spray drying of a polyvinyl

alcohol (PVA) containing latex emulsion. The most typical
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binder is ordinary Portland cement, used in combination

with different types of mineral fillers. The simultaneous

existence of binder and polymers provokes the interaction

of two fundamental processes: polymer film formation and

cement hydration. In comparison to common concrete

technology, polymer-modified, thin-bed mortars are char-

acterised by high water/cement ratios of about 0.8, but due

to their high surface/volume ratios, they dry out more

quickly. As a result, the cement has a low degree of

hydration (less than 30%, instead of N90% as in concrete

described in Ref. [1]). Tile adhesive mortars typically also

contain a much higher air void content (25 vol.%, instead of

b5% in concrete; see Fig. 1a).

To date, the influence of polymers has generally been

investigated in an empirical manner by comparison of

physical properties (compressive, flexural, and adhesive

strengths) from different mortar formulations (e.g., Refs. [2–

7]). In general, these studies document that the increase of

strength can be correlated with concentration and type of
arch 35 (2005) 35–50



Fig. 1. SEM images showing the microstructure of a tile adhesive (fracture surfaces coated by Au evaporation technique). The mortar formulation is given in

Table 1, but with 3 wt.% EVA redispersible powder. (a) Overview showing a cross-section through the mortar bed. The microstructure is typically dominated

by a large number of air voids. Details: (b) latex film bridging a shrinkage crack at the mortar–tile interface. (c) CE film at the air void interface and (d) polymer

film in a capillary pore of the cement–polymer matrix.
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latex polymers. Furthermore, Larbi and Bijen [8] measured

the pore solution chemistry of different polymer-modified

mortar formulations in function of time, and concluded that

latices interact with ions in pore solution. Changes in

covalent latex bonds due to chemical interactions with

cement ions are also documented by infrared spectroscopy

[9,10]. A review of such interaction processes, mainly based

on studies of ion measurements in aqueous systems, is given

in Ref. [11].

In this paper, we focus on the fundamental relationship

between the microstructure and the macroscopic properties of

modified mortars. It is generally accepted that physical

properties of cementitious materials are strongly dependent

on microstructural aspects. For example, several studies

correlate the pore size distribution with polymer modification

(e.g., Ref. [12]). However, only few studies investigated the

role of polymers in modified mortars as manifested by their

morphology and distribution within the microstructure (e.g.,

Refs. [13,14]). Su et al. [15,16] and Dimmig [17] describe the

adsorption of latex on cement grains immediately after

mixing, resulting in early film formation and reduced

hydration rates. The remaining part of the polymers, which

is presumably dispersed in the pore water, undergoes film

formation during the subsequent drying period.
In all microscopic investigations, the identification of

polymers within the cementitious matrix is a major

problem, especially for commercial formulations with low

polymer concentrations of 1–4%. More severe, polymer

modification of mortars generally are based on a variety of

different polymer types, requiring the identification of

these different phases in the mortar microfabric (various

latices, CE, and PVA, the latter as a component in many

commercial RPs).

For a profound understanding of the phase distributions

in the mortar microstructure, which influence the physical

properties of mortar thin-bed applications, the role of

inhomogeneities has to be taken into account. Mortar–tile

and mortar–substrate interfaces in particular represent

inherent zones of weakness, which may dominate the final

adhesive strength of the entire system. Further local

inhomogeneities may form within the matrix by mechan-

ical (e.g., application), physical (e.g., capillary forces/

evaporation and associated water flux), or chemical

processes (e.g., local precipitation). Water transport is a

potential mechanism for efficient mass transfer, i.e.,

redistribution of dissolved chemical species. Schweizer

[18] and Zurbriggen [19], for example, have documented

enrichment and depletion of CE and inorganic phases at
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mortar interfaces. In situ investigations in an environ-

mental scanning electron microscope (ESEM) revealed that

CE and PVA may become mobile during wetting and

drying cycles, whereas latices remain immobile [20].

However, the general distribution patterns of these polymer

types in thin-bed applications and the associated fractio-

nation processes have not yet been described. For this

purpose, the different polymer components and their

spatial distribution within the mortar bed have to be

visualised and quantified by different approaches [21,22].

In addition, the study of potential fractionation mecha-

nisms during mortar evolution requires a time-resolved

microanalysis. Unfortunately, it is impossible to continu-

ously follow microstructure evolution in situ during the

entire time ranging from fresh mortar stage to the final

hardened mortar. Consequently, it is necessary to combine

quantitative studies on the end product with in situ

experiments to analyse a particular stage, and to trace

critical periods of the microstructural evolution.

Until now, no straightforward method existed for micro-

scopic identification and quantification of different polymer

components within the mortar. The major goal of this study

is to describe the general morphology of different polymer

types within the mortar to distinguish them, to identify

potential local enrichments, and to correlate them with the

associated fractionation processes. The mutual interpretation

of the microstructural evolution, mechanisms involved and

resulting material properties, is an important step toward a

better understanding of polymer–cement composites and the

development of new products.
Table 1

Typical formulation for ceramic tile adhesive used for all samples in this

study, unless otherwise indicated

wt.% of

dry mix

Component Details

35.0 Ordinary Portland

cement

CEM I 52.5 R, Jura Cement

Fabriken, Wildegg, CH

40.0 Quartz sand 0.1–0.3 mm, Zimmerli

Mineralwerke, Zqrich, CH
22.5 Carbonate powder Durcal 65, average grain size

57.5 Am, Omya, Oftringen, CH

0.5 Cellulose ether MHEC 15000 PFF, Aqualon,

Dqsseldorf, D
2.0 Redispersible

powder

VC (vinyl–acetate/ethylene/vinyl–

chloride copolymer), SA

(styrene/acrylic copolymer), EVA

(ethylene/vinyl–acetate copolymer):

laboratory samples with different

latex compositions, containing

PVA, Elotex, Sempach Station, CH

25.5 Water Deionised

As common in mortar business, the percentages relate to 100 wt.% of the

dry mix.
2. Materials and methods

The microstructural evolution of tile adhesives was

investigated by a multitude of qualitative and quantitative

methods, carried out (a) on the hardened mortar and (b)

during transient stages of the mortar evolution.

(a) The general sample preparation resulted in a specimen

composed of three layers, the concrete substrate, the

mortar bed, and the tile. Depending on the analytical

method used, specific preparation steps were per-

formed. The film morphologies in hardened mortar

were investigated by scanning electron microscopy

(SEM) on fracture surfaces. Concentration profiles

across the mortar bed were measured by wavelength

dispersive X-ray spectroscopy (WDX) element map-

pings and fluorescence microscopy, both acquired on

polished sections. Thermogravimetric and differential

thermal analysis (TGA/DTA) of layer-wise sample

series across the mortar bed resulted in the distribution

pattern of portlandite and provided a rough idea on the

spatially resolved degree of cement hydration.

(b) ESEM freeze–dry experiments on fresh mortar pastes

revealed the CE behaviour during the early stages of
mortar evolution. Light microscopy on polymer films

in model systems outside the mortar illustrated

principles of film formation mechanisms.
2.1. General sample preparation

With two exceptions (film formation experiments in

model systems, and freeze–drying in ESEM), all samples

were prepared according to EN 1348: the general mortar

formulation was similar to commercial ceramic tile

adhesives (Table 1), but not optimised to further improve

the final mortar properties, e.g., adhesive strength. All

dispersions are PVA stabilised. Furthermore, PVA is added

as redispersing aid of the RP. This PVA is thought to be

mobile in the mortar. All dispersions have a mean particle

size d(0.5) of about 1 Am. To identify the functionality of

specific polymer types, formulations containing only one

polymer type have also been investigated. In these samples,

mineral fillers replaced the quantity of polymer omitted,

and the percentages of all other components were kept

constant.

After mixing, fresh mortar was applied on a concrete

plate in two steps: as a first contact layer with a thickness

corresponding to the coarsest grain size of the filler

components (approximately 0.3 mm), which then was

trowelled repeatedly with a toothed trowel (profiled

6�6�6 mm). After 5 min (Open Time), the fully vitrified

ceramic tiles (5�5�0.5 cm) were laid in and loaded with

2 kg for 30 s. Then, the samples shown in Fig. 2 were

stored for 28 days at 23 8C and 50% relative humidity

(RH).

All results presented below are based on the chosen

experimental setup and may deviate for different substrate

and tile materials or dimensions (e.g., Ref. [18]).



Fig. 2. The hardened mortar sample. Between tile and substrate, the mortar

ripples are deformed to a continuous mortar layer, shown in Fig. 1a.
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2.2. Light microscopy: film formation in model systems

Polymer films were produced outside the mortar using

two different experimental setups: (a) film formation on

metal grids and (b) film formation between two glass plates.

(a) As described in Refs. [23,24], films were produced

from polymer dispersions/solutions using grids with

86�86 Am sized square voids (TEM grids), which were

dipped into diluted polymer dispersions/solutions. The

solid content of RP redispersions and of latex
Fig. 3. Early polymer film formation in model systems (a, b) and in the fresh morta

latex films formed at the evaporation front of a drying redispersion between two

perpendicular to the glass slides. (b) Top view (transmitted light microscopy) of a s

phases formed, an inner PVA film (smooth), and an outer latex film (structured). (c

whose surface is covered with CE (water sublimated; ESEM in situ cryo-experime

glass slides, and observed by polarisation light microscopy. Note that CE films w

after mixing.
dispersions was about 10% in both cases, the solid

content of CE solutions 2%, and of the PVA solutions

2.2%. This procedure resulted in the formation of films

within the grid meshes. The polymer films contained

holes (Fig. 3b), indicating a small film thickness,

similar to the sail-like films observed at air void

interfaces in mortars (Fig. 1). The polymer films were

then investigated with transmitted light microscopy.

(b) Following the description of Ref. [25], agglomeration

and film formation can be observed under the light

microscope, where the polymer redispersion/solution

or the fresh mortar paste is prepared between two

glass slides. Due to evaporation, the waterfront

retreats provoking the formation of polymer films

between the glass slides parallel to the light beam

(Fig. 3a and d). In case of PVA and CE, the optical

anisotropy induced by polymer chain ordering causes

birefringence colours, a clear indication for PVA and

CE films.

2.3. Fluorescence laser scanning microscopy (LSM): PVA

and CE distribution patterns

To visualise variations in the local distribution of PVA

and CE, samples were formulated with only one specific
r (c, d). (a) Alternating sequences of polarising PVA (bright) and structured

glass slides. The films formed parallel to the light beam of the microscope,

ituation similar to (a), but formed in the void of a grid. There are clearly two

) Fracture surface of a previously shock-frozen fresh mortar with an air void

nt). (d) Filler, CE, and water were mixed, applied as thin layer between two

ere already formed between two air voids at the time of inspection, 15 min
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polymer being stained (either PVA or CE). Samples

containing RP (latex+PVA) and stained CE, as well as

samples containing latex, CE, and stained PVA were

prepared according to Section 2.1. The hardened mortar

samples were impregnated and polished [22] to obtain a

mortar cross-section along the xy plane (Fig. 2). For

subsequent investigations, a laser scanning microscope

ZEISS 410 was used. Because PVA and CE did not occur

within large voids or in the interior of unhydrated cement

and filler grains, the resulting signals from the polymer

were normalised to the area occupied by the cement–

polymer matrix using digital image analysis. The cement–

polymer matrix is defined as the total of all cement and

polymer phases and gel/capillary pores [22]. In this

manner, the polymer distributions in the cement–polymer

matrix were obtained. Due to this normalisation, an

eventual inhomogeneous distribution of air voids and

fillers did not affect the polymer distribution. Variations

of PVA and CE concentrations as a function of the

distance from the substrate interface were obtained by

segmentation of the LSM image into horizontal stripes

oriented parallel to the aforementioned interface and lying

in the xy plane (Fig. 2). The substrate was analysed with

the same methods. An extensive description of polymer

staining, sample preparation, sample measuring, image

processing, quantification, and calculation of errors is

given in Ref. [22].

2.4. Electron microscopy

2.4.1. Qualitative SEM investigations of polymer films on

fracture surfaces

Fracture surfaces of mortar samples were investigated

using a CamScan CS4 scanning electron microscope

equipped with a Robinson backscattered electron (BSE)

detector and a Voyager 4 digital image acquisition system

for energy dispersive spectroscopy. Samples were coated by

evaporation either with carbon or with gold (C: Balzers

Carbon Coater; Au: Edwards E12E2). Distance between

target and sample was around 25 cm. It is important to note

that evaporation coatings with smaller distances can heat up

the sample considerably and may destroy the polymer

structures.

Polymer structures in the mortar microstructure are

characterised by smooth surfaces. Unfortunately, this

observation is also valid for cement gels, requiring addi-

tional identification criteria for polymer microstructures:

! Polymers have a much lower average atomic number

(Z) compared to mineral components. The backscatter-

ing coefficient and the grey value on BSE images is a

function of the Z value [26]. Therefore, polymer

microstructures are transparent or dark on BSE images,

in contrast to mineral phases, which have a signifi-

cantly higher Z value. The comparison between BSE

and secondary electron (SE) images is thus a reliable
way to distinguish between polymer films and

cementitious gels.

! Polymer phases are prone to be damaged under the

electron beam [27] whereas gel-like mineral phases are

much more resistant. Structural changes due to beam

interactions can thus be used as criteria for the

distinction between polymer and mineral components.

Structural changes on the surface of polymer films in

carbon-coated or in noncoated samples, e.g., in an

ESEM, can be induced using high magnification,

acceleration voltage, and beam current as well as an

extended dwell time.

2.4.2. ESEM freeze–dry experiments on fresh mortar

To study the distribution of CE in fresh mortar, pastes

with CE as the only polymer component were used (see

Section 2.1 and Table 1). Immediately after mixing, small

pieces of the fresh paste were shock frozen in liquid

nitrogen. Fracture surfaces of shock-frozen samples were

then studied in an ESEM-FEG XL30. The sample was

inserted under the presence of liquid nitrogen into the

sample chamber, where the liquid nitrogen was evaporated

and the sublimation of the frozen pore solution was

followed using N2 as imaging gas. After sublimation of

the pore solution, distribution of CE in fresh mortars became

visible (Fig. 3c). Polymer and mineral phases were

distinguished according to the criteria given above.

2.4.3. Latex distribution patterns based on WDX element

mapping

VC latex contains chlorine, which allowed the local-

isation of this latex type by chlorine mapping done by

WDX. Element distribution maps were measured on

impregnated and polished samples using an electron

microprobe (Cameca SX-50). The mortar formulation is

given in Table 1. Similar to CE and PVA quantification, an

identical normalisation procedure was applied to the

element distribution maps to obtain the VC latex distribu-

tion in the cement–polymer matrix. The complete descrip-

tion of sample preparation, data acquisition, image

processing, quantification, and calculation of errors is given

in Ref. [22]. The substrate was analysed by the same

method. Ca, Si, and BSE were mapped simultaneously with

Cl. Calcium and Si mappings were used to discriminate and

quantify calcite and quartz fillers, air voids, and the cement–

polymer matrix. In addition, anhydrous clinker was distin-

guished from the rest of the matrix based on BSE images.

According to Ref. [28], the fraction of anhydrous clinker

was used as a measure for the degree of hydration.

2.5. Thermogravimetric analysis

In general, the samples were prepared and measured

after Ref. [19]. More specifically, the tile (5�5 cm) was

removed from the hardened sample after a normal dry

storage following Section 2.1 (formulation according to
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Table 1). To receive a plane failure surface at the tile–

mortar interface, a polyethylene foil was inserted between

tile and mortar. A zone of about 1.5 cm width was then

removed from the mortar rim to avoid carbonation artefacts

from the mortar edges, leaving a quadratic analysis region

of 2 cm length and about 1.4 mm height. Sequential

profiles through the analysis volume were obtained by

scratching of layers of 0.2 mm thickness using a variety of

distance holders. Each layer was measured by TGA on a

TGA/SDTA 851e from Mettler Toledo. The following

experimental parameters were used: 150 Al platinum

crucible, 30–1000 8C, 10 8C/min, 50 ml air/min. The use

of air as circulation gas during measurement and the release

of CO2 by polymer decomposition as described in Ref. [29]

may result in carbonation of Ca(OH)2. This presumably

leads to a systematic reduction of the measured Ca(OH)2
concentration. However, taking into account this systematic

error, the observed relative variation across the mortar bed

can be considered to reflect true variations of the Ca(OH)2
contents although the values of the absolute concentration

are underestimated.

Based on the weight loss of the endothermic dehydration

step at about 450 8C, the Ca(OH)2 was stochiometrically

quantified. The Ca(OH)2 concentrations of each layer were

then plotted vs. the vertical distance. Any fine-grained

component is part of the cement matrix, which is enriched

towards both interfaces: the tile and the substrate. To check

for potential fractionations within the matrix, the quantity of

the component has to be normalised with respect to the

matrix. For this purpose, the measured values are normal-

ised by the weight of fine filler and cement, where the

amount of carbonate fine filler is estimated by thermal

decarbonation between 550 and 800 8C. Using the

formulation percentages (22.5 g CaCO3 on 35 g of cement),

a bulk weight of fine filler and cement was calculated. The

required assumption that both fine filler and cement are

homogeneously distributed throughout the matrix was

confirmed by element mapping.

Furthermore, TGA allows an estimation of the degree of

cement hydration. Most dry stored tile adhesives of test

samples show a total dehydration weight loss indicating a

water/cement ratio of 0.12. Assuming a minimum water/

cement ratio required for full cement hydration of about

0.38 [30], the TGA data indicate that only about one third of

the cement is hydrated.

2.6. Adhesive strength tests and failure surface analysis

The adhesive strength was measured on substrate–

mortar–tile systems by standard tensile tests according to

EN 1348. The errors based on the standard deviations are in

the range of F10%. The structure of the failure surface was

then macro- and microscopically investigated. Most surfaces

showed criteria of mixed adhesion and cohesion fracturing.

In a first approach, macroscopic images of the failure

surface on the tile side were acquired by a common colour
flat bed scanner (Paragon Mustek 1200 A3 PRO). The area

percentages of adhesion and cohesion failure were evaluated

by image analysis (failure mode distribution after Ref. [7]).

Due to the strong colour contrast between the light tile and

dark mortar, adhesion and cohesion fractures were easily

distinguished. The microstructure of the failure surface from

tile and substrate are investigated by SEM in the same

manner as described for fracture surfaces.
3. Results

3.1. Appearance of polymers in model systems

Investigations on polymers in simplified model systems,

e.g., latex films outside the mortar, are generally straightfor-

ward in terms of preparation and reveal time-dependent

information about redispersion and film formation. Fig. 3a

shows a cross-section of alternating latex and PVA segments

formed from a redispersion (redispersed RP) between two

glass plates during water evaporation. The optical resolution

was insufficient to study the presence of unordered PVA

within or on the latex film. Fig. 3b shows latex and PVA

films that formed due to drying of the redispersion on a grid.

Whereas latex and PVA form at the evaporation front that

moves within the mortar from substrate to tile during

hardening, CE films can form along air pore walls during

the wet fresh mortar stage, right after or even during mixing

(Fig. 3d). The latter inference was additionally confirmed by

in situ ESEM experiments, where CE also was present at air

void interfaces (Fig. 3c).

3.2. Appearance of polymers in the hardened mortar

Depending on their occurrence within the mortar, three

different types of polymer domains can be distinguished

(Fig. 1): (1) polymer domains at the interfaces between

mortar and tile (Fig. 1b) and mortar and substrate, (2)

polymer domains at air void interfaces (Fig. 1c), and (3)

polymer domains within the cementitious matrix (Fig. 1d).

The second type was easily recognised in SEM investiga-

tions by its large size and smooth surface. However, in the

case of the third and partly also for the first type of polymer

films, no morphological criteria are available to properly

distinguish them from mineral components because of a

dense intergrowth with cement minerals. Therefore, addi-

tional criteria, such as density contrast (comparison of BSE

and SE images) and the sensibility of polymers to the

electron beam (beam damage, as described above), were

used for discrimination. Nevertheless, in microstructural

investigations, the first and third types of polymer domains

are usually underestimated because of the difficulties in

identification. Therefore, we focus on the second type of

polymer domains at air void interfaces. Based on their

characteristic appearance, several film types consisting of

different polymer components can be identified.
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Fig. 4 shows latex, CE, and PVA structures in non-

commercial laboratory mortars modified only with one

specific polymer. Although rare, latex films were found,

which form thick films (N4 Am) between two adjacent air

voids (Fig. 4a). The film edges are rounded. Towards the

contact with the matrix, the intergrowth with cement grains

gradually increases, creating a rough surface. Pure polymer

domains without cement intergrowth generally have a

smooth surface, which indicates an advanced latex film

formation (Fig. 5a, lower left corner).
Fig. 4. SEM images of different types of polymeric microstructures on

carbon-coated fracture surfaces in model mortars containing only one

polymer type: (a) latex, (b) CE, or (c) PVA.
CE films are frequently observed between two juxta-

posed air voids and also along the pore wall of a single air

void. These sail-like CE films are characterised by a

thickness of less than 1 Am. The low thickness and density

lead to electron transparency in carbon-coated samples (Fig.

4b). The surfaces of CE films are smooth and cement

inclusions are rare.

PVA films closely resemble CE structures with respect to

thickness and electron transparency (Fig. 4c). However,

PVA domains are rarely observed on the micron scale.

Consequently, they are thought to be mainly integrated in

the cement–polymer matrix at the submicron scale.

As documented by a comparison between SE and BSE

images (Fig. 5a and b), latex films may contain a high

quantity of cement minerals. On the SE image, the latex

domain appears as a relatively smooth and plain film (Fig.

5a, lower left corner), whereas the BSE image, which

reveals more depth information, shows cement minerals that

are embedded within the latex film (Fig. 5b). Such massive

latex–cement composites are typical for all types of latex

films in samples without CE. In real tile adhesive

formulations containing both RP and CE, composite

structures of the two polymers are frequent, but the resulting

composite morphology differs from the massive latex films

shown in Figs. 4a and 5a and b. In mortars modified with

SA and CE, no electron transparent CE films can be

observed. Therefore, the polymer structures are considered

to represent CE–latex composites. These composite films

are thin and plain (Fig. 5c). Frequent occurrence of fractures

as well as sutured edges indicate a brittle behaviour. Again,

intense intergrowth with cement phases is documented in

the BSE image (Fig. 5d). In mortars modified with EVA and

CE, composite polymer structures also differ drastically

from pure EVA latex structures. The composite films are

thinner, have a plain surface, and are often cracked (Fig. 5e).

They partly consist of electron transparent domains,

probably composed of pure CE (Fig. 5f). In contrast to

samples with SA and CE, the EVA- and CE-modified mortar

contains also pure CE films.

In summary, the different polymer components can be

distinguished based on distinct morphological character-

istics. However, the qualitative identification is mainly

restricted to large polymer domains at air void interfaces. To

link microstructural information with data from physical

tests (e.g., strength), the spatial distribution of different

polymer components needs to be quantified, also incorpo-

rating small-scale polymer domains within the cement–

polymer matrix and/or polymer components at the mortar–

tile interface.

3.3. Distribution patterns

Water transport in fresh mortar may lead to a redistrib-

ution and fractionation of polymer and mineral components,

which can influence final physical properties, such as

adhesive strength. Such relationships between microstruc-



Fig. 5. Composite structures in mortars with several polymer components (SEM images of carbon-coated fracture surfaces). (a) SE and (b) BSE images of VC

latex–cement composite microstructures. (c) SE and (d) BSE images of SA latex–CE–cement composite microstructures. SE image of EVA latex intergrown

with CE in the overview (e) and a close-up view from the area in the upper left corner (f).
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tures and physical properties can be detected by comparing

distribution patterns of mortar components with the corre-

sponding failure surfaces.

A representative example for the distribution of VC latex

is given in Fig. 6, indicating that within the analytical error,

the latex is evenly distributed within the cement–polymer

matrix along the y axis (Fig. 2). A comparison of measure-

ments performed on former grooves and ripples (application

stage) also reveals homogeneous VC latex distribution. In
Fig. 6. Concentration profile of VC latex in the cement–polymer matrix

sampled across the mortar bed on an xy section (Fig. 2). Data is collected by

electron microprobe analysis (chlorine distribution map) and then processed

with image analysis. The area analysed is 1.5 mm wide and the thickness of

the mortar bed is about 1.3 mm. Average concentrations are determined for

10 stripes parallel to the mortar bed. Each stripe represents an area of

approximately 1.5�0.13 mm.
all cases, no latex was measured within the underlying

porous concrete substrate or the tile.

Analogously, representative diagrams for the distribution

of CE and PVA are shown in Fig. 7. In the case of CE in

VC-modified mortar, a slight but continuous increase

towards the substrate is observed (Fig. 7a). However, in

the lowermost part of the mortar bed, the CE concentrations

decrease. Maximum CE concentrations are observed at the

top of the first contact layer.

In the SA-modified mortar sample, the CE distribution is

more heterogeneous (Fig. 7c). Again, the CE concentrations

decrease towards the underlying concrete substrate. In

analogy to Fig. 7a, a local maximum occurs at the top of

the first contact layer. For all distribution diagrams, a slight

but reproducible enrichment of CE is observed directly at

the contact between mortar and tile. These results are

consistent with Zurbriggen [19], who measured CE enrich-

ments in tile adhesives towards the porous substrate and the

porous tile.

In both VC- and SA-modified mortars, PVA is homoge-

neously distributed in the upper mortar part. Only at the top

of the first contact layer a slight, but reproducible enrich-

ment, occurs (Fig. 7b and d). Furthermore, a slight enrich-

ment of PVA exists at the mortar–substrate interface.

About 2% of total CE and 7% of total PVA can penetrate

to a maximum distance of 300 Am into the concrete

substrate along microcracks. In contrast, latex was never

found in the concrete substrate.

In general, the volume fraction of anhydrous cement

phases is systematically 0.05 higher for latex- and CE-



Fig. 7. Concentration variations of CE and PVA in the cement–polymer matrix as a function of the distance from the substrate surface (along y axis in Fig. 2).

(a, b) VC-modified mortar. (c, d) SA-modified mortar. Data is collected by confocal LSM on an xy section (Fig. 2), and then processed with image analysis.

The analysis was done over the half length of the mortar bed (along x axis, Fig. 2) resulting in an area of 25�1.3 mm.

Fig. 8. Distribution diagram of portlandite Ca(OH)2 in mortar as a function

of the distance from the substrate surface ( y axis in Fig. 2). Data are based

on TGA bulk analysis of a measurement series sampled across the mortar

bed. Each sample corresponds to a layer in the xz plane (Fig. 2) of about 0.2

mm thickness. The effect of potential carbonation of Ca(OH)2 during TGA

is discussed in the text.
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modified mortars compared to mortars without latex. For all

samples, the local variations in the volume fraction of

anhydrous phases are smaller than 0.1 and no identical

distribution patterns can be observed in different samples.

Further differentiation of the cement hydration products by

more precise TGA indicates a Ca(OH)2 depletion towards

the substrate (Fig. 8).

3.4. Adhesive strength and failure surface analysis

A general relationship of adhesive strength as function of

different polymer components (CE, PVA, and several types

of latex) is shown in Fig. 9, where six mortar formulations

with different polymer components have been tested.

In latex-free samples, the addition of PVA leads to a

slight increase of adhesive strength (see also Ref. [31]),

while different latex modifications (VC, SA, and EVA) lead

to a strong increase in adhesive strength. Note that the

measurements of RP-modified mortars are situated within

the error range of F10%. A higher latex concentration

clearly increases adhesive strength.

Studies of the failure surfaces document important

structural variations, which can be linked with the measured
adhesive strength. On the macroscopic scale, adhesion

failure occurs more frequently at former mortar ripples,

whereas cohesion failure is mostly restricted to former

grooves (Fig. 10). Adhesion fractures are exclusively



Fig. 11. Top view and schematic profile A–B (trace of profile is indicated in

the picture) of a mortar sample illuminated with ultraviolet light to excite

the stained CE within the mortar. The relative amounts of CE are

represented by different light intensities (increasing from 0 to 4), which

correspond with specific mortar domains: 0=tile, 1=cohesion fracture,

2=adhesion fracture at the mortar–tile interface, 3=fracture at the top of the

contact layer, and 4=mortar surface beside the tile (not covered). The inset

(bottom right) represents an SE SEM image of a failure surface at the

ripple–groove transition.

Fig. 9. Adhesive strength of mortars modified with different polymer

combination (Table 1). Each of the six data bars represents the average

value obtained from five measurements on equivalent samples. The PVA

content in formulation bCE/PVAQ equals the PVA content in the

formulations containing RP (bCE/VCQ, bCE/SAQ, bCE/EVAQ). The content

of RP in formulation bCE/3d EVAQ is 6 wt.%, three times higher than the

standard mortar.
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localised at the tile–mortar interface. Failure at the mortar–

substrate interface is not observed, but cohesion failure

occurs at the first contact layer surface. In Fig. 10, the values

of the adhesive strength tests are plotted against the area

percentages of cohesion fracturing observed on the failure

surfaces. All data are collected from the same sample (SA-

and CE-modified mortar). The linear trend indicates a

positive correlation between area percentage of cohesion

failure and adhesive strength.

SEM investigations on failure surfaces point out micro-

structural differences between former ripples and grooves.

The lower part of the inset of Fig. 11 depicts the ripple area

with a smooth failure surface (adhesion failure), which

shows significantly less air voids than the interior of the

mortar bed. Unusually large air voids with irregular shape

correspond to air voids, which were entrapped during tile

inlaying (arrow in inset of Fig. 11; [22]). The upper part of

the inset reflects the area of a former groove region, which is

characterised by a low proportion of adhesion fracturing. In
Fig. 10. Adhesive strengths plotted versus the area percentage of cohesion

fractures. Data represent six equivalent mortar samples (modified with SA

and CE). The two micrographs document the mixed failure patterns on the

tile side. The dark and bright areas represent cohesion and adhesion failure,

respectively.
contrast to the ripple domains, the size of air voids in the

groove domains is comparable to those in the mortar’s

interior. Deeper structural domains are exposed due to

cohesion failure within the mortar bed.

Based on fluorescence microscopy, CE and PVA

distributions on failure surfaces can be monitored. This is

shown in Fig. 11 where the brightest domains (4) represent

surfaces which were not covered by a tile. The enrichments

at the mortar–tile interface and at the contact layer surface

(Domains 2 and 3) exposed due to adhesion fracturing are

weaker. Darkest areas reflect surfaces of cohesion fractures

depleted in CE (1).
4. Discussion

Based on numerous micro- and macroscopic observa-

tions, the structural evolution of polymer-modified mortars

can be reconstructed. The associated mechanisms, such as

film formation, drying due to evaporation, and hydration,

are summarised schematically in Fig. 12. Although the

mechanisms described below occur in similar applications,

the resulting microstructures can change depending on the

experimental setup. The following discussion focuses

particularly on the role of polymers during the micro-

structural evolution and their influence on the physical and

macroscopic properties of the investigated mortars.

4.1. Mixing

With respect to cement hydration, the mixing time

coincides with the so-called induction period, which is



Fig. 12. Schematic synthesis of the mortar evolution. The nonlinear horizontal time axis highlights the major stages of the mortar evolution.

A. Jenni et al. / Cement and Concrete Research 35 (2005) 35–50 45
dominated by a rapid exothermal dissolution of ions and

the coeval formation of hydrate shells around the

anhydrous clinker grains. This process starts immediately

after water contact. As a result, the pore solution reaches

a high ionic strength and pH values of about 13. A

review of hydration processes is given for example in

Refs. [32,33].

Simultaneously, several important, polymer-related

mechanisms occur: (a) air entrainment, (b) redispersion/

dissolution of RP, and (c) initiation of CE film formation.

(a) The air void content of mortars modified exclusively

with CE is about 20 vol.%, whereas nonmodified

mortars contain only a few volume percent (standard

pycnometer measurements). This implies that the air

voids entrained during mechanical mixing are stabi-

lised by CE. This is confirmed by ESEM in freeze-

dried samples of fresh mortar (Fig. 3c), where the

stabilisation is associated with an enrichment of CE at

the interface between air void and wet cement paste.

This enrichment can be assigned to the properties of

CE as surface-active agent with a strong affinity to the

gas–water interface. During mechanical mixing, the air

voids are moved through the mortar and hence CE,

which is dissolved in the pore solution, becomes

attached at the air void interface. The air improves the

workability during trowelling and tiling by influencing
the mortar’s rheology and compressibility during the

fresh mortar stage.

(b) RP can also influence the mortar’s bulk rheology by

slight air entrainment, mortar plasticising, and stabilis-

ing, and the efficiency of RP with respect to these

processes is strongly dependent on its redispersion

rate. A homogeneous RP distribution also requires

redispersion, and is important to prevent the formation

of zones with unfavourable properties in both fresh

and hardened mortar. The process of redispersion can

be observed in model experiments (Fig. 3a; [25]),

where the agglomerates of the RP disperse into the

single latex particles. Proper redispersion is driven by

the latex-stabilising systems, redispersion aids, and

mechanical shearing. Thereby, the unbound part of

PVA can separate from the latex and form individual

microstructures (PVA films). This separation is

assumed to start very early, probably during mixing.

With respect to the real mortar, a perfect redispersion

of RP in cement pastes is indicated by the homoge-

neous distribution patterns for latex throughout the

cement matrix (Fig. 6).

(c) CE films are observed in fresh pastes (Fig. 3d).

This is a clear indication for their formation during

the mortar’s wet stage, and the film formation

driving force must therefore be their surface activity

(Fig. 12).
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4.2. Mortar application and Open Time

Inhomogeneous phase distributions within the mortar

bed and at the mortar–tile interface are partly related to the

method of mortar application and the duration of the Open

Time (time interval between application of mortar and

tiling). The mortar is applied by a toothed trowel to generate

an alternating pattern of ripples and grooves, providing a

constant thickness of the applied mortar layer. As the

toothed trowel runs several times over the contact layer, the

positions of the ripples can shift laterally, which may create

cavities as observed in Fig. 13b. At this stage, water

migration due to evaporation induces mortar fractionation,

which invokes compositional gradients within the mortar

ripples. Open Time may lead to skinning, which consid-

erably reduces the wettability of the tile by fresh mortar and

may reduce adhesion properties. The term skinning

describes the sum of all mechanisms that change the

composition of the mortar surface during the Open Time.

The mobility of polymer components was investigated in

case of mortar ripples, which remained uncovered until fully

dried and hardened. Fig. 13a shows a strong enrichment of

PVA at the interfaces towards both air and substrate, where

evaporation and capillary forces in the porous substrate,

respectively, induce migration of the pore water and therein

dissolved species to these interfaces. A similar transport and

accumulation pattern occurs for CE. This accumulation

geometry can be complicated by the occurrence of cavities,

where an additional enrichment of CE or PVA at the surface

of the cavity leads to an internal inhomogeneity, further

increasing the CE/PVA concentration on top of the contact

layer as the ripple is compressed during tiling (Fig. 13b). In

samples with a standard Open Time of 5 min, the enrich-

ment at the mortar–tile interface is small for CE and even

below the detection limit for PVA (Fig. 7). Furthermore,

dissolved inorganic components are migrating with the pore

solution towards the surface and the substrate. However,

associated processes, such as cement hydration and capillary
Fig. 13. LSM image showing cross-sections of hardened mortar ripples

beside a tile (composition according to Table 1, latex: SA). As no tile

covered this mortar, evaporation induced water flux to the mortar surface

was active from mortar application until drying was completed. Note that

this differs to the standard samples, where this mechanism acts only during

the Open Time of 5 min, until the tile is inlayed. CE and PVA enrichments

are bright. (a) PVA enrichment at the mortar–substrate interface and at the

mortar surface. (b) CE enrichment at the contact with an internal cavity.
transport, towards the substrate persist after the tile inlaying.

The distribution patterns of inorganic phases are therefore

not exclusively related to the Open Time fractionation and

are discussed in relation with the progressive drying during

the hardening process. Nevertheless, it is important to note

that the enrichment of inorganic phases at the surface may

also contribute to skinning. Preliminary measurements

revealed an increased concentration of CaCO3 formed

during Open Time at the surface. This is explained by

portlandite efflorescence immediately followed by fast

carbonation. As observed on common failure surfaces

(e.g., Fig. 11), mortars predominantly fail along surfaces

where skinning occurred. Therefore, these areas represent

the weakest zones of the entire mortar bed.

4.3. Tiling

The moment of tiling is an important step because the

6-mm-high ripples become squeezed to a continuous

mortar bed of 1–2 mm thickness, inducing a considerably

mass flow. Particularly, the associated mortar flux was

studied in an experiment using a calcite-free mortar

formulation, where parts of the ripple and groove surfaces

were marked with powdered calcite. The final location of

the markers in a cross-section was investigated using

optical light microscopy. By comparison of initial and final

position of the markers, inferences about the flow pattern

in the mortar can be drawn. At the mortar–tile interface,

the initial surfaces at the top of the ripples are preserved,

whereas the ripple flanks are completely disrupted. In the

latter case, some parts are moved towards the tile interface

in an area corresponding to a previous groove, while other

parts are now embedded within the mortar matrix. In the

experiment, the markers can be used to study the

mechanical redistribution of the mortar surface previously

affected by skinning. As shown in Fig. 14, skins are

mainly preserved on top of former ripples and on the

bottom of former grooves. This geometry dominates the

failure locations (Fig. 11): adhesion fracturing is prevalent

at ripple surfaces, whereas cohesion fracturing occurs

predominantly in former groove domains (Figs. 10 and 11).

4.4. Hardening

During the hardening process, cement hydration and

latex film formation continuously increase the strength of

the bulk system. One critical parameter during hardening is

the water concentration gradient, which is generated by

capillary transport into the concrete substrate, by evapo-

ration at the tile grouts and by chemical drying due to

cement hydration. Due to the early drying, the cement

hydration can be drastically reduced, and, thus, differs

from the degree of hydration of systems without this early

loss of water (e.g., Ref. [17]). The water retention ability

of CE and the amount of the finest-sized pores retard

drying.



Fig. 14. Simplified diagram showing experiments on mortar flow caused by

tile inlaying. (a) Parts of the ripple and groove surfaces have been covered

with a marker. (b) After tile inlaying, the markers are redistributed over the

mortar layer. (c) Arrows indicate inferred mortar flow during tiling.
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The vertical water flux into the underlying substrate

results in a redistribution of organic and inorganic compo-

nents. Figs. 6 and 7 indicate that the mobility is different for

each of the three polymer types. PVA concentrations

markedly increase towards the substrate. This enrichment

can be attributed to a filtering effect associated with

carbonation in the uppermost layer of the concrete substrate.

Carbonation leads to a general reduction of the pore size

preventing the polymers from penetrating the concrete

substrate. This is confirmed by the observation that PVA

and CE in the substrate are exclusively found within

microcracks and not within the cementitious matrix.

Analogously, the surface of the contact layer undergoes a

pore size reduction due to smoothing by the trowel.

Therefore, this horizon filters the downward migrating pore

water, generating enrichments of PVA and CE.

In contrast to CE and PVA, latex distribution is

homogeneous (Fig. 6) because latex was evenly distributed

during mixing, and not transported during later stages. The

immobility of latex can be attributed to (a) particle size, (b)

adsorption on cement particles, and (c) wet sintering.

(a) Latex particles have a size between 400 nm up to a few

microns, whereas the porosity of the C-S-H gel ranges

down to 10 nm. Therefore, latex particles are not able

to migrate through the capillary pore system.

(b) Stark et al. [14], Su et al. [16], and Dimmig [17]

observed styrene acrylate latex adsorption on mineral

surfaces, a process which also reduces the mobility of

latex.

(c) Routh and Russel [34] describe latex film formation

under wet conditions (wet sintering), which reduces

latex mobility.
The redistribution of inorganic components due to water

migration can barely be detected by means of element

distribution mappings in the hardened mortar. Nevertheless,

compositional gradients detected by TGA suggest portlan-

dite depletion towards the concrete substrate (Fig. 8). As the

drying front is progressing from grout to centre and from

substrate to tile, hydration is stopped earlier in the peripheral

grout region and near the substrate. In addition to drying, the

binding of Ca ions by latex (first proposed by Ref. [2]) can

hinder portlandite growth. But this mechanism cannot cause

local portlandite depletion, as the latex phase is evenly

distributed across the mortar bed. The overall degree of

hydration (reflected by the anhydrous volume fraction

determined by image analysis of BSE SEM) seems to be

uniform from substrate to tile, as this method is less

sensitive than TGA profiling. Based on the overall uniform

degree of hydration, local strength variations within the

mortar bed are not expected. In addition, polymer mod-

ification does not induce a significant reduction of the

degree of hydration compared to unmodified mortars

(measured by TGA and image analysis). Therefore, it is

supposed that the hydration slows down due to drying of the

thin mortar bed and not due to polymer-induced retarding of

hydration as described in Refs. [17,35].

Film formation occurs over an extended period and is

also strongly related to the water content. For solution

polymers (i.e., CE and PVA), film formation is mainly

driven by evaporation. Additionally, adsorption behaviour,

surface activity, cross-linking, complexation, coagulation,

and reduced solubility are further driving mechanisms for

the accumulation of polymers and the formation of films.

More specifically, CE is already present at the air void

interfaces during the mixing stage (Fig. 3c and d). Further

drying leads to a closer entanglement of the CE chains, and

film contraction. In advanced stages, CE films may detach

from the air void interface, forming sail-like structures in the

void (Fig. 4b).

Compared to CE, PVA is less surface active and therefore,

the enrichment at air void interfaces is less effective. In

addition, the PVA content in the mortar is generally much

lower. Hence, PVA films predominantly occur within the

cement–polymer matrix on a submicron scale.

In this context, it is important to note that most of our

qualitative observations are restricted to relatively large

polymer films at air void interfaces and large capillaries

(Figs. 1, 4 and 5). However, small-scale domains within the

finer capillaries and the submicron-scaled intergrowth of

polymers and minerals in composite microstructures may be

even more important for the overall material properties.

However, it is suggested that driving forces similar to those

described for the larger films would also act at the

submicron scale.

The formation of latex films is even more complicated

because film formation is based on latex particles and a

sequence of different film formation processes. Latex film

formation starts with agglomeration (Stage I) and deforma-
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tion of these particles into hexagonal shapes (Stage II).

Routh and Russel [34] describe a variety of different film

formation mechanisms during Stages I and II, which can be

used to explain skinning and particle deformation during

wet and dry mortar conditions. Four independent arguments

lead to the conclusion that latex film formation, at least

partly reaches the advanced Stage III of particle coales-

cence, where polymers diffuse across initial particle

boundaries. (1) A major strengthening of latex-modified

mortars occurs well after the free water is used up, cement

hydration stops and capillary latex deformation mechanisms

after Ref. [34] are assumed to slow down significantly (Fig.

12). (2) Latex films in mortars show very smooth surfaces,

and relict particle structures are rare (Fig. 5a). (3) Latex

films in mortars do not redisperse during water immersion

[20,24]. As capillary deformation of the latex particles is

principally a reversible mechanism dependent on the

humidity, particle coalescence is a possibility to explain

the water resistance. (4) Prolonged hot storage at 70 8C or

even around 100 8C does not enhance adhesion properties.

If, under normal storage conditions, the latex forms films by

capillary deformation, only, then increased diffusion rates

during hot storage should significantly improve strength

properties. As this is not the case, the degree of coalescence

might be already high before heat treatment, after normal

storage conditions (23 8C/50% RH).

Cement phases and cement ions in the pore water

influence the latex film formation [8,24]. These cement–

latex interactions induce a strong intergrowth at the

submicron scale between the two phases, leading to the

formation of the cement–polymer matrix, also described in

Refs. [17,35]. As this is the main occurrence of latex in the

microstructure, the latex–cement composite matrix is

thought to have a major influence on the final properties

of latex-modified mortars.

Comparison of latex structures in RP-modified mortars

with and without CE indicates that the latex morphology

changes (Figs. 4 and 5), pointing to latex–CE interaction.

Thus, sail-like CE structures are absent in SA-/CE-modified

mortars while they are still present in CE-/VC- and CE-/

EVA-modified mortars. Therefore, the latex type influences

the CE–latex interaction. Additionally, the difference in the

CE distribution patterns between VC-/CE- and SA-/CE-mo-

dified mortars suggests an influence of these latex-specific

interactions on the CE mobility in the mortar (Fig. 7).

4.5. Adhesive strength and failure modes

Latex modification leads to an improved adhesive

strength of the hardened mortar (Fig. 9). Consistently,

neither failure surfaces nor fracture surfaces parallel to the

xy plane in Fig. 2 intersect latex films (Fig. 4a). In

contrast, many CE films are fractured (Fig. 4b). Con-

sequently, CE films are weaker than latex structures and

contribute less to the total adhesive strength than latex

films (also shown by Fig. 9).
A major difference in fracture behaviour is observed in

relation to the trowelling pattern of ripples and grooves.

Above ripples, the tile contacts a surface that underwent

skinning, where adhesion fracturing predominates. In the

region of former grooves, mortar flow during tile inlaying

forces fresh paste to wet the tile properly, and cohesion

fracturing is more frequent (Figs. 10 and 11). This is

clear evidence that skinning can drastically reduce

adhesion properties.

Entrapped air voids at the mortar–tile interface (inset

Fig. 11) are a direct consequence of an uneven mortar

surface and a stiff skin, because it prevents entrapped air to

be mixed and sheared into the paste while tiling. Instead,

the entrapped air remains at the interface with the tile and

decreases the contact area between tile and mortar, which

again, reduces adhesion properties [22].

To summarise, adhesive strength varies within the same

formulation (Fig. 10). However, samples with higher

adhesive strength show increased percentages of cohesion

fracturing, a correlation that is observed for all latex-

modified tile adhesives. Hence, the mortar–tile interface is

the weakest element of the substrate–mortar–tile system and

therefore dominates failure behaviour.
5. Conclusions

The influence of polymers on microstructure and

physical properties of mortars can be described as

follows:

! The addition of latex increases adhesive strength of a

tile adhesive mortar. Microstructural investigations

confirm that latex is dispersed homogeneously in the

cement–polymer matrix, which causes an improvement

of both final cohesion and adhesion properties.

! Latex films with a width of 10–100 Am are observed

at air void interfaces. These films usually include CE

as a second polymer component and tend to be

intergrown with cement phases. It is assumed that

such composite latex–CE films also represent the

predominant occurrence of latex in the matrix. There-

fore, they are considered to be responsible for the

observed increase of adhesive strength. The affinity to

form composite latex–CE films and their morphology

is dependent on the type of RP latex (SA, EVA, and

VC). Further investigations are needed to evaluate the

influences of this latex–CE interaction on the mortar

properties.

! Both PVA and CE are dissolved in the pore solution and

can form isolated films upon drying.

! During the Open Time, evaporation induces a water flux

to the surface, whereas capillary forces pull the water to

the porous substrate, a process that continues after tiling.

The migration of pore water leads to a fractionation of

dissolved species, resulting in a distinct enrichment of
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PVA and CE above the substrate. With respect to the

inorganic components, fractionation associated with

water migration leads to a depletion of portlandite

towards the mortar–substrate interface.

! Investigation of failure surfaces reveals that mortar–tile

interfaces represent the weakest part in the system. The

adhesive strength of the entire system is dominated by

the properties of this interface. In this context, skinning

reduces adhesive strength. For that reason, future

developments and research should focus on improve-

ment of the interface properties.
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