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Quick setting cement-based materials were produced in the present work using the binder jetting 3D printing
(BJ3DP) technique with the aim at investigating how processing parameters like water-to-cement ratio and
aggregate size affect the final properties of the products. Commercially available quick-setting cement and
siliceous sand were utilized. Dimensional accuracy, compressive and flexural strength were measured for vari-
able processing conditions and their individual effect was analysed. The results showed that the properties of
printed parts are significantly influenced by the considered processing variables and, in particular, a larger

water-to-cement ratio has a beneficial effect on the mechanical performances, the improvement being higher
when coarser siliceous sand is used. It was also shown that the employment of finer sand results in more limited

dimensional accuracy.

1. Introduction

The processing of cement-based materials using additive
manufacturing (AM) has attracted a lot of attention from the building
industry [1,2]. This shift opens a new world of possibilities, as additive
manufacturing techniques promise to streamline construction processes
and overcome the limitations of traditional methods. In recent years,
robocasting and binder jetting 3D printing (BJ3DP) have shown them-
selves to be competitive substitutes for the production of cement-based
materials [3,4]. Robocasting is an extrusion-based additive
manufacturing technique where the concrete paste is extruded using a
gantry, crane or robotic arm mechanism [5-7]. BJ3DP technique in-
cludes the layering of powder or aggregate and selective deposition of a
liquid binder [8] to consolidate the desired shape layer by layer [9-12].
After hardening, the unbonded powder is methodically removed, paving
the way for separate post-processing techniques aiming at achieving the
desired levels of strength and durability [13-17]. An early investigation
of this method was carried out by Zhou et al. [18]., who studied the use
of calcium sulphate hemihydrate (CaSO4.0-5H20) in 3D printing. The
potential of binder jetting technology to create high-quality parts at a
lower cost and faster rate compared to conventional manufacturing
procedures has attracted a lot of interest in recent years [19].
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Cement-based materials have been used in BJ3DP because of their
unique properties such as high compressive strength, durability and fire
resistance [20,21]. They are mainly composed of cement, aggregates
and water, although their properties can be enhanced by using additives
such as plasticizers, retarders and accelerators [22]. The use of
cement-based materials through the BJ3DP technology offers many
advantages such as increased design freedom, reduced material waste
and improved sustainability [23]. Additionally, the technology makes it
possible to create intricate shapes and structures that would be chal-
lenging to obtain with traditional manufacturing methods. However,
this integration has forced the creation of unique mix-design protocols
that are tailored to the requirements of 3D printing. It is important to
remember that not all material compositions work well with the com-
plex nature of 3D printing. Researchers have conducted significant in-
vestigations on various types [22,24-27] and amounts of cement and
sand combinations [12,27-30], mostly utilizing commercially available
ordinary Portland cement with sand [31]. In a previous study by Pegna
[32], the use of ordinary Portland cement combined with a silica sand
layer was studied for the 3D printing of mortar components. In earlier
researches, specific compositions and methods used for mixing, espe-
cially with reference to the water-to-cement ratio, have not been thor-
oughly explained.
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BJ3DP of cement-based materials is primarily influenced by the inert
powder size, morphology and binder content. Several studies have been
carried out and have investigated the effect of such printing parameters
[14,22,33,34]. Among the variables, the characteristics of the binder
flow are essential for getting the desired printing results. Xia et al. [35]
analysed the effects of binder saturation level on dimensional accuracy
and compressive strength. In such work, the effects of various printing
parameters, such as shell-to-core ratio and binder saturation level on the
dimensional correctness and compressive strength of the specimens
were examined. The findings show that changing the shell/core ratio
from 1:1 to 1:2 and increasing the binder saturation level significantly
boosts the compressive strength. Lowke et al. [33,36] also explored the
effect of the binder content using an aqueous solution on a fine
cement-aggregate composite with particles smaller than 0.45 mm while
employing the selective cement activation technique. Methylcellulose
thickening agent was also considered in the composition to improve the
printing accuracy. An increase of compressive and flexural strength was
observed to be due to wider water distribution within the layers. The
study of McEleney et al. [37]also investigated the binder spreading
behaviour onto the powder and the powder-binder wettability. They
concluded that drop penetration increases with a reduction in
macro-voids on the powder beds.

It is significant to note that spherical and coarse powders show
variation in spread among adjacent particles [38]. The flowability of the
powder, which must be considered and maintained uniformly
throughout the process, is another important parameter. Powders with
higher flowability improve the resolution of the printed specimen and
the powder with lower flowability has the worst impact on the resolu-
tion of the printed specimen [39]. The angle of repose, the Hausner
ratio, the flow via an orifice, the Carr’s compressibility index, the Shear
cell method and the Cohesion index are the most used approaches to
quantify the flowability of powders[40-43].

In the exploration of aggregate size’s impact, Ling et al. [44] per-
formed an insightful study on the influence of varying sand sizes on the
mechanical performance of cement-based composites enhanced with
polyvinyl alcohol fibre (PVA) and nano-SiO2 (NS). They concluded that
finer sand sizes lead to reduced workability and mechanical strength.
However, this effect was limited to sand particles below 380 pm.

In the context of BJ3DP, the selection of aggregates must be corre-
lated with the flowability and thickness of the printed layers [45]. In a
noteworthy work, Fan et al. [46] processed carbon powder particles
with diameters up to 105 pm. Their method entailed using a furfuryl
resin with an acetone base as a binder. The analysis showed that the
printed structures’ mechanical characteristics, before the sintering
stage, reached a maximum value of 5 MPa. Chun et al. [47] found that
larger silica sand grain sizes improved the penetration resolution and
green body strength, particularly for 70 pm particle-sized sand. Pierre
et al. [34] highlighted that to achieve optimal cohesion and high
compressive strength, complete filling of the sand layer’s thickness with
cement paste was required. Pu et al. [48]used Burger's model to simu-
late the rheological properties of OPC (Ordinary Portland Cement) paste
and they discovered that yield stress is a function of particle size. For
cement-based materials, significant consideration must be paid to as-
pects like powder size to get the appropriate printing results. Joseph
et al. [43] examined a dry cementitious mix consisting of round-grain
fine aggregates and calcium sulfoaluminate (CSA) cement. The results
indicate that the addition of fine aggregates to CSA cement allowed the
objects with rapid production capability and compatibility with con-
ventional construction materials. Zhou et al. [47] focused on the surface
homogeneity and roughness of both coarse and fine powders. They
discovered that fine powder has a higher level of roughness and coarse
powder has a higher level of surface uniformity.

In spite of the numerous works on BJ3DP applied to cement-based
materials, a gap remains in exploring the influence of water-cement
ratios on coarse and fine aggregate size and their significant impact on
the mechanical properties and dimensional accuracy of 3D-printed
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concrete structures without additional viscosity modifying agents or
thickening agents [36]. In addition, the use of materials such as
quick-setting cement in the context of 3D printing, which could allow
faster production systems, has not been extensively investigated.

The present study aims therefore at investigating the effects of the
water-cement ratio considering two different aggregate sizes on the
mechanical properties and dimensional accuracy of 3D-printed speci-
mens using quick-setting cement.

1.1. Experimental procedure

A customized 3D printer was used in the present work where a single
nozzle by Lee Co, USA was employed to spread the binder in drop on
demand manner with the help of a Staiger valve. The process starts with
the creation of CAD geometry using 3D modelling software and then
slicing the model into a G-code to make it readable for 3D printing [49].
The layer thickness and distance between the printing head and the
powder bed were kept at 2 mm and 10 mm, respectively [31]. Binder
flow and water-to-cement ratio (w/c) were controlled by varying the
travel speed of the printhead between 7200 mm/min and 13,000
mm/min and altering the water pressure in the 0.1 — 0.8 bar range [36].

Two different grain sizes of quartzite sand, namely 0.1 — 0.4 mm and
0.4 — 1.2 mm, were meticulously chosen for producing two different
mixtures, called Mix-I and Mix-II. For the former, the finest sand was
homogeneously mixed with commercially available quick-setting
cement from Vicat in a proportion of 1:3 by weight. The 0.43 - 1.18
mm sand was combined with the quick-setting cement in the same
weight ratio to produce the second one. The particle size distribution is
shown in Fig. 1.

The quick-setting cement used in this study contains primarily a
mixture of tricalcium silicate, dicalcium silicate, tricalcium aluminate
and calcium ferroaluminate obtained by firing argillaceous limestone at
1000-1200 °C, along with calcite, spurrite, and minor proportions of
lime, magnesia, sodium sulphate and potassium, with traces of other
elements.

Both Mix-I and Mix-II were thoroughly and separately blended for 30
min to ensure the homogeneity of the powder mixture.

The blended powders’ flowability was determined using the Hausner
ratio and Carr’s index [12]. These parameters were calculated according
to the tap volume Vt and the loose bulk volume Vb of the powder as:
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Fig. 1. Particle size distribution of the aggregates used in the present work.
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A graduated cylinder, as per norm ASTM D7481-18, was used to
measure the loose bulk volume of the mixtures. A tap density tester was
used to determine the tap volume according to the same norm [50].

A schematic of the 3D printing process is shown in Fig. 2: the dry
powder mixture is spread from the hopper bin over the build platform
and then quickly flattened with a wiper blade. Using a single nozzle with
an internal diameter of 0.19 mm, deionized water [12] was sprayed onto
the powder bed from a pressurized vessel. Prismatic CAD models with
dimensions 160 mm x 40 mm x 40 mm were printed as per norm EN
196-1[51] to measure the flexural strength; 40 mm edge cubes were
printed for compressive strength testing (Fig. 2). After printing, the
specimens were left in the powder bed for one day to undergo controlled
curing. They were then removed from the powder bed and the excess
powder was removed from the surface of the printed specimens by
de-powdering: a fine bristled brush was used to manually remove the
loose material from the surface of the samples and partially filled cav-
ities on the outer geometry. This gentle manual removal of excess
powder needs extra care as excess force might damage the printed
layers.

The precision of the printed specimens establishes the level of con-
formity between the printed and the design dimensions. Vernier caliper
was used to measure the dimensions of the printed specimens. Based on
these measurements, the dimensional deviation ratio (DDR) and the X
and Y printing precision in terms of xy-axis print precision were calcu-
lated to make assessments of printing accuracy [28,40]. By comparing
the measured dimensions of the 3D-printed specimens to the CAD di-
mensions, the dimensional deviation ratio (DDR) was determined as:

LP — LCAD

CAD

DDR (%) = x 100 3)
where L, and Lcap are the printed and initial dimensions defined in the
CAD model of the specimen, respectively. The proportional variation
between the measured dimensional values of the 3D-printed specimens
and the desired dimensions was obtained also in terms of XY-axis
printing precision:

A, — A,

0

XY — axis printing precision (%) = x 100 “4)

where A, and A, are the real printed area after de-powdering and the
area of the 3D CAD file, respectively. Thirty measurements across the
final layer were carried out to estimate accuracy. In contrast, the

Step-I: Powder deposition

(a)

Layer-|
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dimensional deviation ratio defines the linear discrepancies between
dimensions in print and the nominal dimensions. Though complex ge-
ometries may not be captured with high precision by caliper, careful
measurement at several touchpoints was done to reduce inaccuracy.

During post-processing, 80-grit sandpaper was used to refine the
specimen into the required dimensions for mechanical testing. The
specimens were set to be cured in air and were placed under a controlled
hood for periods ranging from 1 to 28 days until mechanical testing was
carried out.

An Anton Paar pycnometer (Ultrapyc 5000 series) was used to
measure the true density of the printed samples after 7 days. Apparent
and bulk density were determined as per the norm ASTM C-642 [52]and
ASTM C-20 for porosity.

Mechanical tests were carried out on a universal mechanical testing
machine (model 810, MTS Systems, Minneapolis, MN, USA) to deter-
mine flexural and compressive strength. The former was measured by a
three-point bending test as:

3Fl

Of = W (5)

whereF, 1, b and d are the maximum load, length, width and thickness of
the specimen, respectively. A constant loading rate (50 & 10 N/s) was
used for the test.

For the compression test, the loading rate was kept at 2400 N/s and
the strength 6, was determined as the maximum load applied over the
nominal cross-section of the sample (40 mm x 40 mm). Fig. 3

2. Results and discussions

The flowability data reveal interesting details about the two mixtures
behaviour. The excellent flow characteristics of both Mix-I and Mix-II
are demonstrated by their Hausner ratio equal to 0.86 and 0.9, respec-
tively. Furthermore, their Carr’s index is equal to 15.5 for Mix-Iand 11.1
for Mix-II confirming that they are appropriate for the experiment.
Notably, Mix-I shows somewhat better flow properties than Mix-II, thus
highlighting its potential benefit in particular applications needing ideal
flowability [18].

Fig. 4 shows the measured true, bulk, apparent density and porosity
of 3D printed specimens. The results show that the density slightly in-
creases moving from Mix-I to Mix-II. This can be very likely correlated to
the different sizes of the sand used in the two mixtures which makes the

Step-II: Blade spreads powder layer

Re-coating system

Build platform

Fig. 2. (a, b) Powder deposition and spreading (c) Schematic of customized 3D printer.
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Fig. 3. (a) Flexural strength testing setup; (b) Fractured specimen after 3-point bending testing; (c) Compressive strength testing setup.
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Fig. 4. Density and porosity of 3D printed samples for variable w/c ratio.

material produced with the coarser one more compact. The increased
density observed in Mix-II might be mainly ascribed to the presence of
coarser aggregate sizes in comparison to Mix-1. The interplay of particle
size, shape, and packing properties has a considerable impact on overall
density. The larger sand particles in Mix-II most likely increased inter-
particle interactions and reduced particle segregation during a step of
powder deposition and spreading, resulting in a denser concrete matrix.
The effect of the water-to-cement ratio on density is very limited, the
values being just slightly higher at larger w/c. In this case, the presence
of more water allows more intense hardening reactions for the cement
among the siliceous sand particles thus contributing to a more compact
structure. By increasing the w/c ratio, the true density of 3D-printed
parts increases as well. This may be attributed to the fact that at
higher w/c ratios hydration increases and this could eventually lead to a
denser microstructure in printed parts. Similar findings have been re-
ported in the literature [53] where higher true density at increased w/c
ratio was attributed to the potential of natural carbonation.

The flexural strength at various water-to-cement ratios and after
different curing times is shown in Fig. 5. The strength of some samples
after one day of curing was too weak and was not reported here.

Notably, the relationship between flexural strength and water-to-cement
ratio is substantially positive.

The effect can be related to the larger amount of water that pene-
trates between the layers and the sand particles with a beneficial effect
on the cement hardening which strengthens the concrete structure, in
agreement with previous results [54]. Correspondingly, as the curing
time increases, the reactions can evolve thus making the bonding among
the aggregate stronger. As the curing time increases, also the compres-
sive strength of specimens cured in the air increases, as shown in Fig. 6.
The steady rise in compressive strength over time is again indicative of
the hydration process occurring in the cementitious materials which
therefore become stronger. The conventionally produced concrete
specimens were prepared using the same material composition as the
3D-printed specimens but with a water-cement ratio of 0.5. All
conventionally produced specimens were cast by pouring the produced
mortar into moulds and curing them under ambient conditions. The
compressive strength measured for conventionally produced concrete
specimens was 9.3 + 2 MPa after 7 days of curing. Conversely, in the
case of the 3D-printed specimen, the compressive strength with a
water/cement ratio of 0.5 after 7 days was about 2.5 MPa. This
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significant gap can be attributed to the fact that traditional casting
methods allow denser structures with limited voids thus increasing the
material bulk density to 2.1 g/cm® and improving the compressive
strength.

A clear trend emerges while evaluating the dimensional deviation
ratio at different water-to-cement ratios, as shown in Fig. 7. This in-
dicates that discrepancies between the actual printed and the intended
dimensions increase at higher water-cement ratios. Mix I, which pri-
marily consists of fine particles, shows a much larger dimensional de-
viation ratio across all axes concerning Mix II.

The xy-axis printing precision shown in Fig. 8 also confirms this
trend. Each point is the average of three sets of four samples; error bars
are also added to reflect variability. However, measurements involving
layer shifting, clogging of the nozzle, or misinterpretation of CAD data
were excluded. Notably, Mix-I is characterized by a higher discrepancy
between the designed and the real dimensions than Mix-II, the effect
being more evident for a larger water-to-cement ratio.

The findings of this study are consistent with earlier research [55],
which showed that when the water-to-cement ratio increases, so does
the flow rate, which in turn causes the fluid pressure to rise and stronger
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interlayer connections to form. However, our findings further explore
the variables affecting the printing precision and dimensional deviation
ratio in binder jetting. Mix-II, which contains coarser aggregate, has a
strong structure that allows for efficient water absorption by the powder
bed, limiting bleeding and promoting subsequent cement-particle con-
tact. On the other hand, bleeding may deviate more from the 3D ge-
ometry dimension in Mix-I, which contains finer siliceous sand, resulting
in enlarging the area where cement particles contact. In conclusion, our
findings point out a decrease in printing accuracy as the
water-to-cement ratio rises.

3. Conclusions

The present study investigated the effect of two different mixtures
produced with coarse and fine siliceous sand and quick-setting cement at
different w/c ratios on the mechanical properties and printing precision
of BJ3DP components.

The following important conclusions can be drawn from this work:

e The significant difference in density between specimens with bigger
and smaller aggregates points out the crucial impact of aggregate
size; minor density changes were observed with increasing water-
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cement ratio. The porosity of the specimen gradually decreases with
increasing water/cement ratio.

With the increase of the water-cement ratio flexural and compressive
strength shows an increasing trend. The effect of different aggregate
grain sizes, however, is negligible. Strength also improves signifi-
cantly at longer curing time.

Larger dimensional deviation ratios associated with finer aggregates
highlight the need to adjust these parameters to achieve desired
printing precision. In addition, decreasing the water-cement ratio
improves printing accuracy.

In conclusion, Mix — II exhibits good mechanical properties as the

water cement ratio increases. These findings suggest that the perfor-
mance of 3D-printed concrete can be optimized by adjusting grain size
distribution and water-to-cement ratio.
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