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Abstract
Traditional casting methods are losing their appeal due to poor working conditions. Integrating additive manufacturing into 
traditional Casting is a popular solution. Among the seven additive manufacturing categories, binder jet 3D printing is most 
suitable for 3D printing sand molds. However, issues like waste management and environmental problems in binder jetting 
need to be solved. The investigation proves that utilizing recycled sand as a raw material for 3D printing sand products can 
reduce the environmental impacts associated with binder jet 3D printing while achieving adequate mechanical properties. 
This study shows that recycled sand can produce mechanical properties comparable to new sand, while reducing waste and 
environmental impact. The study examines samples of new sand and recycled sand obtained from one to nine cycles of 
recycling. It reveals that the compressive and flexural strengths of sand recycled one to three times outperform new sand, 
while surface hardness remains unaffected by the recycling cycle. However, the permeability of the sand decreases as the 
number of recycling cycles increases. Recycled sand required less binder and hardener, which reduced costs and improved 
the environmental impact. This study highlights the importance of waste management and sustainability in 3D-printed sand 
mold processes and offers a promising solution for recycled sand powders in binder jetting.
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1  Introduction

Casting, the mother of all industries with a history of over 
5000 years, has been facing challenges. This is due to poor 
working conditions such as high dust, noise, and temperature 
[1]. To address this issue, the integration of additive manu-
facturing with casting has become a trend in recent years, 
offering advantages such as customization, cost savings, and 
environmental benefits [2–4]. Within the realm of additive 
manufacturing (AM) techniques, various technology catego-
ries exist, including Selective Laser Sintering (SLS), Fused 
Deposition Modeling (FDM), Fused Filament Fabrication 
(FFF) and Stereolithography Apparatus (SLA), Digital Light 
Processing (DLP), Powder Bed Fusion (PBF), among others. 

One method of interest is binder jetting (BJ). binder jet-
ting has been found to be the most suitable for sand mold 
printing. Binder jetting is an additive manufacturing (AM) 
technology that uses powdered materials like sand, metal, 
or ceramics. A liquid binder is selectively deposited onto 
the powder bed via inkjet printing, bonding the particles 
to form the desired shape. It offers high-resolution, cost-
effective, and fast production of complex geometries, mak-
ing it suitable for prototyping and low-volume production. 
Its versatility with various materials allows for parts with 
diverse properties. Several companies, such as ExOne™, 
Voxeljet™ have developed equipment based on binder jet-
ting technology [5, 6], which involves spraying furan resin 
onto a powder bed to react with pre-mixed hardener powder 
and solidify into a sand mold. This technique, similar to 
traditional furan sand molding, offers comparable mechani-
cal properties with greater precision and less binder usage, 
resulting in cost savings and environmental benefits [7–11].

Recycling and reusing powder materials are one of the main 
research topics in the field of additive manufacturing [2, 12]. 
Many powder materials are used in the other AM technolo-
gies, such as stainless steel 316L, AISI 304L, and Ti-6Al-4 V 
etc. Numerous scholars have studied how to recycle powder 
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to save costs and investigated the impact of recycled powder 
on mechanical properties [12–17]. A study [18] that examined 
the influence of reusing powder on the characteristics of Ti-
6Al-4 V powder, including the powder's physical properties 
such as composition, particle size distribution (PSD), appar-
ent density, tap density, flowability, and particle morphology, 
found that the repeated use of powder-based materials has no 
adverse effects on the AM process, and the testing samples 
exhibited highly consistent tensile properties. In addition to 
metal powders, Nicole E. Zander ‘ team proposed the idea 
of processing and reusing waste PET, PP, ABS, PLA, and PS 
materials[19–23]. Although additive manufacturing already has 
advantages such as material efficiency, environmental friend-
liness, and cost savings over traditional processes, numerous 
scholars still hope that this technology can be more environ-
mentally friendly and reduce material waste [24–31].

The use of 3D-printed sand molds with furan resin is still 
in its nascent stages, with much research focused on shell 
design[7, 32–35], mechanical properties [36–38], and more 
precise core printing [40–42]. However, there has been 
increasing attention paid to the issue of sustainability in sand 
mold casting, with scholars exploring topics such as energy 
efficiency and CO2 emissions in foundries [42–45], as well as 
alternative resins and hardeners [46–48]. The impact of sand 
waste and dust on the environment has also been studied [49, 
50]. While binder jetting is still less prevalent in the tradi-
tional foundry industry [51–54], many current binder jetting 
studies use new sand powders, and nearly all waste sand that 
has been binder-jetted or used in casting is treated as dispos-
able waste[55]. This differs from traditional furan molding, 
where used sand is typically processed and reused until it is 
worn down to dust. Given this, it is essential to address waste 
management and environmental concerns in binder jetting 
processes if we want to achieve sustainability goals.

This study aims to tackle the waste management issue by 
demonstrating that recycled sand can produce mechanical 
properties comparable to, if not better than, those of new sand. 
To do so, we designed an experimental procedure that mim-
icked the processing of waste sand in traditional furan mold-
ing, and used it to measure properties such as compressive and 
bending strength, surface hardness, permeability, and molding 
accuracy. The results showed that the mechanical properties 
of recycled sand were not significantly different from those 
of new sand and, in some cases, exceeded them. Additionally, 

the amount of binder and hardener used in recycled sand was 
significantly less than that required for new sand, resulting in 
cost savings and environmental benefits.

In conclusion, this study emphasizes the importance of 
waste management and sustainability in 3D-printed sand 
mold processes, and provides a promising solution for recy-
cled sand powders in binder jetting. By demonstrating the 
comparable mechanical properties of recycled sand, we have 
shown that waste sand can be a valuable resource that, when 
managed effectively, can significantly reduce waste and envi-
ronmental impact.

2 � Materials and experimental methods

2.1 � Materials

Furan sand casting, also known as resin sand casting, is a 
method of sand casting. This method utilizes furan resin 
as a binding agent and mixes it with a catalyst (hardening 
agent) in adequate proportions to produce sand molds. The 
type of furan sand casting being discussed is self-hard-
ening, which means that the sand mold does not require 
curing; instead, it hardens itself at room temperature. For 
this experiment, we used silicon sand with a particle size 
range of 70-200um, commonly used in sand casting, and 
mixed with 3 wt% of a hardening agent. K.L.CHEMICALS 
CO., LTD. provided us with furan resin as a binder, with 
a density of 2.34 g/cm3, and a viscosity of 14.55 cp as 
measured by a US BROOKFIELD viscometer DV2T, with 
a surface tension of 40.23 mN/m and a contact angle of 
130˚, as measured by Model 100SB and NBSI OSA60, 
respectively. All measurements were conducted at room 
temperature (24.5 ˚C) and the average values were obtained 
after five repetitions, as shown in Table 1.

2.2 � Experiment

In this study, a custom-built binder jetting printer was 
employed, as depicted in Fig. 1a The printer has dimensions 
of 1170 mm × 1100 mm and offers a printing spatial range of 
200 mm (l) x 300 mm (w) x 200 mm (h) . It utilizes three-axis 
motion, with three Fujifilm SG1024(Fig. 1b) piezoelectric 
printheads positioned on the X-axis. Each printhead comprises 

Table 1   Parameters
Sand particles
Density(g/cm3) Particle size(um) Porosity(%) D10 D50 D90

2.594 70–200 38.2 122.8 201.9 296.0
Binder (Furan resin)
Surface Tension(mN/m) Viscosity (cP)
40.23 14.55
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1024 independent channels in 8 rows within a single nozzle 
plate, enabling single color operation at 400 dpi. The print-
head which is compatible with the furan resin used in this study 
and can print at a speed of 7 cm/s. The binder volume was 
controlled by adjusting the drive voltage and waveform [56, 
57], and the calculated single binder volume was 13.6 pL . The 
printer's nominal fluid viscosity ranges from 8–20 cP (10–14 
cP recommended by the vendor), and the inkjet operating tem-
perature can go up to 50 °C (122°F). The machine includes a 
sand paver for 0.3 mm layer spreading, a liquid binder supply, 
and a user interface touch panel. For this research, Furan resin 
served as the binder, and the powder consisted of silica parti-
cles. The SG1024 printhead is capable of injecting Furan resin 
at a droplet injection velocity typically ranging from 1.9 m/sec 
to 3.2 m/sec, as measured using a high-speed camera.

We started with fresh sand (test A) and conducted com-
mon sand casting tests and mechanical tests such as compres-
sive strength, flexural strength, surface hardness, air perme-
ability, and dimensional accuracy. After the measurements, 
the samples were baked in an AKT-814ALKEMT Co Ltd 
high-temperature furnace at 100˚C for 30 min to remove 
moisture and then at 1000˚C for 20 min to simulate the heat 
exposure during casting. However, some of the sand particles 
were still bonded by the resin. Therefore, we used a sand 
grinder to crush the sand and obtained the treated secondary 
sand (no additional chemical treatment was necessary as the 
furan resin and hardening agent were the only additives in the 
furan sand mold). We mixed the used secondary sand with 
fresh sand in a 95%:5% ratio (the same as the traditional furan 
sand mold factory's processing method) to obtain test B. We 
repeated the sand casting tests and mechanical tests on test 
B, and after baking, sintering, and crushing, we mixed 95% 
of the treated secondary sand with 5% of fresh sand to obtain 
test C. We repeated these steps ten times to obtain tests A to 
J, to investigate the recycling rate of waste sand in binder 
jetting. The measurement methods and equipment used for 
mechanical properties are listed in order below.

2.2.1 � Compressive strength

To evaluate the compressive strength, we used the SCST-
520 ALKEMT Co Ltd (as shown in Fig.  2a). Samples 
with a diameter of 50 mm and a height of 50 mm were 
printed, as shown in Fig. 2b. Sand compression test evalu-
ates the mechanical properties of foundry sand by subject-
ing a cylindrical sample to uniaxial compressive load until 
it fractures, providing crucial data for mold-making and 
casting applications. Each mixture ratio was tested in trip-
licate, and after 24 h of curing, the compressive strength 
was measured.

2.2.2 � Flexural strength

To measure the flexural strength, we also used the SCST-
520 ALKEMT Co Ltd. (as shown in Fig. 2a) machine, fol-
lowing the ASTM B312 standard, as shown in Fig. 2c. The 
three-point bending test evaluates the flexural strength and 
stiffness of materials by applying a load at two points while 
supporting the specimen at its center, offering insights into 
their mechanical performance and structural behavior. Each 
mixture ratio was tested in triplicate, and after 24 h of cur-
ing, the flexural strength was measured.

2.2.3 � Hardness test

The surface hardness of the samples was measured using 
the same samples used for compressive strength and per-
meability tests. We used the Surface hardness tester AKT-
807 ALKEMT Co Ltd (as shown in Fig. 3a.). This method 
involves using a hardness tester with a probe that applies pres-
sure to the surface of the specimen. As the probe is pressed 
into the material, the hardness tester's indicator needle rotates, 
allowing us to determine the hardness value of the surface. 
Each mixture ratio was printed in triplicate, and three points 
were measured and averaged for each sample.

Fig. 1   The experimental setup 
consists of the Sand Molding 
Machine shown in (a), which 
utilizes a printhead Fujifilm 
SG1024, as depicted in (b)
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2.2.4 � Permeability

To measure the permeability, we printed five samples with 
a diameter of 50 mm and a height of 50 mm, and used the 
Permeability tester AKT-816 ALKEMT Co Ltd. (as shown 
in Fig. 3b.) The sand permeability test measures the gas flow 
rate through a sand sample to evaluate its ventilation perfor-
mance during the casting process. Since the samples used for 
permeability and compressive strength tests were the same, 
we conducted the permeability test before the compressive 
strength test. Each mixture ratio was tested in triplicate.

2.2.5 � Dimension error

The layer thickness used in our machine is 0.3 mm , 
which makes it difficult to measure in a single layer. 
Therefore, we printed four samples with a dimension of 
30 mm (l) x 30 mm (w) x 6 mm (h) , as shown in Fig. 4. We 
used a vernier caliper to measure three points and averaged the 

values to obtain the size, subtracting the original design size to 
obtain the size overflow. We measured the size overflow in both 
horizontal and vertical directions. Since different printing direc-
tions have different size errors, we considered the size overflow 
in the printing and non-printing directions in the horizontal 
direction. As some mechanical properties can be measured 
using samples with the same geometric shape, we listed the 
printed sample geometries and corresponding tests in Table 2.

2.2.6 � Loss on ignition (LOI)

We placed the samples in the AKT-814 ALKEMT Co Ltd 
high-temperature furnace, as shown in Fig. 5a, for baking. 
The samples were first baked at 100˚C for 30 min to remove 
moisture, followed by baking at 1000˚C for 90 min to burn 
off all binders. (as shown in Fig. 5b.) We then calculated the 
initial binder content Vbinder , which was 1.5 g, by comparing 
the weight difference before and after combustion and divid-
ing it by the weight of the original powder.

Fig. 2   The strength of the 
printed samples was assessed 
using common foundry tests (a), 
including compressive strength, 
flexural strength

Fig. 3   The surface hardness 
tester AKT-807 in (a), and 
AKT-816 in (b)
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3 � Results and discussion

Additive manufacturing technology has different strengths in 
different printing directions, as noted in [46]. In our research, 
we printed data in the direction that resulted in the high-
est strength. After sintering, we used a Dino-Lite Premier 
AM4113T5X microscope with Media Cybernetics Image-Pro 
10 software to analyze the particle size distribution of the recy-
cled sand. We found that the particle size decreased by about 
3.2 ± 1.2% of the original size. Initially, the new sand had a 
polygonal shape, which is ideal for casting [58], but after sinter-
ing, the shape became more rounded, as shown in Fig. 6a. As 
the sintering and rolling cycles increase, numerous tiny parti-
cles and dust are generated as shown in Fig. 6b. These particles 
have a detrimental effect on the mechanical properties of the 
sand mold. To reduce the amount of binder and hardener used, 

we followed the traditional furan mold method and determined 
the optimal mixing ratio by analyzing the LOI experimental 
results. We adjusted the waveform to ensure that the binder 
saturation in each sample was the same with a saturation error 
of approximately 10%. Previous studies have shown that using 
smaller sand particles results in better dimensional accuracy and 
mechanical properties [39, 40, 42]. However, as the silica sand 
is repeatedly sintered, the particle size distribution changes. 
Tests A, D, G, and H in our research represent different parti-
cle size distributions, with test A being a single-peak sand and 
tests D, G, and H being bimodal distributions. As the sand is 
repeatedly sintered, the peak height decreases. Furthermore, 
as shown in Fig. 6b, the proportion of dust and fine particles 
in the sand increases with repeated sintering, which can pose a 
health and environmental hazard for the operators. Upon careful 
observation, clear bimodal peaks are evident in Test D and G, 

Fig. 4   The sample's dimen-
sions were measured to be 
30 mm (l) x 30 mm (w) x 6 mm (h)  

Table 2   Geometry of tests Geometry 1 Geometry 2 Geometry 3

Dimensions Ø50 mm × 50 mm(l) 31.7 mm × 12.7 mm × 6.35 mm 30 mm 
(l) × 30 mm 
(w) × 6 mm (h)

Measurement Permeability
Compressive strength

Flexural strength Dimension error
Hardness test

Fig. 5   The LOI tester AKT-814 
in (a). (b) shows a comparison 
before and after placing the 
sample in the oven. The green-
colored resin completely disap-
pears after baking, revealing 
the original color of the silica 
sand (white). By comparing the 
weight difference before and 
after baking, we can determine 
the weight of the resin
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which is beneficial for furan casting as it indicates the presence 
of smaller particles within the larger ones, leading to a more 
complete reaction between furan resin and hardener, resulting in 
improved dimensional accuracy and surface smoothness of the 
sand mold. However, in Test G and H, the bimodal peaks begin 
to decrease, and other particle sizes start to emerge, indicating 
that with an increasing number of repeated sintering cycles, 
the particle distribution becomes more chaotic. While bimodal 
peaks are still apparent, the additional particles generated can 
negatively impact the properties of the sand mold.

3.1 � Compressive strength

Regarding the compressive strength results, refer to Fig. 7a. 
Under the same binder volume, tests B to D perform the best, 
while the strength of pure new sand is similar to tests E to 
J, which is expected. In traditional furan resin casting, the 
best molding effect is not achieved using the commonly used 

D30 or D50 single-peak effective particle size, but by using 
bimodal or trimodal distributions [36, 57]. This means that 
there are smaller particles covered in larger sand particles. 
This result is the same as traditional furan resin molding, 
which also uses sand with a particle size analysis of bimodal 
to trimodal distribution, to obtain the best compressive 
strength. Small sand particles can fill the pores between larger 
particles, making the sand mold more compact, increasing 
the contact area between the binder and powder hardener, 
and having a higher strength while also having a better reac-
tion efficiency [57]. Interestingly, the error of tests B to E is 
larger in the graph, while the error of tests A and F to J is 
smaller. We believe this is due to the sample sampling. For 
example, in tests B to E, two of the three samples have the 
same stress values measured, while the other has a larger dif-
ference, which also occurs in other tests. In the compressive 
strength test, as soon as the sample is cracked under pressure, 
it is considered to have reached its maximum strength.

Fig. 6   The particle size analysis and distribution of test A, D, G and H were captured using a microscope
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3.2 � Flexural strength

Similar to compressive strength, different powder mixing ratios 
also have different flexural strengths as shown in Fig. 7b. How-
ever, overall, the differences in performance between the tests 
appear to be small, all falling within the range of 5.4–5.8 kgf/
cm2. But, in general, flexural strength is not proportional to 
compressive strength, which can be explained by the fact that 
during flexural strength testing, the upper part of the sample is 
subjected to compressive stress while the lower part is subjected 
to tensile stress. Binder jetting's tensile strength on sand mold-
ing is far inferior to its compressive strength, which causes the 

binding force between the powder and binder to decrease and 
the flexural strength performance to be less outstanding than the 
compressive strength. Since the sand mold needs to withstand 
the weight of the casting, compressive strength is more impor-
tant than flexural strength.

3.3 � Permeability

The performance of permeability can be referred to in Fig. 7c. 
Permeability is related to porosity, with larger porosity result-
ing in better permeability. If the porosity is large, the binder 
does not completely fill the gaps between the powders when 

Fig. 7   Comparison of mechani-
cal properties by using recycled 
sand and new sand
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infiltrating the powder bed, making it easier for gas to pass 
through and making the permeability better [59, 60]. As recy-
cled sand is repeatedly sintered, its size gradually decreases, 
making the porosity smaller and the permeability gradually 
worse. Generally, the permeability of furan molds is between 
110–130 c.c/min [58], so tests A-H can all meet the standard 
of permeability of a typical furan mold, with A-D having bet-
ter permeability. Conversely, the permeability performance 
of tests I and J is significantly worse than that of other tests 
because the sand grains have been repeatedly sintered and 
crushed many times, resulting in many extremely small par-
ticles that are approaching the size of dust. These particles 
have a significant negative impact on permeability. Especially 
in sand core production, unlike sand molds where risers and 
vents can be designed, the permeability of sand cores can 
avoid the high-temperature impact of casting and prevent the 
sand core from cracking.

3.4 � Hardness test

The performance of surface hardness can be referred to in 
Fig. 7d. Although the performance of test F is worse than that 
of other tests, the overall difference is less than 5 kgf, indicating 
that there is not much relationship between surface hardness 
and the mixing ratio of sand. Another interesting comparison 
is that the error value of surface hardness is higher than that of 
other mechanical properties. This is because surface hardness 
is determined by a probe applying force to the surface of the 
object, which is composed of powder and binder. The location 
where the probe is pressed may not necessarily be on the binder 
or on the powder, resulting in a larger error. This is also why the 
differences in surface hardness are not significant between the 
tests. However, the overall surface hardness of all tests, regard-
less of which test it is, cannot be determined by the data chart.

3.5 � Dimension error

In terms of dimensional error, it can be seen in Fig. 7e that the 
dimensional errors of all tests are within the range of ± 0.3%, 
which meets the requirements of general precision casting. The 
dimensional error of test F is slightly higher, which may be 
related to the mixing ratio of sand or the printing accuracy of the 
3D printer. Overall, the dimensional accuracy of binder jetting 
sand molds is high, which can effectively reduce the machining 
allowance of castings and improve production efficiency.

4 � Possibility of reusing sand and reduction 
of consumables

In this study, we discuss the method proposed to reuse sand 
and reduce the consumption of consumables. The experi-
mental results have shown that the use of recycled sand has 

little impact on mechanical properties, except for a decrease 
in permeability with increasing sintering and grinding 
cycles. In fact, some mechanical properties have performed 
better than new sand. Next, we compared the reduced con-
sumption of consumables and the usage of recycled sand 
with new sand in terms of test A compressive strength of 
the Ø50 mm × 50 mm (l) sample.

4.1 � Usage of recycled sand

The amount of silica sand used in test A compressive 
strength of Ø50 mm × 50 mm (l) is 81.1 ± 0.73 g . After each 
sintering, 95% of the sand, approximately 77.045 g , is reused 
with an additional 5%, approximately 4.055 g of new sand 
added for test B. This process is repeated ten times, from 
test A to J. If new sand is used for all ten tests, the amount 
of silica sand used is 811 ± 7.3 g . However, if recycled sand 
is reused, the amount of silica sand used is approximately 
117.595 g , which is 6.87 times less than using new sand. 
Therefore, using recycled sand can save costs and is more 
environmentally friendly than using pure new sand.

4.2 � Reduction of binder

As recycled sand contains partially bound binder and unre-
acted hardener, less binder can be used when printing with 
recycled sand compared to new sand. In this study, a piezo-
electric nozzle was used to spray a single binder volume 
of 13.6 pL . After printing test A and sintering, the initial 
Vbinder content was found to be 1.5 g. Since there is residual 
binder left in the sample after each sintering, as shown in 
Fig. 4, we do not need to use a 13.6 pL volume of binder for 
printing. By adjusting the waveform [56], we tested 8.1, 9.5, 
and 11.4 pL for printing. However, 8.1 pL was too small to 
fully cure, and 11.4 pL resulted in binder saturation. There-
fore, we used 9.5 pL for printing test B to J. We performed 
LOI sintering on each sample that underwent compressive 
strength testing and calculated the amount of binder used 
for each test, as well as the amount added each time, which 
is presented in Fig. 8a.

The initial Vbinder 1.5 g was divided by the silica sand 
weight 81.1 g and converted to a percentage, resulting in 
a binder addition rate of 1.85%. If we subtract the binder 
increase of 1.04 g (converted using 9.5 pL ) used in tests B 
to J from the initial Vbinder 1.5 g , the binder addition rate is 
reduced to 0.57%. This means that the use of recycled sand 
and new sand will result in a difference of about 1.3% in 
binder usage for each sand mold printed.

4.3 � Reduction of hardener

Sand grains used in binder jetting are smaller than those 
in traditional furan molds, resulting in an increased 
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surface area per unit volume of powder. Consequently, the 
required hardener content in the market is approximately 3 
wt% , compared to the 1 wt% required for traditional furan 
molds. Reducing the hardener content not only decreases 
cost but also minimizes the negative environmental impact 
of the hardener.

Through each repeated cycle of sintering, grinding, and 
reprinting, the necessary hardener content can be reduced 
by approximately 0.3 wt% , a trend that persists until test E. 
However, we have observed that the curing time lengthens 
after test E, likely due to an insufficient hardener content. As 
sand particles become pulverized, they produce numerous 
small particles or dust, increasing the contact surface area 
and necessitating a higher hardener content. To maintain the 
curing time at the same level as that of new sand, we present 
the required hardener usage per cycle in Fig. 8b.

5 � Conclusion

Through mechanical property experiments, this study dem-
onstrated that using recycled sand does not result in inferior 
performance compared to using pure new sand, especially in 
terms of compressive strength and flexural strength. Tests B 
to D even showed slightly superior results compared to pure 
new sand (Test A). There was no significant difference in 
surface hardness between new and recycled sand. However, 
the more recycled sand was used, the more particles and dust 
accumulated, leading to poor air permeability. In terms of 
dimensional accuracy, the use of recycled sand performed 
slightly better in vertical accuracy but similar to new sand 
in horizontal accuracy.

Furthermore, the results presented in this study still 
require further validation through practical experiments to 
confirm the effectiveness of using recycled sand in 3D print-
ing. The actual casting process may differ slightly from the 
experimental setup in this study, as real-world casting often 
involves phenomena like burning and erosion due to molten 
metal injection, which could cause more significant damage 
to the sand mold and hinder its recyclability.

During the experiment, the recycled sand underwent 
slight changes in particle morphology after the sintering 
process, transitioning from polygonal particles suitable 
for casting to more rounded ones due to repeated wear. 
While this difference in particle shape could potentially 
affect the bulk density, its impact on the results was not 
substantial. This is because 3D-printed sand molds do not 
involve compacting actions, resulting in minimal variation 
in bulk density.

The primary concern of this study was to compare the 
mechanical properties between old and new sand and 
investigate the usage of silica sand, binder, and hardener. 
After ten printing tests, the use of recycled sand resulted 
in a maximum reduction of up to six times the amount of 
new sand used, 1.3% less binder, and approximately 1.2 
wt% less hardener. Although using recycled sand is more 
environmentally friendly and cost-effective, this study 
suggests that recycled sand should be replaced after being 
reused three to four times (i.e., Tests B-E). The best com-
pressive strength and flexural strength performances were 
observed in this range, with air permeability still similar to 
new sand. As the number of sintering and grinding repeti-
tions increases, the amount of particles and dust increases, 
leading to reduced air permeability and unstable printing 
processes. Excessive particles and dust also have negative 
effects on the environment and users' health. Therefore, 
although recycled sand can replace some new sand, the 
reuse frequency should not be excessive.

Furthermore, this study still requires more experiments 
and even practical applications to confirm the difference 

Fig. 8   The binder and hardener used for each sample
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between old and new sand. This study serves as a prelimi-
nary experiment to raise the issue of reusing recycled sand 
and hopes to achieve a good balance between technology and 
environmental conservation.
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