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3 Abstract

4

2 The objective of this paper was to investigate the most suitable heat treatment for

7 casting molds manufactured by binder jetting. For this purpose, the printed molds

g were subjected to different heat treatments and the properties of the molds were
10 analyzed. Tests were performed at different temperatures and times to investigate
11 their effect on the water and volatile substances content; the joining among particles;
g and the porosity, roughness, and compression strength of the printed molds.
14 Moreover, to relate the properties of the mold with the quality of the castings,
12 aluminum alloy specimens were cast and the dimensional accuracy, surface roughness,
17 mechanical strength, and porosity were evaluated. This research leads to the
18 conclusion that the binder jetting process, using calcium sulfate powder, is useful for
;g manufacturing molds for casting aluminum alloy. To improve the mold quality and,
21 consequently, the casting quality, heat-treatment is necessary. The best mold
ég properties were obtained at 250°C for 1.5 hours.
24
25
gg Keywords: Additive manufacturing; Binder jetting; Aluminum casting; Mold properties;
28 Calcium sulfate.
29
30 1. Introduction
31
32 Additive manufacturing (AM) technology was originally conceived for producing rapid
gi prototypes. Today, this technology has many applications offering solutions in several
35 industrial sectors, from biomedical to aerospace applications. Several AM processes,
36 especially binder jetting, have been used for metal casting, reducing cost and time.
g; This technique is a powder-based process that uses a binder to join powder particles,
39 layer by layer. The process starts spreading a layer of powder onto a platform using a
40 roller. Then, a print-head injects a binder liquid to join the powder particles in certain
41 areas, according to the part design in CAD. To continue with the three-dimensional
jé printing process, the platform descends a distance equivalent to the layer thickness
44 and spreads a new layer of powder. The print-head again injects binder liquid to join
45 powder particles selectively. This process is repeated until the complete part is
js printed. The part obtained is called a “green part” and it is usual to perform post-
48 treatments to improve the final properties.
49
50 A complete mold with complex internal geometries can be manufactured, directly
g; from the CAD model, using this technique; it avoids the fabrication of pattern and core
53 boxes and integrates gating system and cores directly into the mold [1]. Sarojrani et al.
54 [2] reviewed developments in the investment casting process and highlighted the
gg advent and emergence of rapid prototyping using different rapid prototyping
57 processes, analyzing their advantages and limitations. In Le Néel et al.’s review [3] it
58 was revealed that binder jetting for sand casting provides an excellent solution to the
28 casting industry, although more studies need to be done for optimizing metal casting
61
62
63
64


https://www.editorialmanager.com/addma/viewRCResults.aspx?pdf=1&docID=5025&rev=0&fileID=76993&msid=2d1531ca-eb23-4992-8fcf-b335b9cbddea
https://www.editorialmanager.com/addma/viewRCResults.aspx?pdf=1&docID=5025&rev=0&fileID=76993&msid=2d1531ca-eb23-4992-8fcf-b335b9cbddea

©CO~NOOOTA~AWNPE

applications. Using the binder jetting technique, the mold can be reduced to a shell a
few millimeters thick, improving the yield of the mold [4]. Additionally, the reduction
of mold thickness results in a faster cooling rate of the molten metal, therefore,
affecting the mechanical properties of the castings [5]. Shangguan et al. [6] designed a
shell-truss sand mold with a geometry that allows controlling the cooling rate at
different casting areas. Although the mold has a complicated shape, it can be printed
thanks to the freeform fabrication typical of binder jetting. Additionally, the required
amount of sand was reduced by two-thirds per mold compared to a traditional dense
sand mold. Other researchers also illustrated the advantages of using binder jetting to
produce molds using non-conventional designs [7]. Without any geometric limitation,
each element of the rigging system (e.g. pouring basin, sprue, and runners) can be
redesigned to improve casting performance. Optimized gating designs result in lower
turbulence, fewer oxide films, and less air entrapment during mold filling. Kang et al [8]
proposed a skeletal mold, featuring a lattice-shell and rib enforced shell, to achieve
fast and uniform casting cooling. The mold design allows adjusting the cooling and
solidification conditions of particular casting zones. This type of mold with complicated
shapes can be made by a binder jetting process, improving production efficiency and
reducing deformation, residual stress, and casting defects.

Binder jetting can use a wide variety of powder and binder materials. Upadhyay et al.
[9] reviewed binder jetting for rapid sand casting and found that the materials
commonly used to print molds for casting applications are silica, zircon, chromite,
plaster-ceramic composite, and ceramic beads. These materials use organic binders
and furan resins to bind the powder particles. The disadvantage of organic binders is
the toxic gas generation during casting. Furan resins are carcinogenic and, therefore,
harmful to operators. These aspects lead to important limitations, and alternative
materials are necessary to make environmentally friendly foundries. As it is known, the
base mold material and binder are the most important factors to obtain quality
castings. Snelling et al. [10] studied the effect of different materials on cast material
properties. For this purpose, the material properties of A356-T6 castings were
compared for different mold materials. Two molds were fabricated by binder jetting,
using ZCast® (produced by 3D Systems) and ExOne silica sand (produced by ExOne
Company). The castings were compared against traditional no-bake sand. Castings
from ExOne molds had more quality. ZCast® molds produced lower quality castings
because of gas defects associated with a high quantity of binder and low mold
permeability due to small grain size.

Binder jetting using calcium sulfate hemihydrate powder (commercial name Visijet PXL
Core by 3DSystems) can be used for foundry application to print molds for non-ferrous
castings. This material uses a water-based binder solution of 2-Pyrrolidone [11].
Therefore, the toxic gas generation is restricted, reducing environmental damage.
Currently, this material is used mainly for medical and dental applications. In the
medical field, it is widely used for producing synthetic scaffolds for tissue engineering.
Many studies have been conducted to improve the required final properties of printed
scaffolds [12, 13].
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Even though binder jetting can manufacture molds with complex geometries, there are
still restrictions that prevent obtaining quality castings. To obtain a high casting quality,
the mold must have high permeability, low water and volatile content, good
dimensional accuracy, and adequate compressive strength to withstand the pressure
exerted by the molten metal inside the mold cavity. A mold manufactured directly
through 3D printing does not have all these good properties. Consequently, it is
necessary to post-process the mold to optimize the structure and mechanical
properties to improve the strength, porosity and surface roughness. The properties of
binder jetting printed parts can be controlled by different factors, such as printing
parameters (printing speed, layer printing delay, and layer thickness), powder
parameters (particle size, composition, humidity, flowability, and wettability), and
binder parameters (concentration, activator content, and binder type). In addition, it is
also possible to improve the properties of green parts by thermal treatment. Several
studies have been focused on various of these parameters. Vaezi et al. [14] studied the
effects of layer thickness and binder saturation level on mechanical strength, integrity,
and dimensional accuracy in the binder jetting process. They concluded that increasing
binder saturation led to specimens with higher strength and integrity. Additionally,
decreasing layer thickness increased the tensile strength and decreased the flexural
strength, among other findings. Another study [15] was focused on the effect of print
resolution, recoater speed, and job box position on the permeability and the strength
of sand molds. A statistical analysis of the results revealed that a higher recoater speed
leads to higher permeability and less strength due to minor powder compaction. On
the other hand, a fast recoater speed-leads to anisotropic properties in the sand
specimens within a given job box. Finally, the print resolution only affects mold
strength. Patirupanusara et al. [16] studied the influence of adhesive binder content
on the formability and the physical and mechanical properties of fabricated binder
jetting samples. Butscher et al. [17] analyzed the relationship between key powder
parameters (particle size, flowability, roughness, and wettability) and printing
accuracy. Other researchers [18] incorporated sisal fibers into gypsum powder to
produce stronger composite printed parts.

Researchers have also focused on thermal treatments. Several works revealed that
curing parameters (temperature and time) modify the properties of printed parts, such
as strength and permeability. Mitra et al. [19] undertook a deep investigation to
understand the relationship between the amount of binder present in the binder
jetting mold and the three-point bending strength and permeability. The modification
of these properties is related to the reactions that the binder undergoes under certain
conditions of temperature and time. The increase in strength may be related to solvent
evaporation, which causes shortening and hardening of resin bridges. The variation in
permeability during binder evaporation is a result of a combination of two effects: (i)
shrinkage, due to shortening resin bridges, leading to lower permeability; (ii) an
increase in pore size that may occur due to evaporation of the binder, leading to a
higher permeability. Therefore, when increasing the temperature, the permeability of
the printed specimen decreases, as shrinkage is the dominant mechanism. Bassoli and
Atzeni [20] carried out an experimental study to evaluate the mechanical and
dimensional changes induced by different thermal treatments. They concluded that
curing time is almost irrelevant for the compression strength whereas temperature has
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a significant effect. They also concluded that dimensional accuracy is almost
independent of the thermal treatment applied.

All these studies focused on the properties of the molds produced by binder jetting
processes, but few works analyze the relationship between the casting quality and the
mold properties. In our research, binder jetted molds were optimized for aluminum
casting parts. The molds were thermally treated at various heating conditions to
improve their capability for the casting process. In addition, the quality of casting parts
obtained with these thermally treated molds was studied. Section 2 presents the
experimental procedure and the results of the thermal treatment for the binder jetting
mold. In Section 3, the aluminum casting part quality is analyzed. Section 4 presents
the conclusions.

2. Thermal treatment for binder jetting molds

The first goal of this research is to establish the most suitable thermal treatment for
binder jetting molds. Different analyses were carried out to determine the appropriate
temperature and time ranges for thermal treatments. Differences in the properties of
thermal-treated binder jetting molds were analyzed in terms of surface roughness,
porosity and compression strength for several heating conditions. Section 2.1 explains
the experimental procedure to determine the thermal treatments applied to the as-
manufactured molds. The results obtained are shown in Section 2.2.

2.1. Experimental procedure to determine the thermal treatment for binder
jetting molds
2.1.1. Materials

The material used to print the mold was a commercial plaster-based powder, CaSOs %
H20 (commercial name Visilet PXL Core, from 3DSystems) with 80-90%purity, with a
water-based binder solution (commercial name Visilet PXL Clear). Both materials are
used in a 3D printer machine, ProJet CJP 660Pro (3DSystems). The characterization of
the powder and the binder were carried out by the authors in a previous work [11].
Table 1 shows the chemical composition and phases found in the CaSOa4 H,0 system
and the bassanite structure.
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Table 1. Powder characterization: Chemical composition (EDX), Calcium sulfate phases (identified by
Raman Spectroscopy and calculated based on the XRD), and Basanite structure (according to pdf ICCD
letters) [11]

Chemical composition | Phases in CaS04 nH20 system Structure
Element % Weight Phases % Weight Orthorhombic
0 40,31 CaS042H.0 | 0,7 fir
S 13,79 (Gypsum) '
Ca 17,89 /
C 28,01 CaS04 % H20 60,9
Na 0,28 (Bassanite) 35,1
Al 0,29
Mg 0,95
Si 1,40 CaS04 3,2
K 0,67 (Anhydrite)

The composition of the water-based binder solution is 1% 2-Pyrrolidone (C4H;NO) with
impurities. Table 2 shows the chemical composition of impurities in the binder, found
using ICP-OES. These impurities were added to accelerate the powder’s bonding
mechanism.

Table 2. Chemical composition impurities in the binder (ICP-OES mg/I) [11]

Analyte Mg (285,213) | Na(589,592) | K(766,490) | Al(396,153)
Binder (mg/l) 0,13 73,20 2,24 <0,10

According to this information, humidity and volatile substances, coming from the
binder, are found in the parts in the as-printed state (directly from the 3D printer), as
are impurities coming from the powder material. Therefore, it is necessary to apply a
heat treatment to the molds to eliminate the water, volatile substances, and
impurities. So, the problem of gas generation during casting is avoided, minimizing
defects in the molded parts.

2.1.2. Thermogravimetric analysis

A thermogravimetric analysis (TGA) was carried out for a deeper understanding of the
reactions that take place between the powder and the binder as temperature changes.
This analysis allows knowing thermal behavior and the temperature ranges in which
mass loss occurs for the material components. TGA was carried out using a TA
Instruments model Q600. To obtain the curves, 20 mg samples were 3D-printed. It was
performed at a 5 °C/min heating rate in air and in a temperature range between 25
and 600°C. This analysis allowed us to set the temperature limits for heat treatments.

2.1.3. Weight loss analysis varying the temperature and curing time

To determine the second parameter of the thermal treatment, the curing time, the
weight loss of the specimens manufactured for this purpose was examined. A set of
tests was carried out varying the temperature in a range between 150 and 300°C
(according to the results obtained in the previous TGA analysis) and the time in a range
between 1 and 5 hours, as indicated in Table 3. Rectangular specimens were 3D-
printed for these tests. The specimen dimensions were 35 x 35 mm with a5 mm
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thickness. The 5 mm thickness was defined to keep the analysis conditions similar to
the binder jetting molds.

Table 3. Thermal treatment parameters.

Parameter Values
Temperature (°C) 150 200 250 300
Time (h) 1 1,5 2 3 4 5

Three repetitions were done for each combination of parameters. Measurements were
taken using a balance with a 0.01 g measuring accuracy for each sample before and
after the heat treatment. The weight after the treatment was compared with the
weight before the treatment. The weight loss, expressed in percentage, was calculated
according to Equation 1.

Initial weight—Final weight

% Weight loss = x 100 (1)

Initial weight

As a result of both previous studies (TGA and weight loss), three different conditions
were chosen for the heat-treating the binder jetting molds, designated as T1, T2, and
T3.

2.1.4. Roughness measurement

To evaluate the surface quality of the heat-treated samples, surface roughness was
measured using a Mitutoyo Surftest SJ-500 profilometer. The average roughness (Ra)
parameter was calculated according to ISO 4288:1996 [21]. The measures were taken
in different areas and directions on the samples.

2.1.5. Porosity

Apparent porosity measurements were performed using the Archimedes method
according to ASTM C373-88 [22]. For this purpose, five specimens were 3D-printed for
each of the thermal treatments (T1, T2, and T3). Additionally, five specimens were
preserved without any heat-treatment (green samples) for comparison. The sample
shape was a cube with an approximately 60 g weight following the indications of the
ASTM standard. The immersion fluid used for the test was toluene with a density pi=
0,864 g/cm?3. This liquid was used because calcium sulfate is not soluble in toluene and
it presents low surface tension (23.3 mN/m at room temperature). A balance with a
0.01 g measuring accuracy was used to weigh the specimens.

The apparent porosity, P, expressed as a percentage, was calculated using Equation
(2), where M is the saturated mass, D is the dry mass, S is the mass of the specimen
while suspended in toluene, and p is the density of toluene.

2.1.6. Compression tests

Compression tests were carried out following the ISO 679:2009 standard [23] using a
compression testing machine (Ibertest MD2 W). To investigate the anisotropic
behavior in relation to part building orientation, the force was applied in different
directions. Anisotropic behavior may be due to differences in the joining of particles in
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the same layer and between layers. For this purpose, a compressive force was applied
parallel to the direction of the printed layers, the X-axis (print-head direction) and Y-
axis (re-coater direction), and perpendicular to the direction of the printed layers, Z-
axis, as indicated in Figure 1.

Z

X direction Y direction Z direction o
(Buid direction)

2

X <«

(Print head direction) |::> %E

Y (Re-coater direction)

Figure 1. Direction of compression force.

The compression tests were carried out on samples with the three thermal treatments
(T1, T2, and T3) and on samples without thermal treatment. Three specimens (40 mm
x 40 mm x 50 mm) were tested for each condition. During the test, a uniformly
increasing load was applied at 50 * 10 N/s until the sample broke, obtaining the
compressive strength.

2.2. Results and discussion about thermal treatments for binder jetting molds
2.2.1. Thermogravimetric analysis

Figure 2 shows the thermogravimetric curve and its derivative curve corresponding to
the mixture of powder and binder. A total mass loss of 16.88% was observed from
room temperature to 600°C in three clear weight loss steps.

124.00°C
. )
e b—————— . f
™\ 1
8.222% - 90°C | |
(03781mg)

Welght (%)
Weight (%/°C]

% 1 P °C
5.018% - 260°C 01 / 20471°C
N (0.2308mg) 2 AN

3, 1\ S s - -
= 3.641% - 420°C od N~ ] NN
— (0.1675mg)

"o 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature ("C) Universal V4.1D Temperature (°C) Universal 1 V4 1D

(@) (b)

Figure 2. Thermogravimetric curve (a) and derivative curve (b) of powder and binder.

The mass loss of the material was continuous, starting from the beginning of the
heating cycle, as shown in Figure 2.

The greatest loss of mass takes place during the first step of dehydration (8.222%
weight loss from room temperature to 140°C), reaching a maximum value at 124°C. It
could be attributed to the loss of residual water (drying process) and the conversion of
CaS04. 2H,0 to CaS04. 1/2H,0 and CaS0O4. 1/2H,0 to CaS04 [24].
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In the next step (140 to 325°C), the change in mass was 5.018%. This loss could be
mainly attributed to two processes: (i) water loss due to the following transformation
(CaS0s4. 2H,0 — CaS04. 1/2H,0 — CaS04) and (ii) weight loss due to burning the
organic elements in the binder (2-pyrrolidone; boiling point 245°C) and powder.

The last step (325 to 475°C) led to a mass loss of 3.641%. The maximum occurred at
425.25°C. This mass loss could be attributed to three phenomena: (i) the elimination of
internal water in the bassanite structure, (ii) the completion of water molecule
removal and the formation of anhydrite, (iii) the sulfate transforming into calcium
oxide and calcium sulfur with the loss of SO, and SO3 gases generated during the
transformation. This transformation was verified by the EDX analysis. The images in
Figure 3 show variations in the O/S, Ca/S, and O/Ca ratios. The EDX-ray spectrum
derived from the general area (X30) shows peaks for oxygen, sulfur, and calcium
(Figure 3 a).

3 0
o soo-
6004 Ca ]
L 8 500 Ca
1 s
400 o 4004
o
300 Ca 3004
2004 200 2004
Ca 100 - mn: ° Ca
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Full Scale 771 cts Cursor. 8800 (1 cts) Full Scale 680 cts Cursor: 5855 (1 dis) Full Scale 670 cts Cursor: 7.123 (2 cts)
(a) (b) (c)

Figure 3. EDX-ray spectra at different magnifications and areas: (a) general area of the printed part (X30)
(b) smaller area on the printed part (X9000) (c) smaller area on the printed part (X95000)

Changes in peak intensities related to oxygen, sulfur, and calcium, which appear in the
RX spectra obtained at a greater magnification (Figure 3b and 3c), show the sulfate
decomposition at these temperatures. The higher intensity of the oxygen peak with
respect to the sulfur and calcium peaks (Figure 3b) suggests the formation of calcium
oxide; the lower intensity of the oxygen peak in the X-ray spectra (Figure 3c) suggests
the partial conversion of calcium sulfate into calcium sulfur.

The information obtained in this analysis leads to limiting the temperature range to
perform a thermal treatment on the printed mold. The temperature range was
established between 150°C and 350°C. The lower value was established because, at
this temperature, the elimination of free water and additives has already occurred
(according to TGA results, the maximum loss takes place at 124°C). The upper limit
(350°C) was established because, at this temperature, a high percentage of internal
water and gases have been eliminated. At higher temperatures, reactions take place
that degrade the material, decreasing the bond between particles and, therefore,
reducing the material strength, as verified with the compression tests.
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2.2.2. Weight loss analysis varying temperature and curing time

Figure 4 shows the weight loss as a function of curing time at different temperatures.
As expected, a weight loss is seen for all thermal-treated samples. The weight loss is
greater for the specimens heated at the highest temperatures.

150 eC 200 °C 250 eC 300°C  —A&—350°C

20,00

18,00

»
I

16,00
14,00
12,00
10,00

8,00

Wheight loss (%)

6,00
4,00
2,00

0,00
0 1 2 3 4 5

Curing time (h)

Figure 4. Weight loss with curing time for different temperatures.

For all temperatures, except 150°C, the rate of weight loss is high up to 1.5 hours and it
keeps almost constant later. However, at the lowest temperature (150°C), the weight
loss increases linearly up to 3 hours, keeping constant after. This trend is consistent
with the TGA results. Considering this behavior, the curing time must be 3 hours for
150°C. A lower curing time does not ensure that all the free water and impurities have
been removed, as indicated by the slope of the curve at 150°C. At higher
temperatures, a curing time of 1.5 hours is enough. Heating the material for a longer
time does not provide any advantage in terms of removing undesirable elements. On
the other hand, increasing the heating time implies higher cost and energy
consumption.

As a result of both analysis (TGA and weight loss), three different conditions were
chosen for thermally treating binder jetting molds, based on the material composition
and economic criteria. These conditions are 150°C for 3 hours, 250°C for 1.5 hours and
300°C for 1.5 hours (Table 4).

Additional differences of binder jetting printed specimens were studied when applying
these three heat-treatment conditions and no thermal-treatment (green), analyzing
roughness, porosity, and compression strength.
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Table 4. Thermal conditions for binder jetting molds.

Thermal-treatment designation Conditions
Green No thermal-treatment
T1 150 °C for 3 hours
T2 250 °Cfor 1,5 hours
T3 300 °Cfor 1,5 hours

2.2.3. Surface roughness of binder jetting thermal-treated samples

The surface roughness of the mold directly affects the roughness of the casting, since
the molten metal fills mold surface interstices caused by the join among powder
grains. In addition, other factors influence casting roughness, such as the pouring
temperature [25] and the wetting properties of the metal alloy [26]. In our study, there
are no significant differences in roughness when applying different heat treatments,
according to the results indicated in Figure 5. Roughness values for all thermal-treated
samples are consistent with values allowed for casting molds.

11,0

10,5
10,0
9,5
9,0
8,5
8,0
T2 T3

Green Tl

Ra (um)

Figure 5. Roughness for the binder jetting thermal-treated samples

2.2.4. Porosity of binder jetting thermal-treated samples

The heat treatment causes the evaporation of water and volatile substances. This
phenomenon leads to an increase in mold porosity, therefore affecting the quality of
the castings. Porosity was measured using the Archimedes method. The results
indicate that porosity is higher for the thermally treated samples than for the green
samples. Also, porosity increases at higher temperatures (Figure 6).



OCoO~NOUITAWNE

60

50

40

20

10

0
T2 T3

Green T1

Porosity (%)

Figure 6. Porosity for the binder jetting thermal-treated samples

On one hand, a high porosity facilitates the evacuation of gases trapped in the cavities
when the metal is poured, therefore avoiding casting defects. On the other hand,
when increasing porosity, mechanical strength decreases [27]. Molds with low
mechanical strength do not withstand the metallostatic pressure and the mold could
break. Therefore, a balance between porosity and strength is required.

2.2.5. Compression tests for binder jetting thermal-treated samples

As mentioned, an important feature of a mold is the mechanical strength to withstand
the pressure caused by the metal when filling the cavity. The molten metal tends to
compress the walls of the mold. Therefore, it is necessary to evaluate the compression
strength. This value will also allow establishing the minimum wall thickness of the
mold to withstand the stresses without cracking or breaking down.

The results of the compression tests showed that the orientation does not significantly
affect the mechanical behavior of the printed parts. Average values for compression
strength are shown in Figure 7 for different force directions (X, Y, and Z). The values
were similar for all directions, hence there is not a significant anisotropic behavior.

m X direction mY direction Z direction
8,00
-_ 7,00
©
a
§, 6,00
-
=
@ sw
£
1%}
o 4,00
>
ﬁ 3,00
e ,
o
E 20
o
Q
1,00
0,00 _
Green T1 T2 T3

Figure 7. Compressive strength for binder jetting thermal-treated samples
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The highest compression strength occurred for specimens with the T1 treatment, with
an average value of 7.4 MPa. This value represents an increase of 43% compared to
green samples. The compression strength for T2 specimens was slightly lower. The
average value was 6.60 MPa, which represents an increase of 37% compared to green
samples. T3 specimens, heated to 300°C, suffered an overall loss of strength, with an
average value of 0.44 MPa. This phenomenon means that at 300°C, the powder
particles are partly detached, and the material degrades due to chemical
transformations of the sulfate, according to TGA analysis. The low strength makes the
mold unworkable since it does not withstand handling and metal pouring.

This reduction in compression strength was further analyzed using scanning electron
microscopy (SEM). SEM micrographs of the thermal-treated specimens’ surface are
shown in Figure 8a—d. In Figure 8a, powder particles do not show any damage. In
contrast, Figures 8b—d show particles with fractures due to different chemical
reactions, such as loss of crystallization water, decomposition, and the combustion of
elements present in the binder and powder. In the case of the T3 thermal treatment
(Figure 8d), the cracks are more severe, causing material breakage and resulting in
smaller and detached particles. This thermal degradation leads to a loss of strength in
the material.

Figure 8. SEM micrographs of samples: (a) without thermal treatment; (b) T1 (150°C for 3 h); (c) T2
(250°C for 1,5 h); (d) T3 (300°C for 1,5 h)

Per the obtained results, the T3 thermal treatment is not suitable because the material
begins to degrade and does not have enough strength. Summing up the results, the
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most suitable heat treatments for a binder jetting mold are T1 (150°C for 3 hours) and
T2 (250°C for 1.5 hours).

3. Quality of aluminum casting parts

The second goal of this research was to analyze the quality of aluminum castings
manufactured using the different thermally treated binder jetting molds. The castings
were analyzed in terms of dimensional precision, superficial roughness, mechanical
strength, and porosity. Section 3.1 explains the tests performed to analyze the quality
of aluminum castings. The results obtained are shown in Section 3.2.

3.1. Experimental procedure to analyze the quality of aluminum castings
3.1.1. Manufacturing binder jetting molds and castings

Three molds were manufactured by a binder jetting process using a ProJet C/JP 660Pro
machine from 3DSystems. The mold geometry was designed using CAD software. The
molds were designed to cast four specimens for tensile tests. Then, the CAD file was
exported to STL format (standard triangle language) to be processed by 3DPrint
software. The result was a mold formed with a 5 mm thick shell, adequate to
withstand the pressure produced by the molten aluminum. This thickness saves
operation time and cost, according to the results obtained in [28]. Next, three molds
were 3D printed using a sulfate-calcium material. After that, one mold was preserved
(green reference mold) and the other two molds were thermally treated (T1 and T2). A
Hobersal PR/400 muffle was used for this operation. Four specimens were
manufactured for each thermal treatment to replicate the tests. The specimen
dimensions were defined according to I1SO 6892-1:2016 [29].

Once the molds were thermally treated, the next step was to pour the AlISi9Cu3(Fe)
aluminum alloy heated to 750°C. Once the aluminum alloy solidified, the castings were
extracted from the molds by vibration and crumbling. The riser and gates were cut.
Finally, the resultant parts were cleaned with pressurized air to analyze the casting. A
summary of the process sequence is shown in Figure 9.
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Figure 9. Process sequence for 3D printing the mold and manufacturing the tensile test castings.
3.1.2. Dimensional accuracy and surface roughness of tensile test castings

The castings obtained with the different thermally treated molds were dimensionally
measured using a micrometer. Figure 10 shows the dimensions that were evaluated.
Four measurements were taken for each dimension and the average value was
calculated. Roughness measurements were also acquired on the surface of the
specimens, using the same equipment and methodology indicated in Section 2.1.4.
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Figure 10. Measured dimensions in the tensile test specimen.
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3.1.3. Casting specimen tensile tests

Tensile tests were carried out on 5 mm diameter and 35 mm length circular cross-
section specimens, using a universal testing machine and following the ISO 6892-
1:2016 standard [29]. Four tensile tests were performed for each thermally treated
mold and the ultimate tensile strength (UTS) was recorded for each of them. The
average of the four UTS values was considered.

3.1.4. Casting specimen porosities

The porosity of the aluminum parts was calculated using several cross-section
micrographs from the middle of the casting. The cross-section surfaces were polished
and observed without etching. Metallographic microscopy was used to take
micrographs on each sample to cover the total surface. Then, Imagel software was
used to measure the percentage of area with pores.
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3.2.  Results and discussion about the quality of the aluminum castings
3.2.1. Dimensional accuracy and surface roughness of casting specimens

The accuracy of castings depends on several factors, such as 3D printing machine
precision, the thermal treatment applied to the mold, the metal alloy pouring
temperature, or the metal alloy shrinkage during solidification. In this study, the focus
is only on the thermal treatment of the mold since it is the main objective of the
research.

Figure 11 shows the dimensional deviation between the theoretical values (CAD
model) and measured values.
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Figure 11. Dimensional deviations (CAD vs Measured values) of castings.

A first visual observation of the results allows noticing that castings manufactured with
the green mold exhibit higher deviations for all the measured areas. The dimensional
deviations for castings manufactured using both thermally treated molds were quite
similar, although precision was slightly better for castings obtained with the T2
thermally treated molds (only dimension C showed a higher deviation).

The head diameter (dimensions C and D) of all casting specimens was smaller than the
diameter of the CAD model, whereas deviations for the central diameter (dimensions A
and B) showed a different tendency, indicating that mold expansion and deformation
act differently depending on the size and the filling zone. Deviations of castings
manufactured using the thermally treated molds have very acceptable values, on the
order of hundredths of a millimeter.

Roughness values for castings are shown in Figure 12. The value for the casting
obtained with the T2 thermal-treated mold is the smallest. This result can be
attributed to the lower amount of gases generated in the mold-part interface. A higher
gas evacuation was possible due to the greater porosity of the T2 thermally treated
mold. The condition of the mold-part interface affects the roughness of castings to a
greater extent than the surface state of the mold cavity. From these results, it can be
concluded that the three tested molds are acceptable for producing castings, with
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roughness values lower than the ones obtained when using the traditional sand-
casting process (between 5 and 25 um Ra) [30].
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Figure 12. Surface roughness of the castings.
3.2.2. Casting specimen tensile tests

The results obtained in the tensile tests indicate that the three binder jetting thermally
treated molds allow obtaining aluminum castings with mechanical properties
comparable to traditional casting [31]. Figure 13 shows the ultimate tensile strengths
(UTS) of the casting specimens. The UTS values for the specimens manufactured with
the T1 thermal-treated mold are significantly lower. This result is contradictory to the
general acceptance that an increase in porosity decreases mechanical properties. In the
next section, where the porosity is analyzed, the results indicate that the highest
porosity value corresponds to samples obtained with the green molds. However, several
studies by other researchers, who have analyzed the influence of porosity on mechanical
properties in-depth, have shown that there are other factors, such as the shape, type,
and distribution of pores, as well as the presence of pores in the fracture area, that have
greater influence on fracture behavior and the UTS values [32, 33].
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Figure 13. Ultimate tensile strengths (UTS) of casting specimens.
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3.2.3. Casting specimen porosities

Figure 14 shows the porosity of the castings manufactured with the three binder jetting
thermally treated molds. Based on the shape of pores, it can be concluded that both gas
and shrinkage porosities are present.

Figure 14. Optical microstructures showing the porosity of castings manufactured with the three binder
jetting thermally treated molds: (a) Green mold, (b) T1 mold and (c) T2 mold

The results of porosity measurements are indicated in Table 5. The area occupied by
pores represents 3.6 % for green mold castings. The porosity values for castings from
thermally treated binder jetting molds were lower; the lowest porosity value was
obtained for samples manufactured from the T2 thermally treated mold. As seen in
Section 2.2.4, when the binder jetting molds are thermally treated, the porosity
increases, obtaining higher values for higher temperatures. Molds with porosity
facilitate the evacuation of gases and prevent defects due to gas porosity. In addition,
green molds contain more water and impurities, which generates much more gas during
casting compared to thermally treated molds. Therefore, it can be corroborated that the
thermal treatment of binder jetting molds positively influences the porosity of castings.

Table 5. Surface porosity of casting specimens.

Thermal-treatment BJ molds Porosity of castings
Green 3,6%
T1 2,3%
T2 1,3%

4. Conclusions

This research shows that the binder jetting process is useful for manufacturing molds
for aluminum alloy castings in industrial applications. The calcium sulfate molds printed
by binder jetting process must be thermally treated with a heat cycle to obtain castings
with enough quality. The molds should be free of humidity and volatile substances to
minimize the generation of gases. In addition, the mold porosity should be enough to
facilitate the evacuation of air and gases, minimizing casting defects. These properties
are achieved with thermal treatments applied to the binder jetting molds. When the
molds are heated, volatile substances are eliminated, and permeability is increased.
However, excessive temperature or a too-long heating cycle induces chemical reactions
that degrade the material and modify the bonding among particles, reducing the
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strength of the mold material. The experiments carried out helped to find the optimum
conditions of temperature and time for simultaneously achieving these three objectives
(free of water and volatile substances, high porosity and enough mechanical strength to
resist the metallostatic pressure exerted by molten metal). A good surface condition and
dimensional accuracy are also important in the performance of casting molds. The best
mold properties were obtained at 250°C for 1.5 hours (T2 thermal treatment). For this
treatment, the binder jetting mold presents the best values for surface roughness,
porosity, and compression strength.

In addition, the quality of castings manufactured with different thermally treated molds
was studied. For this purpose, aluminum alloy castings were analyzed in terms of
dimensional accuracy, surface roughness, mechanical strength, and porosity. On one
hand, the results indicate that thermal treatments only very slightly affect dimensional
accuracy and roughness. All values are consistent with the traditional sand-casting
process. On the other hand, the porosity of castings is affected to a greater extent by
thermal treatments of the binder jetting mold. The optimum casting porosity was
obtained for the T2 thermal-treatment mold because the gas pores are associated with
mold permeability.

Using new methods, based on additive manufacturing, for producing molds opens a
promising field of work, characterized by a higher flexibility and savings in time and
operating cost.
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