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Results of the study of styrene—acrylate dispersion influence on mechanical properties, hydrate
phase, and pore structure formation as well as steel corrosion development in Portland cement
mortar are discussed. Mortars with low cement content are used for the tests instead of usually
studied mortars of cement-rich content. The object of interest was to ascertain the effect of polymer
addition on cement-poor mortar behaviour using unfavourable mortar mixture composition and bad
conditions for cement hydration. The specimens were exposed to 240-day dry (60 % R.H.) and wet
(95 % R.H.) air cure at 20◦C. Polymer increases absorption capacity, capillarity, total pore volume,
and porosity of the mortar relative to that without styrene—acrylate dispersion. Dynamic modulus
of elasticity and compressive strength are declined. The main reason of this lies in lower bulky mass of
hydrate phase and higher cumulative volume of pores in polymer-modified cement mortar (PMCM)
compared to those found in control cement mortar (CCM). Air voids occur in PMCM instead of
bulky cementitious material due to foaming effect of polymer. Its addition decreases alkalinity of
cement mortar and increases the permeability, making the pore structure coarser than that formed
in CCM. The capability of moist air transport through the bulk of mortars determines the corrosion
rate of steel. Steel corrosion characteristics are evaluated by three independent methods indicating
a close connection between the developed pore structure and the corrosion rate of steel in the
mortars.

Polymer-modified mortars have been popular con-
structional materials for many years. Polymer dis-
persion can be diluted to various extents with mix-
ing water. The demands placed on polymer disper-
sions for addition to cementitious binders are as fol-
lows [1]: a) the setting properties of the cement
ought not to be impaired, b) the polymer ought not
to be hydrolyzed by high alkalinity of the cement,
and c) the polymer ought not to manifest consider-
able corrosive-promoting or strength-reducing effect
on cement-based material. A wide range of research
and development concerning cement—polymer com-
posites has been done in the world already. Standard-
ization work on the testing methods and quality re-
quirements of cement—polymer composites has been
in progress mainly in the United States, Japan, and
the United Kingdom [2].
The important factors affecting the properties of

polymer-modified mortars based on styrene-like dis-
persions polymerized with various monomer ratios are
the variations of the polymer film strength, polymer
film formability, and pore size distribution with chang-
ing bound styrene content and polymer to cement ra-
tio [3]. Only when the above requirements have been
satisfied, the various possible advantages to be gained
from the use of polymer dispersions may be put for-

ward. In general, polymer-modified mortars have ex-
cellent resistance to atmospheric corrosion. The use of
the polymer-modified mortars as repairing and finish-
ing materials can be recommended in order to inhibit
the corrosion of reinforcing steel bars in cement-rich
and dense concrete structures [4]. From the adhesion
mechanism of polymer modifiers to reinforcing steel
bars it is clear that the bond between the polymer-
modified mortar and reinforcing steel is the result of
the presence of electrochemically active polymer ce-
ment co-matrixes at the interfaces, which helps to re-
lax stresses during loading and retards the friction-
controlled slip of the reinforcing steel bars [5].
The principle of polymer dispersions influence on

cement-rich mortar and concrete according to the
three-step simplified model of the structure forma-
tion was explained by Afridi [6]. The mixture of un-
hydrated cement particles and cement gel, on which
polymer particles deposit partially, is typical for the
first step. The second one is characterized by the mix-
ture of cement gel and unhydrated cement particles
enveloped with a close packed layer of polymer parti-
cles. Finally, the cement hydrates are enveloped with
polymer films and membranes. The addition of poly-
mers reduces the Ca(OH)2 formation. The magnitude
of reduction in quantity of Ca(OH)2 is affected by the
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polymer type. Polymer particles which adhere to the
surface of Ca(OH)2 crystals act as a kind of bond
among Ca(OH)2 particles and then precipitate in a
special microstructure. Polymer particles filling in in-
terstices on the contact zone reduce the space for the
precipitation of Ca(OH)2 [7]. This is the main rea-
son of the reduced Ca(OH)2 formation. The Ca(OH)2
crystals are built up by the individual layers or plates
which are joint together in a parallel fashion. The hy-
dration products are very tightly situated around the
layers or plates of the Ca(OH)2 crystals. Such hydra-
tion products exert pressure with the increased age of
hydration on Ca(OH)2 layers or plates thereby push-
ing them together and making the Ca(OH)2 crystals
jointed to form a stack of them [8, 9]. By contrast
with it, bad conditions for hydration in the mortar
with polymer addition and the lack of cement con-
tribute to the formation of the cement matrix rich in
large pores and air voids. This results in high crys-
tallization ability of the formed Ca(OH)2 that proves
in the final effect the increase in Ca(OH)2. It is sug-
gested that polymer sets around the Ca(OH)2 crys-
tals and thus reinforces the contact between the sur-
face of Ca(OH)2 crystal and polymer. A portion of
Ca(OH)2 is adsorbed on the surface of polymer drops.
The result of this interaction is mainly rosette-type ar-
rangement of Ca(OH)2 morphology in cement systems
with polymer/cement ratio of 5 mass %. The atypical
sheaf-like grains, or particles of this habit with sharp
prickles on both the ends of the twin are suggested
as to be the next modification of morphological type
of Ca(OH)2 crystal arisen on the polymer—Ca(OH)2
interfacial zone. It is believed that different spatial
factor at the cement hydration and Ca(OH)2 devel-
opment in cement-rich and cement-poor mortar influ-
ences final amounts of the formed reaction products
[10, 11].
A close relationship between pore structure and

strength of cement composite is considered to be an
integral consequence of the overall compositions and
technological measures taken during its production
as well as the process of development of the hydra-
tion products, upon which the composite strength de-
pends. The pore structure is characterized by both the
total volume of pores and relative representation of
individual pores of various size, shape, and spatial ar-
rangement [12]. The finer pore occurrence contributes
to an increase in the interconnectivity of the pores. A
migrating ionic species within a finer pore matrix has
to traverse an unfractuous path to penetrate a small
part of the matrix, whereas, if the pores are large, the
migrating species may penetrate with alacrity. Trans-
port of moist air in cement composites is carried out
according to Fick’s law. The capability of moist air to
transport through the pore system in bulk of mortar
may therefore determine the corrosion rate of embed-
ded steel [13, 14]. The state of steel reinforcement is
one of the most important utility properties of cement

composites. The related measurements are performed
by suitable methods and techniques [15—17] indicat-
ing the corrosion of steel.
The present article is concerned with the study

of structural characteristics and steel corrosion of
the cement-poor mortar modified by styrene—acrylate
dispersion. To examine in further details the depen-
dence between strength, porosity, and corrosion of
steel, the results of the tests are described.

EXPERIMENTAL

Portland cement (CEM I 42.5 R, Holcim a.s., Ro-
hožník) [18] and standard sand specified by STN 72
1208 Standard [19] were used. Chemical composition
and basic properties of the cement are listed in Ta-
ble 1. Aqueous industrially made styrene—acrylate
dispersion (Chemical Works CHZ Sokolov, Czech Re-
public) was applied as a cement modifier. Its main
characteristics are reported in Table 2.
Mortar specimens at a mass ratio of cement to sand

1:5 and water to cement mass ratio (mw/mc) of 0.5
were prepared [20]. The polymer to cement ratio was
maintained at a constant level 5 mass % of cement,

Table 1. Composition and Properties of Portland Cement Em-
ployed

Component wi/mass %

Insoluble residue 1.63
SiO2 20.64
Al2O3 5.88
Fe2O3 3.13
CaO 61.49
MgO 1.34
SO3 2.30
K2O 1.82
Na2O 0.53
Ignition loss 1.04

Major clinker phases according to Bogue
wi/mass %

C3S 49.45
C2S 21.88
C3A 10.28
C4AF 9.53

Density: 3 140 kg m−3
Surface area: 336.2 m2 kg−1
Initial set: 3 h 15 min
Final set: 4 h 20 min
3-Day cement strength: flexural 4.4 MPa

compressive 23.5 MPa
28-Day cement strength: flexural 7.9 MPa

compressive 41.7 MPa

Explanation of abbreviations in major clinker phases of the ce-
ment: C3S: 3CaO · SiO2; C2S: 2CaO · SiO2; C3A: 3CaO ·Al2O3;
C4AF: 4CaO ·Al2O3 ·Fe2O3.
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Table 2. Basic Characteristics of Styrene—Acrylate Disper-
sion

Parameter Values

w(Total solids)/% 48—52
pH at 20◦C 8—10
Viscosity/(mPa s−1) max. 200
Degree of hydrolysis in alkaline environment/% max. 10
Median of particle size/(mm 10−3) 0.1—0.3
Density/(g cm−3) 1.03
Surface tension/(mN m−1) 38—41

calculated on the basis of total solids in the disper-
sion. This polymer addition was recommended by the
producer. Fresh mortars were compacted and moulded
into 40 mm × 40 mm × 160 mm test prisms. The spec-
imens were stored for 24 h at 20◦C and 95 % R.H. –
wet air. After demoulding one part was kept in a wet
air for next 239 days, the second part was exposed to
20◦C (60 % R.H.) – dry air cure for the same time.
The apparent density of mortars was estimated on

mortar specimens of regular shape by weighting at
the calculated volume of prisms. The density was as-
certained by the pycnometric method. Total porosity
(PS) was calculated in mass % from the measured ap-
parent densities ρA and densities ρ using the formula

PS = (1− ρA/ρ) · 100 (1)

where ρA is apparent density in kg m−3 and ρ is den-
sity in kg m−3. Capillarity of water in the mortar spec-
imens was estimated by the following way. The test
specimens were stored in air with relative humidity
of 100 % and temperature of 20◦C during tests. The
bottom of mortar prisms was immersed into water-
saturated sand bed. Water was uptaken through the
area of fresh broken piece of the specimen after flexu-
ral strength testing. The measured results were cal-
culated in mass %. Compressive strength, dynamic
modulus of elasticity, and absorption capacity of the
mortars were determined according to standard pro-
cedures [20—22].
Powder X-ray diffraction patterns were recorded

on Philips X-ray diffractometer coupled with an au-
tomatic data recording system. CuKα radiation was
used. The thermograms were recorded on a Derivato-
graph Q 1 500. In general, 200 mg of each sample was
heated at 20◦C min−1 from 20◦C to 1 000◦C. Pore
structure study was performed using a high-pressure
porosimeter mod. 2 000 and macroporosimetry unit
mod. 120 (both Carlo Erba Science, Italy). From the
results of mercury intrusion porosimetry (MIP) pore
volume of micropores (to 7 500 nm) and macropores,
median of micropore, and total pore radius as well as
total porosity were estimated. This porosimetry unit
enables measurements of pore radii between 3.75 nm
and 0.2 mm.

Steel corrosion was tested by the method of elec-
trode potential and method of electrical resistance [23]
on steel reinforcement class 10 425 [24] embedded in
prism specimens and on steel bars of the same class
immersed into the water extracts of mortars using the
potentiodynamic method [23].
The principle of the method of electrode potential

lies in measurements of steel electrode potential (vs.
saturated calomel electrode) in the currentless state
as a characteristic of steel/mortar interface. Standard
millivoltmeter MT 100 (Metra Blansko, Czech Repub-
lic) was used in the test. Method of electrical resis-
tance with specially prepared steel corrosion sensor
is based on the increase of its electrical resistance as
a result of corrosion. Stabilized power supply (cur-
rent source), transfer electrical unit, and millivolt-
meter with sensitivity of 1 µV are the essential equip-
ment set for the experiment. Potentiodynamic method
enables the gradual linear increasing of the steel po-
tential. Simultaneously, the current flowing through
three-electrode measuring system is recorded and elec-
trochemical corrosion state is evaluated. Potentiody-
namic curves of steel in mortar extract were obtained
using Potentiostat OH-405 (Radelkis, Hungary) at a
polarization rate of 30 mV min−1. The pH values of
mortar extracts were determined by the pH-meter OP
113 (Radelkis, Hungary).

RESULTS AND DISCUSSION

Usually the mortar of cement-rich content is inves-
tigated to describe its significant properties. On the
contrary, we are interested in the cement-poor mortar
with respect to its properties and the ability to pro-
tect steel against corrosion using unfavourable mortar
mixture composition and bad conditions for cement
hydration even with the polymer addition. This aspect
would be regarded as an attempt of the other view of
the research concerning cement—polymer interaction,
and the influence of polymer on mortar properties.
The control cement mortar (CCM) and polymer-

modified cement mortar (PMCM) exhibit lower com-
pressive strength and dynamic modulus of elasticity
relative to the mortars with a standard composition
[20] (Table 3). This is due to a lack of bonding cement.
The polymer addition increases markedly absorption
capacity and total porosity of the mortar. Lower val-
ues of absorption capacity and total porosity indicate
a finer pore structure in CCM relative to that formed
in PMCM. This is clearly confirmed by specific surface
area values. A lower specific surface area of PMCM
shows a coarser character of developed pore structure
with domination of large pores. A larger volume of
finer pores contributes to higher specific surface area
in CCM. This results in higher compressive strength
and elasticity modulus values. Polymer addition low-
ers compressive strength and elasticity modulus of the
mortars and enhances their permeability due to the
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Table 3. Physicomechanical Properties and Total Porosity of Mortar Specimens

Type of the mortar
Property of the mortar Curing*

CCM (mw/mc = 0.5) PMCM (mw/mc = 0.5)

Density/(kg m−3) W 2 574 2 629
Specific surface area/(m2 kg−1) W 449.9 302.5
Compressive S 4.7 2.0
strength/MPa W 8.1 2.9
Elasticity S 10.0 2.1
modulus/GPa W 16.1 4.2
Absorption S 15.8 31.9
capacity/mass % W 15.3 25.6
Total S 33.8 43.7
porosity/mass % W 31.0 41.8

*S: 240-day (20◦C; 60 % R.H.) – dry air; W: 240-day (20◦C ; 95 % R.H.) – wet air.

Fig. 1. Capillarity of water in mortar specimens exposed to
240-day dry air cure and wet air cure and then dried at
105◦C. Control cement mortar (CCM): � 20◦C (60 %
R.H.) – moist; � 20◦C (95 % R.H.) – moist, then dried
at 105◦C. Polymer-modified cement mortar (PMCM):
� 20◦C (60 % R.H.) – moist; × 20◦C (95 % R.H.) –
moist, then dried at 105◦C to the constant mass.

formation of coarser pore matrix. A higher total poros-
ity of PMCM relative to CCM is the evident proof of
this statement.
As expected, PMCM shows higher capillarity at

both curing conditions relative to CCM (Fig. 1). This
confirms a coarse character of developed pore struc-
ture in PMCM with a strong pore interconnectivity
enabling easy water uptake. No difference between the
capillarity of CCM cured either in wet or dry air is
found. In contrast with it, the capillarity of PMCM
kept in dry air is higher compared to that when the
mortar is kept in wet air. This is caused by the differ-
ent behaviour of polymer at heating to 105◦C. Cap-

illarity of dried PMCM is lower than that without
desiccation at 105◦C. The temperature treatment of
PMCM results in significantly strengthened intercon-
nectivity of open pores in the mortar due to intense
polymer bonds development in pore matrix at elevated
temperatures.
The results of X-ray diffraction analysis (Fig. 2)

show that the conversion of alite and belite to hydra-
tion products estimated by the reduction in intensity
of diffraction patterns at 0.278 nm and 0.275 nm is
higher in CCM than that in PMCM. The addition of
polymer contributes to the increase in Ca(OH)2 and
decrease in CaCO3 contents in PMCM as a conse-
quence of polymer addition. These interesting facts
follow from the differential thermal analysis (DTA)
study (Fig. 3). The results are evaluated by compar-
ative study of the plots of DTA curves that gives a
clear picture of tested materials behaviour. Polymer
has an inert behaviour towards sand (curves 1 and
2). A bright exotherm between 315◦C and 350◦C in
the polymer—sand system is the proof of dispersion
decomposition (curve 2). The high intensity of the
exotherm ranged between 315◦C and 350◦C in PMCM
can be connected with the effect of mutual interac-
tion of hydration products with polymer. A large en-
dotherm between 100◦C and 300◦C on DTA curve of
CCM (curve 3) proves the occurrence of gel-like hy-
dration products, the sharp endotherm at 510◦C the
dehydroxylation of Ca(OH)2, those at 560◦C β,α-SiO2
modification and at 830◦C CaCO3 dissociation due
to the CO2 release from CaCO3. The endotherm be-
tween 100◦C and 300◦C on DTA curve belonging to
PMCM (curve 4) is larger than that in CCM. This
clearly confirms the superposition effect on the inten-
sity of this endotherm by contemporary occurrence of
gel-like hydration products and polymer in this tem-
perature interval. However, the mutual interaction of
hydration products with polymer has not been stud-
ied. The excess of sand in the mortars does not enable
to do it. The Ca(OH)2 content is slightly higher, and
that of calcite is lower in PMCM relative to CCM.
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Fig. 2. X-Ray diffraction patterns of mortar specimens: 1. con-
trol cement mortar (CCM); 2. polymer-modified ce-
ment mortar (PMCM). CH – Ca(OH)2, Q – quartz
SiO2, A – alite C3S, B – belite C2S, Cc – calcite CaCO3,
V – vaterite CaCO3.

This gives evidence of polymer influence on the formed
hydrate phase composition. It seems that the hydra-
tion products and Ca(OH)2 formation are slightly pro-
moted by polymer addition. The CCM is carbonated
to a larger extent relative to PMCM. When polymer

Fig. 3. DTA curves of sand and mortar specimens exposed to
240-day wet air cure: 1. sand; 2. sand with polymer
as being 5 % of total solids in PMCM; 3. control ce-
ment mortar (CCM); 4. polymer-modified cement mor-
tar (PMCM).

is added compressive strength and dynamic modulus
of elasticity of the mortar are decreased, whereas ab-
sorption capacity, total porosity, and capillarity are in-
creased. Polymer addition has a straight consequence
on the hydrate phase and pore structure development.
The lower bulky mass of hydrate phase, the coarser
pore structure due to air voids occurrence. This re-
sults in the decreased compressive strength and elas-
ticity modulus even at higher amount of the formed
Ca(OH)2 in PMCM compared to CCM.
The MIP results (Table 4) show significantly higher

median of total pore radius and total porosity val-
ues in PMCM relative to CCM. This confirms the ef-
fect of pore structure coarsening due to polymer addi-
tion. CCM indicates the lower cumulative volume of
pores at the same pore radius compared to that found
in PMCM (Fig. 4). The pore structure of PMCM is
coarser and therefore more permeable than that of
CCM.
The pH value of CCM water extract is 11.93 and

Table 4. Pore Structure Study of Mortar Specimens

Median of
Type of mortar Nr (Micropores to 7 500 nm)/% Total

micropore radius pore radius porosity

nm nm %

CCM 52.9 64.4 3 280 16.6
PMCM 49.2 89.4 7 215 27.3
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Fig. 4. The dependence of pore volume on pore radius: 1. control cement mortar (CCM); 2. polymer-modified cement mortar
(PMCM), exposed to 240-day wet air cure.

Table 5. The pH Values of Water Extracts of Mortar Speci-
mens

Type of Characterization of pH
mortar measured specimen Value

Surface layer of the mortar 11.81
CCM Core layer of the mortar 12.05

Average mortar sample 11.93

Surface layer of the mortar 10.81
PMCM Core layer of the mortar 11.41

Average mortar sample 11.11

Fig. 5. Potentiodynamic curves of steel in water extracts of
mortar specimens after 240-day wet air cure: � con-
trol cement mortar (CCM): � CCM – core layer, �
CCM – surface layer; � polymer-modified cement mor-
tar (PMCM): ◦ PMCM – core layer, � PMCM – sur-
face layer.

that of PMCM water extract is 11.11 (Table 5). This
slight decrease in pH is influenced by polymer ad-
dition. Alkalinity of cement-rich mortars is usually

Fig. 6. Time dependence of changes in electrode potential of
embedded steel reinforcement: � control cement mortar
(CCM); � polymer-modified cement mortar (PMCM),
exposed to 240-day wet air cure.

about 12.4 ± 0.2. The lack of cement is the reason of
lower pH values of mortar extracts. Potentiodynamic
curves of steel (Fig. 5) in CCM water extracts show
a distinct passive zone indicating the suitable condi-
tions for steel passivation even at lower pH of 11.93.
Passive zone represents the part of curve parallel with
x-axis. Steel is active in PMCM water extracts (Fig. 5,
Table 5). Steel is passive in CCM until 90-day ex-
posure in wet air when measured by the method of
electrode potential of steel (Fig. 6) and the method
of electrical resistance of steel (Fig. 7). Passive state
of steel is maintained in PMCM until 56-day expo-
sure in wet air cure. The corrosion process is proved

84 Chem. Pap. 58 (2)79—86 (2004)



POLYMER IN MORTAR – STEEL CORROSION

Fig. 7. Time dependence of the increase in electrical resis-
tance of embedded steel reinforcement: � control ce-
ment mortar (CCM); � polymer-modified cement mor-
tar (PMCM), exposed to 240-day wet air cure.

by the significant decrease in electrode potential and
the increase in electrical resistance of steel. Low pas-
sivation ability of both mortars is caused by the low
cement content. The loss in passivity of steel is ac-
celerated by polymer addition. However, an evident
disproportion among the results of potentiodynamic
method and methods of electrode potential and elec-
trical resistance of steel in CCM was found. Steel is in
electrochemically passive state according to the poten-
tiodynamic method, whereas two other methods prove
the active state of steel. Potentiodynamic method con-
cerns only the straight influence of the mass of mor-
tar including polymer addition on the electrochemical
behaviour of steel. The developed pore matrix, the
effect of pore size distribution and time upon which
steel is exposed to wet air cure is not taken into ac-
count by the potentiodynamic method. Therefore this
method is not suitable for steel corrosion measurement
of cement-poor mortars. The measurements done by
the method of electrode potential and the method of
electrical resistance of steel are, on the contrary, time-
dependent on moist air transport through the devel-
oped pore structure of tested mortars. The porosity
parameters (total pore volume, pore size, pore median
radius) of the mortar influence the corrosion rate of
embedded steel. Polymer enhances the inclination of
steel to corrosion mainly due to the coarser and more
permeable pore matrix of the mortar for a moisture
transport. The next important role is played by the
decreased alkalinity of PMCM. The study of polymer
influence on the pore structure development and cor-

rosion rate of steel is easily performed in cement-poor
mortars. The influence of polymer on the developed
pore structure and consequently on steel corrosion rate
is eliminated in cement-rich mortars due to the higher
cement content reducing markedly the danger of steel
corrosion.

CONCLUSION

Conversion of unhydrated C3S and C2S (see Ta-
ble 1) to hydration products is slower in PMCM
than that in CCM. Mutual interaction between hydra-
tion products and styrene—acrylate dispersion form-
ing complex salts is possible but not proved in mortars
rich in sand. Polymer addition promotes the Ca(OH)2
formation and retards carbonation of the mortar rel-
ative to the control one.
Polymer addition has a straight effect on the pore

structure development. The coarse pore structure with
extremely high pore median radius and total porosity
is formed in PMCM. Consequently, the compressive
strength and elasticity modulus are decreased when
compared to CCM with a finer pore structure.
High absorption capacity and capillarity values of

PMCM relative to those of CCM also indicate coarse
and permeable pore matrix. This enables easy trans-
port of moisture throughout the bulk of PMCM. The
formed permeable pore matrix and decreased alkalin-
ity of PMCM cause the accelerated loss in passivity of
steel relative to CCM.
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