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A B S T R A C T

This study presents the mechanical properties and polymorphic transformation of pastes made with calcium 
carbonate cement, where vaterite was the main component. Both laboratory (compression tests, XRD, & SEM) 
and synchrotron-based techniques (transmission X-ray microscopy and microtomography) were used in the 
characterization of the pastes. Mechanical properties were developed by controlling the polymorphic trans-
formation of vaterite. When converting to aragonite, calcium carbonate cement exhibited three times greater 
strength development compared to its conversion to calcite at a water-to-cement ratio of 0.4, which resulted in 
42 % porosity. During the conversion to aragonite, the calcium carbonate cement paste develops an inter-
penetrating matrix of aragonite needles that enhance strength development through interlocking at a low paste 
bulk density of 1.6 g/cm3. Together the environmental and mechanical properties of calcium carbonate cement 
suggest its potential as a greener building material compared to traditional Portland cement.

1. Introduction

Responsible for 7–8 % of all anthropogenic CO2 emissions, over 3 % 
of global energy demand, and more than 5 % of global anthropogenic 
particulate matter emissions, Portland cement production poses signif-
icant environmental challenges [1]. It is imperative to adopt mitigation 
applications to address these issues in the face of increasing global 
population and urbanization. In recent years, a range of technical 
measures has emerged to alleviate these environmental impacts. For 
instance, carbonation curing, secondary chemical reactions for carbon 
capture, geological storage, etc. Can harness the CO2 present in waste 
gases from cement kilns and fossil fuel incinerators [2]. Nevertheless, 
these measures often encounter technical and economic challenges 
when applied in cement plants. An alternative approach to effectively 
reduce CO2 emissions within the cement industry involves diminishing 
the required Portland cement quantities by utilizing supplementary 
cementitious materials (SCMs) or fillers in blended cement with opti-
mized mixture designs [2] or creating a new type of low-carbon or 
zero-carbon emission binder.

Calcium carbonate is an abundant natural resource that exists as 

various types of minerals in the Earth’s crust and a key component of 
marine ecosystems largely found in shells, corals, and skeletons of ma-
rine organisms. It has also long been utilized in civil engineering. Cal-
cium carbonate has been used directly in the form of quarried blocks to 
form architectural columns and walls, crushed to form aggregate to be 
mixed in concrete, burned in kilns to make lime and cement, inter-
ground with clinker as a reactive extender, co-substituted for clinker 
along with calcined clay in LC3 mixes [3–5], combined with coal ash or 
other pozzolans in blended cements [6,7], or used to make 
self-compacting concrete [8–11]. Calcium carbonate has also been 
investigated as a precipitated material by chemical engineers for its 
potential uses in paper, paint, thermoplastics, and rubber [12,13]. 
Additionally, calcium carbonate has been investigated as a medical 
cement for bone substitution and repair [14–16] and explored on the 
pilot scale as a novel low-carbon footprint cement and cement 
replacement to be used in the construction industry [17–20].

Calcium carbonate has three anhydrous polymorphs: vaterite, 
aragonite, and calcite. Amorphous calcium carbonates are produced at 
early ages from precipitation reactions carried out at high supersatura-
tion conditions and will crystallize into lower energy polymorphs with 
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time [12,21]. Calcite is the thermodynamically stable phase of calcium 
carbonates at ambient temperature and pressure, and vaterite and 
aragonite are metastable. Vaterite and aragonite may convert to lower 
energy polymorphs either through a dissolution and precipitation pro-
cess in an aqueous environment [22] or with elevated temperature in the 
solid state on heating above 600 K [23]. Several factors have been 
identified that alter which calcium carbonate polymorph preferentially 
forms, including temperature, degree of supersaturation, pH, and 
accompanying ions in the solution [24–26]. Calcite tends to form at high 
pH, low temperature, and low supersaturation conditions [25]. Arago-
nite preferentially forms at moderately elevated temperatures 
(60–80 ◦C) or in the presence of Mg ions [24,27,28]. Vaterite is the 
predominant phase initially crystallized at low pH and high supersatu-
ration conditions. The addition of organic solvents, such as dimethyl 
sulfoxide (DMSO), methanol, or isopropanol, can also influence the rate 
of precipitation, as well as the type and characteristics of the poly-
morphs [26]. Each of the different calcium carbonate polymorphs 
formed by the precipitation reactions shows a different principal 
morphology. Generally, calcite grows to form rhombs, aragonite has an 
acicular habit, and vaterite forms agglomerated spheres (framboids) 
when precipitated from solutions of sodium carbonate and calcium 
chloride (aka double salt precipitation method) [29,30] and agglomer-
ated spheres of lenses when precipitated from ammonium-bearing so-
lutions [19,20,26,31].

Portland cement achieves its long-term strength gain primarily 
through the hydration reactions of calcium silicates. This process results 
in the formation of space-filling calcium silicate hydrates characterized 
by high surface areas, which generate substantial forces via secondary 
bonding, and the development of disordered structures with polymer-
ized silicate linkages, creating strong covalent bonds [32]. However, 
many cementing systems rely on the interlocking of crystals to gain 
strength, for instance, gypsum plaster and cements containing high 
amounts of calcium sulfoaluminate [33,34]. In the case of calcium sul-
foaluminate reactions, one of the principal reaction products (ettringite) 
is acicular, and needles that began in different regions have been shown 
to interpenetrate [34]. This interpenetration of needles could signifi-
cantly contribute to the strength gain of the system. It is then a plausible 
hypothesis that if vaterite at its higher energy state and spherical 
morphology were allowed to dissolve and precipitate out as aragonite, 
then aragonite’s acicular shape would produce significant interpene-
tration and strength development, even in low-density cement pastes; 
moreover, it would be expected that if the calcium carbonate precipi-
tated as calcite instead, then the rhombs would have less effective 
interlocking which would result in lower strength in low-density cement 
pastes.

This study investigated the polymorphic transformation of calcium 
carbonate cement [35] from vaterite to aragonite and/or calcite with 
particular emphasis on the microstructure development and how that 
affects the strength of the resulting hardened pastes.

2. Materials and methods

2.1. Materials

The calcium carbonate cement (CcC) utilized in all experiments was 
produced by the double salt precipitation method using 0.3M CaCl2 and 
0.6 M Na2CO3 in a 250 L continuous flow stirred tank reactor. Equation 
(1) provides the CcC synthesis reaction. It has a mean particle size of 
22.4 μm with a standard deviation of 7.3 μm, which was determined 
using laser diffraction (Horiba Partica LA-950) with refractive indices of 
1.58 and 1.378 for calcium carbonate and isopropanol, respectively. 
Fig. 1 shows the particle size distribution of the CcC. The CcC was a 
mixture of 80.0 % vaterite and 20.0 % calcite as determined by quan-
titative X-ray diffraction (XRD) (PANalytical X’Pert Powder with 
X’Celerator detector) utilizing a 2-h continuous scan from 5.0 to 75.0◦

2θ with a monochromatic Cu Kα wavelength of 1.5418 Å. Rietveld 

analysis was performed using Materials Analysis Using Diffraction 
(MAUD) software. The XRD pattern of the CcC utilized is shown in Fig. 2. 
The CcC displays the typical morphology of rhombohedral calcite and 
framboidal vaterite under scanning electron microscopy (SEM) as shown 
in Fig. 3. 

CaCl2 +Na2CO3 → 2NaCl + CaCO3 (CcC;80% vaterite & 20% calcite)
(1) 

2.2. Methods

The hypothesis posited that the acicular morphology of aragonite 
would confer increased strength to hardened cement pastes compared to 
rhombohedral-shaped calcite at low paste densities, owing to the me-
chanical interlocking of aragonite needles. To assess this hypothesis, two 
sets of samples were prepared. In the first set, CcC was combined with 
deionized water to induce the transformation to calcite, and these 
samples were designated as CcC-C. In the second set, a 1.5 wt % MgCl2 
solution was employed to convert vaterite to aragonite, and these 
samples were labeled CcC-A.

Cement paste cubes (5.08 cm [2 in.]) of CcC were produced using a 
liquid (solution or water) to cement mass ratio (w/c) of 0.4. The pastes 

Fig. 1. Particle size distribution of the raw powder of CcC.

Fig. 2. XRD characterization of the raw powder of CcC.
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were mixed and molded following ASTM C305. Subsequently, the 
samples were placed in a chamber at 100 % relative humidity and 60 ◦C 
until demolding. The 60 ◦C temperature was selected to accelerate the 
CcC reactions [31]. CcC-C samples were demolded after 5 days, while 
CcC-A samples underwent demolding after 12 h, 1 day, and 5 days 
curing. After demolding, the samples were stored in a drying oven at 
105 ◦C for approximately 4 h until a constant mass was attained to arrest 
the cementing reactions. Compression tests were then conducted on 3 
cubes per testing age in accordance with ASTM C109.

SEM was utilized to image the raw CcC powder and the fracture 
surfaces of hardened cement pastes. The samples were coated in Au/Pd 
for secondary electron imaging. The SEM used was a Zeiss EVO MA10® 
utilizing a 15 kV accelerating voltage and 30 pA beam current.

Soft X-ray microscopy was utilized to observe the early-age trans-
formation of the calcium carbonate cement. The microscope was oper-
ated in the water window (around 2.4 nm photon wavelength) to 
provide high lateral resolution (few tens of nm range) with the ability to 
penetrate several μm of aqueous solution, which makes it an ideal in-situ 
technique to study wet nanostructured materials. In-situ experiments, 
resulted in too many artifacts, such as rapid dissolution at the obser-
vation site or crystallization of the MgCl2 solution, so ex-situ observa-
tions were made by stopping transformation by solvent exchange with 
isopropyl alcohol, followed by a brief drying period in an oven to 
remove the isopropyl alcohol. The dry sample was then placed on a TEM 
grid and imaged. The X-ray optical setup of the soft X-ray microscope, 
XM-1, which is operated at the Advanced Light Source in Berkeley, CA is 
described elsewhere [36].

Microtomography experiments were conducted with synchrotron- 
produced X-rays at Beamline 8.3.2 of the Advanced Light Source with 
an energy of 38 keV at a ring current of 500 mA. MacDowell et al. [37] 
give the beamline’s setup. The present experiments utilized a 20x lens 
resulting in a pixel size of 0.325 μm and a field of view of 0.8 mm. One 
paste cylinder with a diameter of 0.7 mm for CcC-A and CcC-C was cast, 
cured, and dried using the same procedure as that applied to the cubes.

3. Results

3.1. Strength and phase transformation

Fig. 4 shows the enthalpy changes associated with transforming 
vaterite to aragonite and calcite [38–40]. The notably higher energy 
state of vaterite in comparison to aragonite and calcite facilitates the 
dissolution-reprecipitation process following the mixing of vaterite with 
water or a solution. The elevated energy level of vaterite creates 
favorable conditions for its breakdown and subsequent reformation into 
more stable phases.

Fig. 5 shows the XRD patterns comparing the raw CcC powder and 

Fig. 3. SEM images showing the morphology of anhydrous CcC: (a) Agglomerated framboidal vaterite; (b) Close-up image of framboidal vaterite surface showing 
nano-sized primary crystallites.

Fig. 4. Relative energetic stabilities of vaterite and aragonite with respect 
to calcite.

Fig. 5. XRD patterns of the raw CcC powder and the paste samples at 
different ages.
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the paste samples at different ages. Fig. 6 illustrates the compressive 
strength and phase evolution of CcC over time. The initial composition 
of CcC was 80 % vaterite and 20 % calcite. CcC-A samples, mixed with a 
1.5 wt% MgCl2 solution when casting, exhibited a progressive trans-
formation from vaterite to aragonite, reaching 32 %, 46 %, and 51 % 
aragonite at 0.5, 1, and 5 days of curing, respectively. Notably, the 
calcite percentage in CcC-A remained relatively stable, with aragonite 
being the predominant conversion product. The compressive strength of 
CcC-A demonstrated a rapid increase up to 1 day, after which there was 
no significant change (the difference in strengths at 1 and 5 days are 
within the error bars), despite an additional 5 % vaterite transformation. 
In contrast, CcC-C samples, mixed with deionized water during casting, 
completed the conversion to calcite after 5 days. CcC-C exhibited a 
compressive strength of approximately 30 % that of CcC-A at a w/c =
0.4.

3.2. Microscopy

Fig. 7a, b, and 8a show fracture surfaces of CcC-A at 5 days. 
Aragonite needles surround partially dissolved vaterite spheres. The 
vaterite spheres produced via the double salt method dissolve hetero-
geneously, often forming pits from the center instead of dissolving from 
the outside inward as is common for Portland cement hydration. Broken 
shells of vaterite spheres can be seen in Fig. 7a and b, and the outer 
surface of a vaterite sphere residing on the surface of an air void can be 
seen in Fig. 8a. The partially dissolved vaterite spheres have an etched 
appearance from dissolution. Aragonite needles grow on the surfaces of 
the vaterite spheres creating a matrix of interlocking needles that 
cement the vaterite spheres together.

Fig. 8b shows a transmission X-ray microscope image of the calcium 
carbonate cement transforming to aragonite, CcC-A, at 4.5 h. Fine 
nanometer-sized aragonite needles can be seen growing on the surface of 
the lower vaterite sphere. Aragonite nucleating on the surface of vaterite 
during the transformation of vaterite to aragonite is consistent with 
prior observations. Nielsen et al. [29] hypothesized that the higher 
mobility of surface ions and their ability to exchange with the sur-
rounding solution promoted initial aragonite formation on the surface of 
the dissolving vaterite. Additionally, larger crystals can be seen bridging 
between the adjacent vaterite spheres.

Fig. 9a shows the calcite matrix of CcC-C at 5 days, and Fig. 9b shows 
a magnified view of the calcite bridge in the center of Fig. 9a. Calcite 
predominately occupies the space between where the vaterite spheres 
would have been (the space initially occupied by mixing water), leaving 

spherical negatives of the dissolved vaterite spheres. The calcite rhombs 
grow together but, due to their rhombohedral crystal habit, do not 
interpenetrate deeply like the aragonite crystals in CcC-A. The much 
higher strength of the CcC that converts to aragonite instead of calcite 
supports the hypothesis that networks of interpenetrating acicular re-
action products can significantly contribute to the strength development 
of inorganic cements at low paste densities.

3.3. Microtomography

Fig. 10 shows the transformation of the CcC to aragonite or calcite 
imaged by microtomography. In the unreacted CcC (Fig. 10a), vaterite 
and calcite can be differentiated because they have different densities. 
Calcite (2.71 g/cm3) appears light gray, vaterite (2.55 g/cm3) appears 
gray, and the charcoal in between is porosity.

At 12 h in solution, the CcC has begun to dissolve and precipitate as 
aragonite (Fig. 10b). Many small vaterite spheres have completely dis-
solved leaving only their outlines covered in an aragonite matrix. The 
larger vaterite spheres show interesting patterns of dissolution with 
dissolving pits forming from the center, instead of dissolving from the 
outside inward. The vaterite spheres can be seen to be losing density 
(evidenced by their darker gray appearance in regions) before fully 
dissolving away. This is consistent with the SEM fracture surfaces that 
show signs of etching on the interior of the vaterite spheres in Fig. 7. As 
dissolution progresses, the spaces previously occupied by vaterite 
become pores with a few aragonite needles penetrating through them, 
and the space between the vaterite spheres becomes filled with arago-
nite needles forming an interconnecting matrix, as shown in Fig. 10c and 
d.

Fig. 10e shows the transformation of CcC in water, CcC-C at 5 days. 
The hardened cement paste develops an interconnected matrix; how-
ever, in tomography, that matrix appears more compact and less fibular, 
which corresponds to the more compact rhombohedral structure of 
calcite observed in the SEM images in Fig. 9.

Fig. 11 shows 3D renderings of CcC-A at 12 h and 1 day and CcC-C at 
5 days. As observed in the tomography slice images, the cement paste 
becomes more interconnected over time resulting from the interpene-
tration of aragonite needles binding the material together. Analyzing the 
pore structure of both CcC-A and CcC-C reveals that the porosity of the 
packed CcC before transformation and the hardened pastes are all 
approximately equal (42 ± 3 %) indicating the majority of the porosity 
is set by the volume of the liquid in the mix. This is important because if 
the amount of liquid in the mix can be reduced, then the porosity of the 
hardened cement pastes will decrease, resulting in increases in strength 
and decreases in permeability. Decreasing the liquid in the mix could be 
achieved by using water-reducing admixtures, improved particle pack-
ing (apollonian packing), or pressing the plastic pastes.

Utilizing the w/c ratio and a density of 2.55 g/cm3 for CcC, a theo-
retical paste porosity can be calculated to be 51 %, assuming the paste 
does not change in volume after casting. The difference between 
observed and calculated porosity would indicate consolidation of the 
CcC paste after casting, in other words bleeding or loss of liquid volume. 
Using the measured porosity from microtomography, the phase 
composition of CcC-A at 5 days, and the densities of the phases, a dry 
bulk density of the paste can be calculated to be 1.61 g/cm3. Portland 
cement paste at a w/c = 0.4 has a density of approximately 2.35 ± 0.05 
g/cm3 [41]. Comparing the density of a Portland cement paste at a w/c 
= 0.4 shows the CcC-A paste is approximately 30 % lighter. Additional 
image analysis shows that ≥99 % of the porosity of CcC-A and CcC-C is 
interconnected at all ages.

4. Discussion

This study demonstrated that calcium carbonate in the form of 
framboidal vaterite shows enhanced cementitious characteristics at a 
low paste density, such as higher paste cube strength and matrix 

Fig. 6. Strength development and mineral composition of CcC-A and CcC-C 
through 5 days of curing.
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complexity, contingent to conversion to aragonite (through dissolution 
precipitation reactions) as the main polymorph, instead of calcite. The 
mechanism of microstructure formation for different calcium carbonate 
polymorphs and their influence on physical and mechanical properties 
were also investigated.

In a controlled aqueous environment (e.g., right pH, temperature, 
and presence of specific ions), the double salt precipitated vaterite 
spheres start etching and dissolving from within, followed by the for-
mation of acicular aragonite crystals on the surface of the vaterite 

spheres, generally leaving a semi-hollow core behind. While most 
aragonite needles tend to grow outward due to higher space availability 
and lower constraints, some can grow inwards within the dissolving 
vaterite.

The compressive strength of CcC pastes was measured to be at least 
3.5 times higher after aragonite formation/precipitation compared to 
calcite precipitation at a w/c = 0.4. The enhanced strength at low 
density is mainly due to the interlocking and interpenetration of ara-
gonite’s orthorhombic crystals with acicular morphology. Unlike 

Fig. 7. SEM images of fractured surfaces of CcC-A at 5 days: (a) Field of interlocking aragonite needles and dissolved vaterite cores; (b) Close-up image of dissolving 
vaterite sphere surrounded and penetrated by aragonite needles.

Fig. 8. (a) SEM image of vaterite sphere with aragonite on its surface in an air void of CcC-A at 5 days; (b) Transmission X-ray microscopy image of CcC-A at 4.5 h.

Fig. 9. SEM images of fractured surfaces of CcC-C at 5 days: (a) Calcite bridging network around empty spaces previously occupied by vaterite; (b) Higher 
magnification image of calcite bridge.
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Fig. 10. Microtomography slices of (a) CcC; (b) CcC-A 12 h; (c) CcC-A 1 day; (d) CcC-A 5 days; (e) CcC-C 5 days. The field width is 163 μm.

Fig. 11. 3D microtomography rendering of (a) CcC-A at 12 h; (b) CcC-A at 1 day; (c) CcC-C at 5 days. Cube edges are 81 μm.
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aragonite, the rhombohedral shape of calcite crystals does not provide 
such interlocking characteristics at low densities. Similar crystal inter-
locking mechanisms contributed to strength gain in calcium sulfoalu-
minate cements, where needle-like ettringite crystals form and 
interpenetrate [34]. Likewise, gypsum (CaSO4⋅2H2O) products upon 
precipitation after the dissolution of calcium sulfate hemihydrate 
(CaSO4⋅½H2O, plaster of Paris) can form rod-like crystals with an 
interlocking morphology [42,43].

The formation of aragonite and inhibition of calcite can be controlled 
using magnesium-based additives (e.g., MgCl2, MgSO4, Mg(C2H3O2)2) 
[27,28]. The size and aspect ratio of the acicular aragonite may also be 
controlled using strontium-based additives (e.g., SrCl2, Sr(C2H3O2)2), 
which are known to promote aragonite formation [28]. After vaterite 
transformation to aragonite, further transformation from aragonite to 
calcite has not been observed in CcC pastes or mortars, even in simulated 
leaching experiments. This could be due to the low energy difference 
between aragonite and calcite and/or the chemistry of the hardened 
aragonite matrix.

Calcium carbonate cement presents a versatile option for 
manufacturing diverse building products, including concrete roof tiles, 
stone veneer, concrete blocks, autoclaved aerated concrete, decorative 
concrete, and fiber cement boards, products traditionally crafted from 
Portland cement or gypsum. Utilizing calcium carbonate cement offers 
several advantages, such as expedited production, a significantly 
reduced carbon footprint due to no chemical emission of CO2 during 
manufacturing CcC, a pure white color, and a lighter overall weight 
[31]. These benefits position CcC as an environmentally conscious and 
efficient alternative in the construction materials industry.

It should be noted that there is no permanent binding of water in the 
calcium carbonate cementing process, and water is used as a dissolu-
tion/precipitation medium and can be fully recovered in a closed-loop 
manufacturing setting. This could provide additional environmental 
benefits to manufacturers in regions with water scarcity.

Furthermore, upon drying the transformed mixtures, interconnected 
micro/macro porosity is formed. While this may be a concern in some 
applications where water or ion transport could occur, different 
methods, such as improving particle size distribution characteristics of 
concrete constituents or using water reducers, could be employed to 
achieve lower porosity and higher strength systems [44]. Research 
investigating the effect of altering CcC characteristics and the use of 
admixtures is ongoing and will be published in the future.

Different aspects of CcC manufacturing, such as the availability of 
raw materials and energy or CO2 footprint are discussed in depth in 
another published article [31]. While materials such as landfilled car-
bide lime sludge and steel slag can be used for manufacturing CcC, the 
use of calcined limestone as the raw feed could provide tremendous 
economic and environmental opportunities to cement, concrete, and 
construction industries and is currently under large-scale development 
[45–47].

5. Conclusions

The transformation of calcium carbonate cement (CcC, 80 % vater-
ite) to aragonite or calcite was followed with traditional analytical 
techniques (XRD & SEM) and synchrotron-based techniques (trans-
mission X-ray microscopy and microtomography) at the Advanced Light 
Source. Results showed that transforming CcC to aragonite instead of 
calcite results in approximately three times greater strength (27.5 MPa 
vs. 7.6 MPa) at a w/c = 0.4. Moreover, the higher strength development 
at low paste density results from the interpenetrating aragonite matrix 
formation (CcC-A) compared to the rhombohedra of the calcite matrix 
(CcC-C). The aragonite needles nucleate on the surface of the vaterite 
spheres and continue to grow and interlock as the vaterite heteroge-
neously dissolves. The amount of porosity of hardened calcium car-
bonate cement pastes is predominately set by the amount of liquid in the 
mix and is highly interconnected. With its white color, strength-to- 

weight ratio, and lower carbon footprint, CcC-formulated building ma-
terials have the potential to help the building materials industry to 
create lightweight building materials with reduced embodied carbon.
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