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ABSTRACT

Sophisticated evaluation models for the long-term stability of cement-based systems demand a precise
knowledge of the mechanisms of deterioration reactions, particularly respecting a permanent exposure
to aqueous environments. Commonly, insights into these mechanisms are deduced from long-term in-
vestigations. However, these chemical reactions start immediately after exposure to aggressive envi-
ronments causing rapid changes of composition and structure. Consequently, properties of its rim zone
change, which affects transport processes in aqueous solutions. In laboratory experiments, the influence
of these surface processes on the stability of cement-based materials exposed to different chloride so-
lutions was studied as a function of time and temperature. Analysis of compositional and structural
changes beneath the surface reveal the role of crystalline covering layers for chemical resistance. Such
layers are often described as protective barriers. However, these processes in the rim zone can accelerate
chemical degradation and subsequently reduce the resilience of the cement-based materials to
aggressive aqueous environments.

Microstructure

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Maximizing the service life of concrete structures as well as
achieving an utmost long-term stability of cement bound waste
forms, resulting from the solidification and stabilization of haz-
ardous waste as potential final treatment prior to the disposal (e.g.
Ref. [1]), are important challenges in the context of a sustainable
development in construction and waste treatment. This holds true
in particular for cement-based materials, which are permanently
exposed to aggressive aqueous environments. With this in mind,
rating material performance and precisely assessing the detri-
mental impact of aqueous environments is a major issue. In this
regard, refined approaches in terms of an evaluation for the long-
term behavior and durability are needed. A precondition for
promising modeling approaches, in particular for service-life pre-
diction, is a detailed and fundamental understanding of deterio-
ration reactions. However, past research activities often showed no
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clear and detailed picture of the reaction mechanism and the
various factors determining the course of the damaging processes
as denoted for sulfate attack [2] or in the context of the critical
chloride content in steel reinforced concrete structures [3]. In order
to characterize the material performance of cementitious systems,
the behavior of these materials over time periods of weeks and
months has mostly been studied [4]. Nevertheless, chemical re-
actions occur at the material/water interface and start immediately
after exposure to aggressive environments. Transport processes are
initiated due to concentration gradients between the alkaline pore
solution of these highly porous materials and the surrounding
aqueous media. Thus, chemical equilibrium between the pore so-
lution and the solid phases will be disturbed and consequently
dissolution and crystallization reactions are triggered. These reac-
tive transport processes change the chemical and mineralogical
composition of the material.

The first location where this reaction takes place is the near-
surface region. This area also represents the first hurdle that must
be overcome by an attacking aqueous solution. Thus, a crystalline
covering layer on the surface of cement-based materials is said to
act as a protective layer against reactive transport. This holds true in
particular for carbonate precipitations on the surface of cement-
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based systems in contact with hard, carbonate-rich water, which
hinders the transport and slows down e.g. the leaching process
[5,6]. Also, the formation of Mg(OH); coatings as consequence of an
attack by a MgSOQ4 solution is assumed to restrict reactive transport
processes [7].

However, the presence of carbonic acid species does not always
lead to the formation of covering layers. In recent studies regarding
the reliability of a specific leaching test for the evaluation of the
stability of cement bound waste, the formation of a complex
composed rim zone due to the presence of CO, was described. It
was discussed whether this rim zone is potentially closely related
to a non-satisfactory reproducibility of these tests [8—10]. It is
announced that due to the development of complex chemical and
mineralogical gradients, a modeling approach simply based on
diffusion laws, in particular in an abundant presence of CO5, is not a
promising way to extrapolate the long-term behavior based on the
short-term experiment [9]. Similarly, the presumed protective ef-
fect of crystalline covering layers is closely related to the hydro-
chemistry of leachant and pore solutions, as well as to changes of
the cement paste regarding permeability, cracking due to decalci-
fication shrinkage [11], mineralogical and chemical composition
[12]. In the case of calcium carbonate layers, it has been addressed
that both the hydrochemical frame conditions during the growth of
the covering layer and the mineralogical and structural evolution of
the rim zone determine their effectiveness as a diffusion barrier
[13]. Further, the reaction temperature is assumed to have an
impact on the evolution of the properties of the rim zone due to
reactive transport.

In order to illustrate the role of the rim zone for the chemical
stability of cement paste samples, immersion experiments have
been performed in salt solutions of different composition. This
contribution focuses exemplarily on the chemical and mineralog-
ical changes in the rim zone of cement paste samples exposed to
different chloride solutions. A potential relation between temper-
ature and the time dependant development of the material due to
reactive transport processes will also be addressed.

2. Materials and methods

For the exposure tests with cement pastes, ordinary Portland
cement (CEM I) was used to make prisms with a water to cement
ratio of 0.5. For this, cement and water were mixed in a laboratory
mixer and placed in 160 x 40 x 40 mm molds and hydrated in the
atmosphere of 20 °C and 98% relative humidity for 24 h. The prisms
were cured in tap water at 20 °C for 32 days after demolding. The
outer part of the prisms, where cement paste was in contact with
water, was cut off and rectangular plates of 70 x 30 x 5 mm were
cut out. The plates were wrapped with polyvinylidene chloride foil
to prevent shrinkage and kept for ten months at ~15—20 °C.

0.8 mm thick slices were taken from the rectangular plates with
a precision saw and stored under nitrogen atmosphere until the
beginning of the experiment. Each sample was hung with a nylon
string and placed into a plastic bottle filled with 70 mL of a solution.
For the immersion test, four different chloride solutions were
prepared: NaCl, KCI, MgCl,, and CaCl,, with a concentration of
1 mol/L of CI~, which is a common value for experimental work in
the context of chloride attack on cement-based materials (e.g.
Ref. [14]). Two additional experiments were carried out with hard
tap water (saturation index for calcite of 0.32 (25 °C) and for
Ca(OH); of —10.7 (25 °C), hardness of 2.66 mmol/L, calculated with
PHREEQC [15]) and demineralized water, respectively. The im-
mersion tests were carried out at a constant temperature of 20 °C or
5 °Cin a closed system to inhibit a potential uptake of CO,.

The determination of the Ca(OH), and Mg(OH), content of the
solid phases was performed with thermogravimetric analysis of

pulverized samples (TGA/SDTA 851, Mettler-Toledo). For electron
microscopic investigations, an ESEM XL 30 FEG (Philips) equipped
with an energy-dispersive X-ray spectroscopy system (EDX) (EDAX)
was used. Surface sensitive X-ray diffraction (XRD) measurements
were carried out with cement paste slices (D8 advance with Cuyg
radiation, Bruker). The composition of the reaction solutions was
analyzed with Inductively Coupled Plasma- Atomic Emission
Spectroscopy (ICP-AES) (Optima 8300, Perkin Elmer). The water
soluble CI~ content was determined by an aqueous extraction (1 g
of a pulverized cement paste sample in 50 mL demineralized water)
followed by a quantification of the anion content with ion chro-
matography (761 Compact IC, Metrohm).

3. Results

Fig. 1 shows the time dependant evolution of the composition of
the solid phases regarding the Ca(OH), content (Fig. 1a) and the
water soluble chloride content (Fig. 1d), as well as the leached
quantity of Ca®* (Fig. 1b) in the reaction solutions and their pH
value (Fig. 1c), respectively.

The exposure to hard tap water did not lead to a significant
leaching of the Ca(OH), and only a slight decrease of the Ca®*
concentration and the pH value was noted. The Ca(OH); content
decreased significantly for all the other solutions. The loss of
Ca(OH); in NaCl, KCl, and CaCl, solutions was more intense than in
demineralized water and showed a similar behavior, whereas the
most excessive loss of Ca(OH), was detected for the MgCl; solution
(Fig. 1a). The reverse trend was observed for the calcium release
(Fig. 1b). For most of the experiments, the pH values achieved a
constant level of pH 11—12 during the first 24 h of the experiment.
The immersion in the MgCl, solution did not lead to a high pH level
and almost no change has been noticed in the pH value of the
experiment performed with tap water (Fig. 1c¢). The uptake of CI~
from the MgCl, and CaCl; solutions was more intense than from the
NaCl and KCl solutions (Fig. 1d), generally resulting in the formation
of Friedel's salt (identified in the bulk sample by means of XRD, not
shown in this contribution).

Fig. 2 shows electron microscopic images of the cement paste
surfaces after a 24 h exposure to different aqueous solutions. The
pictures attached on the right hand side show the distribution of
the element Ca analyzed in a cross section of the cement paste
slices. Areas showing a significant decrease of Ca (attributed to a
loss of Ca(OH),) are surrounded with a white dotted line. A loss of
Ca(OH); in the rim zones that have been in contact with the
aqueous solutions was observed in the experiments with KCl, NaCl,
CaCl,, and demineralized water (Fig. 2b, d-f).

After exposure to tap water, no significant leaching was noticed
(Fig. 2a). The exposure to the MgCl; solution led to a complete loss
of Ca(OH); (Fig. 2¢). The microscopic view reveals a homogeneous
deposition of crystalline reaction products only after the exposure
to hard tap water and to the MgCl, solution.

In order to characterize potential crystalline reaction products
on the surface of the cement paste samples, XRD investigations
have been performed directly on the test specimen. The specimens
have been mounted in the sample holders of the diffractometer
without further preparation (such as grinding or drying). The re-
sults of the measurements after the immersion in the different
aqueous solutions at 20 °C for 24 h are shown in Fig. 3. The expo-
sure to hard tap water led to a significant formation of calcite
(Fig. 3a). The crystalline covering layer after exposure to the MgCl,
solution was identified as Mg(OH), (brucite) (Fig. 3c). The investi-
gation of the samples immersed in the NaCl, KCl, and CaCl, solu-
tions showed only weak signals of calcite (Fig. 3d—f). After
immersion in the KCl and CaCl; solutions, traces of Friedel's salt —
and brucite in the case of CaCl, (Fig. 3f) potentially due to
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Fig. 1. Composition development of the solid phases and hydro chemical parameters of aqueous solutions as a function of time for the immersion tests with cement paste slices in
different aqueous solutions at 20 °C: the Ca(OH),-content of the cement paste samples (a), the Ca?* concentration (b) and the pH value (c) of the reaction solutions, and the water

soluble chloride content of the cement paste samples (d).

impurities of Mg?* in the salt solution, that have been proven by
analysis of the aqueous solutions (not shown in this contribution,
ICP-AES measurements) — appeared to be present in the area close
to the surface of the samples (Fig. 3d and f). There was no experi-
mental evidence for the occurrence of calcium or magnesium
oxychloride phases in the surface near area of the samples after
exposure to the Ca- and Mg-rich Cl~ solutions, although the for-
mation of such phases seems to be likely under the present
chemical boundary conditions [16]. The surface of sample exposed
to demineralized water showed a significant signal of Ca(OH);
(portlandite) (Fig. 3b).

The electron microscopic images of a cement paste sample after
24 h exposure to a 1 M ClI~ solution based on MgCl, show an
interweaved p-crystalline covering layer of Mg(OH),. The structure
of the covering layer formed at 20 °C is much finer (Fig. 4b) than the
structure of the layer that was built up at 5 °C (Fig. 4a). At a reaction
temperature of 20 °C, Ca(OH), disappeared completely during
exposure to the MgCl, solution, whereas at 5 °C a significant
amount remained in the cement paste slice (Fig. 4c, Ca-results). At
20 °C, the Mg-rich reaction products are located mainly on the
surface of the cement paste sample. In contrast to that, the sample
from the 5 °C experiment shows the appearance of Mg-rich reac-
tion products also in deeper areas beneath the surface. At both
temperatures, chloride-rich areas appear to be located in distinct
spots statistically spread over the whole area of the cross section.

Table 1 shows the results of the EDX analysis of the sample
surface for the samples that have been exposed over 24 htothe 1 M
Cl~ solution (MgCl,) (shown in Fig. 4 a and b). The dense crystalline
covering of the surface that has been immersed in the MgCl, so-
lution at 20 °C appears to be mainly Mg(OH),. The results for the
measurement on the surface of the sample at 5 °C show a signifi-
cant content of the elements Si and Al. Furthermore, a higher
amount of Ca was detected. However, these signals are supposed to
originate from the cement paste substrate. The content of the
element Cl is comparable for both exposure temperatures.

Fig. 5 shows the time dependent development of the depth
resolved distribution of Ca in the cross sections of the cement paste
slices. During the exposure to the MgCl, solution at 20 °C, a
continuous depletion of Ca(OH); was detected as indicated by the
white dashed lines (Fig. 5a). Over time, the degradation of Ca(OH),
was affecting deeper areas of the material, whereas the newly built
Mg(OH); is mainly located on top of the surface of the samples
(Fig. 5a). The results of the time resolved determination of the
content of Ca(OH); and Mg(OH); in the cement paste samples are
shown in Fig. 5b.

How fast such layers can develop as a consequence of the
exposure to an aggressive aqueous environment is revealed by
means of high resolution ESEM investigations (Fig. 6). The overview
image of the sample that was subjected to hard tap water for 1 min
did not show any noticeable features that indicate chemical
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Fig. 2. Electron microscopic images of the surface of the cement paste samples and Ca-mappings on a fracture surface on the sample cross-sections after exposure to the different
aqueous solutions such as hard tap water (a), demineralized water (b) as well as solutions of MgCl, (c), KCI (d), NaCl (e), and CaCl; (f) for 24 h at 20 °C. Areas with a significant
content of Ca(OH), show up as brighter spots in the Ca-mappings.
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Fig. 4. Electron microscopic images of the surface of the cement paste samples after exposure to a 1 M Cl~ solution (MgCl,) kept for 24 h at 5 °C (a) and 20 °C (b). Element mappings
for the elements Ca, Mg, and Cl measured on cross sections are shown for both, 5 °C and 20 °C; areas with a high content of the respective element show up as brighter spots in the
mappings compared to areas with a lower content (c).

Table 1
Results of the integral EDX investigations performed on the surfaces of cement paste samples after exposure to a 1 M Cl-solution (MgCl,) kept for 24 h at 5 °C and 20 °C (shown
in Fig. 4a and b).

Experiment 0] Na Mg Al Si S Cl K Ca

[At.-%] [At.-%] [At.-%] [At.-%] [At.-%] [At.-%] [At.-%] [At.-%] [At.-%]
24hat5°C 71.0 0.5 12.9 1.0 42 0.1 0.5 0.2 94
24 hat20°C 68.9 n.d. 27.7 n.d. 0.1 n.d. 0.4 n.d. 3.0

n.d.: not detected; At.-%: atom percent.

changes on the sample surface (Fig. 6a, upper image). No significant carbonate minerals (Fig. 6a, lower image). In contrast to that, the
differences to a fresh cut sample surface without exposure to an surface of the sample that has been exposed for the time period of
aqueous solution were observed (not shown). Only an examination 1 mintoa 1 M Cl™ solution (MgCl,) showed a conspicuous pattern
under higher magnification revealed a beginning growth of of micro cracks (Fig. 6b, upper image). The surface was covered

(b) — 2,5x10°

o —
© —=—Ca(CH)2 |
£ 3 =-<0--Mg(OH)2 |
= 2,0x10 e T P
T o--
2 1.5x10°
()]
=
2 1,0x10°4
©
gl
% 5,0x10" -
T
O

0,0

0 5 10 15 20 25
1 M CI” solution (MgCl3) time [h]

Fig. 5. Element mappings for the elements Ca and Mg on cross sections of cement paste samples immersed for 0, 1, 6, and 24 hin a 1 M Cl~ solution (MgCl,) kept at 20 °C. The
Ca(OH),-depleted areas are indicated by dashed lines (a). Content of Ca(OH), and Mg(OH), in the cement paste samples as a function of time [mol/g] (b).
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Fig. 6. Electron microscopic images of the surface of the cement paste samples after 1 min exposure to hard tap water (a) and a 1 M Cl~ solution (MgCl;) (b). The upper images show
an overview and the lower images show the sample surface at higher magnification (20 °C).

completely with nanoscale flaky crystals (Fig. 6b, lower image).
Fig. 7 shows the results of electron microscopic investigations
on cross sections of a cement paste sample that has been immersed
ina 1 M CI™ solution based on MgCl, for 5 days at 20 °C). The
structure of the Mg(OH); layer appears compact and dense.

4. Discussion

Regarding the results of the laboratory experiments, two ex-
periments were particularly distinct. The experiments with tap
water showed that the contact between the cement paste samples
and hard tap water did not lead to significant changes in the

cement paste
3 ‘ » i 3
3 %

Ey ..s.’i’

Fig. 7. Electron microscopic image of a cross section of a cement paste sample
immersed for 5 d ina 1 M Cl™ solution (MgCl,) at 20 °C.

composition of the solid samples or of the reaction solution (Fig. 1b
and c). This can be attributed to the formation of a calcium car-
bonate layer on the surface of the cement paste (Fig. 3a), which may
act as a diffusion barrier and thus, provide a protection against
reactive transport processes. The slight decrease of the Ca** con-
tent in the solution over time (Fig. 1b) indicates that the growth of
this layer occurs within the first few hours. It is reported that CaCO3
layers, which grow on the surfaces of cement-based systems as a
consequence of a contact with hard tap water, develop a dense
structure providing a protection against reactive transport pro-
cesses [17].

As well, the exposure to the MgCl, solution leads to the for-
mation of a dense appearing layer of crystalline reaction products
(Fig. 7) capping completely the sample surface (Fig. 2¢). In contrast
to the tap water exposure, the results of the experiments with the
MgCl, solutions show features of an intense attack despite the
presence of the crystalline covering layer. In the exposure experi-
ment with the MgCl, solution, the degradation rate of Ca(OH),, as
well as the Ca* release, was higher than in all other experiments
(Fig. 1). Additionally, the formation of a Mg(OH), covering layer
(Figs. 5 and 6) did not inhibit the chloride ingress compared to the
other experiments with chloride solutions (Fig. 1d). Only the pH
value of the reaction solution remained stable and relatively low.
But this is no sign of “dormancy” in the attack by reactive transport
processes. It rather indicates a crystallization process. The transport
of OH™ into the reaction solution, responsible for the rising pH
value in all the other experiments (Fig. 1), feeds an intensive crys-
tallization of Mg(OH); on the sample surface. This process is
consuming OH™ and, therefore, continuously triggering a perma-
nent dissolution of Ca(OH),. This causes intense changes of the
mineralogical composition and affects, consequently, the structural
properties, such as an increasing porosity [18]. Similar results have
also been reported for an exposure to MgSO4 solutions [19].
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Nevertheless, it is still often supposed that covering layers of
Mg(OH), provide a barrier against reactive transport processes, as
stated in particular for a MgSO4 environment [7,20,21].

These two extreme results, on the one hand for calcium car-
bonate covering layers grown on cement-based materials in con-
tact with hard tap water, and on the other hand thick covering
layers by Mg(OH); due to exposure to the MgCl, solution, show that
an evaluation of protective or non-protective properties of crys-
talline covering layers has to be based on differentiated examina-
tions focusing on the evolution of the properties of the rim zone of
the material.

Compared to the growth of CaCO3; on the surfaces of cement
paste samples after exposure to hard tap water, the formation of
Mg(OH), due to the exposure to a MgCl,-solution occurs signifi-
cantly faster (Fig. 6). Moreover it is remarkable, that the growth of
Mg(OH); is accompanied by an extensive formation of microcracks
on the surface. The crystallization of Mg(OH); on the surface is fed
by the dissolution of Ca(OH), (Fig. 5b). Furthermore, the calcium
silicate hydrate phases (CSH) may be subjected to a chemical attack
potentially resulting in the formation of magnesium silicate hy-
drate phases (MSH) - as often reported in this context [7,22]. Such a
chemical degradation of these main compounds of hardened
cement paste is supposed to be closely related to the formation of
microcracks [11,23]. The short-term exposure experiments show
that a contact to the MgCly solution immediately affects the
composition and structure of the several pm thick rim zone of the
material. Even though this process is followed by a quick formation
of a thick layer of flaky Mg(OH); crystals (Figs. 3¢ and 5a), it appears
to be obvious that the consequence of this micro structural evolu-
tion cannot be an increased protection against reactive transport
processes.

In the other experiments performed with demineralized water,
alkali chloride solutions and the CaCl, solution, no significant for-
mation of potentially protective covering layers and no develop-
ment of transport inhibiting properties in the rim zone were
observed (Fig. 2 d—f and Fig. 3 d—f). Regarding the reaction velocity,
these solutions take an intermediate position between the slowest
(tap water) and the fastest (MgCly).

Nevertheless, in all cases, the degradation of Ca(OH); in the
cement paste, coupled with a Ca®* release into the reaction solu-
tion, affects the exposed material to more than a 500 pm depth
within 24 h (Fig. 2). This also holds true for the uptake of chlorides
in the cement paste occurring mainly within the first 6 h of the
experiment (Fig. 1d). However, the structural properties of the
sample surface differ significantly depending on the composition of
the surrounding aqueous solutions (Fig. 2). In addition, the tem-
perature during the experiments has a strong impact on the evo-
lution of the properties on the surface, as well as within the rim
zone of a cement-based system. In the case of MgCl, exposure, the
structure of the Mg(OH); layers is closely related to the tempera-
ture (Fig. 4a and b) affecting, in turn, the reactive transport pro-
cesses. In this regard, the occurrence of other Mg-rich phases, such
as Mg-oxychloride phases - especially at low temperatures - as
described in the literature [14,16], should be mentioned. However,
in this study no experimental evidence for this was noticed, neither
by means of XRD (Fig. 3) nor by EDX investigations (Table 1).

The proceeding of the discharge of Ca(OH), at 5 °C is much
slower than at 20 °C. In addition, a significant formation of Mg-
compounds below the surface on the way to the interior of the
material was observed (Fig. 4c). However, this might be also
attributed to the temperature dependence of the solubility of
relevant compounds, e.g. the increasing solubility of Mg(OH), with
decreasing temperature [24]. In this way, the chemical reactions
affect the transport processes and vice versa and both are associ-
ated with the temperature. Temperature has a significant effect on

the equilibria between solid phases and pore solution in relevant
systems [25] and, furthermore, on the solubility of gases in aqueous
solutions. The latter is of particular importance when carbonic acid
species are involved in the reactions.

The rim zone of cement-based materials in contact with every
kind of aqueous solution acts as a “chemical/mineralogical process
zone” determining the transport properties and affecting, in turn,
the durability of the materials. In this context, the development of
crystalline covering layers plays a key role. These layers may act as a
diffusion barrier when their growth does not harm the underlying
structure and composition of the cement paste substrate as in the
cases of CaCO3 due to the exposure to hard water, because Ca®* and
CO%~ are provided commonly from the hard water [17]. The
deposition of the products of a degradation reaction, for instance as
Mg(OH), as a consequence of an attack by a Mg+ rich solution
consuming OH™ from the Ca(OH), compound of the cement paste,
is not supposed to provide a protective effect. Moreover, this pro-
cess triggers a further degradation.

5. Concluding remarks

These results highlight the complexity of physico-chemical
processes affecting the properties of a several um thick rim zone
of Portland cement bound systems and, therefore, determining, if it
acts as protective barrier or fast lane for reactive transport pro-
cesses. Its structural properties, especially the capacity to inhibit
transport processes, which protects the cement paste, are closely
related to the boundary conditions during crystal growth. In the
case of calcium carbonate on the surface of cement paste exposed
to hard tap water, the structure of the covering layers is often dense
and able to restrict transport processes. In contrast, the formation
of the Mg(OH); capping due to the impact of the MgCl, solution
occurs in a way that harms the cement paste substrate and does not
provide a protective effect. Hence, such a chemical attack instantly
causes the alteration of a several tens of um thin rim zone of a
cement-based material.

The development of the chemical and structural properties of
the rim zone is closely related to the evolution of chemical degra-
dation by means of reactive transport. Accordingly, processes that
occur on the material surfaces within a very short time period may
seriously affect the resistance against chemical attacks of a cement-
based material and, thus, its durability. The relevance of such sur-
face processes for the resistance against reactive transport pro-
cesses emphasizes in particular the importance of the curing phase
for the vulnerability of cementitious systems to chemical
degradation.
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