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CHAPTER 1



Introduction



1.1 Motivation


Calcium Carbonate(CaCO3) is a common substance on earth. It is the main com-
 ponent of pearls, snails, eggs, shells of marine organisms, animal skeletons etc.[26].


CaCO3 has three stable polymorphs: calcite, vaterite and aragonite. Calcite is the
 most stable polymorph[22]. Aragonite will change to calcite over timescales of days
 and vaterite is even less stable[27]. In this thesis, I will focus on the most stable
 polymorph of CaCO3, i.e., calcite.


During the long history of earth development, the organisms with calcium carbon-
 ate skeletons sediment to the sea ﬂoor. The sediments undergo compaction, where
 dissolution and recrystallization of calcite occur to form limestone. Some of the car-
 bonate rocks are buried deeper and undergo another recrystallization and emerge as
 marble[12]. As shown in the example illustrated in Figure 1.1, both limestone and
 marble are used for construction and sculptures since 3000 years ago. They are the
 gems of human being’s history. However, how to protect them from weathering and
 deterioration is a huge problem to us now. Salt recrystallization in the stone pore
 space plays an important role during the weathering process. It could break the stone,
 grow fractures and enlarge the weathering surface[10]. Even in Portland cement, CO2


is slowly adsorbed from air, and calcite is crystallized inside cement, where the frac-
 tures start[2]. The crystallization of calcite in other environments has also been shown
 to create forces that break other mineral grains[20] and lift rock overburden[11]. An
 interesting question is how much pressure could one single crystal generate during its
 growth?


In 1853, Lavalle ﬁrst reported the work generated by growing crystals[15]. He
found that crystals growing from supersaturated solutions were able to push themselves
upwards. Later, Becker and Day demonstrated that centimeter sized growing crystals
can lift an one kilogram block over a distance of millimeters[1]. Taber presented similar
results[23]. However, Taber et. al found that the conﬁned crystal surface becames
really rough, which means that it is impossible to measure the contact area and thus
to calculate the pressure during crystal growth. Until 1949, the only quantitative
measurements were made by Correns and Steinborn, who found an agreement with their
derived equation for equilibrium crystallization pressure[4]. However, their results have
pointed out that Correns’ equation is oﬀ by almost a factor of two due to neglecting
the number of ions in the dissolved salt and the eﬀects of non-ideality[9].



(6)Figure 1.1: The weathering of Parthenon Temple.


Becker and Day failed to measure the contact area of conﬁned growing crystals.


Now, we have methods like reﬂection interference contrast microscopy(RICM), which
allow us to measure the contact area during crystal growth. In addition, a microﬂuidic
chip is used to study calcite growth. This allows us to minimize the eﬀect of convection,
diﬀusion and turbulence on the concentration, which means the calcite is growing under
stable supersaturation and boundary conditions.
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CHAPTER 2



Stress generation due to crystal growth


Crystallization is the process of forming a highly structured solid from a solution or
 melt. The driving force for crystallization depends on several parameters, e.g., subcool-
 ing (for melt), supersaturation (for solutions), temperature (for example : ice), surface
 normal stress. In this chapter, I will focus on the crystallization from solutions which
 is the most common situation in weathering process. A saturated solution is a solution
 in which no more solute can be dissolved in the solvent. A supersaturated solution can
 be obtained from saturated solution by, e.g., evaporation, temperature change or pH
 change. If the crystallization happens in a fracture or a pore, the crystal will perform
 mechanical work by ’pushing’ on the surrounding matrix. Then, the crystal may wedge
 itself into rocks to propagate fractures and produce damage through frost heave and
 salt weathering. The stresses generated on the surrounding matrix are often referred
 to ’the forces of crystallization’ or ’crystallization pressure’.



2.1 Experiments of crystallization pressure


The crystallization pressure has been studied for many years. It was ﬁrst reported by
 Lavalle in 1853[15]. He noted that the growing crystal could pushes itself upwards.


The experiment deﬁnitely showed the work done by growing crystal. But, it didn’t
give a quantitative measurement of crystallization pressure. Fifty years later, Becker
and Day designed their experiment to measure the crystallization pressure[1] (see Fig-
ure 2.1). A 1 cm well-formed alum crystal was placed between two glass plates. A 1 kg
block was placed on the top of the glass plate. The whole setup was put in an ordinary
crystallizing dish. A saturated solution of alum was poured into the crystallizing dish
in suﬃcient quantity to cover the whole crystal. The experiment was free from tem-
perature changes and dust. After several hours, they found the crystal grew and the
weight was pushed 0.5 mm upwards due to the slow evaporation. The crystal succeeded
in lifting (I) its own weight, (II) the weight of the top glass plate, (III) the weight of
the load upon the top glass plate. They also succeeded with diﬀerent crystal as copper
sulphate, potassium ferrocyanide, lead nitrate. Their experiment showed clearly that
the crystallization pressure was exerted to separate the open walls during the crystal
growth. However, an unexpected diﬃculty was encountered when they calculated the



(8)pressure at the growing interface lifting the weight. A hollow formed below the crystal
 during its growth. So that ’the measurement of the contact area thus recorded is a
 matter of great diﬃculty and uncertainty, and the force per unit area which the crys-
 tal exert is, therefore, hard to estimate.’[1]. They experienced issues when trying to
 measure the contact area during the crystal growth. But, they still predicted that the
 contact area ’changes constantly as the crystals grow, and is less for a smaller load
 than for a larger one’. They also measured the upper crystal surface and found that
 the upper surface was much more ﬂat than the lower surface.


Figure 2.1: Experiment setup used by Becker and Day. A 1 cm wide alum crystal
 was placed between two glass plates. On the top glass, a 1 kg block was loaded. The
 whole crystal was immersed in a saturated alum solution. Due to the slow evaporation
 of H2O, the solution became supersaturated, and the alum crystal grew.


In 1949, Correns managed to solve the problem of crystallization pressure and the
 crystal dissolution under pressure. Where B is the loaded force, h is the distance
 pushed by crystal, n is the molality of the solution, T is the temperature, R is the ideal
 gas constant, p is the osmotic pressure and ps is the osmotic pressure in a saturated
 solution.


A1 =Bh. (2.1)


A2 =nRT ln(p/ps). (2.2)
 According to the principle of maximum work A1=A2. So we have,


Bh=nRT ln(p/ps). (2.3)
 If we use B=Ps. where P is the pressure on the crystal and s is the contact area.


The above equation therefore changes to


P vc =RT ln(p/ps), (2.4)



(9)where vc is the molar volume of the crystalline substance. In addition, we can
 replace the osmotic pressure with the solute concentration.


P vc =RT ln(c/cs). (2.5)


Figure 2.2: Correns’ crystallization pressure vs the solution’s supersaturation.


As in ﬁgure 2.2, the crystallization pressure P in equation 2.5 is the maximum
 pressure that can be exceeded when the crystal grows in a solution with concentration
 c. If the crystal experiences a pressure larger than this maximum value, the crystal can
 not grow, it even starts to dissolve. Correns used the phase-boundary force to explain
 this phenomenon. Only when the crystal-substance phase boundary force is larger
 than the sum of solution-substance and the crystal-solution phase boundary force, the
 solution can enter the space between the crystal and substance. This allows the crystal
 to grow at the conﬁned interface. But Correns also mentioned that some experimental
 result showed that the crystal stops to grow under suitable pressure.


In recent years, plenty of experiments has been done to measure the crystal growth
 pressure under conﬁnement. K. Sekine et.al. observed a Halite growth in the PDMS
 channel. The PDMS wall was deformed when the halite grew against it. A maximum
 value of 2 Mpa pressure was estimated at the crystal corner[21]. Julie Dedsarnaud et.al.


performed a new experiment of loaded KCl crystal growth under strictly pressure con-
trolled. They found that the loaded crystal surface dissolved slightly and grew on the
unloaded faces, due to the change of the supersaturation. And also they declared that
the crystal is not able to grow against the applied pressure which contradict Corrrens
conclusions[6]. J Desarnaud et.al. carried out a NaCl and KCl crystal growth on the
hydrophilic and hydrophobic glass walls. The experiments revealed the importance
of conﬁned liquid ﬁlm in the conﬁned crystal growth[7]. A Naillon et.al reanounced
theimportance of the conﬁned liquid ﬁlm during the crystal growth in the pores[17].
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2.2 Conﬁned solution ﬁlm and disjoining pressure


In order to grow on the loaded crystal surface, there must be a liquid ﬁlm between
 the crystal and substance present. If the ﬁlm disappears, the material can not diﬀuse
 to the conﬁned crystal surface. (solid diﬀusion is too slow to grow the loaded crystal
 surface.) Normally, the thickness of the ﬁlm is less than 100 nm. In a crystal-solution-
 substance system, the disjoining pressure is the key to keep the conﬁned solution ﬁlm.


The disjoining pressure can be derived from a macroscopic continuum picture by con-
 sidering the interfacial energy of solid-liquid and solid-solid interfaces or a microscopic
 continuum model, where the interaction forces between two solid surface separated by
 a liquid solution are considered. When a solid surface is put in a solution, its surfaces
 get charged due to the ions in the solution. As illustrated in Figure 2.3, the water
 molecules and ions in the stern layer are bound to the solid surface (The Stern Layer is
 the ﬁrst (internal) layer of the electric double layer, which forms at a charged surface in
 an ionic solution.). The ions are balanced by an oppositely charged region referred to as
 counter ions. Thus, an electrical double layer is formed on the solid-solution interface.


The inner region of the double layer includes ions bound relatively tightly to the solid.


In the outer region, the balance of electrostatic forces and random thermal motion
 determines the ion distribution. Therefore, the potential in this region decays with the
 increasing distance from the surface. In Figure 2.4, the zeta potential is shown.


Figure 2.3: The solid surface in the water solution. Fig-
 ure:https://en.wikipedia.org/wiki/Doublelayer


When the solid and crystal surface are close enough to each other, the interaction of
 the surface electric double layer contributes to the disjoining pressure. The interaction
 energyUD related to this process depends exponentially on the separation distance and
 ions concentration [13].


UDL(r) = 4πψ2exp(−kr)/2 +r, (2.6)
where is the dielectric constant of the liquid medium,ψ is the electrical potential
on the solid surface, k is known as the Debye-huckel constant and r is the distance to
the solid surface. Another part of disjoining pressure comes from the long range Van
der Waals force. The non-retarded Van der Waals interaction energy between the solid
and calcite surface follows the dependence[13],



(11)Figure 2.4: The zeta potential on the solid surface.


Figure:https://www.brookhaveninstruments.com/what-is-zeta-potential


UvdW(r) =−A/12πh2. (2.7)


Where A is Hamaker constant, r is the distance between the solid to the crystal
 surface. Here, the Hamaker constant is typically positive, which means the van der
 Waals force is attractive and increasing with closing distance.


The combination of UDL and UvdW is called DLVO theory, named after Derjaguin
 and Landau[5] and Verwey and Overbeek [25]. Figure 2.5 shows the competition be-
 tween van der Waals and electric double layer energy. It provides a good quantitative
 understanding of the repulsive force between a solid and a crystal surface in solution.


Figure 2.5: The interaction energy vs distance by DLVO theory.


The DLVO theory is very important for the understanding of disjoining pressure.


But, there is also a non-DLVO force, i.e., the hydration force, which is important
when the solid-crystal surface reaches distances of a few water molecule layers. In



(12)this case, the water molecule layers become structured in the conﬁned liquid ﬁlm. In
 the calcite-glass conﬁned ﬁlm, the disjoining pressure increases quite fast when there
 are only a few water molecule layers left. To understand the disjoining pressure in
 calcite-glass conﬁned ﬁlm, experimental measurements are necessary. Typically, it is
 measured by a surface forces apparatus[14] or atomic force microscopy[8]. Thanks
 to Diao’s work[8], we ﬁtted the disjoining pressure in calcite-glass conﬁned ﬁlm as a
 function of distance(see Figure 2.6).


Figure 2.6: The disjoining pressure in the calcite-glass conﬁned ﬁlm as a function of
 distance. The red dots are from my experiment. The green dots are from Diao’s AFM
 measurement[8]. The disjoinning pressure is ﬁt with blue line.



2.3 Diﬀusion, mass balance and force balance


Correns pointed out that the conﬁned solution ﬁlm is really important to transport
 the ions and grow the conﬁned crystal surface. Here, I will discuss the diﬀusion in the
 conﬁned ﬁlm. The diﬀusion of ions in the conﬁned ﬁlm is described by Fick’s law.


Jm =−D(dc/dx). (2.8)
 Jm is the mass ﬂux, D is the diﬀusion coeﬃcient, c is the concentration and x is
 the distance between crystal and conﬁning interface. In bulk solution, D is a constant.


But, if the conﬁned ﬁlm is extremely thin, which means the ions have to diﬀuse in
 the stern layer, D is not a constant any more. In 2017, Mutisya presented their result
 about water diﬀusion in calcite slit pores[16], which shows that the diﬀusion constant
 decreases a lot when the conﬁned ﬁlm reaches 1 nm. Figure 2.8 Since the ions in
 water solution is hydrated, their eﬀective diameter is much larger than water molecule.


We estimate that the diﬀusion constant of ions in narrow conﬁned ﬁlm is even much
smaller. When the calcite is pushed extremely close to the cover glass, the growth



(13)Figure 2.7: The ions diﬀusion in the solution.


of conﬁned surface is really slow due to the thin conﬁned ﬁlm and the decay of the
 diﬀusion constant. In the experiments described in this thesis, the conﬁned ﬁlm is
 larger than 10nm. Therefore, we will use the diﬀusion constant as it is in the bulk
 solution.


Figure 2.8: The relationship between diﬀusion constant and the thickness of conﬁned
 ﬁlm[16].


Becker and Day found that the conﬁned crystal surface is cup-shaped. So, we can
 simplify the conﬁned crystal surface as shown in Figure 2.9. The size of the crystal is
 L×L, the width of the contact area is w. The concentration outside of the crystal is c,
 and the concentration in the cavity is c0. Here, the crystal surface stopped to grow.


Since the crystal surface is conﬁned, all of the ions used to grow the contact area
have to diﬀuse from the bulk solution. That is the mass balance. Here, we have the



(14)Figure 2.9: The simpliﬁed conﬁned crystal surface.


mass of the ions, which diﬀused into the conﬁned liquid ﬁlm.


m=JmxLMt. (2.9)


whereJm =−D(c0−c)/w is the mass ﬂux, x is the thickness of conﬁned ﬁlm, M is
 the crystal molar mass and t is the time. The mass, which enters the conﬁned liquid
 ﬁlm by diﬀusion should equal to the mass grown on the crystal.


m=JmxLMt=ρVzt(Lw−4w2). (2.10)
 Thus, we have combined the growth rate on the conﬁned surface to the concentra-
 tion c. The relationship between the thickness of conﬁned ﬁlm x and the disjoinning
 pressure P(x) is shown in Figure 2.6. Then, we have force balance as,


F =P(x)(Lw−4w2), (2.11)
where F is the loaded force on the crystal. In Becker and Day’s experiment, F is
the sum of (I) its own weight, (II) the weight of the top glass plate, (III) the weight of
the load upon the top glass plate. Of course, we have to deduct the buoyancy.
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CHAPTER 3



Experiment



3.1 Reﬂection Interference Contrast Microscopy


Since the conﬁned crystal surface becomes rough during its growth, Becker and Day
 have carefully explained the diﬃculty of measuring the contact area of conﬁned crystal
 surface[1]. They failed to measure the contact area during the crystal growth. They
 leave us a prediction that the contact area changes constantly as the crystal grow, and
 is less for a smaller load than for a larger one. In this thesis, we reported high resolution
 measurements of the topography of the conﬁned crystal surface while it grows. The
 measurements were performed by reﬂection interference contrast microscopy (RICM).


The basic principle of RICM is illustrated in Figure 3.1. The incident LED light from
 the microscope is reﬂected both from the crytal-water interface and from the glass-
 water interface. Thus, a part:


Ir ∝Eg2+Ec2+EgEccos(4πhn/λ+π) (3.1)
 of the total intensityIdet =I0+Ir reaching the detector is given by the interference
 of these two reﬂected parts of the incident light. Here, Eg is the electromagnetic wave
 amplitude of the light reﬂected at the glass-water interface, Ec is the electromagnetic
 wave amplitude of the light reﬂected at the crystal-water interface, λ=550 nm is the
 wavelength of the light, his the distance between the glass and the crystal andn=1.33
 is the refractive index of water. I0 denotes the part of the light reaching the detector
 by scattering at other interfaces of the system. Here, the light is represented by its
 central beam. Eﬀects of the ﬁnite aperture of the imaging systems are not considered.


The reﬂected interference contrast can be achieved with almost any microscope
using reﬂected light illumination. The contrast (Ir/I0) can be augmented by using
specialized objectives with a λ/4 retarder[19]. However, in this study we have used or-
dinary objectives (Olympus UPLanFLN 100x/1.30 and Olympus UPLanFI 40x/0.75p)
mounted on an Olympus GX71 inverted microscope with a blue LED light source. Im-
ages were recorded with a Pointgrey camera (Mono, Grasshopper3, GS3-U3-91S6M-C)
with 3376x2704 resolution and saved as 8 bit TIFF ﬁles. The image sequences are
analyzed by in-house developed scripts in Matlab and ImageJ.



(16)Figure 3.1: Principle of RICM. The crystal is illuminated from the bottom, which is
 illustrated here by the electric ﬁeld, Ei, of the incident light. Due to the interference
 of the light reﬂected by the crystal-water interface, Ec, with the light reﬂected by
 the glass-water interface, Eg, the detected intensity, Idet, depends on the distance, h,
 between the two interfaces and on the wavelength of the light,λ. Exemplary RICM
 images of a calcite crystal using a blue LED (left half) and a green LED (right half)
 are shown at the bottom. The fringes align at the outer part (rim) of the crystal, but
 diﬀer for larger distances h towards the central part of the conﬁned interface.



3.2 Microﬂuidic channel and ﬂow stability


In Becker and Day’s experiment, the crystal was growing due to the supersaturation
generated by the evaporation of the solution. But they didn’t control the boundary
condition of crystal growth. The ions’ concentration around the crystal could have
varied due to convection or turbulence in the solution, which may have been caused
by the concentration diﬀerence in the solution, shaking of the setup or air ﬂow on the
solutions surface. In the experiments described in this thesis, we used microﬂuidic
channels to grow crystals, which allowed us to: (I) nucleate calcium carbonate crystals
in a limited area that permits imaging access. (II) remove other polymorphs than
calcite. (III) control stable saturation conditions at the growing crystal surface. (IV)
permit slow growth of rhombohedral crystals from the nuclei. (V) get rid of dust during
the calcite growth.
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3.2.1 Microﬂuidic channel


The purpose of this work was to grow calcite in the microﬂuidic channel, I designed
 a channel as Figure 3.2, which has three inlets and one outlet. The inlets are for
 calcium chloride solution, water and sodium carbonate. When the solutions start to
 ﬂow in the channel, calcium and carbonate ions diﬀuse into the water and precipitate
 there. By changing the ratio of the water, calcium chloride and sodium carbonate
 solution ﬂow rate, we can control the concentration of calcium carbonate in the channel.


By increasing the ﬂow rate of calcium chloride and sodium carbonate solution, the
 concentration of calcium carbonate increases in the channel. When calcium carbonate
 gets supersaturated in the channel, the nucleation starts. Then, the nuclei grows bigger
 and bigger and ﬁnally attachs to the cover glass. We could ﬁnd the nucleated crystal
 by microscopy. Then, I reduce the ﬂow rate of calcium chloride and sodium carbonate
 solution, in a way that the solution becomes supersaturated to a metastable amount
 at the place of the nuclei. Metastable solution means that the ions concentration is
 high enough to grow the nucleated crystal, but not enough for nucleation. By varying
 the ions concentration, the growth rate of the crystal can be controlled.


Figure 3.2: Top: The pattern of microﬂuidic channel.(up) The channel was designed
 with three inlets and one outlet. The upper-inlet is for calcium chloride solution, the
 middle-inlet is for water, the lower-inlet is for sodium carbonate solution. Bottom:


After the junction of the inlets, calcium and carbonate ions diﬀuse towards to each
 other and precipitate calcium carbonate. The lower image is showing the concentration
 of calcium carbonate in the channel due to the ions diﬀusion.


The designed pattern is sent to Selba S.A (www.selba.ch) where it is printed on a
 transparent ﬁlm. The ﬁlm is used for photolithography. The photolithography protocol
 in our lab is shown below,


• Turn on the hot plate, set the temperature as 150 ◦C.


• Clean the wafer with Acetone and Isopropanol, remove the liquid with N2 air
 gun.


• Dry the wafer on the hot plate at 150 ◦C for 10 minutes. Then put the wafer on
the spin



(18)• Pore the SU-8 GM1070 photoresist from Gersteltec (www.gersteltec.ch) on the
 wafer, try to avoid bubbles. Set the spin speed as 2000rpm for 40 seconds.


Acceleration is 100rpm/s. Relax the wafer on the spin for 10 minutes after the
 centrifugation.


• Put the wafer on the hot plate for prebake. 15 minutes at 65◦C, 35 minutes at
 95◦C. The temperature raises at 2◦C/min.


• Put the wafer in the UV-KUB2 exposure holder. Put the pattern on the wafer
 (print side towards the wafer). Clean the cover glass and put it on the pattern.


Set the thickness as 500 μm. Radiate the wafer.


• Relax the wafer for 10 minutes. Post bake: 15 minutes at 65◦C, 40 minutes at
 95◦C. 2◦C/min.


• Put the wafer in PGMEA for developing 3 minutes. Then rinse with isopropanol.


Dry it with nitrogen air gun.


• Hard bake: 135◦C for 2 hours


The channel networks were cast in PDMS (DC sylgard-184A) in 1:10 ratio of elastomer
 to curing agent, 1.5mm diameter holes punched for inlets and outlets. The PDMS
 and VWR cover glass were plasma treated (Electro-Technic Model BD-20V) before
 assembly. Flow rate was controlled using a syringe pump (Kd Scientiﬁc legato 180,
 USA) with Halmiton glass syringes (Halmiton 1000 syringe series, Halmiton company,
 VWR)) and an Elveﬂow system (Elveﬂow OB1 mk3, France). The channels, which
 have been used most in this study were 120 μm wide and 45 μm high, the distance
 from the inlet to the imaging site was 10-50 mm and the ﬂow rates during the growth
 was in the range 0.2-1 μl/min.



3.2.2 ﬂow stability


Since the calcium carbonate concentration in the channel is controlled by the ﬂuid ﬂow
rates, the ﬂow stability is extremely important to achieve the stable concentrations
necessary for crystal growth. First, the ﬂow stability in the microﬂuidic channel has
been tested. Therefore, we pumped water, methylene blue solution and water into
the three inlets. The stability of the syringe pump and gas pressure control systems
have been separately tested as shown in Figure 3.4. The gas pressure control system
includes an Elveﬂow controller (Elveﬂow OB1 mk3, www.elveﬂow.com), which has both
a ﬂow rate and a pressure control mode, it includes ﬂow valves (Elveﬂow MUX) and
ﬂow sensors (0.4-7 μL/min, Elveﬂow). The input pressures Pi are controlled by the
OB1. The three inlets have the same ﬂow resistance so that the pressure control mode
is achieved by setting the same inlet pressures P1 = P2 = P3. In ﬂow rate mode,
OB1 adjusts the pressure to keep each ﬂow rate constant. The syringe pump system
includes a syringe pump (KD Scientiﬁc legato 180, www.kdscientiﬁc.com), BD plastic
syringe (BD science, www.bd.com), Halmiton glass syringe (Halmiton 1000 syringe
series, www.hamiltoncompany.com), ﬂow valve (Elveﬂow MUX) and ﬂow sensors (0.4-
7 μL/min, Elveﬂow). The ﬂow rate is controlled by the speed of the plunger and
the inner diameter of the syringe. Because the accuracy of the syringe diameters of
plastic and glass syringes diﬀer, we tested their stability separately. Figure 3.5 displays
the conﬁgurations used to test the ﬂow stability: water was injected into the channel



(19)Figure 3.3: The process of photolithography. Basically, the process has three steps:


(I) apply the photoresist. (II) expose to UV light. (III) apply the developer. the
 pattern is on the wafer now.


from inlets 1 and 3 with the ﬂow rates ϕ1 and ϕ3 and methylene-blue solution (CAS
 Number: 61-73-4, Aldon Corp www.aldon-chem.com) was injected through inlet 2 at
 ﬂow rate ϕ2 which created two water/methylene-blue interfaces. Images of the ﬂows
 (see Figures 3.5) have been recorded for 5 hours. By averaging the intensity of the image
 along Y direction, we plotted the averaged intensity Im along X direction (Figure 3.5A).


The channel edges x1 and x2 and the interface of the water/methylene blue were clearly
 identiﬁed by thresholding (see red lines in Figure 3.5A). The relative volume of water
 in the channel γ was used to study the ﬂow stability:


γ =
 I¯m


I¯w


=
 x2


x1 Imdx
 x2


x1 Iwdx, (3.2)


where ¯Im is the average image intensity of the water/methylene-blue/water solution in
 the channel (Figure 3.5A black line). And ¯Iw means the average image intensity when
 there is only water in the channel (Figure 3.5A blue line) and x1 and x2 are the edges
 of the channel (Figure 3.5A red lines).


The stability of the CaCO3 concentration, c, which is proportional to the volume
fraction in the ﬂow is key to accurate and reliable measurements of crystal growth
rates. The ﬂow stability tests were performed for 5 hours with 2 water input channels



(20)Figure 3.4: The setup of ﬂow stability test. the upper shows the setup of OB1
 pressure control ﬂow system. The lower one shows the setup of syringe pump ﬂow
 system.


at 1 μl/min and 1 input channel with dyed water at 2 μl/min and in four conﬁgura-
 tions: Gas pressure driven ﬂuid ﬂow with 1) pressure control (PC) and 2) ﬂow control
 (FC) and syringe pump with 3) plastic syringe (PS) and 4) glass syringe (GS). The
 instantaneous volume fraction of dyed water presented in Figure 3.5 was calculated
 from images according to equation (3.2) and from the ﬂow sensors. The data from the
 ﬂow sensors and images shows that the OB1 control system is much better than the
 syringe pump system. Since the pressure in the channel increases all the time during
 the crystal growth. We decide to use the ﬂow rate control model during the crystal
 growth experiments.



3.3 Calcite nucleation and growth


Before the nucleation in the microﬂuidic channel is started, Calcium chloride solution
and sodium carbonate solution has to be prepared. Na2CO3 and CaCl2 10 mM stock
solutions were prepared using a balance (Mettler AE260 Delta Range) and deionized
water (Millipore Direct-Q 3UV) as solvent: 122.7 mg of Na2CO3 (VWR Ref.27767.364
Assay 99.0-100.5% ) were dissolved in 115.6 mL water and 126.0 mg of CaCl2Aˆ·2H2O
(VWR Ref.22322.364 Assay 97.0-103.0% ) were dissolved in 85.7 mL water. Then,
they were left to equilibrate with atmospheric CO2 for 48 hours. Subsequently, 2 mM
solutions were prepared by diluting the stock solutions with deionized water (2mL from



(21)Figure 3.5: Calculation of the relative volume of water and methylene-blue from
 diﬀerence image. A: The mean intensities Im along the width of the channel for
 water/methylene-blue/water solution (black line) and only water in the channel (blue
 line). The red vertical lines deﬁne the edge of the channel,x1 andx2. The black dashed
 line show the mean intensity outside the channel. B: The intensity diﬀerence between
 an image of water and methylene blue ﬂowing in a part of the PDMS channel. C: The
 inset image shows the junctions where the colored and uncolored ﬂows meet.


the stock solution were mixed with 8mL of deionized water) prior to each experiment.


After dilution, they were immediately entered into pressure ﬂasks using air at pressures
 between 1 and 2.2 atmospheres (absolute pressure). The saturation index, Σ has been
 calculated by PHREEQC [3]. The supersaturation is Ω =IAP/Ksp and the saturation
 index is


Σ = Δμ


kT = ln(aCa2+aCO2−3


Ksp


) = ln(Ω) (3.3)


We have used the value of the solubility product Ksp = 10−8.54 that Teng et al. [24]


found to correspond to when spirals on the 10¯14 surface stopped growing. They used
 slightly diﬀerent ﬂuids than in our study and a ﬁxed pH of 8.5, whereas our solutions
 were not buﬀered and the pH varied. The lack of constraints on pH causes some
 inaccuracy of the calculation of saturation index. In this study, the calcite crystals
 changed from growth to dissolution at a concentration of csat=0.5 mM. In order to
 nucleate and grow calcite in the microﬂuidic channel, we improved the microﬂuidic
 channel. Figure 3.7. The channel is 120±2 μm wide and 45 μm high, the length from
 ﬁrst to second junction is lc=50 mm and the length from the second junction to the
 outlet is 10 mm. Nucleation of a crystal within the microﬂuidic channel was carried
 out in two steps. First, the channel was ﬁlled with deionized water at a ﬂow rate
 ϕ1 = 0.5μl/min from inlet 2. 2mM CaCl2 and Na2CO3 solutions were subsequently
 injected at inlets 1 and 3 to achieve a CaCO3 concentration of c=0.8 mM. This value
 was suﬃciently low to avoid any nucleation. When the ﬂow reached a stable behavior,
 the 10mM CaCl2 and Na2CO3 solutions, were injected into the channel from inlets
 4 and 5 (using 2.5mL Halmiton 1000 syringes on a KD Scientiﬁc Legato 180 syringe
 pump) to achieve a CaCO3 concentration ofc=3.4 mM.


Once we observed crystals sticking to the glass or to the PDMS surface, the ﬂows
ϕ4 and ϕ5 were stopped. There is a certain probability that the ﬁrst nucleus be either
calcite, vaterite or aragonite, in our conditions the probability was roughly 50/50 cal-



(22)Figure 3.6: Stability of water/dyed water/water ﬂow. The relative volume γ of dyed
 water calculated from images (top) and ﬂow sensors (bottom) is displayed in black:


pressure control (PC), red: ﬂow control (FC), green: plastic syringe (PS) and blue:


glass syringe (GS).


cite/vaterite in agreement with the measurements of Ogino et al [18]. In the remainder
 of the experiment we always chose to observe the crystal furthest upstream to be sure
 that the ﬂuid concentration was determined by the ﬂow rates and was not aﬀected
 by other crystals upstream. Since the crystal is unaﬀected by other crystals and fully
 controlled by the concentration of the ﬂowing solution we could dissolve and grow any
 CaCO3 polymorph at will. Before calcite growth experiments we dissolved vaterite at
 c = 0.5 mM if present, while keeping the calcite crystal unchanged. We performed
 calcite growth rate experiments with concentrations in the range 0.55-0.8 mM.


At a saturation index of c = 3.4, nucleation occurs fast and some nuclei attach
 either to the PDMS or to the glass surfaces. Figure 3.9 A shows both a calcite and
 a vaterite nuclei present simultaneously in the middle of the channel. Since mixing
 occurs by diﬀusion, the highest concentration appears at the center of the channel and
 the nuclei are likely to attach close to the middle of the glass or PDMS surface allowing
 for good optical access and free space for subsequent growth. Changing the calcium
 carbonate concentration to 0.5 mM, the vaterite is totally dissolved after 22 minutes
 and the calcite is left unchanged (Figure 3.9 B). The calcite nuclei are predominantly
 rhombohedral and the 10¯14 surface attach to the glass or PDMS. The crystals can
 then grow freely on 5 of the 6 surfaces. Figure 3.9 C shows a vaterite nucleus that
 is chosen for growth in the channel and Figure 3.9 D shows the same crystal after 23
 hours growth. This demonstrates how the microﬂuidic device can keep any polymorph
 stable for further study.


After we succeed to nucleate and grow calcite in the microﬂuidic channel, we start
the ﬁnal step of our experiment: loading a force on the growing calcite. We put another
channel on the top of the crystal growth channel. As shown in Figure 3.10, we could



(23)Figure 3.7: The experimental setup for calcite nucleation and growth.


calculate the pressure and force loaded on the growing calcite during its whole growth,
by varying the pressure on the top channel (from 0 to 2 Bar).



(24)Figure 3.8: Flow rate control for 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. During growth the
concentration is varied by changing ϕ2 in the range shown in the table.



(25)Figure 3.9: Top (A and B): A. Calcite and Vaterite nuclei at the same time and attached at
the middle of the channel. B. The vaterite disappeared after 22 minutes ﬂushing with 0.5mM CaCO3
solution. Bottom C.D: C. A aragonite located in the channel. D. The aragonite grows to ﬁll the channel
after 7 hours growth at 0.8 mM CaCO3 concentration. The radius of aragonite crystal increase at a
rate of 4160 nm/h.



(26)Figure 3.10: In this new microﬂuidic chip, we put another channel on the top of the
crystal growth channel. By controlling the pressure in top channel, we could control
the loaded force on the crystal. The pressure varies from 0 to 2 Bar.
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CHAPTER 4



Results and Outlook


In this work, we succeed to nucleate and grow calcite in a 45μm wide microﬂuidic
 channel. Also, we control the pressure on the growing calcite. Since the Reynolds
 number in the channel is less than 1, there is deﬁnitely no turbulence or convection in
 the channel. We controlled the boundary condition of the growing crystal since we have
 a good control of the ﬂuid ﬂow rate in the channel. Of course, the whole experiment
 is get rid of the dust, even without bacterium. By varying the CaCO3 concentration,
 we could keep the calcite and remove the vaterite and aragonite in the channel.


In paper I, we demonstrate how to nucleate and grow calcite in the channel. We
 also demonstrate that at low supersaturations where 2D nucleation does not occur we
 measure the growth rate constant of calcite to be a factor 5 larger than that reported
 by batch methods and a factor 50 larger than measured by AFM. The growth rate
 diﬀerence is due to the diﬀerence of the hydrodynamic boundary layer. According to
 our calculation, the AFM experiment’s boundary layer is 10-50 times thicker than our
 experiment. And also, the boundary layer diﬀerence well explains the diﬀerent growth
 rates on the front and back side of the crystal.


In paper II, we present a novel approach to in situ study of conﬁned crystal growth
 using microﬂuidics for accurate control of the saturation state of the ﬂuid and interfer-
 ometric measurement of the topography of the growing conﬁned crystal surface. We
 observe and quantify diﬀusion limited conﬁned growth rims and explain them with a
 mass balance model. We have quantiﬁed and modeled crystals ”ﬂoating” on a ﬂuid
 ﬁlm of 25-50 nm thickness due to the disjoining pressure. We ﬁnd that there are two
 types of nanoconﬁned growth behaviors: 1) smooth and 2) rough intermittent growth,
 the latter being faster than the former. The intermittent growth rims have regions of
 load bearing contacts that move around the rim causing the crystal to ”wobble” its
 way upwards. A ﬁrst step to understand the intermittent dynamics is the identiﬁcation
 of a local, positive feedback between load and growth rate.


In paper III, a 2-layer microﬂuidic chip is used in the experiment, which allows force
 actuation on growing calcite. When we press a ﬂat calcite surface towards a cover glass,
 the calcite surface gets conﬁned immediately and forms a cavity on the conﬁned surface,
 even if the pressure is quite low. After we increase the pressure, vertical growth of the
 calcite slows down dramatically (due to the shrinkage of the conﬁned ﬂuid ﬁlm and the
 decrease of diﬀusion constant). And also the rim width increase during the growth.


We carefully analyzed the relationship between loaded pressure, ﬁlm thickness, the rim



(28)width and calcite vertical growth rate by the mass balance and force balance, which
 help us to understand the crystal growth under conﬁnement.


I believe that the experiment could be improved in the future. The pressure system
 could be more accurate. For example, the pressure could vary from DLVO pressure
 to hydration force and the the theoretical crystallization pressure. I hope the crystal
 could dissolve when the pressure exceed the theoretical crystallization pressure. The
 resolution of RICM is not good enough when the conﬁned ﬁlm is less than 100 nm.


The deviation of thickness measurement in this paper is 10nm. From the paper 2, we
 could ﬁnd that the calcite grows really beautyful when it is conﬁned by its own weight.


The crystal surface is parallel to cover glass. But when we try to load a force on the
 crystal, it is extremly diﬃcult to keep the crystal surface parallel to the cover glass.


It is very challenging to measure the contact area. It would be interesting to see the
 crystal grows with diﬀerent loaded forces. It will help people a lot to understand the
 crystal growth.


At the end of my thesis, I want to leave some words to myself. To ﬁnish my Ph.D
degree in Europe is my dream. Now, it is going to be true. Why did the science and
industrial revolution happen in Europe? That was the question haunting in my mind
all the time. Now I get the answer, it is the serious attitude to science. Being a Ph.D
is just like walking through a long dark mysterious tunnel. Unfortunately, there is no
candle or LED light. Several years ago, when I stood in front of the tunnel, I was
so excited. My supervisor Dag told me that it is so much fun in the tunnel. Then
I stepped into the tunnel. As I walked deeper and deeper, I found myself lost. It is
eventually dark. So many times, when I lost my way in the tunnel, Dag scratched a
match in front. The shaking light of match seems like the tunnel exit. It encouraged
me to go further. More than once, I have complained. Why can’t the match light
longer? Now I could see the tunnel. It is full of burnt matches, and they have burnt
to the last inch. Thanks to Dag, I respect your attitude to science. And also you are
so kind of taking care of us Ph.D students. Thanks to Anja and Felix, without your
help, I can’t be here. I will never forget the time in UiO. Thank you!
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Abstract: Slow growth of calcite in confinement is abundant in Nature and man-made materials.


There is ample evidence that such conﬁned growth may create forces that fracture solids.


The thermodynamic limits are well known, but since conﬁned crystal growth is transport limited and
 difﬁcult to control in experiments, we have almost no information on the mechanisms or limits of
 these processes. We present a novel approach to the in situ study of conﬁned crystal growth using
 microﬂuidics for accurate control of the saturation state of the ﬂuid and interferometric measurement
 of the topography of the growing conﬁned crystal surface. We observe and quantify diffusion-limited
 conﬁned growth rims and explain them with a mass balance model. We have quantiﬁed and
 modeled crystals “ﬂoating” on a ﬂuid ﬁlm of 25–50 nm in thickness due to the disjoining pressure.


We ﬁnd that there are two end-member nanoconﬁned growth behaviors: (1) smooth and (2) rough
 intermittent growth, the latter being faster than the former. The intermittent growth rims have regions
 of load- bearing contacts that move around the rim causing the crystal to “wobble” its way upwards.


We present strong evidence that the transition from smooth to rough is a generic conﬁnement-induced
 instability not limited to calcite.


Keywords:crystal growth; calcite; microﬂuidic; nanoconﬁnement; reﬂection interference contrast
 microscopy


1. Introduction


A number of marine organisms mineralize calcium carbonate [1]. The biomineralization processes
 are of great interest in themselves, and conﬁnement in cellular compartments is thought to be important
 in the process of controlling biological mineral growth [2]. The organisms with calcium carbonate
 skeletons sediment to the sea ﬂoor, and the sediments undergo compaction where dissolution and
 recrystallization of calcite occur in conﬁnement to form limestone [3]. Some such carbonate rocks
 are buried deeper and undergo recrystallization in conﬁnement once more and emerge as marble.


Both limestone and marble are used for construction and sculptures that deteriorate due to conﬁned
 salt crystallization in the pore space [4]. In Portland cement, CO2is slowly adsorbed, and calcite is
 crystallized in conﬁnement [5]. Conﬁned recrystallization of calcite in other environments has also
 been shown to create forces that break other mineral grains [6] and lift rock overburden [7].


The above examples show that carbonate rocks, where the pore ﬂuid becomes supersaturated in
 calcium carbonate, behave in two completely different manners: sometimes, the calcite crystallizes in
 the pore space and around grain contacts and cements and strengthens the rock [3], and sometimes,
 calcite crystallizes in the grain contacts and breaks the surrounding rock [6,7]. Except for a general
 equilibrium thermodynamic argument for the limit to the force of crystallization [8–10], there exists
 no experimental data or theoretical models to understand the transition from crystallization force
 to cementation [11]. The general question “when does crystallization in conﬁnement lead to stress
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buildup and damage, and when does crystallization cease due to conﬁnement?” is also central to
 understanding salt damage of building materials like limestone and concrete and monuments [4,12,13].


Knowledge about the limits to crystallization pressure is also at the core of the ongoing debate on the
 effects of stress on metamorphism in the Earth’s crust [14,15].


There are three main types of experiments that have been performed to study the
 stresses generated by crystallization: high temperature, high pressure experiments with mineral
 transformations where the degree of growth of secondary minerals is studied ex situ [15],
 salt crystallization in porous rocks where dilation, damage and fracturing is studied [13] and, ﬁnally,
 studies on single crystals growing against a known force [9,11,16,17]. Only a limited number of
 successful such experiments have been performed since Becker and Day studied potassium alum [16].


Becker and Day [16] documented that the contact area between the growing crystal and the support
 was much smaller than the apparent surface area and went to great lengths to determine this area
 because the force on the crystal divided by the contact area equals the contact pressure, which is
 the relevant thermodynamic variable. Taber [17] studied potassium alum, chrome alum, potassium
 sulphate and copper sulphate and found that the existence of other crystals in the crystallization
 chamber stopped the crystallization doing work against an external force. Correns performed a
 series of experiments on potassium alum, sodium carbonate and calcium chloride published between
 1926 and 1949 culminating in a seminal paper with data on the maximum pressure at which there
 is crystallization doing work and provided a thermodynamic expression for the relation between
 stress and supersaturation [9]. Curiously, the thermodynamic expression has an excellent ﬁt with
 the experimental data, but is wrong by a factor of four [18], and despite his knowledge of the work
 of Becker and Day, he does not comment on the area of contact between the crystal and the glass
 support. The ﬁrst carefully-controlled single-crystal crystallization pressure experiment since Correns
 was performed by Røyne and Dysthe on sodium chlorate [11,19].


Whereas the transport of material to a nanoconﬁned growth surface from melt (for instance, ice
 or metals) is dominated by viscous ﬂow, transport during growth from solution is dominated by
 diffusion through the solution to the growing surface. If there is some force pressing the growing
 crystal against an impermeable solid, there may still be a conﬁned ﬂuid ﬁlm between the two solid
 surfaces supporting the load, as long as the applied contact pressure does not exceed the maximum
 disjoining pressure [20,21].


The rate of crystal growth increases with supersaturation, and supersaturation decreases in the
 direction of diffusion (that is, driven by a concentration gradient). Therefore, there will be a negative
 feedback between growth and transport in the conﬁned ﬂuid. If the ﬂuid supports sufﬁcient stress,
 continuum theory predicts a smooth growth rim of well-deﬁned, pressure-dependent width to appear
 at the conﬁned growing surface [10]. Experiments documenting such growth rims during crystal
 growth conﬁned by a glass plate and creating a force have been performed on potassium alum [16]


and NaClO3[11]. These experiments show, however, that the conﬁned growth surface is much more
 complex than the smooth rims predicted by continuum theory: the rims are rough, and their width
 does not depend on the load on the crystal in a systematic manner. This signiﬁes that there are other,
 positive feedback mechanisms at work.


The present study of the growth of single crystals of calcite targets some of the many open
 questions from these earlier studies [9–11,16]: What is the area of contact between a crystal lifting a
 load and the base that it rests on? What are the characteristics of the interface topography? What is the
 contact stress? What are the processes controlling the interface topography and the contact area? Are
 these processes independent of solubility and growth rate?


Here, we report conﬁned crystal growth experiments that differ from previous experiments in
two respects: (1) instead of highly soluble crystals, we use calcite, which has a solubility of about
four orders of magnitude smaller, and the growth rate is 3–4 orders smaller than NaClO3; (2) we
study the evolution of the growing conﬁned crystal surface in situ. We measure the distance from
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the conﬁning surface to the crystal surface while it evolves and can thereby demonstrate positive and
 negative transport-growth feedback mechanisms due to nanoconﬁnement.


2. Experimental Section


The experiments reported here are designed to have a very high degree of control of the growth
 conditions and high resolution measurement of the topography of the conﬁned crystal surface while
 it grows.


2.1. Microﬂuidic Growth Control


The microﬂuidic network and ﬂow control system, which has been described in detail in [22],
 is designed to:


• nucleate calcium carbonate crystals in a limited area that permits imaging access;


• remove other polymorphs than calcite (polymorphs are determined by the crystal shape);


• control stable saturation conditions at the growing crystal surface;


• permit slow growth of rhombohedral crystals from the nuclei;


• avoid clogging of the microﬂuidic device due to crystal growth elsewhere in the device.


The main idea of the experiment is sketched in Figure1. CaCl2solution and Na2CO3solution
 at equal concentrations and ﬂow rates are introduced in two inlets, and in the third inlet, distilled
 water is introduced to control the total concentrationcof CaCO3in the main channel. The growth
 rate of the crystal (green in Figure1) depends on the supersaturationΩ= (c−c0)/c0, wherec0is the
 equilibrium concentration, which is measured in situ as the concentration where the crystal neither
 grows nor dissolves,c0=0.50±0.02 mM.


The channel networks are designed in Adobe Illustrator, saved as pdfs, and the photomask was
 printed on ﬁlm substrate by Selba S.A (www.selba.ch). SU-8 GM1070 photoresist from Gersteltec
 (Pully, Switzerland) was spun on silicon wafers, UV radiated with UV-KUB2 (Montpellier, France) and
 developed with PGMEA from Sigma Aldrich (CAS no. 108-65-6, Darmstadt, Germany) according to
 the producer’s data sheet. Channel networks were cast in PDMS (Sylgard 184 elastomer kit purchased
 through VWR, Brooklyn, NY, USA) in a 1:10 ratio of elastomer to curing agent, with 1.5 mm-diameter
 holes punched for inlets and outlets, and the PDMS and glass (VWR collection 24 mm×24 mm cover
 glass No. 1) were plasma treated (Zepto BD-20V, from Diener Electronic GMBH, Bielefeld, Germany)
 before assembly. Flow rate was controlled using a syringe pump (Legato 180 from Kd Scientiﬁc,
 Holliston, MA, USA) with glass syringes (Halmiton 1000 syringe series, Bonaduz, Switzerland) and
 a ﬂuid ﬂow control system (OB1 mk3 from Elveﬂow, Paris, France). The channels most used in this
 study were 120μm wide and 45μm high; the distance from the inlet to the imaging site was 10–50 mm;


and ﬂow rates during growth in the range 0.2–1μL/min.
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Figure 1.Controlled growth of calcite crystals in a microﬂuidic device studied by reﬂection interference
 contrast microscopy (RICM). (Left) Top view of the microﬂuidic channel showing how ﬂuids are
 introduced and mixed to ensure stable supersaturation at the crystal surfaces. The microﬂuidic device
 rests on an inverted microscope to allow high resolution imaging of the crystal in situ during growth.


The crystal grows on all surfaces, but the surface studied here is conﬁned by the glass surface on
 which the crystal rests. (Right) Principle of RICM. The crystal is illuminated from the bottom, which is
 illustrated here by the electric ﬁeld,Ei, of the incident light. Due to the interference of the light reﬂected
 by the crystal-water interface,Ec, with the light reﬂected by the glass-water interface,Eg, the detected
 intensity,Idet, depends on the distance,h, between the two interfaces and on the wavelength of the light,
 λ. Exemplary RICM images of a calcite crystal using a blue LED (left half) and a green LED (right half)
 are shown at the bottom. The fringes align at the outer part (rim) of the crystal, but differ for larger
 distanceshtowards the central part of the conﬁned interface.


2.2. Topography Measurements


The crystal growth on the conﬁned interface facing the glass is measured by reﬂection interference
 contrast microscopy (RICM). The basic principle of RICM is illustrated in Figure1. The incident LED
 light from the microscope is reﬂected both from the crystal-water interface and from the glass-water
 interface. Thus, a part:


Ir∝E2g+E2c+EgEccos(4πhn/λ+π) (1)
 of the total intensity Idet = I0+Ir reaching the detector is given by the interference of these two
 reﬂected parts of the incident light, whereEgis the electromagnetic wave amplitude of the light
 reﬂected at the glass-water interface,Ecis the electromagnetic wave amplitude of the light reﬂected at
 the crystal-water interface,λis the wavelength of the light,his the distance between the glass and
 the crystal andn=1.33 is the refractive index of water.I0denotes the part of the light reaching the
 detector by scattering at other interfaces of the system. Here, the light is represented by its central
 beam. The effects of the ﬁnite aperture of the imaging systems are not considered.


The reﬂected interference contrast can be achieved with almost any microscope using reﬂected
 light illumination. The contrast (Ir/I0) can be augmented by using specialized objectives with a
 λ/4 retarder [23], but in this study, we have used ordinary objectives (UPLanFLN 100×/1.30 and
 UPLanFI 40×/0.75 from Olympuswww.olympus-lifescience.com) mounted on an Olympus GX71
 inverted microscope with a green LED light source with a wavelength of 550 nm (from ThorLabs
 www.thorlabs.com). Images are recorded with a monochromatic CCD camera with 3376×2704
 resolution (Grasshopper3, GS3-U3-91S6M-C from Pointgreywww.ptgrey.com) and saved as 8-bit TIFF
 ﬁles. The image sequences are analyzed by in-house-developed scripts in MATLAB (www.mathworks.


com) and ImageJ (imagej.nih.gov/ij/).
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