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Abstract

:

A sophisticated characterisation of a porous material structure has been challenging in material science. Three-dimensional (3D) structure analysis allows the evaluation of a material’s homogeneity, pore size distribution and pore wall properties. Micro-computed tomography (micro-CT) offers a non-destructive test method for material evaluation. This paper characterises a novel ternary binder’s porous structure using micro-CT. Gypsum–cement–pozzolan (GCP) ternary binders are low-carbon footprint binders. Both natural and industrial gypsum were evaluated as a major components of GCP binders. Porous GCP binder was obtained by a foaming admixture, and the bulk density of the material characterised ranged from 387 to 700 kg/m3. Micro-CT results indicate that pores in the range from 0.017 to 3.0 mm can be effectively detected and described for porous GCP binders. The GCP binder structure proved to be dominant by 0.1 to 0.2 mm micropores. For GCP binders produced with natural gypsum, macropores from 2.2 to 2.9 mm are formed, while GCP binders with phosphogypsum possess pores from 0.2 to 0.6 mm. Micro-CT proved to be an effective instrument for characterising the homogeneity and hierarchical pore structure of porous ternary binders.






Keywords:


ternary binder; phosphogypsum; lightweight; porous material; tomography












1. Introduction


Micro-computer tomography (micro-CT) plays a crucial role in advancing construction material research by providing detailed insights into the internal structure and properties of various materials. The visualisation of the internal microstructure of construction materials in three dimensions with high resolution is possible with the help of micro-CT. The examination of porosity through micro-CT for porous building materials (e.g., autoclaved aerated concrete) demonstrates the distribution of both open and closed pores within the modified material [1]. Micro-CT facilitates the quantification of porosity, pore size distribution, and pore connectivity within construction materials. This information is essential for understanding material properties, such as permeability, strength, and durability.



Micro-CT has been used extensively to characterise damage progression in materials. Micro-CT helps to track the initiation and propagation of cracks and defects within construction materials under various loading conditions. This aids in the evaluation of material performance and helps in developing strategies for improving fracture resistance and durability. Steel corrosion in concrete, concrete damage after freeze–thaw cycles, and fibre-reinforced composite damage have been investigated in various research reports [2,3]. The quantitative information obtained from micro-CT has been analysed using deep learning models as well [4]. D’haen et al. used computer tomography scanning ex situ to evaluate the evolution of damage for carbon fibre laminates [5].



There are certain limitations to micro-CT applications. The constraint is associated with the voxel resolution, and microscopic particles remaining unseen in the images. Depending on the device used, pore structures from 10 to 120 μm can be characterised effectively [6,7]. Utilising high-resolution micro-CT and advanced image processing technology, a three-dimensional (3D) pore structure model featuring macropores can be constructed, and the dimension of the representative elementary volume can be established. The description of pervious concrete through micro-CT indicated that approximately 80% of macropores fall within the range of 0.15–1 mm, while the spatial distribution of macropores revealed significant heterogeneity, leading to a permeability anisotropy index significantly exceeding 1, reaching up to 8 in some instances [8].



To produce high-performance construction materials, high porosity may lead to improved thermal conductivity and low density. Gypsum and cement can be used to produce porous materials [9,10,11,12]. Characterising porous structure and its homogeneity is still a challenge to the research community. Gypsum is well known for its low environmental impact compared to other traditional cementitious materials [13]. Together with bio-based aggregates, excellent CO2 negative insulation materials can be produced both from natural gypsum and industrial by-products of gypsum, such as phosphogypsum (PG) [14,15]. However, gypsum’s water resistance is low, which limits its wider applications [16]. In cement composites, it is established that the sulphur-related compounds (e.g., from wastewater) are responsible for the formation of gypsum as a secondary phase during the hydration of cement. This causes deleterious reactions and leads to severe damage and cracking of the cement-based materials [17]. The negative role that gypsum plays in cement-based materials has been widely investigated [18]. However, in ternary binders, gypsum and cement can be effectively used with the help of pozzolanic materials. Various research articles have reported the high performance of such binding materials, which also allows for using various by-products in the compositions [19,20,21,22]. PG has gained top priority in the research community, as its current application in the production of building materials is limited because of the safety concerns related to the impurities in the material [23,24]. In ternary binders, the potential hazards of the PG can be significantly reduced.



In this research, for the first time, porous ternary binders based on gypsum-cement-pozzolans (GCPs) are investigated with micro-CT. The effects of natural gypsum and PG on the pore structure formation are evaluated, and different microporous structures of GCP are obtained.




2. Materials and Methods


The main component of a GCP binder is gypsum. In this research, two types of gypsum were used. The first one, i.e., the phosphogypsum (PG) dihydrate sourced from Lifosa AB in Lithuania, was dried at 60 °C and milled with collision milling in a disintegrator to a particle size with a d50 of 74 µm [23]. Following this, the calcium sulphate hemihydrate binder was produced by heating PG dihydrate powders at 180 °C for 4 h. The chemical composition was detected with a wavelength-dispersive X-ray fluorescence analyser (ARL PERFORM′X, Thermo Fisher Scientific Inc., Denver, CO, USA). The loss on ignition (LOI) of the materials was determined by the EN 196-2. PG dihydrate powders consisted of 1.07% SiO2, 0.70% Al2O3, 0.22% Fe2O3, 37.16% CaO, 0.21% MgO, 37.38% SO3, 0.48% Na2O, 0.11% TiO2, and 0.57% P2O5, all by weight, and their loss on ignition was 19.24%.



For comparison, the other type of gypsum, from Knauf commercial gypsum plaster, was used. Its particle size was characterised by a coarser nature than that of PG dihydrates with a d50 of 140 µm. The chemical compositions of commercial gypsum plaster consisted of 3.73% SiO2, 1.68% Al2O3, 0.46% Fe2O3, 35.64% CaO, 3.92% MgO, 30.90% SO3, 0.31% Na2O, and 0.05% TiO2, again all by weight, and their loss on ignition was 22.43%.



Portland cement CEM I 42.5 N was used in the GCP composition. According to the Portland cement datasheets, its initial setting time according to EN 196-3 was 182 min, while its final setting time was 224 min. Its normal consistency was 28.2%, while its Blaine fineness was 3787 cm2/g. Additionally, its compressive strength reached 15.4, 32.9, 48.8 and 60.5 MPa, respectively, at 1, 2, 7 and 28 days.



Metakaolin-based by-products from foam glass production were acquired as pozzolanic material in the ternary binders to bind hazardous hydration products to avoid deleterious sulphate reaction. The physical and chemical properties of the metakaolin have been reported in previous papers [25]. The polycarboxylate superplasticiser and the setting retarder were used as chemical admixtures to produce a GCP slurry with a low water-to-solid binder ratio. Synthetic foaming agent (FS) Pb-Lux (Stroymechanika, Ltd., Tula, Russia) in the form of a 5% solution was used to prepare porous GCP material. SDS stabiliser (Sigma-Aldrich, Ltd., St. Louis, MO, USA) was incorporated into the material to stabilise the pore structure until the initial setting of the GCP binder.



The porous GCP mixture’s compositions evaluated in this research are given in Table 1. The compositions of the GCP solid binder which is subjected to further foaming consist of gypsum–cement-pozzolan with a ratio of 1:0.4:0.4. The water-to-solid binder ratio was 0.3. Additionally, superplasticiser was added at the dosage of 1.5% by weight of solid binder as well as setting the retarder at the dosage of 0.2% by weight and stabiliser at 0.2% also by weight of the solid binder. To prepare the porous material, a foaming agent was used. In the case of G1 and P1, it was added at a dosage of 12% by weight of GCP, while in the case of G2 and P2, it was 8% by weight. After foam preparation, the slurry of GCP was incorporated into the foams and mixed thoroughly. Different porous structures of GPC have been formed because of the lower foam concentration in the mixture and the specific nature of the gypsum source.



A Le Chatelier flask was used to determine the density of the mixture and to calculate its total porosity. Apparent (open) porosity was measured by the water absorption principle according to ASTM C20-00. A LaserComp Fox600 (TA Instruments, New Castle, DE, USA) was used to determine the thermal conductivity for 35 × 35 × 5 cm3 foam GCP plates. The mechanical properties were determined using 5 × 5 × 5 cm3 cubical specimens with a Zwick Z100 testing machine (ZwickRoell, Ulm, Germany) (with a loading speed of 0.5 mm/min). The mico-CT 50 Scanco Medical AG, Wangen, Switzerland was used to characterise the pore structure of the GCP binders.




3. Results


3.1. Macrostructure of Porous GCP Binder


The macrostructure of the produced GCP binders is presented in Figure 1. Two different structures of the GCP binders at the macrostructure level have been obtained depending on the type of gypsum (i.e., PG or commercial gypsum plaster) used in the composition (see Table 1). The G1 (see Figure 1a) and G2 (see Figure 1b) synthesised using commercial gypsum plaster present a large pore structure with pores up to 2 mm. A thin-walled structure with interconnected internal pores, as well as smaller pores between the walls of the larger pores, is clearly visible. Specifically, G1 shows larger pores (see Figure 1a) compared to G2 (see Figure 1b) because of differences in the concentration of the blowing agent in the mixtures.



The porous GCP binder containing PG (P1 and P2, respectively) has mainly smaller pores in its structure (Figure 1c,d). The macrostructure of P1 and P2 is more homogenous compared with G1 and G2. Both interconnected and closed pores with a pore size of up to 0.5 mm can be observed in the material. In addition, small fused pores can be observed in the structure of the foam material.




3.2. Physical Properties and Compressive Strength


Table 2 presents the summary of various physical and mechanical properties. The G1 and G2 samples have significantly lower density compared to P1 and P2. G1 has the lowest density of 387 ± 22 kg/m3 compared to 523 ± 15 kg/m3 of G2, while the porous GCP binders produced using PG exhibit a bulk density of 622 ± 12 kg/m3 (P1) and 700 ± 11 kg/m3 (P2). The total porosity of the porous GCP binder strongly affects the compressive strength. P1 and P2 with a total porosity of 72.0 ± 1.2 vol.% and 69.5 ± 1.2 vol.% have a compressive strength of 2.4 ± 0.25 and 5.4 ± 0.40 MPa, respectively. Meanwhile, porous GCP binders produced using commercial gypsum plaster demonstrate a compressive strength of 0.3 ± 0.05 MPa (G1) and 1.0 ± 0.03 MPa (G2) with the total porosity of 84 ± 2.0 vol.% and 78.5 ± 1.5 vol.%, respectively.



As the total porosity is one of the most important factors that affect the bulk density of the material, therefore it has an impact on the thermal conductivity as well. In accordance with the results presented in Table 2, relatively high thermal conductivity is presented for P1 and P2 (i.e., reaching 0.111 and 0.153 W/m·K, respectively), but G1 and G2 have a comparatively lower thermal conductivity, i.e., 0.086 and 0.123 W/m·K.




3.3. Structure Assessment of Porous GCP Binders


The reconstruction of the pore structure of porous GCP binders is given in Figure 2, in which, for porous GCP binder G1, the coalescence of larger pores can be observed. The higher amount of foaming agent in the mixture means that the pore system cannot be separated by the individual pores of the GCP matrix. Individual pores are visible in G2 (see Figure 2b), while the more even pore structure results in increased density and compressive strength. No visible difference can be identified in the case of the pore structure reconstruction of P1 (see Figure 1c) and P2 (see Figure 1d). The fine nature of the PG component in the GCP matrix allows the creation of a fine GCP binder matrix around the pores.



Under the segmented 3D model of the GCP binder pore structure (see Figure 3), the larger pores identified in G1 (see Figure 3a) demonstrate pore size distribution in a wide region. The G2 (see Figure 3b) has a more homogenous meso–macro-pore structure than G1. This correlates well with the bulk density and compressive strength (see Table 2).



The 2D slices of the porous GCP binders are shown in Figure 4. The contrast between the pores and material walls represents the pore distribution in the material. It must be noted that the cross-sections of the pores on the 2D slices do not represent the actual cross-section of the pore, as it might be cut in different places of the wall. It is visible that G1 has a larger volume of bigger pores, while G2 has only some larger pores. Also, G2 presents a more even pore size distribution compared to G1. P1 and P2 have very similar pore size distribution on micro-CT 2D slices (see Figure 4c,d).



The results of the pore size distribution analysis given in Figure 5 show the difference between porous GCP made using commercial gypsum plaster (G1 and G2) and porous GCP made using PG (P1 and P2). In the case of G1 and G2, pores up to 2.9 mm are typical. A varied and evenly distributed pore size range is the characteristic of G1, while for G2, there is a gap in pore size between 1.7 and 2.2 mm and from 2.5 to 2.9 mm.



A relatively small number of pores are in a size region from 0.07 to 0.35 mm compared to the P1 and P2 mixtures, while the 8 vol.% of pores are 0.12 mm. In total, 83 vol.% of pores have been detected by the micro-CT for porous GCP binder G1, compared to 87 vol.% for G2, while for P1 and P2, they are 95.5 vol.% and 90 vol.%, respectively.



Table 3 provides the physical properties of GCP obtained from the micro-CT test. The material composition (see Table 1), especially the type of gypsum used, significantly affects the structure of porous GCP. The pore density of the porous GCP made using PG (i.e., P1 and P2) is 2.7–3.8 times higher than that of the porous GCP made using commercial gypsum plaster (i.e., G1 and G2). This is also compatible with the data in Figure 5 as well as the pore size results (see Table 3). The type of gypsum used significantly affects the porous structure and pore spacing of the obtained porous GCP. G1 and G2 have a pore spacing of 1.28 mm and 0.9 mm, but in the case of P1 and P2, it is 4.5 and 3.2 times higher, respectively.



The total porosity analysed through micro-CT (see Table 3) demonstrates a reduction ranging from 15.2% to 23.9% compared to the experimentally obtained porosity (see Table 2). Samples based on commercial gypsum plaster (G1 and G2) exhibit a relatively smaller deviation with reductions of 15.6% for G1 and 15.2% for G2. Meanwhile, samples made of PG present higher reductions, i.e., 23.9% for P1 and 17.6% for P2, respectively.



As can be seen in Table 3, P1 has a homogenous pore structure with a high homogeneity degree of 1.00. The visual structure appearance in all directions supports this measurement (see Figure 4c), and the degree of anisotropy proves that the obtained porous GCP microstructure exhibits complete directional dependence, so the obtained material behaves differently along different orientations with no symmetry or uniformity in its properties across different directions. For other compositions, the degree of anisotropy is slightly higher, reaching 1.02 to 1.04 (see Table 3).



The micro-CT provides the results of connectivity density and, as presented in Table 3, the type of gypsum used significantly affected it. The porous GCP made using commercial gypsum plaster (G1 and G2) presents a connectivity density of 3.05 mm−3 and 6.65 mm−3, respectively. P1 and P2 (porous GCP made using PG) have 20.2 and 12.7 times higher connectivity density, respectively.





4. Discussion


By changing the foaming agent concentration (8% or 12% by weight of fresh GCP binder) and water used in the preparation of foamed GCP binders, highly porous material with different bulk densities can be obtained. The use of different gypsum sources with the changing fineness of the binders results in a completely different macrostructure of the GCP. Commercial gypsum gives a large macropore structure with a pore size of up to 3 mm, while a finer PG binder results in a homogenous and fine pore structure. With the decrease in pore size, the bulk density of GCP increases from 387 to 700 kg/m3, and the compressive strength improves from 0.3 to 5.4 MPa. The amount of foaming agent added also plays a role in the porous structure.



Micro-CT allows inspecting the foamed GCP material without destruction of the structure and allows the complete characterisation of the pore and pore wall structure. The limitation observed by micro-CT is associated with micropores with a size below 50 µm, which cannot be detected by the machine used in this research. This is the reason why the total porosity differs between experimental results and results obtained from micro-CT. The 15 to 23 vol.% of total pore volume can be attributed to the pores below 50 µm.



Micro-CT allows to characterise pore density in the GCP binders. Pore density refers to the number of pores present within a given volume of the imaged sample, and a good correlation with pore size can be achieved. Larger pores for GCP with commercial gypsum have a pore density from 1.02 to 1.46 mm, while GCP made with PG has more pores in the volume of the material, reaching 3.87 to 3.90 mm. The pore size obtained by micro-CT determines the size distribution of pores within a sample based on the three-dimensional imaging data. Pore spacing characterises the distance between individual pores within a GCP binder. A lower pore spacing is for GCP made with PG, and it increases with the pore size for GCP made with commercial gypsum.



A very homogeneous pore structure was obtained for all mixtures, which is supported by the micro-CT results. The degree of anisotropy indicated that properties in different directions are similar, as the degree of anisotropy is in the range from 1.00 to 1.04. This can be achieved by the stabilising agent SDS used in the preparation of the foamed GCP as well as a low water-to-binder ratio, which is achieved by the use of a superplasticiser.



Connectivity density describes the interconnected pore network of the GCP binder, which can have implications for properties such as permeability, mechanical strength, and the transport of fluids or particles within the material [26]. Lower connectivity density was detected for GCP made with PG, which means the pores are relatively isolated or disconnected from each other, while the higher connectivity density for GCP made with commercial gypsum gives a greater degree of interconnectivity between the pores and, therefore, highly permeable material can be obtained.



The pore structure of the evaluated GCP material, including the size, distribution, and connectivity of its pores, significantly impacts its end-use properties. Smaller and more uniformly distributed pores, such as those in the P1 and P2 mixture compositions, enhance mechanical strength by relieving stress within the material and reducing the likelihood of crack initiation and propagation. High pore connectivity increases permeability, which is crucial for applications in civil engineering, and porous GCP made of commercial gypsum gives large pores with high permeability. A well-optimized pore structure could improve durability by making the material more resistant to environmental factors such as freeze–thaw cycles, chemical attacks, and water ingress. The void volume balances weight and strength, reducing the material’s density without compromising the structural integrity.




5. Conclusions


The ternary binders containing gypsum as a major part of the binder, together with Portland cement and pozzolan, can be used to produce highly porous material. By changing the pore-forming admixture content and water consumption in foam preparation, materials with different densities can be obtained. The selection of gypsum and its fineness can contribute to the physical and mechanical properties significantly. However, to completely describe the pore structure of high-pore volume materials, micro-tomography (micro-CT) can be effectively used. Micro-CT has limitations when analysing microscale pores, as it can give different total pore volume results that are different from the experimentally obtained values, but the pore homogeneity, pore volume and parameters that describe the interconnectivity of the pores can be effectively measured. Understanding and optimising pore structure is essential for tailoring materials to meet specific performance and durability requirements in various applications.
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Figure 1. Macrostructure of the porous GCP material at 40× magnification. (a) G1; (b) P1; (c) G2; (d) P2. 
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Figure 2. Reconstruction of pore structure of the GCP binder samples: (a) GCP binder mixture composition G1; (b) G2; (c) P1; (d) P2. 
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Figure 3. Three-dimensional (3D) model of segmented pore structure of the GCP binders: (a) G1; (b) G2; (c) P1; (d) P2. 
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Figure 4. Cross-sections of porous GCP binders. (a) G1; (b) G2; (c) P1; (d) P2. 
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Figure 5. Pore size distribution of porous GCP. 
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Table 1. Mixture compositions of produced porous GCP material, kg/m3.
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Composition




	
G1

	
G2

	
P1

	
P2






	
Components of solid binder, kg/m3

	
Phosphogypsum dihydrate

	
-

	
-

	
313

	
345




	
Commercial gypsum plaster

	
219

	
282

	
-

	
-




	
CEM I

	
92

	
118

	
131

	
144




	
Metakaolin

	
92

	
118

	
131

	
144




	
Water, kg/m3

	
108

	
139

	
170

	
183




	
Water/solid of binder

	
0.3




	
Superplasticiser/solid binder

	
0.015

	
0.014




	
Set retarder/solid binder

	
0.002




	
Stabiliser/solid binder

	
0.002




	
Foaming agent/binder

	
0.12

	
0.08

	
0.12

	
0.08




	
Total, kg/m3

	
578

	
721

	
840

	
894




	
Dry components, kg/m3

	
404

	
519

	
576

	
633











 





Table 2. Physical properties and compressive strength of porous GCP binders.
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	Composition
	Bulk Density,

kg/m3
	Total Porosity,

vol.%
	Thermal Conductivity,

W/m·K
	Compressive

Strength, MPa





	G1
	387 ± 22
	84.0 ± 2.0
	0.086
	0.3 ± 0.05



	G2
	523 ± 15
	78.5 ± 1.5
	0.123
	1.0 ± 0.03



	P1
	622 ± 12
	72.0 ± 1.2
	0.111
	2.4 ± 0.25



	P2
	700 ± 11
	69.5 ± 1.2
	0.153
	5.4 ± 0.40










 





Table 3. Physical properties of porous GCP binders in accordance with the micro-CT results.
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Composition




	
G1

	
G2

	
P1

	
P2






	
Pore density, mm

	
1.02

	
1.46

	
3.87

	
3.90




	
Pore size, mm−1

	
0.27

	
0.23

	
0.13

	
0.12




	
Pore spacing, mm

	
1.28

	
0.90

	
0.28

	
0.28




	
Total porosity, %

	
68.40

	
63.30

	
48.14

	
51.95




	
Degree of anisotropy

	
1.04

	
1.02

	
1.00

	
1.02




	
Connectivity density, mm−3

	
3.05

	
6.65

	
61.62

	
84.61
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