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ABSTRACT

The 3D printing has revolutionized the manufacture of complex objects in a wide range of sectors, from the
construction industry to medicine. The choice of material in 3D printing plays a crucial role in determining the
final properties of the object produced. Commonly used inorganic-based materials in this context include clay
and Portland cement. Although both are used in additive manufacturing, clay and cement have significant
differences in terms of composition, rheological behavior, and applicability in 3D printing. This study
investigates the potential of oyster shell powder waste (OSPW) as a rheology modifier to improve the extrusion
process of cement-based composites. The objective is to evaluate the feasibility of OSPW in enhancing the
extrusion parameters necessary for successful 3D printing of fiber-cement composites using a delta printer.
Rheological analysis was conducted through the Benbow-Bridgewater extrusion rheometry technique,
measuring key parameters such as flow stress, viscosity and extrusion pressure. Additionally, setting time,
open time, fluidity, buildability, and extrudability were assessed to optimize the material for additive
manufacturing. The results demonstrate that OSPW improved extrudability and buildability while maintaining
the required structural integrity of the printed composites. These findings highlight the potential of OSPW as
an ecologically efficient alternative in the development of sustainable fiber-cement composites for 3D printing.
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INTRODUCTION

The growing demand for sustainable building materials has driven the search for alternative sources and
innovative manufacturing techniques. In this context, fiber cement, widely recognized for its durability and
versatility, has been extensively used in various applications in civil construction, especially in building
materials with no structural function. However, the conventional production of fiber cement, which relies
mostly on cement as a binder, presents significant environmental challenges due to the high carbon emissions
associated with the manufacturing process of clinker, the main component of cement (Mehta & Monteiro,
2014). It is estimated that the production of each ton of clinker generates between 800 and 900 kg of COo,
accounting for approximately 5% to 8% of global anthropogenic CO; emissions (Cai et al., 2016; Galusnyak
et al., 2022; Lee et al., 2016).

The search for sustainable alternatives has led to interest in using industrial and agricultural waste as
components of building materials. One promising example is the use of fillers derived from oyster shell powder
waste, an approach that not only reduces environmental impact but also adds value to a commonly discarded
waste product (Alvarenga et al., 2012; Expésito et al., 2022). Previous studies indicate that incorporating oyster
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shell waste into cementitious matrices can improve the mechanical and durability properties of composites
while reducing the carbon footprint of production(Gongalves & Silva, 2021).

At the same time, rheology plays a key role in 3D printing, an innovative technique that is being explored in
the construction industry. The rheological analysis of printing materials, which includes the evaluation of
properties such as viscosity, thixotropy, and behavior under different shear conditions, is essential to ensure
proper extrusion and accurate deposition of layers during printing (Mostafaei et al., 2021; Zhao et al., 2023).
Understanding the rheological parameters of the equipment, such as flow rate and extrusion pressure, is also
crucial to optimizing the process, especially considering the maximum pressure limitations of 3 Bar typical of
the equipment used (Benbow et al., 1987).

This study proposes the use of oyster shell powder waste as a rheology modifier to facilitate the extrusion of
cement-based composites. Through a detailed rheological analysis applying extrusion rheometry techniques,
the objective is to explore the potential of this alternative material to enhance the extrusion process,
contributing to the development of more ecologically efficient fiber cement composites.

MATERIALS AND METHODS

The fiber cement was manufactured using pozzolanic Portland cement (PPC), due to its optimized
composition, which is characterized by a lower clinker content, with sulfate resistance (CP IV 32 - RS) in
accordance with Brazilian Standards (NBR 16697 - Portland cement - Requirements, 2018). This type of
cement is comparable to Type IP (MS) cement specified in the ASTM Standards (C150 and C595). Oyster
shell powder waste (OSPW) was sourced from CYSY Mining (Jaguaruna/SC, Brazil) in commercial form with
initial particle sizes between 100 to 1600 pum. The material was processed in a ball mill for 8 h, following the
methodology described by Wang and Liu (2020). After milling, the powder was sieved through a Tyler 200
mesh sieve (0.075 mm) to obtain a fine fraction below 75 um, with approximately 95% of the material passing
through the sieve, based on previous research (John et al., 2018; Wang et al., 2018). The particle size
distribution of the OSPW (A) and PPC (B) in Figure 1 was achieved using a laser scattering particle analyzer
(Malvern MSS Mastersizer) and the median particle sizes (D50) was 19.03 um and 25.98 pm, respectively.
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Figure 1 - Particle size distributions of the oyster shell powder waste (A) and pozzolanic Portland cement (B).

Bleached eucalyptus cellulose pulp, supplied by Suzano Paper & Cellulose (Brazil), was incorporated into the
fiber cement mixture at a proportion of 3% mass fraction relative to the total dry powder content. The average
fiber dimensions of average fiber length (Lc) is 0.791 mm (791 um) and the average fiber width is 17.66 pm.
Three formulations were prepared by varying the proportions of PPC and OSPW, specifically 70% (REF),
40% (PPC40), and 20% (PPC20) of cement, with corresponding OSPW contents of 27%, 57%, and 77%
respectively. The water-to-solids ratio was maintained at 0.30 for all mixtures. To optimize the 3D printing
process, a polycarboxylate-based superplasticizer (ADVA 527) and a hydroxypropyl methylcellulose-based



IIBCC 2024 2y nierence m

viscosity and water retention modifier (HPMC-CELOTEX K15 Premium) were added at a concentration of
1% by mass of the solids.

Granular density was measured with high precision using a helium pycnometer (MVP-6DC Multi Pycnometer,
Quantachrome Instruments). The specific surface area of the particles was determined using a surface area
analyzer (ASAP 2010, Micromeritics Instrument Corp.) in accordance with the Brunauer-Emmett-Teller
(BET) method. The chemical composition of the pozzolanic Portland cement and the oyster shell powder waste
was analyzed through X-ray fluorescence (XRF) using a Malvern Panalytical Zetium model. The results are
presented in Table 1.

Table 1 — Chemical composition (FRX) of pozzolanic Portland cement (PPC) and oyster shell powder waste
(OSPW)

Mass Fraction (wt. %)

Samples i *ok
Na:0 MgO ALOs Si0; P:0s SO; K:O CaO Ti0: MnO Fe:0s SrO LOIx Demsity SSA
(g/em®)  (m%g)

PPC 1.15 221 6.05 1573 105 7.81 143 61.18 029 043 043 023 6.20 3.06 1.11

OSPW - 051 049 088 143 249 0.14 9354 0.01 - 0.01 041 49.00 2.82 7.34

* Loss on ignition at 1020°C.
** Specific surface area (SSA)

A Bruker D8 Advance Eco copper beam diffractometer was used to perform powder X-ray diffraction (XRD)
for the mineralogical analysis. A range of Bragg angles (20) between 5° and 60° was scanned during the XRD
examination under conditions of 25 kV and 40 mA. The scan rate was 0.02° per second. For each scan step,
intensity data was collected every second and the diffractometry results were processed using X'Pert HighScore
Plus software. The crystallinity and purity of the minerals were confirmed using the Powder Diffraction File
database (PDF 2). XRD analysis of PCC revealed the presence of the mineral phases alite (CsS), belite (C2S),
calcite (CaCQs), quartz (SiO2) and muscovite (KAI2(AlISi3O10)(OH)2), in line with the results observed in
previous studies, such as those by (Ayub et al., 2021; Singh et al., 2010) and shown in Figure 2. As for the
ground oyster waste, the XRD indicated a predominance of aragonite (CaCQO:s), a polymorphic form of calcium
carbonate. These findings are consistent with the results reported by (Wang & Liu, 2020), who also identified
aragonite in oyster shell waste.
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Figure 2 - XRD of raw materials, pozzolanic Portland cement (PPC) and oyster shell powder waste (OSPW).
Morphological analysis was performed using a scanning electron microscope (SEM) Hitachi TM3000 (Tokyo,

Japan), while energy-dispersive X-ray spectroscopy (EDS) was conducted using a SwiftED3000 (Oxford
Instruments, Abingdon, UK). SEM analysis was carried out at an acceleration voltage of 15 kV. Figure 3
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presents the SEM micrographs and corresponding EDS analysis of the raw materials used in the fiber cement
composites. Image (a) shows the morphology and elemental composition of the PPC, revealing a
heterogeneous distribution of particles; The EDS spectrum indicates the presence of key elements such as Si,
Ca, K, Al, Mg, and Mn, typical of cementitious materials. Image (b) displays the SEM image of OSPW, with
particles exhibiting irregular morphology and a higher number of fine particles, as shown in the particle size
distribution results (Figure 1), compared to PPC. The EDS spectrum highlights the high calcium content,
characteristic of calcium carbonate-based materials, along with traces of Na and Al. Finally, image (c) depicts
the fibrous structure of the bleached eucalyptus cellulose pulp, with long, interwoven fibers providing a large
surface area, which is expected to contribute to the mechanical reinforcement of the composite.

HL D6.7 x500 200 um

Figure 3 — SEM of the raw materials (a) PPC; (b) OSPW and (c) Eucalyptus bleached pulp.

The rheological test was performed using a universal testing machine (model DL-30.000, EMIC) coupled with
an extruder rheometer, following the Benbow-Bridgwater model (1983) for pressure determination, as
calculated using Equation (1). The testing procedure adhered to the methodologies described by (Jepthe et al.,
2012) (Teixeira et al., 2019), as illustrated in Figure 4. The experiment made use of three nozzles with an
internal diameter (D) of 12.7 mm and a barrel with an internal diameter (D0) of 38.10 mm. The lengths (L) of
the nozzles were 12.70 mm, 50.80 mm, and 101.60 mm, respectively; this resulted in different L/D ratios of 1,
4, and 8.
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Figure 4 — Lab-scale extruder rheometer coupled to universal testing machine.

The process began with the insertion of a piston into the rheometer cylinder, followed by its connection to a
load cell with a capacity of 50 kN. The cylinder was filled completely with fresh fiber cement mixture. The
piston was then adjusted so that its lower end was in direct contact with the mixture, establishing the starting
point for the test. From this point, the concrete was compressed at constant speeds of 6.5 mm/s, 8.9 mm/s, and
13.3 mm/s, allowing the rheological properties of the material to be characterized under different deformation
conditions.

P =2(gy + aV)ln (%) +4(1to + V) (%) Eq.1

Where,

P = extrusion pressure;

Dy = inside diameter of Barrel;

D = inner diameter of the mouthpiece;

L = nozzle length;

V = test speed of the extruder rheometer;

oo = yield stress parameter corresponding to zero speed;

o = is a velocity parameter in the flow stress, which characterizes the effect of velocity at the nozzle inlet;

To = initial shear stress in the barrel wall, and

B = parameter characterizing the effect of velocity on shear stress.

The mechanical properties of the fiber cement compositions were evaluated 7 days, described by (Filomeno et
al., 2023), 2 days of initial cure in saturated conditions and 5 days of thermal curing at 60°C. Seven cubic
specimens measuring (50 x 50 x 50) mm?* were tested for compressive strength, in accordance with ASTM

C109/C109M-20. For the physical tests, the procedures followed the guidelines outlined in ASTM C948-
81(2023), using five specimens of the same dimensions as those used for the mechanical tests.

The 3D printer used for the printing tests was the DuraPrinter EO2 (Figure 5). This printer utilizes a delta
printing system (refer to Image I). It features mini propeller extruder, and the extrusion nozzle used had a
diameter of 2 mm (as shown in Image II). The reservoir operated at a pressure range of 0.2 MPa to 0.65 MPa
(Image III).



IIBCC 2024 Fi:/cmnsic Snerence m

2 BN
(HI) |

Figure 5 — 3D printer (DuraPrinter E02, model). 1. Delta system; II. Mini extruder; III. Reservoir.

RESULTS AND DISCUSSION

The results shown in Table 2 indicate that the compressive strength (MPa) of the fiber cement composites
differs considerably comparing the several compositions. The reference (REF) exhibited the highest
compressive strength, reaching (42.92 + 0.83) MPa. On the other hand, the PPC40 and PPC20 mixtures
exhibited lower strengths of (26.43 + 0.76) MPa and (21.67 + 0.36) MPa. These findings indicate a gradual
drop in compressive strength as the replacement of cement with the OSPW increases and also observed
according (Kindi et al., 2024; Yigiter et al., 2012).

Table 2 — Compressive strength and physical properties of fiber cement composites.

Compressive

Compositions strength ‘(}Yy?) Poz‘;:;ty BD (g/cm?®)
(MPa)

REF 42.92 £0.83 12.69 £0.19 22.71 £0.39 1.78 £0.02

PPC40 26.43 £0.76 15.58 £0.10 30.04 £0.13 1.68 £0.01

PPC20 21.67 £0.36 19.15 £ 0.23 32.19 £0.29 1.66 £ 0.01

Partial replacement of Portland cement with oyster shell waste results in a decrease in compressive strength,
attributed to the waste's low reactivity in cement hydration reactions, which causes a decrease in Si, Al and Fe
oxides, and an increase especially in Ca oxide. The reduction of available Si may have contributed to the
decrease in the formation of C-S-H, which is responsible for the mechanical strength of cementitious materials
and has a significant influence on their physical and mechanical properties.

In addition, there is an increase in the porosity and water absorption of the composites. The increase in porosity
plays a fundamental role in reducing the mechanical performance and the bulk density and increasing the
susceptibility to moisture absorption. These results indicate that oyster shell waste predominantly acts as an
inert filler, as expected due to its basic composition of CaCOs3 (Table 1).

The thermogravimetric (TG) curves of the REF, PPC 40 and PPC 20 series, presented in Figure 6, show that
the residual mass of the fiber cement incorporated with 57% and 77% oyster powder at 950°C was significantly
lower than that observed in the REF sample. This indicates that the addition of oyster powder increased the
thermal decomposition of the materials, resulting in a greater loss of mass at high temperatures, due to the
greater presence of calcium carbonate (Tu et al., 2016).

The decomposition of portlandite (Ca(OH).), typically observed between 400 and 500°C, occurs due to
dehydration and the subsequent formation of calcium oxide (CaO). In the pozzolanic Portland cement (PPC)
samples, the amount of portlandite is significantly lower compared to the reference sample (REF), suggesting
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a possible limitation in the pozzolanic reaction. This phenomenon can be attributed to the addition of oyster
powder, which is rich in CaO, particularly in the PPC450 and PCC20 samples. In these samples, the increase
in CaO concentration seems to compete with the pozzolanic reaction, resulting in lower portlandite conversion,
as also observed in previous studies involving pozzolanic cement composites (Beycioglu et al., 2016;
Korkmaz, 2022).

In the temperature range from 90 to 200 °C, the reduction in mass is mainly due to the evaporation of water
physically adsorbed on the surface, together with the initial stages of dehydration of the calcium silicate hydrate
structure (C-S-H). Between 250-350 °C is attributed to the thermal degradation of the bleached eucalyptus
fibers incorporated into the composite. This temperature range is typical of the decomposition of cellulose and
hemicellulose, as noted by (Azevedo & Savastano, 2024).
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Figure 6 — Thermogravimetric curves (TGA/DTG) of fiber cement composites after 28 days of curing.

The rheological results of the fiber cement mixtures (Table 3), according to the parameters of the Benbow-
Bridgewater equation, show that the addition of oyster shell waste (PPC40 and PPC20) significantly reduced
the yield stress (co), the yield strength in the matrix (), the shear stress (to) and the ratio between the shear
stress and the strain rate in the material (), compared to the reference mixture (REF). The bimodal particle
size distribution of the OSPW (Figure 1), together with a higher fines content, contributed to a decrease in the
viscosity of the PPC40 and PPC20 samples, consequently reducing the total extrusion pressure (P).

Table 3 — Rheological parameter values of 6, 0, 7o, p and pressures for the fiber cement mixtures.

0. 0o a o p p
Compositions
(kPa) (kPa/mm.s) (kPa) (kPa/mm.s™) (kPa)
REF 222.22 +30.51 13.07 £2.23 470 £3.19 0.42 +£0.20 900 £ 42
PPC40 68.14 £ 10.22 0.56 +£0.28 2.59 +£0.93 0.35£0.06 517 £21
PPC20 30.68 £7.95 0.29 +£0.53 1.18 £0.48 0.12 £0.04 205+ 10

The study conducted an analysis of the rheological parameters using the Benbow-Bridgwater model. The
results indicate that the formulations that contain more oyster shell waste (PPC40 and PPC20) significantly
reduce the yield stress (co) and initial shear stress (1o), (o) and (B) in comparison to the reference mixture
(REF). This drop implies that the mixture's internal resistance has decreased and that its fluidity has increased,
which will aid in the extrusion process. Changes in extrusion speed have a stronger impact on the reference's
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o parameter, which indicates how sensitive the stress is to an increase in strain rate. In contrast, mixtures with
more OSPW and fiber content exhibit greater stability.

As OSPW is added, the extrusion pressure (P) decreases noticeably, indicating that the addition of this residue
along with the eucalyptus fibers enhances the composite's rheology by assisting in preserving the integrity of
the deposited layers, averting collapse, and enhancing structural cohesiveness.

The rheological analysis results were utilized to determine the pressure necessary for printing each fiber cement
formulation. Among the formulations tested, only one complied with the safety requirements of the 3D clay
printer, which limits the maximum pressure to 300 kPa (~3 bar). The optimal layer heights and extrusion
speeds for the printing process were identified through a series of experimental trials. These parameters were
adjusted to improve the quality of the printed material, as shown in Table 4.

Printing speed

Layer height 1 mm 1.5 mm 2 mm

15 mm/s

20 mm/s

Table 4 — 3D printed cylindrical samples using PPC20 formulation with varying printing speeds and layer heights.

CONCLUSION

The partial replacement of Portland cement with oyster shell waste reduced compressive strength due to its
lack of reactivity in hydration while increasing porosity and water absorption. Although mechanical properties
were negatively affected, the increased porosity could be beneficial for specific applications such as additive
manufacturing, and this material is an alternative to the use of Portland cement, which has high CO; emissions.
Further studies should explore additive optimization, process scalability, and potential environmental benefits.

Rheological analysis revealed that the fibers were crucial in serving as a structural reinforcer. They improved
the mixture's cohesiveness and helped regulate viscosity and fluidity, both of which were essential for
maintaining the composite's shape following extrusion. This behavior was necessary to maintain the integrity
and dimensional stability of the printed structure by preventing the deposited layers from collapsing during the
printing process.

The analysis of Benbow and Bridgwater parameters is essential for the development and optimization of fiber
cement mixtures, as it allows the rheology of the material to be adjusted to meet the specific requirements of
the printing processes and the equipment. In addition, this analysis makes it possible to predict the behavior of
the material during extrusion and deposition. Thus, understanding and applying these parameters contributes
to the development of fiber cement composites with rheological properties similar to those of clay.
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This study demonstrated the feasibility of applying parameters obtained from clay in a delta 3D printer for the
fabrication of fiber cement, with the material's rheology adjusted based on the Benbow model. This approach
enabled the successful 3D printing of fiber cement elements, achieving satisfactory mechanical performance.
Future research should prioritize the optimization of additive formulations and the scaling of the process for
industrial applications.
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