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      Summary 

 

his thesis deals with several aspects related with pure calcium carbonate cements, ranging 
from the formation and strengthening mechanisms during the setting reaction to the effect 
of their microstructure and moisture equilibrium on the deformation behaviour. Moreover, 

their bioactive properties have been evaluated to assess their potential usage as a bone-
substitute biomaterial. 

Calcium carbonate cements can be synthesized at laboratory scale by mixing with water two 
metastable calcium carbonate phases. Those recrystallize during the setting reaction and induce a 
transition from weak interparticle contacts between different crystals in a movable disperse 
system (paste with viscous-plastic behaviour) into strong phase contacts (elasto-plastic behaviour) 
which are responsible for the final strength of the material. 

In order to improve our understanding of the strengthening mechanisms of this kind of 
cement, we have correlated the polymorphic transformations with the evolution of the 
viscoelastic properties of the pastes during setting and hardening processes. To follow the phase 
transformations, we conducted time-lapse X-ray diffraction (XRD) scans over several calcium 
carbonate pastes, whereas the evolution of their viscoelastic properties was addressed through 
rheological measurements. As a result, we found that the characteristic times of phase 
transformation and structural strengthening are directly correlated; being the formation of crystal 
bridges the main responsible mechanism for creating mechanical strength. In addition, we carried 
out uniaxial compression test to assess the final mechanical properties of set pastes. 

Our study covered not only the strengthening but the deformation mechanisms of this kind of 
cement. Carrying out micro-indentation experiments, we have evaluated the effect of mixture 
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design and moisture equilibrium on creep deformation rates trying to unravel the roles of each 
initial phase. From the obtained results, we identified that macroscopic creep is a result of a 
geometry change of the solid matrix (e.g. crystals) at microscopic scale which occurs in three steps: 
i) dissolution of the solid under pressure, ii) diffusion of dissolved mass through the interface of 
crystals, and iii) precipitation at less stresses areas. 

Using a novel microfluidic approach and inspired by a new model that explains the formation 
mechanism of hollow CaCO3 particles, we have tried to measure the binding forces between 
different CaCO3 particles aiming to correlate this information with the crystal bridging mechanism. 
Unfortunately, we found that the proposed model is uncomplete and dismisses the effect of the 
agitation when a calcium solution is bubbled with CO2 to synthesize hollow CaCO3 particles. 
Consequently, we were unable to measure the binding forces between CaCO3 particles although 
we gained a wide experience and understanding about microfluidic devices and their usefulness 
to study CaCO3 nucleation and growth. 

Finally, to evaluate the potential use of calcium carbonate cements as a biomaterial, we have 
assessed their bioactive properties by checking the ability of apatite-like compounds to form on 
their surface after being soaked in simulated body fluid (SBF). This in vitro approach is well-
established within the field of biomaterials and can predict the in vivo bone bioactivity of a 
material. Using scanning electron microscope (SEM), X-ray diffraction (XRD) and fast transform 
infrared (FTIR) spectroscopy, we confirmed the outstanding bioactive properties of calcium 
carbonate cements from the nucleation of apatite-like compounds over their surface after 7 days 
of immersion. 
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 1 
1 Introduction 

 
“For a man to attain to an eminent degree in learning costs him time, watching, hunger, 

nakedness, dizziness in the head, weakness in the stomach and other inconveniences”. 
Miguel de Cervantes 

his chapter introduces calcium carbonate (CaCO3), enumerates several fields where CaCO3 
is of crucial importance and includes several different arguments to motivate the study 
carried out in the present thesis. 

1.1 Motivation 

Calcium carbonate, CaCO3, is one of the most abundant materials found in Earth’s crust (>4%) 
and it forms several rock types like limestone, chalk and marble [1]. It is also the most abundant 
chemical sediment in oceans, making up to roughly 10% of total sediments [2] and it can be found 
within the shells of arthropods and mollusks separated by sheets of organic matrix composed of 
elastic biopolymers [3]. 

1.1.1 Industrial applications of particulate calcium carbonate 

CaCO3 exists in nature in six different polymorphs, which listed from the least to the most 
thermodynamically stable are: a highly unstable amorphous calcium carbonate (ACC) phase, two 
crystalline hydrated forms known as hexahydrate (or ikaite) and monohydrate calcium carbonate; 
and three anhydrous crystalline polymorphs known as vaterite (V), aragonite (Ar) and calcite (C). 
The latest three crystalline forms are the most common in nature and due to their abundance, 
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properties and low cost post-production they have been used in a wide range of industrial 
applications. The largest consumers of CaCO3 are the paper, plastics, rubber and paint industries, 
followed by the soap, imitation leather, medicine and cosmetic industries [1]. But those 
applications require CaCO3 particles with specific sizes and morphologies. For instance, sub-
micron particles are required for special applications like filler material in PVC, sealant and 
elastomers, composites, fast drying printing ink, cosmetic and pharmaceuticals, while spherical 
particles are required to improve the rheology of coatings and paints [4]. 

As a general trend, not only the size and morphology but the chemical purity and specific 
surface area of CaCO3 particles are properties highly determined by the selected technique to 
produce them. Multiple protocols have been developed to synthesize CaCO3 particles with 
controlled characteristics but most of them are laborious or require extreme conditions and 
special equipment. Among popular methods, one can find the double emulsion approach [5], 
solvothermal growth in autoclave above 100 °C [6], and the Biomineralization approach [7–9]. 
Nevertheless, the main and most effective industrial manufacturing method is the carbonation (or 
Kitano) approach [10–14], on which CaCO3 particles are synthesized by bubbling gaseous CO2 
through a calcium containing solution, which most commonly is calcium hydroxide, Ca(OH)2. An 
example experimental setup is shown on Figure 1.1. In this case the reaction proceeds as follow: 

  (1) 

Even though this technique enables some degree of control over the average particle size, it 
does not allow control on the morphology. 

Controlling the main characteristics of precipitated particles requires a deep understanding of 
the active nucleation and growth mechanisms. Therefore, several analytical techniques have been 
used to cast some light over those mechanisms at different length scales. For instance, in situ AFM 
studies allowed the determination of step growth velocities of small portions of a crystal surface 
as function of the supersaturation, S, of the system [15]. Batch experiments allowed the 
determination of average crystal growth rate of thousands of crystals but unlike AFM, they could 
not observe the mechanisms of crystal growth [16]. To cover the intermediate length scale gap 
corresponding to whole single crystal studies, microfluidics represents a relatively young but 
promising platform to run nucleation and growth experiments due to its high level of control over 
diffusion, concentration, flow dynamics, liquid-gas interface and other factors to the degree that 
bulk methods can hardly reach.  

Few studies have already used microfluidic devices to improve our understanding about 
inorganic CaCO3 crystallization pathways [17–20] and aiming to replicate biomineralization 
processes; i.e., they analyzed the influence of proteins or other ions over polymorphic switching 
[21–24]. For instance, Ji et al. studied the transformation of CaCO3 in live using a microfluidic 
device coupled with synchrotron FTIR micro-spectroscopy. Moreover, Ji et al. [24] demonstrated 
that an extrapallial (EP) proteins can influence at both micro- and nanoscopic levels the 
morphology, structure and polymorphic phase that precipitates within shells. However, very little 
interest has been given to the study of single crystal growth rates despite of the recent study 
presented by Li et al. [25], where I had the pleasure to contribute with this review. Moreover, in 
this paper we compared calcite growth constants measured using our continuous-flow 
microfluidic chip with those measured by other researchers using other techniques. We proposed  



Introduction  
 

3 
 

 

Figure 1.1. Schematic experimental system for calcite precipitation from CO2–H2O–Ca(OH)2 slurry 
used by Montes-Hernandez et al. [14]. It allows control of pressure and temperature. 

some possible explanations for the large differences encountered. This kind of knowledge will 
allow a higher degree of control over the properties of synthesized CaCO3 particles and thus will 
improve their industrial performance. 

1.1.2 Calcium carbonate as a construction material 

As introduced before, CaCO3 is one of the most abundant materials found in the Earth’s crust. 
It forms several rock types like limestone, chalk and marble [1], which has been widely used for 
the construction of countless monuments and sculptures all over the world. For instance, the 
world’s most ancient monuments like the pyramids at Giza were covered by limestone casing 
stones while The Taj Mahal in India was built with marble. Nevertheless, CaCO3 has not only been 
used for construction as the main constituent of natural rocks but it is also an essential 
component to produce modern man-made concrete. 

Concrete is the world’s largest volume manufactured material and it can be defined as a 
composite material made of fine and coarse aggregates bonded together with a cement paste 
that hardens over time. The most widely used cement is the ordinary Portland cement (OPC) 
which it is produced by heating limestone and clay minerals in a kiln at temperatures up to 
1450 °C to form clinker (Figure 1.2). However, this process contributes up to 7% to global 
anthropogenic CO2 emissions [27], showing a clear need to develop more environmentally 
friendly approaches. 

CaCO3 can also be considered as the most abundant natural cement. Multiple examples 
support this statement: CaCO3 binds quartz and feldspar minerals to form sandstone rocks and it 
forms seashells when it is combined with some biopolymers [3]. However, despite of its 
abundance very few attempts have reported its usage as an artificial cementing agent for 
engineering purposes. One of the first approaches was presented by Cailleau [28] (1982) and it  
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Figure 1.2. Calcination of crushed limestone and clay to obtain cement clinker [26]. 

was later modified by Molenaar & Venmans [29] (1993). The method proposed the recirculation 
of Ca(OH)2 solution, pumped by CO2, through the sample aiming to cement. As the solution pass 
through the sample, CaCO3 encounter suitable nucleating sites among the host grains and it works 
as a bonding agent. Nevertheless, this technique require soil casting under sealed conditions to 
flush the starting solutions, making it absolutely unpractical to apply on construction sites in 
comparison with cementitious paste options like OPC. 

The first authors who demonstrated the feasibility of preparing pure CaCO3 cement pastes 
with similar mouldable and malleable properties as OPC were Fontaine et al. [30] and Combes et 
al. [31]. They took advantage of the peculiarities of CaCO3 (re)crystallization when it is suspended 
on a solution and prepared different cement compositions by mixing ACC and vaterite powders at 
different weight ratios with diverse amounts of water. Despite the fact that all compositions 
showed poor mechanical properties, CaCO3 cement still represent a very interesting and 
promising alternative to OPC since its manufacture has a much lower CO2 footprint and the 
overall energetic cost to produce it is relatively low. 

An industrial CaCO3 cement has been recently developed by Calera Corporation (USA) [32] 
using an approach very similar to the carbonation method. More specifically, their manufacturing 
process is based on the Carbonate Mineralization by Aqueous Precipitation (CMAP) method [33]. 
The basic of this process is to capture raw flue gas emissions such as CO2 from a gas- or coal-fired 
power plant and convert them into carbonates by their combination with aqueous solutions 
containing calcium or magnesium ions. These Ca- and Mg-containing carbonate minerals are 
stable and usable as supplementary cementitious materials or as aggregates for concrete. 
However, the mechanisms responsible for creating mechanical strength for these aggregates are 
not fully understood yet. 

Under this base, we considered fundamental to further investigate the strengthening 
mechanisms of CaCO3 cement to improve its mechanical performance and replace progressively 
OPC by this sustainable alternative. 
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1.1.3 Long-term deformation of carbonate rocks and cements 

Both natural and man-made cemented rocks like limestone and concrete have long been of 
interest for construction applications. Even though both have been used for either centuries or 
decades, our knowledge and understanding of the mechanisms that govern their behaviour, 
particularly those related to their deformation, is still limited. Especially important is the 
deformation of those materials when they are exposed to constant stresses for long time spans, 
even when those are below the nominal failure stress of these materials. This kind of time-
dependent deformation is known as creep. 

Creep deformation is of great concern in many fields. For instance, creep of limestone and 
other carbonate rocks is of great importance for the conservation of monuments since it 
endangers the cultural heritage. Probably, the most well-known example about the dramatic 
consequences of creep is the collapse of the Cathedral of Beauvais (France) [34]. 

Creep of carbonate materials is also of key importance in the oil industry because they often 
constitute the oil reservoirs. Carbonate rocks are known to creep, especially during injection of 
water or CO2 to enhance oil recovery, as well as in permanent CO2 storage solution. For instance, 
Japsen et al. [35] reported a compaction front in North Sea chalk dominated by pressure solution 
creep mechanisms. Renard et al. [36] concluded that CO2 injection into water-saturated 
limestones increase compaction creep rates due to intergranular pressure solution by 50–75 
times, leading to significant deformation. Keszthelyi et al. [37,38] studied the compaction of the 
Ekofisk field, a carbonate reservoir which sank almost 5 m from 1971 to 1989 due to pressure 
solution creep (Figure 1.3). 

Moreover, creep deformation has gained a great interest within the construction industry 
since concrete creep can cause deflection and curvature, cracking and redistribution of stresses 
which may lead to the collapse of the structure [39,40]. Presumably, the two most famous cases 
were the collapse of the aqua park cover in Moscow on February 2004 and the 2E terminal roof 
destruction at Charles de Gaulle Airport near Paris on May 2004 [41,42] (Figure 1.4). Thus, 

 

Figure 1.3. Ekofisk tank in 1971 and 1989. The red line shows the distance between the top side of 
the tank concrete body and the sea level. 
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considering creep deformation into consideration in the design of structures is of crucial 
importance. Moreover, it has been shown recently that creep behaviour of concrete is mainly due 
the creep properties of its cementitious phase [43]. Therefore, in order to evaluate a possible 
commercial upgrade of CaCO3 cements, their creep properties needs to be evaluated. The results 
will be not only useful to understand creep deformation of carbonate materials but to foresee its 
occurrence with important implications at several industrial fields. 

 

Figure 1.4. Roof collapse of terminal E2 at Charles de Gaulle Airport (Paris), May 2004. 

1.1.4 Calcium carbonate cement as a biomaterial 

Cementitious materials have been traditionally used by orthopaedics and surgeons as 
biomaterials to overcome the inherent difficulties associated with natural bone-substitute 
materials (viral and/or bacterial contamination risks, biological variability or difficulty of supply). 
Among the alternatives, calcium phosphate cements (CPCs) were the most widespread used due 
to their excellent biocompatibility and bioactive properties [44,45]. For example, Wang et al. [44] 
included β-dicalcium silicate additives to CPCs to improve their injectability properties to allow 
the usage of these cements for minimal invasive surgery. However, the limited solubility of apatite, 
which is the main constituent phase of CPCs, still represents their leading drawback. In 
consequence, several CPCs containing more soluble mineral compounds (like calcium sulfate or 
calcium carbonate [46–48]) were developed to improve their biological resorption rate and 
subsequent bone formation. 

Under these considerations, CaCO3 cements are novel and interesting candidates since they 
will show improved biodegradation and resorption rates due to their higher solubility in 
comparison with apatite [49–51]. The higher porosity and specific surface area of CaCO3 cements 
are favorable for the adsorbent and/or composites of functional molecules and 
biomacromolecules such as proteins or to release drugs [52,53]. For all these reasons, they are 
serious candidates to replace CPCs not only as an injectable paste but to substitute entire bones. 
However, to ensure a satisfactory clinical use, the degree of biocompability of CaCO3 cements and 
the bonding mechanisms with natural bones still need to be evaluated. 
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1.2 Structure of the thesis 

Since the entire thesis deals with CaCO3 cements, chapter 2 is dedicated to describe CaCO3 
polymorphism and the conditions that control the different phase transformations. Later on, the 
basics to synthesize CaCO3 cements are introduced in addition to the crystal bridging mechanism, 
which is the most common strengthening mechanism for crystalline cementitious materials. 
Moreover, the novel microfluidic technique is presented and after illustrating the equations 
governing the flow at the microscale, a description of the methodology used to measure CaCO3 
crystal binding forces is given. Subsections among this chapter contain brief descriptions of the 
theoretical basics of some experimental techniques used along the thesis to characterize phase 
transformations, evolution of viscoelastic properties of cement pastes during setting and 
hardening and the compressive strength of set samples. 

Due to the relevance of carbonate material’s deformation in many fields, creep mechanisms 
of CaCO3 cements have been investigated. Chapter 3 underlines the importance of creep 
deformation, especially within the construction field, and provides a detailed explanation for the 
analysis of both elastic and creep properties from microindentation experiments. This technique 
has been used not only because it requires shorter time spans to perform the tests than the 
traditional compression tests but because it avoids the difficulties associated with the 
maintenance of the load, temperature and relative humidity constant during the length of the 
tests. Special interest has been given to the effect of microstructure and sample moisture 
equilibrium on creep rates. 

Charter 4 includes a background about the usage of cementitious materials for biomedical 
applications and describes the benefits of using CaCO3 cements. Since they have a high solubility 
in comparison with apatite, they are interesting candidates to substitute or repair bone defects. A 
satisfactory clinical use depends on their degree of biocompability and thus, their bonding 
mechanisms with natural bones have been investigated. Finally, chapter 5 sums up a list of future 
possible projects that might be interesting to further investigate on these topics. 
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2 
2 CaCO3 polymorphism, phase 

transformations and 
strengthening mechanisms within 

a cement paste 
 

“Nothing in life is to be feared, it is only to be understood. Now is 
the time to understand more, so that we may fear less”. 

Marie Skłodowska-Curie 

His chapter is initially dedicated to present CaCO3, which exists is nature in several 
polymorphs and to describe the conditions that control the transformations among those. 
Moreover, the novel microfluidic technique is introduced to highlight its potential to study 

nucleation and growth of CaCO3. Later on, CaCO3 cements are introduced in addition to the crystal 
bridging mechanism, which is the most common strengthening mechanism for crystalline 
cementitious materials. A novel microfluidic-based approach to measure binding forces between 
CaCO3 particles is also described. Following subsections contain brief descriptions of the 
theoretical basics of some experimental techniques used along the thesis to characterize phase 
transformations, evolution of viscoelastic properties of cement pastes during setting and 
hardening and the compressive strength of set samples. 

T 
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2.1 Calcium carbonate polymorphism and phase 
transitions 

Calcium carbonate exists in nature in six different polymorphs, which listed from the least to 
the most thermodynamically stable are: a highly unstable amorphous calcium carbonate (ACC) 
phase, two crystalline hydrated forms known as hexahydrate (or ikaite) and monohydrate calcium 
carbonate; and three anhydrous crystalline polymorphs known as vaterite (V), aragonite (Ar) and 
calcite (C). 

Considering a pure system, the formation of CaCO3 usually begins with the admixture of two 
reactants: a calcium containing solution [typically calcium chloride, CaCl2 or calcium hydroxide, 
Ca(OH)2] and a carbonate containing solution [such as sodium carbonate, Na2CO3, or ammonium 
carbonate (NH4)2CO3]. Spontaneous precipitation of CaCO3 by mixing two of these concentrated 
solutions results in a gelatinous matter when the ionic activity product of the mixed solution (IAP 
= aCa

2+ · aCO3
2-) exceeds the solubility product, KSP, of the amorphous calcium carbonate, ACC, 

phase. 

Solubility product values, KSP, depends on the reaction temperature and the analytical 
expression for this dependence was determined by Plummer and Busenberg [54] for each 
polymorph. As shown on Figure 2.1A, ACC has the highest KSP value and consequently it is the first 
one to be formed. Then, it is followed by vaterite, aragonite and finally calcite at all temperatures 
ranging from 5 to 90 °C. Moreover, the ratio between the IAP and the solubility product, KSP, of 
each specific polymorph (ACC, V, Ar or C) determines the supersaturation ratio, S, of the system 
with respect to this phase [55]: 

 
 (2) 

 

 

Figure 2.1. a) Solubility of the anhydrous crystalline polymorphs and the amorphous phase at 1 bar 
(plotted from [56]) and b) Evolution of the logarithmic ion activity product IAP, of calcium and 

carbonate ions with time at 25 °C (plotted from [57]). Regions I, II and III correspond to unstable 
stage, metastable stage and stable stage, respectively. 

A) B) 
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As a result of the ion consumption process, the logarithmic ion activity product, log IAP, of 
Ca2+ and CO3

2− in the suspension varies with time and it defines several regions of interest. Figure 
2.1B shows an example of the IAP evolution with time for an experiment carried out 25 °C after 
mixing CaCl2 and Na2CO3 solutions. At high IAP values (and consequently high supersaturation, S) 
calcium carbonate nanoparticles randomly emerge as amorphous sediment (ACC). Therefore, 
region I is known as the unstable stage. 

Theoretically and according to the Ostwald ripening [58], this amorphous precursor (ACC) is 
highly unstable and will transform into the following least stable phase within few minutes if kept 
in solution. The IAP in the surrounding solution stays constant at the value corresponding to the 
solubility product of ACC until it is completely dissolved (end of region I, Figure 2.1B). At this stage, 
the system is supersaturated with respect to all polymorphic forms and thus ACC will transform 
into the next least stable and higher-energy form, which is vaterite. The IAP of the solution 
decreases as the newly formed vaterite particles grow by consumption of calcium and carbonate 
ions. When the IAP reaches the KSP value of vaterite (beginning of region II, Figure 2.1B), it 
remains stable until this phase is completely dissolved (end of region II, Figure 2.1B). Then, the 
value of the IAP drops again by consumption of calcium and carbonate ions and it stabilises at the 
solubility product of the calcite phase (region III, Figure 2.1B) when the transformation ends. 

 

Figure 2.2. Abundance of crystalline calcium carbonates at the early metastable stage (transition 
from region I to region II) as a function of temperature (plotted from [57]). 

However, in practice the transformation from the unstable ACC into the metastable stage 
(transition from region I to II) usually result on a mixture of polymorphs. Indeed, the relative 
abundance of precipitated particles is mainly dependent on the supersaturation stage, S, which is 
highly influenced by the pH and by the reaction temperature. Changes in the initial pH values of 
the reagent solutions have an impact on the polymorphic transformation since those can change 
the ionic strength of the solution which is related to the supersaturation, S. A higher pH leads to a 
higher concentration of carbonate ions and therefore higher supersaturation, S. Regarding the 
temperature, its effect has been already introduced before since it modifies the solubility product 
values, KSP, of all CaCO3 polymorphs [54]. Figure 2.2 shows the polymorphic relative abundance as 
function of the reaction temperature. Initial ACC transforms into a combination of vaterite and 
calcite at low temperatures (14 °C to 30 °C), whereas vaterite occurs predominantly at 30 °C–40 °C. 
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At intermediate temperatures (40 °C to 50 °C) the formation of all three polymorphs is observed 
and by elevating the temperature above 60 °C aragonite polymorph is stabilized. 

The implication of the theory reveals that by controlling the supersaturation (and indirectly 
the temperature and the pH) and harvesting crystals at an appropriate time, it should be possible 
to isolate certain polymorphic forms [59]. 

Calcite and aragonite usually crystallise as mono-crystalline well-faceted particles, while on 
the other hand, vaterite particles are polycrystalline, exhibit a spherical shape and are built up by 
25–35 nm crystallites [60]. Table 2.1 includes a resume of the main properties of the three most 
common anhydrous crystalline polymorphs and the ACC phase to underscore their differences. 

Table 2.1.Summary of the main properties of ACC and the three anhydrous crystalline polymorphs 
of calcium carbonate: vaterite, aragonite and calcite.  

 AAmorphous (ACC) 
CCrystalline 

Vaterite (V) Aragonite (A) Calcite (C) 

 

 

  

 

Formula CaCO
3
 CaCO

3
 CaCO

3
 CaCO

3
 

Crystalline structure Amorphous Hexagonal Orthorhombic Trigonal 

Lattice constants (Å) - 
a=b=4.130 

c=8.490 
γ=120° 

α=β=γ=90° 
a=4.959 
b=7.964 
c=5.738 

a=b=4.991 
c=17.062 
γ=120° 

Shape Spherical Spherical aggregates Needle-like Rhombohedral 
Interfacial Tension, σ 

(mJ m
−2

) 
−12.6 64.6 96.3 8.94 

Density, d (g/cm
3
) 1.90 2.64 2.94 2.71 

Solubility 

product ,K
SP

 ·10
-9

 (M
2
) 40 12 4.6 3.3 

Log Ion Activity 
Product -6.0 -7.91 -8.34 -8.48 

Abundance Very rare Rare Common Very common 

 
Regarding the mechanisms responsible for the aforementioned transformations, it is widely 

accepted that the transition from metastable phases (vaterite and aragonite) into calcite is 
triggered by dissolution and recrystallization processes [58], being the reaction limited by the 
available surface of calcite [61]. However, there is still an on-going debate about the 
transformation mechanism of ACC into vaterite, which has yielded into two different explanations. 
The former consider that these spherical particles are formed by aggregation of the nano-sized 
precursor particles (ACC), while the later considers a combination of a spherulitic growth 
mechanism [62] and non-epitaxial surface nucleation [63]. 

400 nm 3 μm 4 μm 10 μm 
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2.2 Microfluidics and its potential to study the 
(re)crystallization phenomena 

CaCO3 is used in countless industrial fields including paper manufacture, plastics, paintings, 
pharmaceuticals, agrochemicals, textiles, tires, adhesives and calcium-enriched food among many 
other examples [1]. However, those varied applications require specific crystal sizes and 
morphologies. For instance, paper manufacture requires ultrafine (<1μm) spherical CaCO3 
particles to improve the brightness, opacity, printability, ink receptivity and smoothness of the 
final product [1]. 

Crystal size and morphology are properties highly dependent on the selected technique to 
synthesize CaCO3. The particular conditions of each technique determine the active nucleation 
mechanisms and subsequent growth rates. Thus, several analytical techniques have been used to 
study those mechanisms at different length scales. For instance, in situ AFM studies allowed the 
determination of step growth velocities of small portions of a crystal surface [15], whereas batch 
experiments allowed the determination of average crystal growth rate of thousands of crystals 
but could not observe the mechanisms of crystal growth [16]. 

To cover existing the gap in length scales corresponding to whole single crystal studies of 
CaCO3, microfluidics represents a relatively young but promising platform to run nucleation and 
growth experiments due to its high level of control over diffusion, concentration, flow dynamics, 
liquid-gas interface and other factors to the degree that bulk methods can hardly reach. 

Few studies have already used microfluidic devices to improve our understanding about 
inorganic CaCO3 crystallization pathways [17–20] and replicating biomimetic or biomineralization 
processes. i.e., they analyzed the influence of proteins or ions, such Mg or Sr, over polymorphic 
switching [21–24]. For example, Zeng et al. [19] used microfluidics chips to control the formation 
of ACC and its transformation pathways to vaterite and calcite. Seo et al. [20] mixed Na2CO3 and  

 

Figure 2.3. Continuous flow reactor to control nucleation and growth. The fluid concentration in 
the channel at the crystal depends on the relative flow rates of the 5 inlets. CaCl2 is injected 

through inlets 1 and 4 and Na2CO3 is injected through inlets 3 and 5. Inlets 4 and 5 are only used 
during nucleation to assure nucleation in the channel between the second junction and the outlet 

[25]. 
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CaCl2 in a microfluidic linear gradient mixer to study CaCO3 crystallization morphologies while in 
another set of studies [24], they mixed Na2CO3 and CaCl2 solutions with and without mollusk shell 
proteins in a microfluidic T-junction to study their effect on CaCO3 crystallization. They showed 
that those proteins can influence at both micro- and nanoscopic levels the morphology, structure 
and polymorphic phase that precipitates within shells. 

In most of those studies, CaCO3 nucleation is carried out by mixing the reagents in a 
segmented-flow microfluidic reactor; i.e., nucleation occurs within droplets. On the other hand, 
just a few operate under continuous-flow conditions although those replicate the most similar 
environment to CaCO3 nucleation in nature. A novel continuous flow reactor was recently 
introduced by Li et al. [25] to induce nucleation and slow growth of CaCO3 crystals under well 
controlled conditions (Figure 2.3). Its novelty also relies on the possibility to study 
thermodynamically unstable polymorphs like vaterite and aragonite. We were able to measure 
the growth rate constant of calcite and to compare it with the values reported by other methods, 
including batch and AFM measurements. As a co-author of this study, I contributed with a review 
of literature on calcite growth and phase transformation using several kinds of microfluidics 
devices. 

2.3 Calcium carbonate cements 

CaCO3 is the most common natural cement on Earth. For instance, calcite acts as the binding 
phase of quartz and feldspar minerals to form sandstone rocks, whereas aragonite can be found 
combined with some biopolymers in layered structures to form seashells [3]. 

Cementitious materials are of key importance to the society since they have been used in 
construction of houses, transport and industrial infrastructures, but despite of the abundance of 
CaCO3, very few attempts have reported its usage as an artificial cementing agent for engineering 
purposes. As introduced before, one of the first approaches was the method originally proposed 
by Cailleau [28] (1982) and later modified by Molenaar & Venmans [29] (1993) which proposed 
the recirculation of Ca(OH)2 solution, pumped by CO2, through the sample aiming to cement. A 
commercially version of this methodology was tested by Ismail et al. [64] with different soils 
including glass beads, calcareous sand and silica sand with a satisfactory performance. However, 
all these approaches require soil casting under sealed conditions to flush the starting solutions, 
making them absolutely unpractical to apply on construction sites in comparison with the more 
common cementitious paste options. 

Few years later, the feasibility of preparing pure CaCO3 cement pastes with similar mouldable 
and malleable properties as ordinary Portland cement (OPC) was demonstrated by Fontaine et al. 
[30] and Combes et al. [31]. The authors took advantage of the peculiarities of CaCO3 
(re)crystallization when it is under solution. More specifically, they mixed water with two 
metastable CaCO3 solid phases: one of them should be the highly reactive amorphous calcium 
carbonate, ACC, while the other must be one of the metastable crystalline phases, either vaterite, 
V, or aragonite, Ar, which acts as a seed for their (re)crystallization into the most stable calcite 
polymorph during the setting reaction. They prepared different compositions by mixing ACC and 
vaterite at different weight ratios with diverse amounts of water. All tested compositions set and 
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hardened relatively fast yielding microporous networks of either aragonite or calcite crystals with 
poor mechanical properties. However, despite of this drawback, CaCO3 cement presents multiple 
environmental benefits in comparison with OPC. For example, no CO2 is released to the 
atmosphere during its manufacture and the overall energetic cost to produce it is relatively low. 
Therefore, CaCO3 cement deserves to be considered as a potential alternative to OPC. 
Consequently, the mechanisms responsible to build up strength within this system require further 
understanding as a previous step of a commercial upgrade. 

Among the strengthening mechanisms, the transformation and crystallization energetics of 
ACC and vaterite phases (or aragonite, depending on the initial mixture design) into calcite seems 
to play an essential role. As introduced on Section 2.1, CaCO3 polymorphic transformation follows 
an energetically downhill sequence: ACC → Vaterite → Aragonite → Calcite [65]. However, 
indirect transformations or more complex mechanisms out of this classical nucleation theory (CNT) 
may also occur [66], resulting on unknown activation energies and growth/dissolution rates. 
Multiple studies have been carried out to unravel the mechanisms and the energetics among the 
CaCO3 polymorphic transformations in solutions, at both computational and experimental levels 
[61,65,67–69]. For example, Rodriguez-Blanco et al. [61] and Bots et al. [69] found that hydrated 
ACC transforms into an intermediate anhydrous ACC before forming vaterite; then, vaterite 
transforms to calcite (at temperatures below 40 °C) via a dissolution and reprecipitation 
mechanism with the reaction rate controlled by the surface area of calcite. However, a cement 
paste represents a more complex challenge since the amount of available water plays a key role 
as an external mediator/inducer of the transformation [61]. The liquid phase remains saturated 
on a different polymorph depending on both their solubility and their relative existence within the 
paste [70], making the driving force of the transformation to vary with time. Moreover, the paste 
may experience evaporation at the paste/air interface depending on the environmental 
conditions during setting. Hence, a better understanding of these simultaneous transformations 
that CaCO3 pastes undergo during the setting reaction is still necessary. 

Within the present thesis, in papers I and III we have investigated CaCO3 phase transitions 
using in-situ X-ray diffraction (XRD) over CaCO3 cement pastes with dissimilar mixture designs 
prepared following the “Combes method [31]”. The following section includes a brief description 
of the fundamentals of this technique and some details about the analysis we performed to 
determine the relative mole fraction of each CaCO3 phase during setting from these datasets. 

2.3.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive technique that provides information on the atomic 
structure and composition of crystalline materials. 

Lawrence Bragg and his father William Henry Bragg proposed in 1913 the Bragg formulation 
of X-ray diffraction in response to their discovery [71]. They found that crystalline solids, when 
they are incident with x-ray beams at certain specific wavelengths and incident angles, produce 
intense peaks of reflected radiation. They explained this result by modelling the crystal as a set of 
discrete parallel planes which contains the different atoms of the solid. Those planes are 
separated by a constant parameter known as lattice spacing, d. When the scattered waves from 
the atoms interfere constructively, the incident and the scattered waves remain in phase since 
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Figure 2.4. Bragg diffraction. Two beams with identical wavelength, λ, and phase, approach a 
crystalline solid and are scattered off two different atoms within it. The lower beam traverses an 
extra length of 2d·sinθ. Constructive interference occurs when this length is equal to an integer 

multiple, n, of the wavelength of the radiation, λ. 

the difference between their path lengths is equal to an integer multiple, n, of the wavelength of 
the incident wave, λ. The path difference between two waves undergoing interference is given by 
2d·sinθ, where θ is the scattering angle (Figure 2.4).  

This leads to the Bragg's law, which describes the condition on θ to provide the strongest 
constructive interference [71]: 

  (3) 

At all other angles, there is no constructive but destructive interference instead, and only 
noise is recorded. Therefore, diffraction patterns are obtained by plotting the measured intensity 
of scattered waves as a function of the scattering angle, θ. Strong intensities results on Bragg 
peaks along the pattern where the scattering angles satisfy Bragg’s condition. 

Since the lattice spacing, d, and the positions of the atoms are unique for each crystalline solid, 
the diffraction patterns are commonly used to identify unequivocally their composition. 

2.3.1.1 Powder diffraction 
Most natural materials are not monocrystals, but aggregates of many smaller crystals with 

different orientations and sizes. Hence, when analysing such materials with X-ray diffraction, all 
possible interatomic planes will be seen by the beam. However, since diffraction from each type 

 

Figure 2.5. X-ray diffraction patterns coming from a multiphase powdered crystalline sample. 
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of plane only occurs at its characteristic diffraction angle, θ, the dissimilar orientations of the 
crystals will cause the reflection from the same plane to occur along a cone, with its tip at the 
centre of the sample. Each phase with its characteristic “hkl” Miller planes will give rise to a cone 
with a different angle. As demonstrated by Jenkins and Snyder in 1996 [72], the whole diffraction 
signal result in a series of concentric cones coming from each phase, which are recorded in the 
form of rings, by the detectors (Figure 2.5). Those are known as Debye-Scherrer rings. 

2.3.1.2 Phase transitions 
The XRD pattern originated from a crystalline sample depends on the specific environment 

since, for instance, a modification of the temperature, pressure or relative humidity can induce a 
new arrangement of atoms or molecules to become stable under the newest conditions leading 
to a phase transition. At this point, new diffraction peaks will appear or old ones will disappear 
according to the symmetry of the new phase. 

In the present thesis (Papers I and III), calcium carbonate, CaCO3, phase transitions have been 
investigated within a cement paste system. Especial attention have been given to the effect of the 
initial mixture design (ACC to vaterite, ACC:V, weight ratio, wt.%) on the transformation kinetics of 
each phase. The amorphous calcium carbonate phase (ACC) is usually recorded as a broad 
amorphous pattern with a hump shape [73], whereas vaterite (V), aragonite (Ar), and calcite (C), 
display Bragg peaks at different diffraction angles, θ, and diverse intensities. Thus, by performing 
time-lapse scans, we could investigate the kinetics of those phase transitions. More specifically, 
since the mass of a crystalline phase, mi, is proportional to the area, Ai, under its diffraction peak 
(mi α Ai), the net area under the main vaterite and calcite diffraction peaks were calculated for 
each scan. The mole fractions of each phase, Xi, could be calculated from Ai based on two 
assumptions: The vaterite mole fraction in the first scan is the same as in the initial mixture design 
and in the final scan the cement is pure calcite. Then, the evolution of the mole fractions for 
vaterite, XV (t), and calcite, XC (t), could be determined using the following relations, respectively: 

   and    (4) 

where t represents the time and XV (t0) the starting vaterite mole fraction which is determined by 
the mixture design (ACC:V wt.%). Moreover, the mole fraction evolution of ACC, XACC (t), could be 
easily determined indirectly since the total mole fractions follow XC (t)+XV (t)+XACC (t)=1. 

2.3.1.3 Ruling-mechanism of CaCO3 phase transformation within a cement paste system  
The transformation of ACC and vaterite crystals suspended in a stirred solution proceeds via a 

dissolution and reprecipitation mechanism with the reaction rate controlled by the available 
surface area of calcite, as shown by Rodriguez-Blanco et al. [61] and Bots et al. [69]. To check 
whether this ruling-mechanism still applies for cement paste systems or not, the kinetics of the 
different phase transition involved has been considered and analysed using the crystal growth 
rate, r, (also representing dissolution if it is negative) on paper I and III. The crystal growth rate, r, 
is expressed as: 
  (5) 

where K is the growth rate constant (kg s-1 m-2), A is the reactive surface area of the growing 
phase, Ea is the apparent activation energy of the overall reaction, R is the gas constant, T is the 
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absolute temperature and f(ΔG) introduces the dependence of the overall growth rate on the 
supersaturation state of the system expressed as a function, f, of the Gibbs free-energy change for 
the growth reaction, ΔG.  

The ΔG function may have a variety of forms. However, since the overall reaction here studied 
is an elementary reaction, f(ΔG) can be derived from transition state theory (TST) [74,75] in the 
following way: 

 
 (6) 

To identify the rate-determining step of ACC and vaterite transformation into calcite, the 
evolution of the mass, m, of each phase have been analysed and compared with the growth rate, 
r: 

 
 (7) 

Assuming that the growth rate constant of the transformation, K, and the supersaturation, Ω 
= ΔG/RT, of the system does not change with time, one can combine them into a single constant 

term, . Moreover, the mass of a particle, m, is proportional to the cube of its length, 

L, (m α L3), whereas its area, A, is proportional to the square of its length, (A α L2). Thus, the area 
is proportional to the power of 2/3 of the mass: A α m2/3. With those considerations, Eq. 7 results 
in: 

 (8) 

In this equation, the positive sign is used to describe the evolution of the mass of the growing 
calcite phase, , and it considers that calcite precipitation is limiting the transformation of ACC 
and vaterite into calcite. On the other hand, the negative sign describes the evolution of the mass 
of the dissolving vaterite phase, , and it considers that vaterite dissolution controls the 
transformation rate of both ACC and vaterite into calcite crystals. Both hypotheses were 
considered on Paper I, on which we showed that the transformation of vaterite to calcite within a 
cement paste system is not only limited by the dissolution of vaterite but by the grain size change 
and its effect on the chemical potential of the system. 

2.3.2 Strengthening mechanisms 

It is generally recognized that setting and hardening processes on Portland cement are due to 
the formation, by a dissolution−precipitation process, of calcium silicate hydrate (C−S−H) on 
coarse grains during tricalcium silicate (Ca3SiO5) hydration [76–78]. C-S-H is an amorphous phase 
with outstanding binding properties and consequently it can fill very easily the gaps in between 
coarse aggregates. However, crystalline plasters like gypsum (CaSO4·2H2O) or calcium hydroxide 
(Ca(OH)2) develop its mechanical properties on a very different way. Their microstructure 
(without additives) is usually an assembly of randomly distributed crystals, with diverse sizes and 
shapes, which bridge with each other to form a network [79,80]. Consequently, the final 
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mechanical properties of the pastes depend on the “efficiency” of this bridging mechanism during 
the setting reaction. 

Since CaCO3 cements are purely crystalline, it is not trivial to assume, at least as a starting 
point, a similar strengthening mechanism. Either way, this assumption has been checked in Paper 
I. The following sections include some insights about the bridging mechanism and how it can be 
followed experimentally. 

2.3.2.1 Crystal bridging 
Nucleation and growth of crystalline bridges with strong contacts during setting and 

hardening processes are key factors responsible to understand the strength, durability and 
reliability of rigid crystalline materials. 

In a crystalline cement paste, the formation of crystal bridges begins with the hydration of the 
powdered reagents just after being mixed with the liquid phase. Then, this hydration initiates the 
polymorphic transformations from the original precursors to more stable crystalline phases. From 
a structural point of view, the system can be modelled as a viscous concentrated suspension 
where the hydrated particles interact with each other during the phase transformation. 

The nature and the properties of those interparticle interactions are primarily electrostatic in 
origin. However, their manifestations can be widely different depending on the geometry and the 
size of the particles, and are influenced by the presence of solvent, electrolytes, etc. in the 
medium [81]. For instance, between two colloidal crystals (with an average radius ≈ 10-4 cm) there 
exists always an interaction due to fluctuating electromagnetic fields associated with their 
polarizabilities. This kind of interaction is known as van der Waals, is one of the weakest in 
strength (between 0.4 and 4.0 kJ/mol) and is always attractive between similar particles [82]. 
Consequently, it can make colloidal crystals to coagulate in a medium if only van der Waals forces 
exist. However, this does not happen in many cases owing to the presence of other repulsive 
forces. The origin of repulsive forces between two suspended crystals can arise from the charges 
on their surface, steric forces or solvation forces. Several mechanisms promote their presence, 
including the ionization of the functional groups on the surface of the crystals, adsorption of 
charged molecules or ions on their surface or just due to a differential solubility of the constituent 

 

Figure 2.6. Schematic representation of the double layer of bound (Helmholtz) and diffused 
counterions around two idealized crystals [83]. Overlapping of those electrical double layers 

originates an area of electrostatic repulsion when two crystals approach to each other. 
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ions within the crystal. Regardless of its origin, the surface charge of the crystalline particles is 
balanced by an equal but oppositely charged region of counterions in the medium that creates a 
double layer of bound (Helmholtz) and diffused counterions around them (Figure 2.6) [82,83]. The 
overlapping of those electrical double layers originates an area of electrostatic repulsion when 
two crystals try to approach to each other. 

To determine the total interaction energy between two neighbouring crystals, the attractive 
van der Waals and the repulsive electrostatic interactions must be summed up, as stated in the 
DLVO theory (named after the scientists Derjaguin, Landau, Verwey and Overbeek [84,85]). The 
net interaction energy, U(D), between two flat charged surfaces can be obtained as [81]: 

  (9) 

where B is a constant that depends on the surface charge density, κ is a constant that depends on 
the ionic strength of the medium, D is the distance between the crystal surfaces and A is known as 
the Hamaker constant, , where  is the number density of atoms in the solid and C 
is a proportionality constant that depends on the polarizability and ionization energy of the atoms 
according to the London-dispersion equation. 

From Eq. 9 it can be deduced that both at small and large separations, van der Waals 
attraction dominates, whereas at intermediate separation the repulsive interaction, which 
depends on the ionic concentration in solution, dominates. 

For a cement paste system, the average separation between the suspended crystals is mostly 
determined by the liquid (L) to powder (P) ratio, L/P, (wt. %). High-viscous cement-paste designs, 
as CaCO3 cements prepared in this thesis, will make the suspended crystals to be close enough to 
interact with their neighbours either via an equilibrium residual film of dispersion medium or 
“touching” directly (Figure 2.7A). This kind of interaction is known as interparticle contact and its 

 

 

Figure 2.7. a)  Interparticle contacts via an equilibrium residual film of dispersion medium and 
direct, and b) Development of crystal bridging. From left to right: interparticle contacts, phase 

contacts and compact contact [83]. 

A) 

B) 
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strength is primarily determined by the surface forces, which are typically weak and define the 
rheological properties of the system. 

In order to build up strength, these interparticle contacts require the crystals to get closer to 
enlarge the areas of contact progressively. This requires deformation of the crystal grains either 
by plastic deformation or by their recrystallization (Figure 2.7B). Moreover, spontaneous 
nucleation of new grains between the remaining crystals can also enlarge the areas of contact by 
forming nano-bridges that can grow afterwards. The probability of bridging varies from similar to 
different crystals and depends upon several parameters including their crystallographic 
orientations, surface modification by surfactants, presence of electrolytes, etc. [83]. Nevertheless, 
all those processes are usually thermodynamically favourable since they decrease the total free 
energy of the system. 

Once the areas of contact between different crystals exceeds those of an elementary cell; i.e., 
the contact occurs over at least 102–103 interatomic bonds, the transition from a bulk volume of 
one crystal into that of another takes place continuously within the same phase. Consequently, at 
these stage the crystals are linked by contacts termed phase contacts [80]. The development of 
this kind of crystal joints is also known as “bridging effect” or “crystal entanglement” [45]. Indeed, 
the surface of contact is similar to that of a grain boundary in polycrystalline materials and 
particle attachment is determined by short-range cohesive forces. When the crystals are able to 
form a compact solid without porosity, then they from compact contact (Figure 2.7B). 

Consequently, the phenomena of crystal bridging can be described as a variety of physical-
chemical processes which cause a progressive transition from weak interparticle contacts in 
movable disperse systems (viscous-plastic behaviour) into strong phase contacts which are 
responsible for the strength of the material; i.e., those processes cause a conversion of a paste 
system into an artificial solid system [83].  

Moreover, crystal-bridging nucleation and especially its subsequent growth may result on the 
development of internal stresses. During growth of the nucleated bridging structures, they “set 
against” or “stumble on” other particles in the frame. Crystallization pressure accompanying 
crystal growth in a supersaturated medium contributes to create compressive contact forces 
within crystals, which indeed is one of the mandatory requirements for building phase bridges 
[83]. Once the supersaturation, S, gets low, these stresses can relax partially or fully, either due to 
the plastic deformation of particles or as a result of destruction of contacts in the course of 
structure formation (so-called strength drops). 

2.3.2.2 Microfluidics and its potential to measure crystal binding forces 
Microfluidic devices are not limited to the mixture of solutions to study nucleation and 

growth of crystalline species like CaCO3 [17–20]. Few authors have mixed, instead, two gaseous 
phases or more commonly a liquid phase with a gaseous one [86,87]. For instance, Gong et al. [86] 
designed a chip that enables nucleation and growth of CaCO3 crystals by mixing CaCl2 solution 
with NH3 and CO2 gases on a confined reaction volume with well-defined shape and size. 

This kind of configuration is certainly the most similar one to the industrial carbonation 
approach [10–14] (introduced on Section 1.1.1.) used to synthesize CaCO3 particles. Hadiko et 
al.[11] and Han et al. [88] proposed a new model to explain the formation mechanism of hollow  



 RODRÍGUEZ SÁNCHEZ, Jesús; PhD dissertation 
 

22 
 

 

Figure 2.8. Proposed mechanism by Hadiko et al.[11] and Han et al. [88] for the formation of 
hollow CaCO3 particles when using the carbonation approach. The latest stage includes a SEM 

micrograph of a real hollow CaCO3 particle [88]. 

CaCO3 particles synthesized from this method. More specifically, they proposed that both the 
aggregation of CaCO3 nuclei formed at the CO2 bubble surface and their subsequent growth result 
on the formation of shell structures (Figure 2.8). 

Inspired by their model [11,88], I tried to synthesize hollow CaCO3 particles within a 
microfluidic chip, aiming to measure binding forces between different CaCO3 particles afterwards 
and to correlate this information with the bridging mechanism proposed and explained on 
previous sections. I used a commercial microfluidic chip (Micronit ®) to carry out the experiments 
and I selected Ca(OH)2 and CO2 as the initial reagents. 

As shown on Figure 2.9, the microfluidic chip consisted of a T-junction where the two 
reagents met. Ca(OH)2 solution was injected from both inlets 1 and 2 while CO2 was injected 
perpendicularly from inlet 3. The three inlets met at the junction, where there is a perforated hole 
that enables the bubble production when the viscous stresses are high enough to overcome the 
confinement effects of the microchannel walls [89] (the following section includes a summary of 
the governing equations of the flow at the microscale level for further information). Once, the CO2 
bubble was formed, it continued flowing through the outlet microchannel where it was 
completely surrounded by Ca(OH)2 solution. Nevertheless, neither the formation of CaCO3 
particles nor the diffusion of the CO2 bubbles into the Ca(OH)2 solution, which was previously 
degassed, was ever observed. Any of the experiments produced shell structures not even at 
steady conditions, i.e., by stopping the flow once the bubble was formed. 

 

Figure 2.9. Microfluidic chip used for the synthesis of hollow CaCO3 particles inspired by Hadiko et 
al. [11] and Han el at. [88] model. The arrows indicate the direction of the flow of each phase. 

Ca(OH)2 is displayed in blue and CO2 in red color. The figure on the right is a magnification of a CO2 
bubble surrounded by Ca(OH)2 solution. 
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Several solutions providing calcium ions were investigated at different concentrations but still 
with the same results. Consequently, it was not possible to measure the binding forces between 
CaCO3 particles within a microfluidic chip.  

Nonetheless, I studied the formation of CaCO3 particles using the same calcium solutions and 
concentrations as within the microfluidic chip but following the traditional carbonation approach, 
i.e., by bubbling CO2 (at 30 mbar) into the calcium solutions (0.5 L Ca(OH)2 0.5M) contained on an 
Erlenmeyer flask and agitated with a magnetic stirrer. Figure 2.10 shows SEM micrographs of the 
CaCO3 particles obtained as function of the agitation speed. 

The results show that the formation of hollow CaCO3 structures was only possible when a 
relatively high degree of agitation was applied to the solution. Consequently, the model proposed 
by Hadiko, Han and co-workers [11,88] seems to dismiss the role of the agitation, which may 
enhance the aggregation of the early CaCO3 nuclei [68]. The results also show that even in the 
absence of magnetic agitation, CaCO3 particles were able to form but it is important to highlight 
that the bubbling itself provided some degree of agitation to the solution which may have helped 
to overcome the nucleation energy barrier. This kind of energetic contribution was never present 
within the microfluidic chip and may explain why the precipitation of CaCO3 particles was never 
observed under these conditions. 

 

Figure 2.10. SEM micrographs of CaCO3 particles synthesized following the carbonation method. 
Ca(OH)2  0.5M and CO2 were the initial reactants. The results are as function of agitation speed 

used to enhance the mixing between the two reactants. 

2.3.2.3 Governing equations for flows at the microscale 
The results above can be better understood by comparing the hydrodynamics of a stirred 

beaker and a microfluidic device. Flow of fluids in microfluidic systems are usually characterized 
by three dimensionless numbers [90]. The first one is the Reynolds number, Re, which describe the 
ratio between inertial to viscous forces within a fluid which is subjected to relative internal 
movement due to different fluid velocities [91]. It can be determined as follows: 
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  (10) 

where  and μ are the density and dynamic viscosity of the fluid, respectively, l is the 
characteristic dimension of the system and u is the speed of flow, which can be calculated as 

, where Q is the flow rate of the liquid phase, and w and h are the width and the 
height of the channel, respectively. When Re << 1, the flow is dominated by viscous stresses and 
pressure gradients-inertial effects are negligible. For the employed microfluidic device, the Re 
value goes from 0.08 at the minimum flow velocity necessary to induce bubble formation up to 
0.2 at the maximum flow speed before reaching the jetting regime. Thus, within this range 
laminar flow occurred at constant fluid motion. On the other hand, the experiments carried out in 
the stirred beaker were characterized by a Reynolds number Re >> 1000, at which turbulent 
mixing contributed to another type of aggregation of the spherical CaCO3 particles.  

The second dimensionless number is the Weber number, We, and it defines the relative 
importance of the fluid's inertia compared to its surface tension. It is of special importance for 
those systems that induce the formation of droplets and/or bubbles and it can be written as [91]: 

  (11) 

where  is the surface tension of the fluid. For the same flow velocity conditions as before, the 
Weber number value oscillated from 2.8 to 18.1 for the microfluidic chip, whereas the range for 
the stirred beaker was within 70 to 900. Thus, the fluid inertia plays a key role over the surface 
tension for the formation of bubbles in both setups. However, the weight of this parameter is 
considerably different. 

The third and last dimensionless number is the capillary number, Ca, and it represents the 
relative effect of viscous forces versus surface tension acting across an interface between a liquid 
and a gas, or between two immiscible liquids. It can be calculated using the following equation 
[91]: 

  (12) 

Considering as before the minimum and maximum flow velocities to generate bubbles within 
the microfluidic chip, the capillary number of the system varied from 0.03 to 0.09. The latter is, 
indeed,  just below the threshold before getting into the jetting regime (Ca ≈ 0.1) [91,92]. When 
Ca > 0.1, the capillary forces are negligible compared to the viscous forces. 

2.3.2.4 Viscoelasticity and its evolution during the setting reaction 
As stated on previous sections, the strengthening mechanisms of CaCO3 cements are 

triggered by the (re)crystallization of the initial phases and by crystal bridging within the newly 
formed particles. Considering that the bridging mechanism is described as a transition from weak 
interparticle contacts into strong phase contacts [83], it is of crucial importance to correlate phase 
transformation times with the viscoelastic properties of the cement pastes during the setting 
reaction. For this purpose, rheological measurements provide the best framework since they can 
follow the evolution of the viscoelastic properties of the cement pastes during setting. 
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At the current point, it seems important to define what the viscoelastic properties are and 
how rheology can access them. The viscoelasticity is the property of materials that exhibit both 
viscous and elastic characteristics when undergoing deformation. Viscous materials, like honey, 
resist shear flow and strain linearly with time when a stress is applied. Elastic materials strain 
when stretched and quickly return to their original state once the stress is removed. Thus, 
viscoelastic materials have elements of both of these properties and, as such, exhibit time-
dependent strain deformation. Whereas elasticity is usually the result of bond stretching along 
crystallographic planes in an ordered solid, viscosity is the result of the momentum diffusion 
among atoms or molecules inside a material. 

Viscoelasticity is studied theoretically by dynamic mechanical analysis and experimentally by 
rheological measurements, which involves the application of a small oscillatory stress to the 
sample aiming to characterize and measure the resulting strain. From the measurements, the 
storage modulus, G’, and the loss modulus, G’’, can be extracted as the characterizing parameters 
of the viscoelastic behaviour [93]: 

  (13) 

where G* is the complex modulus and represents the ratio between the complex stress, *, and 
the complex strain, γ*: 

  (14) 

In Paper I, we used both aging and amplitude sweep measurements to characterize the time 
evolution of the storage modulus, G’(t), during setting and the elastic properties of the CaCO3 
cement pastes after several hours of reaction, respectively. 

2.3.3 Compressive strength 

By the end of the setting and hardening processes, CaCO3 cements are microporous solid 
structures of bridged calcite or aragonite crystals (depending on the initial mixture design). Their 
final mechanical properties are mainly determined by the “efficiency” of the bridging mechanism, 
i.e., the overall bridging area and strength achieved within the crystals. 

To characterize this fundamental state of matter, several techniques have been developed 
and standardized to measure the structural rigidity and the resistance to changes of shape or 
volume. Among the most common ones, Vickers, Brinell and Knoop tests are intended to evaluate 
the hardness of a material; Charpy and Izod tests aim at characterizing the impact resistance, 
fatigue testing characterize the behaviour under cyclic loading, tensile testing characterize the 
resistance against elongation and compressive testing measure the resistance against 
compression. Within the field of construction, undoubtedly, the compressive strength of a 
material is the most relevant one since engineers and architect needs to know it to design and 
calculate structures built on these materials.  

Combes et al. [31] reported values of compressive strength within 3-13 MPa for CaCO3 pastes 
with diverse microstructure, but the effect of the mixture design and setting kinetics on the 
mechanical properties still requires further understanding. As a consequence, in Paper II we 
investigated the compressive strength of several CaCO3 pastes and correlated those results with 
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the phase transformation kinetics and the evolution of their viscoelastic properties during setting 
and hardening processes presented in Paper I. The following section includes some remarks about 
the assessment of this property. 

2.3.3.1 Uniaxial compressive strength (UCS) tests 
The uniaxial compressive or compression strength represents the maximum stress,  that a 

sample can withstand before failing when a force, F, is applied in the direction of its main axis 
tending to reduce its length, l. Within this definition, the stress, , is defined as the ratio between 
the applied force, F, and the cross sectional area, A, of the sample: =F/A. In addition, rather than 
raw deformation, Δl = l –l0, it is more common to use the relative change in length; also known as 
strain, ε: ε = Δl/l0.  

The representation of the applied stress as function of the induced strain is known as the 
stress–strain curve. It is unique for each material and reveals many of its properties. For instance, 
most materials display an initial linear relationship between the two variables which shows that 
the deformation is elastic – and consequently reversible – within this regime. The slope of this 
linear portion stands for the Elastic or Young’s modulus, E, and represents the proportional factor 
between the two variables:  = E·ε. 

Some materials fracture by the end of this regime, whereas others deform irreversibly – also 
known as plastic deformation – beyond that point before reaching their compressive strength 
limit. Indeed, this dissimilar behaviour is used to differentiate between brittle and ductile 
materials. On the one hand, brittle materials are those that form fractures or faults without 
significant plastic deformation; typically below 5% of the total strain, ε. On the other hand, ductile 
materials are those that can accumulate high strains (>5% ε) before failing macroscopically. 

Figure 2.11 shows a typical stress-strain curve for each kind of behaviour and the morphology 
of their model fracture shape. 

The results presented in Paper II showed that all CaCO3 samples display a brittle behaviour 
when they are stressed uniaxialy, regardless of their final composition. 

 

Figure 2.11. Graph comparing stress–strain curves for brittle and ductile materials including their 
typical fracture morphology. 



 

27 
 

 

 

 

 

 

 

3 
3 Creep deformation and its 

assessment by microindentation 
 

“Aequam memento rebus in arduis servare mentem”. 
Quintus Horatius Flaccus 

his chapter includes a brief literature review about creep deformation studies on 
cementitious materials highlighting the wide variety of parameters that can influence this 
behaviour. Then, the two most accepted theories that can explain creep deformation for 

this kind of materials are presented. Lastly, the microindentation technique is introduced as a 
powerful technique to study creep together with some fundamentals necessary to determine 
both elastic and creep properties from microindentation tests. 

3.1 Creep deformation 

Some materials, including natural and man-made rocks like limestone or concrete, 
respectively, show a brittle behaviour when they are under stress, i.e., they form fractures or 
faults without significant plastic deformation. However, they can also deform permanently 
without macroscopic failure if the applied deformation is sufficiently slow, i.e., low strain rate, ε. 
This kind of behaviour is generally known as creep deformation and it can be classified as a kind of 
time-dependent plastic deformation under constant stress. 

Creep has attained great interest for more than 100 years since the first creep tests carried 
out by Phillips [94] and Andrade [95] in the beginning of the XX century. By the same time, Hatt 

T 
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[96] published the first creep study of concrete. More recently, it was verified that the creep 
behaviour of concrete is mostly due to the creep behaviour of its cementitious phase [43]. 
However, creep of cementitious materials is a complex issue and difficult to predict in the long-
term for several reasons. Firstly, it is often coupled with other phenomena such as hydration and 
drying, while it can be influenced by several parameters like temperature, seasonal hydric 
changes, level of stress, water content and mixture design simultaneously. Moreover, since 
cementitious materials are multi-scale porous materials, creep is largely influenced by the 
presence of water in porosity and therefore by moisture changes. Multiple studies have already 
pointed out the necessity of controlling the moisture equilibrium of the samples before creep 
evaluation. For instance, Pickett [97] found that ordinary concrete under load and being dried at 
same time presented a higher deformation than that of a sample under load without drying. 
Moreover, Tamtsia and Beaudoin [98] found that the history of drying also influence the basic 
creep of cement pastes. The amplitude of creep was lower for those samples which set without 
drying. As a consequence, radically different interpretations of experimental data, and therefore 
theories, have been proposed to rationalize creep of cementitious materials including the visco-
elastic theory, elastic after-effect theory, solid solution theory, seepage theory, micro-cracking 
theory, consolidation theory, solidification theory and long-term aging theory [99–102]. 

Even though none of these theories is capable to describe all experimental observations, for 
crystalline cementitious materials like limestone, gypsum or calcite, the main mechanisms that 
give rise to creep deformation are two: pressure solution creep [103,104] and brittle creep 
[37,105]. The former theory considers that the macroscopic creep is a result of the geometry 
change of the solid matrix (e.g. crystals) at microscopic scale. This change is driven by chemical 
potential differences between the stressed and unstressed parts of the solid and is governed by a 
mass transfer that occurs in three steps (Figure 3.1): i) dissolution of solid under pressure, ii) 
diffusion of dissolved mass through the interface of crystals or their aggregates [106] in a very 
thin liquid film [107], and finally iii) precipitation at less stressed sites. The rate of pressure 
solution is determined by the slowest of the three reactions, i.e. either dissolution, diffusion or 
precipitation [108]. The latter theory, on the other hand, considers that creep is controlled by the 
growth of microcracks, and can eventually result in macroscopic faulting of the rock at the onset 
of the tertiary stage [105]. For materials containing a pore fluid, both types of creep mechanism 
usually occur simultaneously. 

Several experimental approaches have been developed during the last century to characterize 
creep, including compression, bending, tensile and, more rarely, torsion tests. Since creep evolves 
over years or even over decades, creep experiments are recommended to last for at least several 
months to get accurate enough data [109], but this fact made them both time consuming and 
uneasy to handle with, specially due to the difficulties on keeping the temperature, relative 
humidity and load constant over those long time spans. 

In the last decade, Vandamme and Ulm [111] presented some revolutionary results showing 
that the long-term kinetics of concrete creep can be quantitatively estimated from a grid of 
nanoindentation tests performed at the sub-micrometer scale, removing all aforementioned 
difficulties. Later on, Zhang et al. [112] verified the upscaling and the high degree of correlation 
between months-long macroscopic uniaxial creep tests on concrete samples and minutes-long 
microindentation creep experiments on cement pastes. Their results confirmed that 
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Figure 3.1. Schematic view of the three pressure solution steps [110].  

microindentation experiments provide access to the long-term kinetics of creep of cementitious 
materials within minutes. 

The following section includes some experimental and theoretical aspects for the 
determination of both elastic and creep properties from microindentation experiments on 
cementitious materials. 

3.2 Microindentation tests 

In a traditional microindentation test, a hard tip whose mechanical properties are known 
(frequently made of a very hard material like diamond) is pressed into a sample whose properties 
are unknown. The load, F, placed on the indenter tip is increased as the tip penetrates further into 
the specimen and soon reaches the defined value, Fmax. At this point, the load may be held 
constant for a period or removed, so the indentation probe is withdrawn from the surface and the 
load applied is decreased back to zero. Depending on this choice, a different set of properties can 
be assessed. The applied load, F, the depth of penetration, h (with a maximum value hmax) and the 
time, t, are recorded during the test. A schematic presentation of a load-depth curve from an 
indentation test is presented in Figure 3.2. 

 

Figure 3.2. Schematic load-depth curve from an indentation test 
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3.2.1 Assessment of time-independent elastic and hardness 
properties 

The mechanical problem involved in indentation testing is a typical problem of contact 
mechanics: the indentation probe penetrates into a flat surface of material of interest and then is 
withdrawn from the surface. 

The indentation of an elastic half-space by a rigid axisymmetric indentation probe was first 
solved by Galin et al. [113]. The solution is based on the assumption of both small displacement 
and small deformation, being the boundary conditions set as: stress-free surface outside of the 
contact area and friction-free surface inside the contact area. For indentation probe with a 
monomial shape that is characterized by z=g0·rg with r being the radius, g0 and g being geometry 
coefficients, the following solution links the indentation load, F, to indentation depth, h, via the 
effective modulus, Eeff, and parameters depending on the geometry of the indenter: 

  (15) 

where  represents a constant parameter which includes the Euler Gamma function. A 
differentiation of the equation above with respect to the indentation depth, h, gives [114]: 

 
 (16) 

where S is the contact stiffness defined by S = dF/dh, and Ac is the projected contact area (or 
briefly, contact area) between the indentation probe and the indented surface. The parameter Eeff 
is called effective modulus or reduced modulus and can be linked to Young's modulus by the 
following equation: 

 
 (17) 

where  and  are the Poisson's ratio of the indentation probe and that of the tested material, 
respectively; Ein and E are the Young's modulus of indentation probe and that of the tested 
material, respectively. For a rigid indentation probe the previous Eq. 17 can be simplified as the 
following, in which M is termed as the indentation modulus: 

  (18) 

Another time-independent property which can be assessed is the indentation hardness, H. It 
is defined as the average pressure below the indenter and can be calculated with the following 
equation: 

  (19) 
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3.2.1.1 Determination of the projected contact area: the Oliver and Phaar method 

To determine the Young's modulus with Eq. 18 and the hardness with Eq. 19, one need to find 
out the projected contact area Ac. Various indirect methods were proposed by different 
researchers to determine it, among which the most widely applied one is the method of Oliver 
and Pharr [115]. As presented in Figure 3.3, the indentation depth, h, can be decomposed into 
two parts: a depth hc over which the indentation probe is in contact with the indented surface and 
a depth hs over which the probe is not in contact with the indented surface: h = hc + hs. 

 

Figure 3.3. Schematic representation of a section through an indentation showing various 
parameters used in Oliver and Pharr method, schematic adapted from [Oliver and Pharr [115]]. 

Applying the solution of Sneddon [116] for a conical indentation probe, the depth hs over 
which the probe is not in contact of the indented surface can be linked to the residual depth hf of 
the indent after withdrawing the indentation probe: 

  (20) 

Deriving from Sneddon's load-displacement relation expressed in Eq. 15 and applying it for a 
conical indentation probe yields: 

  (21) 

where  is the maximum contact stiffness at the maximum load and the 

parameter ε depends on the geometry of the indentation probe, being equal to 0.72 for a conical 
indentation probe. 

3.2.2 Assessment of time-dependent creep properties 

Indentation tests can also be used to measure the creep properties of materials. By 
introducing a fictitious indentation test with an instantaneous loading phase, an instantaneous 
unloading phase and an instantaneous-reloading-and holding phase, Vandamme et al. [117] 
derived a method to back-calculate creep properties from an indentation in which time-
independent plasticity occurs. 

The main assumption in their derivation is that time independent plasticity occurs only during 
the loading phase but not during the holding or unloading phases. Their demonstration starts by 
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writing, in the case of elastic indentation, the contact radius ac as a function of indentation depth: 
. 

The analytical expression of function f is generally unknown, but it is not necessary in the 
derivation. Integrating Eq. 16 with respect to indentation depth h yields: F = 2 M R(h); where R(h) 
is the primitive function of f(h) for which R(0)=0. Rewriting the yield expression in the time 
domain for a linear viscoelastic material by applying the correspondence principle, one obtains: 

 
 (22) 

Performing Laplace transform to Eq. 22, one obtains:  

  (23) 

In the case of a step load, one can link the contact creep compliance L(t) to indentation data 
in Laplace domain. By performing inverse Laplace transform, one obtains the time-dependent 
contact creep compliance in the time domain as a function of indentation depth during the 
holding phase: 

 
 (24) 

After differentiating the previous equation with respect to time, one obtains the relation of 
interest which links the derivative of the contact creep compliance to the rate of penetration of 
the indentation probe during the holding phase [117]: 

 
 (25) 

where rc is the radius the projected contact area Ac. 

Excluding a flat punch, rc(t) evolves with hc, but assuming that it does not change too much 
during the holding phase is realistic. Then, the contact radius during holding can therefore be 
estimated by the contact radius at the start of unloading and can be estimated by the Oliver and 
Pharr's method. Integrating Eq. 25 with respect to time from the beginning of holding phase yields: 

 
 (26) 

where Δh(t) is the change of indentation depth during the holding phase. The difference L(t) - L(0) 
between the contact creep compliance L(t) and the reciprocal of indentation modulus L(0) = 1/M0 
at the moment of loading is termed the contact creep function. The use of Eq. 26 to back-
calculate creep properties enables to obtain a contact compliance which is a material property. 

To obtain the results included within this thesis, I used the indentation apparatus located at 
Lafarge Research Center (France), which is equipped with a motor controller, a monitoring system, 
an indentation platform and a removable chamber for relative humidity control during 
indentation. 
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4 
4 Biomedical applications 

of CaCO3 cements 

 
“A scientist in his laboratory is not a mere technician: he is also a child 

confronting natural phenomena that impress him as though they were fairy tales”. 
Marie Skłodowska-Curie 

his chapter begins with a brief literature review about cementitious materials for 
biomedical applications. It underscores the limitations of the most widely used calcium 
phosphate cements and the benefits that CaCO3 cements will introduce. Moreover, it 

includes a description of the method to assess the bioactive properties of candidate materials to 
substitute or heal bone defects. Lastly, it includes a brief description of the fundamentals of the 
scanning electron microscope (SEM) and Furrier transform infra-red (FTIR) spectroscopy 
techniques since they both were used to evaluate the bioactive properties of CaCO3 cements 
within this thesis. 

4.1 Bioactive cements 

Calcium phosphate cements (CPCs) were, due to their excellent biocompatibility and bioactive 
properties, the first synthetic approaches employed by orthopaedics and surgeons to overcome 
the inherent difficulties associated with natural bone-substitute materials [44,45]. They have been 
used both to fill bone defects and to substitute entire bones. 

T 
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Several types of reaction can be involved in biomimetic CPCs but most of them lead to apatite 
- with varying degrees of crystallization - and carbonate contents [118]. However, the limited 
solubility of apatite represents their leading drawback to generate resorption activity and lead to 
neo-formed bone tissue. In consequence, several CPCs containing more soluble mineral 
compounds, like calcium sulfate or calcium carbonate for example [46–48], were developed to 
improve their biological resorption rate and subsequent bone formation. Under these 
considerations, CaCO3 cements represent novel and interesting candidates since they will show 
improved biodegradation and resorption rates due to its higher solubility in comparison with 
apatite [49–51]. However, to ensure a satisfactory clinical use, the degree of biocompability of 
CaCO3 cements still needs to be evaluated. 

The bonding behavior of calcite to bone has been analyzed before but even though most 
studies agree to claim that calcite is able to form strong bonds with natural bones, the mechanism 
of this bonding is not clearly understood yet. For instance, in 1983 Walker [119] reported that 
natural calcite crystals bond with bone forming an intermediate hydroxyapatite layer. On the 
other hand, Ohtsuki et al. [120] immersed calcite in simulated body fluid (SBF) and studied the 
changes in its surface after several immersions periods. Any apatite-rich layer was never identified 
even after immersion for 120 days. In the same line, Fujita et al. [121] tested the bonding aptitude 
of natural limestone plates (mainly composed of CaCO3) by implanting them in-vivo on rabbit 
tibiae. After 8 weeks, calcite plates showed direct bonding with bone in the absence of Ca-P-rich 
layer at the interface (Figure 4.1). Therefore, to unravel the specific bonding mechanism of CaCO3 
cements, their bioactive properties have been evaluated in Paper III. 

Moreover, cements, unlike sintered and natural materials can be easily associated with active 
biological molecules like proteins or antibiotics [122,123]. However, there is still a lack of 
understanding about the interactions between organic materials and inorganic cements. For 
instance, polysaccharides, fatty acids (olive oil) and Nopal juice (a plant extract) has been used in 

 

Figure 4.1. Scanning electron micrograph and results of electron probe x-ray microanalysis of the 
calcite-bone interface ( ) 8 weeks after implantation. Calcite bonds directly to bone with no 

reaction zone in the interface. Modified from [121]. 
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traditional lime mortars to improve some of their properties [124]. On the other hand, recent 
research has shown that the presence of organic molecules in chalk (a carbonate sedimentary 
rock) is key to understand it’s strength on geological time scales [125]. Chalk consists of tiny 
calcite crystals that are intrinsically very reactive. If these crystals could recrystallize, chalk would 
have a very high creep rate under its own load. However, the recrystallization is passivated by the 
presence of organic molecules. Thus, when a crack appears, the crack surfaces consist of fresh 
unpassivated calcite that can react to heal the crack. 

In consequence, the presence of organic additives within cement microstructures may open 
new possibilities in terms of enhanced mechanical properties and endowment of self-healing 
properties that will be of great interest. Under this base we have also evaluated the bioactive 
properties of CaCO3 cements containing organic molecules in paper III. 

4.2 Bioactivity assessment 

The bone bioactivity of a material is typically assessed by checking the ability of apatite-like 
compounds to form on its surface after immersion in simulated body fluid (SBF) [126–128]. As a 
common practice in the field of bioactive materials, the degree of apatite precipitation is 
evaluated after several immersion periods to measure the nucleation and growth kinetics. 

The composition of the so-called SBF has changed in the last years several times aiming to 
improve the correlation between its ionic concentrations with that of human plasma [129,130]. 
The latest and most used  approach is the one described by Kokubo et al. [126]. This acellular 
solution must be prepared by dissolving the amounts of reagent chemicals into distilled water (in 
order): NaCl (1.374 mM), NaHCO3 (4.225 mM), KCl (3.018 mM), K2HPO4·3H2O (1.012 mM), 
MgCl2·6H2O (1.529 mM), CaCl2·2H2O (2.631 mM), and Na2SO4 (0.506 mM). The next reagent 
should be only added after the previous one is completely dissolved. Then, the solution pH needs 
to be adjusted to the physiological value (7.40) by HCl (1.0 M) addition and buffered by 
tris(hydroxyl-methyl) aminomethane (50.505 mM). 

The volume of SBF, VSBF (in ml), required to test the bioactivity of an specimen is defined by its 
apparent surface area, Sa (in mm2) [126]: 

  (27) 

This amount should be replaced by fresh SBF every three days aiming to simulate the 
physiological conditions of the blood torrent. 

In rare cases, apatite-like compounds may homogeneously precipitate in the SBF solution and 
can be deposited on the surface of the sample. Thus, to avoid any misinterpretation, apatite 
formation should be examined at the lower surface of the specimen. Moreover, such examination 
usually is carried out by means of, at least, two analytical techniques. The former allows the 
visualization of the specimen surface and is known as scanning electron microscope (SEM), while 
the second enables the identification of apatite compounds from their chemical bonds and is 
known as Fourier-transform infrared spectroscopy (FTIR). The following sections include a brief 
description of the main basics of those techniques. 
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4.2.1 Scanning electron microscope (SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that produces images 
of a sample by scanning the surface with a focused beam of electrons. Those interact with the 
atoms of the sample producing various signals that contain information about the sample's 
surface topography and composition. Among those signals, the most common are secondary 
electrons (SE), reflected or back-scattered electrons (BSE), characteristic X-rays and light 
(cathodoluminescence) (CL) and transmitted electrons. More specifically, secondary electrons (SE) 
are electrons emerging from the sample after inelastic scattering with the primary beam electrons 
(PE) while back-scattered electrons (BSE) are primary beam electrons (PE) reflected from the 
sample after elastic scattering with the sample electrons (Figure 4.2A). The first kind of interaction 
is usually produced at volumes very close to the specimen surface, while the latter, i.e., elastic 
scattering, usually takes place at deeper volumes within the specimen. Consequently the 
resolution of BSE images is lower than that of SE images. Figure 4.2B shows a schematic 
representation of the signals emitted from different parts of the interaction volume. 

The control of the scanning system, collimation and focus of the beam is carried out by 
magnetic lenses arranged inside the microscope, which works under high vacuum conditions (10-6 
Torr). The synchronization of the scanning system of the beam with the electron detection system 
allows acquiring images with high spatial resolution ranging from a few nanometers to tens of nm 
depending on the observation conditions. 

 

 

Figure 4.2. A) Mechanisms of emission of secondary electrons (SE) and backscattered electrons 
(BSE) and B) Schematic representation of the signals emitted from different parts of the 

interaction volume. 

A) B) 
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4.2.2 Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared 
spectrum of absorption (or emission) of a solid, liquid or gas sample at various wavelengths. This 
spectrum allows the identification of different chemical bonds within a molecule since their 
vibrational and rotational modes are unique. 

To get the infrared spectrum, infrared light is guided through an interferometer and then 
through the sample (or vice versa), while a moving mirror inside the apparatus alters the 
distribution of the infrared light that passes through the interferometer (Figure 4.3). The signal 
directly recorded, known as "interferogram", represents a light output as a function of the mirror 
position. By processing this raw signal using a mathematical technique called Fourier transform, 
the sample's spectrum is obtained. 

Infrared spectroscopy exploits the fact that molecules absorb frequencies that are 
characteristic of their structure. These absorptions occur at resonant frequencies, i.e. when the 
frequency of the absorbed radiation matches the vibrational frequency. Moreover, the resonant 
frequencies are also related to the strength of the bond and the mass of the atoms at either end 
of it. Thus, the frequencies of the vibrations are associated with a particular normal mode of 
motion and a particular bond type. 

The infrared spectrum is usually divided into three regions; the near-, mid- and far- infrared; 
named for their relation to the visible spectrum. The higher-energy near-IR, approximately 
14,000–4,000 cm−1 (0.8–2.5 μm wavelength) can excite overtone or harmonic vibrations. The mid-
infrared, approximately 4,000–400 cm−1 (2.5–25 μm) can be used to study the fundamental 
vibrations and associated rotational-vibrational structure. Finally, the far-infrared, approximately 
400–10 cm−1 (25–1000 μm) is lying adjacent to the microwave region, has low energy and can be 
used for rotational spectroscopy. 

 

Figure 4.3. Schematic diagram of a beam-splitter FTIR interferometer. 
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4.2.2.1 Attenuated total reflectance (ATR) cell 
The attenuated total reflectance (ATR) cell is one accessory of FTIR spectrophotometer to 

measure surface properties of solid or thin film samples rather than their bulk properties. Since 
apatite-like compounds precipitate on the surface, this accessory is quite convenient to reduce 
the contribution of the calcium signal coming from the bulk cement samples. 

 It uses a property of total internal reflection resulting in an evanescent wave. A beam of 
infrared light is passed through the ATR crystal in such a way that it reflects at least once off the 
internal surface in contact with the sample (Figure 4.4). This reflection forms the evanescent wave 
which extends into the sample, being the penetration depth between 0.5 and 2 μm. The number 
of reflections can be varied by modifying the angle of incidence. The beam is then collected by a 
detector as it exits the crystal. 

 

Figure 4.4. Schematic representation of the attenuated total reflection (ATR) cell. Light undergoes 
multiple internal reflections in the crystal of high refractive index, shown in yellow while the 

sample is in contact with it (blue box). 
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5 
5  Outlook 

 
“Never stop because you are afraid - you are never so likely to be wrong”. 

Fridtjof Nansen 

his chapter includes and motivates some possible projects that might be interesting to 
further investigate on several topics. Particularly interesting would be to characterize the 
deformation mechanisms of CaCO3 cements in terms of sub-critical crack growth and the 

study of the failure mechanisms giving special emphasis to the role of porosity. Moreover, the 
interaction of carbonate cementitious systems with organic molecules seems also to be a wide 
and interesting to field to continue investigating to unravel their interaction mechanisms. 

5.1 Deformation mechanisms of CaCO3 cements 

Paper I investigates the mechanisms of CaCO3 cement pastes for creating mechanical strength 
during the setting reaction whereas Paper II investigates the deformation mechanisms of set 
pastes in the long term, i.e., creep deformation. However, the analysis of CaCO3 cement 
deformation in terms of rupture velocity and failure mechanisms, and especially their relationship 
with porosity, still remain to be characterised and understood. 

5.1.1 Sub-critical crack growth 

To evaluate the long-term stability against failure of cementitious materials it is essential to 
study not only creep but another time-dependent deformation mechanism which is usually 
coupled with creep and is known as sub-critical crack growth. 

T 



 RODRÍGUEZ SÁNCHEZ, Jesús; PhD dissertation 
  

 40  
 

Sub-critical crack growth refers to the phenomenon of slow crack propagation in brittle 
materials at stresses below the nominal failure stress [131,132]. Indeed, this mechanism is argued 
to be the responsible one for brittle creep in rocks [103,133] and to control the time to failure at 
constant stress. Moreover, it has been suggested to control weathering rates of surface rocks or 
cultural heritage monuments when coupled with crystal growth in pores [134]. Understanding the 
role of subcritical cracking and crack velocity propagation in natural cemented materials like 
limestone is also relevant for prospecting and exploitation of hydrocarbons [135] and geothermal 
resources [136]. 

Several experimental methodologies have been developed to measure the material 
parameters associated with sub-critical crack growth including the double cantilever beam (DCB) 
method, the constant moment DCB method, the tapered DCB method and the double torsion (DT) 
method [137,138]. Among them, the DT test is the most popular one [139,140] and it has been 
used to study the effect of fluid chemistry on the slow propagation of cracks in several carbonate 
systems [141,142]. For instance, Røyne et al. [141] studied sub-critical cracking in single calcite 
crystals exposed to glycol-water mixtures with varying water content aiming to explain water 
weakening in chalks. The authors reported large variations in crack propagation velocities as a 
result of intermittent plastic processes in calcite but an independent behaviour with the water 
concentration. Rostom et al. [142] characterized crack velocities as a function of energy-release 
rates for single calcite crystals soaked in different fluid compositions with varying NH4Cl and NaCl 
concentrations. They reported the presence of a threshold in fluid composition separating two 
regimes: weakening conditions where the crack propagation is favoured, and strengthening 
conditions where crack propagation slows down. They suggested that electrostatic surface forces 
may be responsible for this behaviour since they could modify the repulsion forces between the 
two surfaces of the crack. 

Under this base, it would be interesting to study the phenomena of sub-critical crack growth 
on CaCO3 cements both under dry and wet conditions to check whether those conclusions may 
also apply or not since they are made of bridged calcite crystals. 

5.1.2 Micro-mechanic analysis of failure and its relation with 
porosity 

 Multiple models have been developed in the last decades for natural cemented rocks aiming 
to capture the micromechanics of brittle and ductile failure and their relationship with porosity. 
For instance, for brittle faulting, the “pore-emanated crack model” of Sammis and Ashby [143] has 
proved to be in basic agreement with laboratory data on the strength as a function of porosity for 
a variety of limestones [144,145]. In contrast, because the micromechanics of inelastic yield and 
failure in a carbonate rocks are sensitive to the partitioning of macroporosity and microporosity, 
as well as their spatial distributions, there is not a single model that can capture the spectrum of 
ductile failure behaviour. Several different models have been proposed in the literature. A 
conventional “pore collapse model” [146] whereby ductile failure develops from the plastic 
collapse of isolated pores may apply to a compact rock such as Solnhofen limestone [147]. 
However, this model is inadequate for many limestones which have comparable fractions of 
macroporosity and microporosity. To explicitly account for the distinct mechanical roles of the 
dual porosity in such rocks, Zhu et al. [145] formulated a “cataclastic pore collapse model,” which 
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incorporates parameters that characterize the influence of micropore size and porosity 
partitioning on inelastic failure. They demonstrated that their model is in basic agreement with 
laboratory data for limestone with porosities ranging from 10% to 31%. As a first objective, it 
seems fundamental to study up to which extend those micromechanics models can explain the 
deformation behaviour of porous CaCO3 cements. 

A second objective might include the investigation of the failure mode associated with brittle-
ductile transition and, in particular, whether compaction bands may develop in the transitional 
regime or not. This information is of special importance for the geophysical community. The 
development of compaction bands has been reported in several sandstone formations [148,149]. 
However, under what conditions compaction bands can also develop in limestone is still a matter 
of debate. While convincing field observations of compaction bands were presented in carbonate 
formations of the Majella mountain in Italy [150], experimental studies gave so far contradictory 
results [151,152]. Baud et al. [153] observed compaction bands in low cemented Leitha limestone 
samples (31% porosity) but not in the more cemented ones (of 21% porosity), suggesting that an 
increase on cementation created a more heterogeneous structure, in which compaction 
localization could not develop extensively. 

To perform a similar analysis for CaCO3 cements, I started running a series of experiments in 
which small samples (cylinders with 20 mm diameter and 10 mm height) are deformed and 
scanned coupling uniaxial compression tests and x-ray tomography scans (Figure 5.1). By 
increasing progressively the axial stress, micro-tomography data with temporal resolution could 
be obtained. Indeed, this is the same approach used by Renard et al. [154] to unravel the rupture 
nucleation precursors to faulting in rocks. 

 

Figure 5.1. 3D Tomography representation of a 5 mm height CaCO3 cement sample. The solid 
phase is represented on the left hand side and the voids on the right hand side. ¼ of the volume 

have been removed to help the reader to observe the characteristics. Image courtesy of B. 
Cordonnier (University of Oslo, Norway, and European Synchrotron Radiation Facility, France). 
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5.2 Interactions of CaCO3 cements with organic matter 

Multiple studies have confirmed that cement materials can be easily associated with a wide 
range of organic molecules to modify or add some extra properties. For instance, Ventolà et al. 
[155], prepared lime mortars with several organic additives, including polysaccharides (nopal), 
proteins (animal glue and casein) and fatty acids (olive oil), to enhance their affinity with 
traditional building materials. Rodriguez-Navarro et al. [124] reported significant changes in habit 
and size of Portlandite crystals when slaking lime slurries in the presence of mucilaginous juice 
(extracted from nopal cladodes) and citrus pectin. They reported that the carboxyl (and hydroxyl) 
functional groups present in the residues and in their alkaline degradation by-products strongly 
interact with newly formed Ca(OH)2 crystals acting in two ways: (a) as nucleation inhibitors, 
promoting the formation of nanosized crystals, and (b) as habit modifiers, favouring the 
development of planar habit following their adsorption onto positively charged (0001)Ca(OH)2 faces.  

Not only polysaccharides but active biological molecules like proteins or antibiotics have also 
been associated with cements. For instance, Blom et al. [156] improved the regenerative 
properties of calcium phosphate cements, CPCs, by the addition of human growth factor-β1. Yu et 
al. [157] developed self-setting hydroxyapatite cement as a novel skeletal drug-delivery system 
for antibiotics. Lucas et al. [122] presented a synthetic aragonite-based ceramic material as a 
bone graft substitute and substrate for antibiotics. However, for all these examples it is unknown 
whether the addition of those additives changes the matrix-material properties; and if so, in 
which way. 

Cementitious materials have also been combined with organic expansive agents and bacteria 
cells aiming to endow them with self-healing properties [158–160]. Typically, those agents are 
included within the fresh cement mix. Once the cement set, if a crack appears, water will enter 
into the crack and both the spores and nutrients will dissolve resulting in activation of the 
bacterial spores. Then, the bacteria will initiate the production of CaCO3 crystals which will 
deposit at the crack faces. Moreover, the carbon dioxide, CO2, released due to metabolic 
conversion by the bacteria will react with Ca(OH)2 leached from the cementitious matrix forming 
additional CaCO3 crystals. 

Few interesting examples occur also in nature. For instance, the metastable aragonite 
polymorph forms a strong organic-inorganic composite material known as nacre when it is 
combined with an organic matrix [161]. Hexagonal platelets of aragonite are arranged in a 
continuous parallel lamina separated by sheets (0.5 μm thick) of elastic biopolymers such as chitin, 
lustrin and/or silk-like proteins (Figure 5.2). The formation mechanism of this kind of arrangement 
is not fully understood yet but it makes brittle aragonite platelets to display a Young's modulus of 
70 GPa [162]. 

Another interesting example occuring in nature deals with chalk. Chalk is a soft sedimentary 
limestone that includes coccoliths and some other marine microorganisms (Figure 5.3) [163]. A 
recent research has shown that the presence of those organic molecules is key to understand 
chalk’s strength on geological time scales [125]. Chalk consists of tiny calcium carbonate crystals 
(in the form of calcite) that are intrinsically very reactive. If these crystals could recrystallize, chalk 
would have a very high creep rate under its own load. However, the recrystallization is passivated 
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Figure 5.2. A) Scanning electron microscopy image of a fractured surface of nacre, B) Schematic 
illustration of the nacre abalone shell [161]. 

by the presence of organic molecules. Thus, when a crack appears, the crack surfaces consist of 
fresh unpassivated calcite that can react to heal the crack. Hence, organic molecules might endow 
self-healing properties to other cementitious materials such CaCO3 cements. 

Despite of the large list of studies and applications combining organic molecules with 
inorganic cementitious materials, the interaction mechanisms between them are still far from 
being fully understood. Consequently, CaCO3 cements might be considered as a proxy of pure 
carbonate cements to further investigate those interactions, to unravel the formation 
mechanisms and to extract some guidelines to improve or add some desired properties to this 
one and other carbonate cementitious materials. 

As a first step, I have started characterizing the creep deformation of CaCO3 cement mixtures 
containing octanoic acid, which is an eight-carbon saturated fatty acid. This inclusion is motivated 
aiming to check whether organic molecules can endow self-healing properties to the cement 
paste or not. Preliminary results showed that the presence of 0.8 v.% of octanic acid within the 
liquid phase used to prepare the cement pastes increases the creep amplitude by 4-6 times, 
depending on the RH (%), in comparison with the reference pastes without organic molecules. 

      

Figure 5.3. A) Scanning electron microscope (SEM) image of Liege chalk. Complete preserved 
coccoliths are visible throughout the sample surface, surrounded by broken fragments as well as 

potential calcite cement, and B) Complete coccosphere of an Emiliania huxleyi, [164]. 

 

A) B) 

A) B) 
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8  Main dissemination 

 
“The worst part is not in making a mistake but in trying to justify it, instead of 

using it as a heaven-sent warning of our mindlessness or our ignorance”. 
Santiago Ramón y Cajal 

8.1 Scientific papers 

 J. Rodriguez-Sanchez, B. Myszka, A.R. Boccaccini and D.K. Dysthe, “Setting behaviour and 
bioactivity assessment of calcium carbonate cements”, (Submitted to Journal of the 
American Ceramic Society), 

 J. Rodriguez-Sanchez, Q. Zhang and D.K. Dysthe, “Microstructure and relative humidity 
effects on long-term indentation creep properties of calcium carbonate cement”, (Under 
preparation for submission to Cement and Concrete Research), 

 J. Rodriguez-Sanchez, T. Liberto, C. Barentin, and D.K. Dysthe, “Mechanisms of phase 
transformation and creating mechanical strength in a sustainable calcium carbonate 
cement”, (Submitted to Cement and Concrete Research), 

 F. Renard, J. McBeck, B. Cordonnier, X. Zheng, N. Kandula, J. Rodriguez-Sanchez, M. 
Kobchenko, C. Noiriel, W. Zhu, P. Meakin, F. Fusseis and D. K. Dysthe, “Dynamic in situ 
three-dimensional imaging and digital volume correlation reveal strain localization and 
fracture coalescence in sandstone”, Pure and Applied Geophysics, 2018, 1-33 

 L. Li, J. Rodriguez-Sanchez, F. Kohler, A. Røyne and D.K. Dysthe, “Microfluidic control of 
nucleation and growth of calcite”, Crystal Growth and Design, 2018, 18, 4528−4535 
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8.2 Participation to conferences 

 J. Rodriguez-Sanchez, Q. Zhang and D. K. Dysthe, “Effects of microstructure and moisture 
on long-term basic creep of pure calcium carbonate cement”, Advanced Materials for 
Sustainable Infrastructure Development, Gordon Research Conference (GRC), 5th–10th 
August 2018, Hong Kong, China (Poster presentation) 

 J. Rodriguez-Sanchez, T. Liberto, Q. Zhang, J. Colombani, C. Barentine, and D.K. Dysthe. 
"Rheological and long-term indentation creep properties of calcium carbonate cements", 
European Geosciences Union (EGU), General Assembly, 8th –13th April 2018, Vienna, 
Austria (Poster presentation) 

 J. Rodriguez-Sanchez, T. Liberto, Q. Zhang, J. Colombani, C. Barentine, and D.K. Dysthe. 
"Rheological and long-term indentation creep properties of calcium carbonate cements", 
5th Granada-Münster Discussion Meeting, 30th November  - 1st December  2017, Granada, 
Spain (Oral presentation) 

 M. Bellotto, T. Liberto, L. Gagliardi and J. Rodriguez-Sanchez. "Tailoring strength and 
elasticity of mineral assemblies via microstructure and surface modification: extracts from 
the Nanoheal network.", Multi-scale Materials Under the Nanoscope 2017, 9th -11th 
October, 2017, Athens (Oral presentation) 

 J. Rodriguez-Sanchez, B.Myszka, D.K. Dysthe, A.R. Boccaccini, “Biomineralization study of 
calcium carbonate cements”, Goldschmidt 2017, 13th-18th August 2017, Paris, France (Oral 
presentation) 

8.3 Others 

 Oral presentations (5) at NanoHeal project meetings. 

 Oral presentations (4) at internal seminars within the Department of Physics, University of 
Oslo, Norway. 

 Oral presentation: “Experimental study of brittle or ductile organo-mineral cements”, 13th 
September, 2018, Institute of Applied Geosciences, Technical University of Graz, Austria. J. 
Rodriguez Sanchez and D. K. Dysthe, 

 Oral presentation: “Synthesis and characterization of sustainable calcium carbonate 
cements”, 28th August, 2018, Lucideon Limited, Stoke-on-Trent, United Kingdom. J. 
Rodriguez Sanchez and D. K. Dysthe, 

 Poster presentation: "Microstructure and relative humidity effects on long-term 
indentation creep properties of calcium carbonate cement", PhD day 2018 at the Faculty 
of Mathematics and Natural Sciences, the Science Library, University of Oslo, 8th Jun 2018, 
Oslo, Norway. J. Rodriguez Sanchez, Q. Zhang and D. K. Dysthe, 

 Oral presentation at Lafarge Centre de Recherche, Lafarge-Holcim, 29th May 2017, St. 
Quentin Fallavier, France. J. Rodriguez Sanchez and D. K. Dysthe, 
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 Oral presentation: "Pitch your PhD", Science for Society, Olso Tech, Interreg and UiO, 4th 
Nov 2016, Oslo, Norway. J. Rodriguez Sanchez and D. K. Dysthe, 

 Oral presentation: "A tour around research in the Dept. of Physics. NanoHeal: nano-
tailoring organo-mineral materials", Department of Physics, UiO, 16th Sep 2016, Oslo, 
Norway. J. Rodriguez Sanchez, 

 Poster presentation: "Synthesis of calcium carbonate particles via continuous flow 
microfluidics", PhD day 2016 at the Faculty of Mathematics and Natural Sciences, the 
Science Library, University of Oslo, 10th Jun 2016, Oslo, Norway. J. Rodriguez Sanchez and 
D. K. Dysthe, 

 PhD Summer School CINEMAXII: "3D modelling and Imaging of Material Microstructure", 
August 29th – September 2nd 2016, Fuglsang Manor, Lolland, Denmark. J. Rodriguez 
Sanchez and D. K. Dysthe. 
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