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ARTICLE INFO ABSTRACT

Keywords: The significant improvements made in additive manufacturing (AM) techniques since their beginnings, coupled
Calcium sulfate with its intrinsic advantages, have resulted in a technology that stands out as most suitable for applications in
Epsom salt leading sectors today. In addition to some of the properties of the parts, there are also some inherent aspects of
;?If;;n;elt':;granon AM techniques that hinder their applicability. In this respect, the application of calcium sulfate parts manu-

factured by binder jetting (BJ), as expendable casting elements, is limited by both the high quantity of volatile
substances, due to the BJ process, and their low compression resistance. In this work, a novel part post-processing
procedure is presented. This procedure consists of applying various heat treatments, in combination with a
vacuum infiltration process using an Epsom salt solution. The procedure reduces the volatile content of BJ AM
parts and enhances the compression strength with little modification to the part geometry. This post-processing
substantially improves the applicability of BJ AM parts as expendable casting elements. After presenting this
novel procedure and analyzing the significant enhancement of the properties of the AM calcium sulfate parts (i.e.
permeability, the reduction of volatile content and reduction of compressive strength), a case study is presented
with an expendable mold for aluminum casting. This procedure allows for a safer casting process, improves the

Casting expendable elements

part’s surface quality and reduces the internal porosity of the cast parts.

1. Introduction

Additive manufacturing began to develop in the 1980 s. At that time,
it was named rapid prototyping and consisted of a set of techniques that
allowed parts to be manufactured quickly and easily from their digital
models, by means of adding layers of material [1,2]. The development of
new techniques, the use of new materials and the application of new
post-processing procedures to the manufactured parts, improved the
properties of the products, allowing these sets of techniques to be
referred to as a technology in their own right: Additive Manufacturing
(AM). The main advantage of AM is the high degree of product cus-
tomization and complexity it allows without significantly increasing the
cost, which enables mass production of individual customized parts [3].
In addition, the AM enables quicker new product development, with low
or no redesign penalty, as well as improving supply chain efficiency
thanks to a decentralized and on-demand manufacturing [4]. Despite
the design demands of some of these techniques [5], as well as the need
to use models to optimize parts quality [6], AM is of great interest to
several leading industrial sectors such as aerospace, automotive and
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medical.

One of the AM techniques that has received the most attention in
recent years is known as Binder Jetting (BJ), based on conglomerating
powder particles by means of a binding substance [7-10]. This tech-
nique can be applied to different materials such as calcium sulfate, silica,
or alumina [11-13]. As an additive manufacturing process, this tech-
nique consists of the consecutive deposition of the different layers in
which the digital model of the part has been previously sliced. The
deposition of each layer begins by spreading a layer of powder on a
platform using a scraper or a roller. Then, by means of a print head,
micro-droplets of a binding substance are selectively projected on the
positions where the powder particles need to be bonded, i.e. the area
inside the perimeters belonging to the corresponding layer, obtained by
the previous slicing of the digital model. This allows the conglomeration
of the powder reached by the binder, forming a thin layer with the
desired geometry. The platform is then lowered by a distance equivalent
to the layer thickness used in the slicing. This process is repeated for
successive layers in which the part model was sliced. After
manufacturing all of the layers, a three-dimensional part is obtained that
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can be considered as a green part, in an as-built condition. Usually,
different post-processing procedures are applied to this initial part, to
improve the superficial finishing and/or its properties [14,15].

Although BJ has been successfully applied in sectors as diverse as
aeronautics [16] and biomedicine [17-19], much effort is now being
devoted to applying it to the foundry industry because of the time and
cost reductions it can enable [20]. Chen et al. [21] reviewed the AM
techniques used for ceramic materials, highlighting BJ as the most
suitable for manufacturing expendable molds and cores. Although metal
casting is a technique that dates back to ancient times, its development
still remains a challenge [22], mainly due to its low competitiveness
when applied to short manufacturing series compared to other
manufacturing processes, such as machining [23]. This lack of
competitiveness could be overcome by using expendable elements ob-
tained by additive manufacturing, given the great advantages in terms of
design freedom, high complexity, low waste and material costs, as well
as better supply chain efficiency than conventional casting techniques
[24]. In this regard, Almaghariz et al. [25] identified batch size as a
function of the geometrical complexity of the cast part such that, below
it, the use of this AM technique for metal casting is more competitive
than other processes. They stated the effectiveness of this symbiosis for
batch sizes of 45 units to 1000 units, depending on the geometrical
complexity of the manufactured part.

Despite the occasional success of the BJ application for metal casting,
there are still certain challenges that limit its applicability in this field.
The main issue is the higher amount of binder liquid required by this
technique, compared to the amount of liquid used in the fabrication of
conventional expendable molds [26]. The binders usually used in con-
ventional techniques contain significant levels of furans (C4H40), sub-
stances that are very harmful to health and the environment [27]. On the
contrary, BJ uses harmless substances, primarily composed of water
[11]. Nevertheless, the reduction of the volatile load of the molds ob-
tained by this AM technique is still an important issue, given its negative
effect on the quality of the molded parts. In this sense, Rodri-
guez-Gonzalez et al. [28] highlighted the surface and internal defects of
molded parts due to the expulsion of volatiles in the form of gas during
the pouring of aluminum into expendable BJ molds made of calcium
sulfate. Although a reduction in the amount of binder used during AM
mold manufacturing might seem to be the ultimate solution to this
problem, Vlasea et al. [29] demonstrated the high sensitivity of this
technique to the amount of binder, by monitoring a specific parameter
that they defined as binder level. This parameter is critical for the quality
of the parts and the proper performance of the process. Manufacturing
fails if it is too low, given the lack of cohesion between powder particles.
On the contrary, if the binder level is too high, the dimensional quality is
damaged due to bleeding of the injected traces on the powder bed [30].
Given the narrowness of the permissible variation range of binder level
and the fact that it is a parameter that is not configurable in most
commercial AM machines, it is interesting to develop procedures to
reduce the volatile load of BJ molds once they have been manufactured,
improving their applicability to metal casting. In addition, it should not
be forgotten that these procedures could improve other interesting
properties in this application. In this sense, some workers have achieved
slight improvements in strength by using infiltration solutions such as
magnesium sulfate diluted in distilled water [31,32]. Unfortunately,
these efforts do not focus on the reduction of volatiles, have even
increased their content due to the type of solutions used, so the devel-
opment of specific post-processing procedures for manufacturing
casting-focused elements is still an issue to be addressed, in order to
improve the applicability of this technique. These post-processes could
be applied with a hybrid approach [33], given the limitations of current
BJ equipment in this respect.

This work presents a novel post-processing procedure for calcium
sulfate parts, obtained by AM binder jetting techniques with calcium
sulfate, and based on an infiltration process in combination with
different thermal treatments, which improve the strength and reduce the
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volatile content of these parts. This substantially improves the applica-
bility of this type of part as expendable elements, i.e. molds, cores, etc.,
in the casting process. After a description of the procedure, its applica-
tion to different cubic specimens is presented to analyze the evolution of
the material over the post-processing steps, in terms of weight, di-
mensions, apparent density, surface quality and compressive strength,
due to the importance of these characteristics in the casting process.
Finally, the procedure is applied to a case study consisting of an
aluminum casting mold. The quality (in terms of roughness and
porosity) of the part obtained using the AM mold, post-treated with the
proposed procedure, is compared with those of a part obtained with an
equivalent mold used after manufacturing without applying the pre-
sented post-processing procedure.

2. Infiltration and heat treatment procedure of AM gypsum parts

Plaster molds are made of plaster of Paris (gypsum or calcium sul-
fate), mixed with a small amount of additive. These molds are used to
manufacture small, highly detailed parts with high dimensional accu-
racy and a good surface finish and, therefore, they are considered to be
precision molds. These molds can be used in temperatures up to
1200 °C. Thus, they are often used to form plastic parts or low melting
point metals and alloys, such as aluminum or zinc. Due to the low
permeability of the gypsum, vacuum or pressure techniques are often
applied during the pouring of the metal, to facilitate the evacuation of
gases and properly fill the mold. In addition, this type of mold allows
more homogeneous and equiaxial granular structures to be achieved
because of the slow cooling rate derived from the low thermal conduc-
tivity of gypsum [34].

Nowadays, there are AM industrial machines that allow the manu-
facture of parts in calcium sulfate dehydrated gypsum (CaSO4 + 2-H50).
For this purpose, a binder, which is basically composed of water, is
projected on a bed of calcium sulfate hemihydrate powder. This pro-
duces an exothermic reaction known as setting of gypsum, as illustrated
in Eq. (1). The problem with using these AM parts as molds lies in their
low strength and high moisture content. This is something that also
occurs in gypsum molds in general, in which case additives are mixed
with the calcium sulfate hemihydrate powders to control the setting of
the gypsum; different heat treatments (HT) are applied to the molds
once they have been shaped, to control their moisture content. Both
procedures also improve permeability [35]. In the case of molds made
by AM, there is no supply of gypsum mixed with specific additives for
casting, nor clear guidelines from manufacturers or suppliers for per-
forming specific heat treatments for those parts that will work as molds
or casting elements.

CaS0O,-/»H,0 + 1.5H,0—CaS0,-2H,0 + Heat (€D)]

This type of part, obtained by AM, is largely gypsum and so designing
a series of heat treatments to reduce the water content is preferrable.
Therefore, controlling the temperature at which they are treated is
critical in order to eliminate as much moisture as possible, without
excessively damaging their strength, an essential characteristic for their
applications in casting processes. The calcium sulfate dehydrate used by
AM machines is obtained from gypsum by means of an endothermic
reaction called calcination (2), which is inverse to the setting repre-
sented in Eq. (1). Depending on the ambient humidity to which gypsum
is exposed during calcination, different phases of hemihydrate can be
obtained: a-hemihydrate and p-hemihydrate. Both are obtained at 80 °C
and above, the former in a humid environment and the latter in a dry
environment. Although both have the same chemical composition
(CaS0,4-'4H,0), the former produces a more prismatic crystal structure
than the latter, which gives the material greater strength. If the calci-
nation temperature exceeds 170 °C, the material loses even more water
and phases such as y-anhydrite (CaSO4-0.05H,0) or the anhydrous form
(CaSO,) appear. The latter has difficulties reacting with water and
returns to a previous, more hydrated, state. In addition, the material
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becomes even more brittle.
CaS0,-2H,0 + Heat—CaSO,-"»H,0 + Steam 2)

On the other hand, although the gypsum extracted from the AM
machines in the form of green parts does not contain additives to control
setting and improving its strength, these can be introduced into the parts
after manufacturing using infiltration processes. In these processes, to
use different sulfates such as magnesium or potassium sulfate [36] is
interesting, due to the strength improvement effects in gypsum. Due to
the low permeability showed by these parts, rather than spraying or
immersing them in a water solution of these additives, as recommended
by some manufacturers of these AM machines [37], it is interesting to
apply them using vacuum infiltration processes to ensure deep pene-
tration of the additives. These processes can be performed by immersing
the parts in a bath of sulfate solution and applying a vacuum. In the case
of using magnesium sulfate, one option is Epsom salts, consisting of
magnesium sulfate heptahydrate (MgSO4-7H,0). This colourless salt has
a multitude of applications in several industrial sectors, such as fertil-
izers, cement, textiles and medicine. It is also used in the home because
of its anti-inflammatory properties [38]. When using this sulfate, it is
important to be aware of the effect that the application of thermal
treatments (aimed at eliminating the humidity of the gypsum in which it
has been infiltrated) may have on its structure. Magnesium sulfate
heptahydrate is converted into its monohydrate form (MgSO,4-H,0) with
heat treatments up to 150 °C, changing it to its anhydrous form (MgSO4)
with treatments above 200 °C.

Once the properties and the effect of temperature on both the gyp-
sum (of which the AM parts are composed) and on the magnesium sul-
fate (that improves the properties of the former for its use as casting
molds) are known, a procedure to infiltrate this sulfate in the parts to
improve their strength, by reducing their moisture content, is presented.
This procedure consists of four steps:

1. First drying HT: as built AM part is held at 80 °C for 2 h to produce
the gypsum calcination and remove most of the moisture picked up
during the AM process. This moisture comes from the binder used
during the manufacturing process. Then, the part is taken out of the
furnace and cooled freely in the air to reach room temperature. This
step allows the material to revert to the hemihydrate state and
providing an optimal condition for further infiltration processes.

2. Infiltration: the part is immersed in a solution of magnesium sulfate
in distilled water at maximum solubility (0.71 g/ml at 20 °C) in a
vacuum chamber with 150 mbar absolute pressure applied for one
minute. This step allows the solution to penetrate a great depth into
the material, preventing it from acting only on the surface. After
applying the vacuum during that time, and the subsequent depres-
surization, the part is removed from the chamber and the excess
solution is removed using absorbent paper. After this infiltration, the
hemihydrate reverts to its dehydrated state. In addition, magnesium
sulfate heptahydrate will have been homogeneously diffused trough
the volume of the AM part.

3. Capillary humidity removal HT: the part is held at 80 °C for 24 h.
This allows removal of the excess capillary moisture, i.e. non-

Table 1

Project CJP 660Pro main specifications [39].
Specification Units Value
Net build volume (x, y, z) mm 254, 381, 203
Color - Full CMYK
Resolution DPI 600 x 540
Layer thickness um 102
Number of jets - 1520
Number of print heads - 5
Binder / Volume ratio of core* % 12
Binder / Volume ratio of shell” % 24

* At 100% of saturation
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Table 2
Mechanical properties of VisiJet PXL infiltrated with Eco-friendly and safe solu-
tion [37].

Specification ASTM Condition Units Value
Tensile Strength D638 MPa 2.38
Elongation at break D638 % 0.04
Flexural strength D790 MPa 13.10
Flexural modulus D790 MPa 6355
Modulus of elasticity D638 MPa 12855

crystallization water, reverting the calcium sulfate to its hemihy-
drate state and removing part of the crystallization water contained
in the magnesium sulfate. The removal of this excess of moisture is
critical for the next step of the procedure, as will be discussed below.

4. Second drying HT: the part is held between 150 °C and 200 °C for
6 h. This allows the calcium sulfate to lose much of the water of
crystallization, without generating an excess of y-anhydrite phase
and the magnesium sulfate is converted to a near-anhydrous state.
These changes will occur to a greater extent, the higher the tem-
perature used, within the temperature range cited above. Although
this last phase reduces the mechanical properties of the material, it
allows the removal of a large amount of moisture, which is vital for
casting processes. Finally, it is important to remark that this last step
must not be applied without having applied the previous one,
capillary humidity removal HT, since the material would break due to
the sudden elimination of a large amount of crystallization water in
the form of steam.

The HT and infiltration process holding times considered in this
procedure may vary depending on the size of the AM part. The proposed
holding times are suitable for mold-type parts which allow the pro-
duction of aluminum parts between 100 and 1000 g. This is compatible
with the usual size of expendable mold type parts that can be manu-
factured in common AM industrial machines available today. In the
following sections, the changes that the material undergoes as a result of
the application of each step of this procedure are analyzed in detail.
Furthermore, a case study is applied to aluminum casting and analyzed.

3. Materials and methods

In this section the material means used in the research are presented,
including the AM machine and the rest of the equipment used to apply
the developed procedure and to evaluate the effect on the material.
Subsequently, the methods used to both analyze the material properties
of the cubic specimens in each step of the procedure and to demonstrate
the advantages of using this procedure in case of aluminum casting, are
presented.

Chamber cap

Vacuum
pump

Vacuum
chamber

Fig. 1. Tailor-made infiltration system.
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Table 3
AlSi7Mg composition according to the supplier.
Element Al Si Fe Mg Mn Ti Cu Ni Pb Sn Zn
Weight (%) Bal. 7.50 0.45 0.65 0.35 0.25 0.15 0.15 0.15 0.05 0.15
Table 4
Some properties of AlSi7Mg [43].
Specification Units Value
Density kg/m® 2650
Yield strength® MPa 180
Ultimate strength” MPa 220
Liquidus temperature °C 603
Solidus temperature °C 558
Thermal conductivity w/(m-K) 150-170
Solidification shrinkage % 7.14
Thermal expansion coefficient 10°K 22

3 At T6 condition "From 293-373 K

3.1. Materials

In this work, the ProJet CJP 660Pro machine by 3D Systems was used
[7]. The main specifications of this binder jetting machine are shown in
Table 1. Visijet PXL Core of the same commercial brand was used as the
powder material. This material consists of calcium sulfate hemihydrate
or plaster of Paris powder of 80-90% purity, with an average particle
size of 77 um, a density of 2.6-2.7 g/cm?®, a melting point of 1450 °C and
a water solubility of 0.83% [11]. To achieve the binding of the powder
during the manufacturing process, this machine selectively injects
droplets of binder liquid called VisiJet PXL on the powder bed. This
binder, which is supplied by 3DSystems and consists of a 1% solution of
2-pyrrolidone (C4H7NO) in distilled water [39], causes the setting of the
material transforming it in calcium sulfate dehydrate or gypsum. By
repeating this process on successive layers of powder, the part is man-
ufactured additively. With the aim of improving the mechanical prop-
erties of the parts, the manufacturer recommends the use of different
infiltrate substances. One of them, considered Eco-friendly and safe, is a
solution of Epsom salt in water [37]. This salt is magnesium sulfate
heptahydrate and its maximum solubility in distilled water at 20 °C is
0.71 g/ml. This compound has different applications and is practically
harmless to health and the environment; it is available from a multitude
of suppliers. The infiltration procedure for this salt (recommended by
the machine manufacturer) simply consists of spraying the part with a

small amount of this solution [37]. After this process and a subsequent
heat treatment, holding the part at 37.8 °C for 24 h, the material
properties reach those shown in Table 2.

As explained above, the novel post-processing procedure presented
in this paper consists of the combination of different heat treatments
with an infiltration process using vacuum techniques. For the heat
treatments, a Digiheat-TFT digital temperature-controlled furnace from
Selecta, with a capacity of 150 1 and a maximum temperature of 250 °C,
was used. For the Epsom salt infiltration process, a 25-litre tailor-made
vacuum chamber was used, connected to a vacuum pump capable of
extracting a maximum flow rate of 24 m>/h and reaching a minimum
absolute pressure of 0.5 mbar, see Fig. 1. During the infiltration pro-
cesses carried out in this work, a pressure of 150 mbar was reached in
the vacuum chamber, measured with a Panasonic DP-101 vacuum
Sensor.

To evaluate changes in mass and density, a precision balance M-320
CBC (Cobos) was used, which allows hydrostatic weighing. These tests
were carried out according to the three weights method recommended
by ASTM C373-88 [40]. A 2-propanol with 99.9% purity was employed
as an immersion liquid, avoiding the use of water due to the high sol-
ubility of the material. To analyze dimensional variations, a Mistral DEA
Coordinate Measuring Machine was used. To analyze the surface qual-
ity, a roughness Surftest SJ-500 profilometer (by Mitutoyo) was used,
configured with A, and A of 2.5 mm and 8 um, respectively, following

PXL Mg 200

(b)

Fig. 2. Specimen cubes used: (a) model, (b) set of as-built cubes.
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Fig. 3. Cube specimens treatment procedure and intermediate/final properties tested.

ISO 4288 recommendations [41]. Finally, to evaluate the compressive
strength of the material in the different conditions reached during the
post-processing, a universal ME-402 machine (by Servosis) equipped
with a 50 kN load cell was used. These tests followed the recommen-
dations of the ISO 679 standard [42].

To validate the novel post-processing procedure presented, a case
study was carried out, consisting of the casting of an AlSi7Mg aluminum
alloy [43] using an expendable mold obtained by BJ AM technique and
treated with the presented procedure. The composition and main spec-
ifications of this alloy are shown in Table 3 and Table 4.

The casting of this aluminum was carried out by gravity, after
melting it using an induction furnace model Agatronic R (by Argenta),
which has 12 kW of power. Different casting tools were used in this
process, such as a high-density graphite crucible, a molding box and
filler sand. To analyze the quality of the aluminum castings, roughness
and volumetric porosity were analyzed using the profilometer and the
balance mentioned above. In the case of the latter, distilled water was
used for hydrostatic weighing [44]. On the other hand, the internal
porosity of different sectors of the cast parts was studied. For this pur-
pose, a wafering saw, equipped with a carbide disc, was used. The
specimens obtained were polished according to the recommendations of
the ASTM E3 standard [45]. Then, different images of the polished
sections were analyzed. These images were acquired using an Olympus
BHM metallographic optical microscope and analyzed with ImageJ
image analysis software.

Open risers

@

Fig. 4. Case study mold design: (a) mold, (b) casting volume.

3.2. Methods

3.2.1. Cube specimens

With the aim of evaluating the variations of the 3D printed parts
throughout the steps of the presented procedure (in terms of weight,
dimensions, porosity, surface quality and compressive strength), a
40 mm-sided cube was designed, see Fig. 2. This design followed the
recommendations of the standards ISO 679 [42] and ASTM C373-88
[40], in terms of the dimensions and minimum weight required to
evaluate the strength of the material and its volumetric porosity. In
addition, these specimens had a sufficient surface area to meet the
recommendations of ISO 4288 [41]. As can be seen in Fig. 2, the
designed specimen was marked, in order to be able to identify the spe-
cific specimen, its orientation with respect to the machine axes and the
directions for roughness measurement, (R;, Ry and R3).

The procedure presented in this work has four steps of material
treatment, as described above. Based on the changes that the material
undergoes during this process, three conditions can be defined, apart
from the original stage after manufacturing (As-built):

o As-built (AB);

o After the first drying HT (1Dyr);

e After infiltration and capillary humidity removal HT (IHR);
o After the second drying HT (2Dyr).

It should be noted that no condition was defined for the material
immediately after the infiltration process. This is because, in that
moment, the material contained a high proportion of water, which

X M Feed system [ Part B Riser
(b)
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Upper sector

Middle sector

Lower sector

>R N
<

Fig. 5. Analysis sectors of the specimens.

makes its mechanical properties very poor. This decrease in properties
can be explained by the high degree of solubility of calcium sulfate in
water. Thus, in order to recover acceptable mechanical properties of the
material, a heat treatment is mandatory, after which the material ach-
ieves the IHR condition.

To analyze the conditions of the 3D printed parts, various sets were
manufactured, each one comprising four cubic specimens with the same
machine configuration and at the same position within the machine
volume. For each set, three cubes were submitted to a compression test
by applying the load in the Z direction, see Fig. 2. The roughness was
measured on the XY, YZ and XZ faces of the fourth cube, following di-
rections marked R1, R2, and R3, see Fig. 2a. For this purpose, five ho-
mogeneously distributed profiles were captured in the indicated
direction for each face, obtaining the mean value of the Ra and Rt
roughness parameters. Then, an Archimedes method test was performed
on this cube to determine its bulk density. This cube was discarded for
the compression test, due to the liquid absorbed during the last test.

With the aim of determining the properties of the material through
the procedure presented, three plus three sets of cubes were manufac-
tured. The former three sets were analyzed in the As-built, 1Dy and IHR
conditions, one set per condition. The latter three sets were analyzed
once the procedure was applied but using different temperatures for the
second drying HT: 150, 175 and 200°C (2D}, 2DI7°, 2DZP).
Therefore, a total of six sets of cubes were analyzed, i.e. 24 cubes in total.
This process is illustrated in Fig. 3. It is important to note that the di-
mensions and weights of all the cubes were analyzed for all the condi-
tions during the procedure, due to the non-destructive nature of the
required tests.

Additive Manufacturing 59 (2022) 103142

3.2.2. Case study

With the aim of demonstrating the value of the procedure, a practical
case was defined and applied to 3D printed parts, to be used as
expendable tools in metal casting processes. An aluminum casting was
performed using a 3D printed mold treated with this procedure. The
quality of the aluminum part was compared with the quality of the same
part obtained with a mold without any type of treatment: an as-built
mold. This quality was analyzed in terms of roughness and volumetric
and internal porosity. The temperature used in the second drying of the
treated mold was 175 °C (2D;i7® condition).

The ad-hoc designed mold consisted of a vertical feeding system
comprising a cup, a sprue and a well, the latter connected by two hor-
izontal runners to two cavities on both sides, see Fig. 4. To facilitate the
analysis of the quality of the parts obtained with this mold, the cavities
consisted of two simple three-dimensional geometries for different
purposes: a parallelepiped with a section 12 x 24 mm? for the rough-
ness analysis and a cylinder of 16 mm diameter for the porosity analysis;
both had a height of 90 mm. Semi-spherical risers were designed at the
top of each cavity to compensate the metal shrinkage during solidifi-
cation, so that any defects observed in the obtained parts could only be
attributed to the release of volatiles from the mold during the pouring
process. This mold had a wall thickness of 10 mm and an approximate
mass of 130 g.

The aluminum gravity pouring process was carried out following an
identical procedure for both molds. In both cases, a molten aluminum
mass of 500 g was used. The pouring temperature was 730 °C £+ 5 °C
with a holding time of 2 min. After solidification, the mold was carefully
removed manually and the parts were separated from the rest of the
casting using a metal saw.

The surface roughness of the parallelepiped molded parts was
analyzed in three different sectors, distributed along their heights and
on all four faces, see Fig. 5. Three roughness profiles in the vertical di-
rection were collected on each sector of these faces. The roughness
parameter Ra was obtained using a A, of 2.5 mm and A of 8 um, ac-
cording to ISO 4288 [41].

On the other hand, the porosity of casted parts was analyzed using
cylindrical specimens in two phases. First, a hydrostatic weighing
method was used to determine their actual density and, consequently,
their volumetric porosity [43,46]. Then, three sectors (distributed along
its height, Z), were extracted for internal porosity analysis. From these
extracted sectors of the cylinder, the upper surfaces were polished
following the indications of the ASTM E3 standard [45]. These surfaces
coincide with the orientation of the XY plane. Subsequently, a 50 image
matrix arrangement was taken using the optical microscope, covering
the total of each polished surface. These images were processed with
ImageJ software. From this set of images, pores were identified by
adjusting a threshold filter. The number, size and shape of these pores
were analyzed according to the sector of the piece in which they were
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Fig. 6. Weight and Volume of the cubes in the different conditions, with regard to the AB condition.
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Fig. 7. Apparent density (a) and Compression strength (b) in the different conditions.
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Fig. 8. Ra (a) and Rt (b) detected in different final conditions.

found. Their size was analyzed using Feret’s maximum diameter, while
their shape was analyzed using an aspect ratio, based on the ratio be-
tween Feret’s minimum and maximum diameters.

3. Results and discussion

In this section, the changes observed in the properties of cubic
specimens at the different steps of the procedure are presented and
analyzed. In addition, differences in the observed properties between a
casting part manufactured with a mold treated with the developed
procedure and another part manufactured with a mold directly from the
AM machine are discussed.

3.1. Cube specimens

Fig. 6 shows the average results obtained for weight and apparent
volume of the sets of cubes for the different conditions, with respect to
the initial condition of the material (AB). In the cases of the intermediate
conditions at which the weight and dimensions were recorded (Fig. 3),
the results were averaged with those values of the cubes for which that
condition was the final condition. This means that the values in Fig. 6,
for stage 1Dyr, were obtained as the average of 20 cubes, and those for
IHR were the average of 16 cubes, etc. Observing these results, it can be
seen that the material changes in weight and volume throughout the
procedure. When the material undergoes heat treatment, it loses water,
reducing its weight and volume. After infiltration, the material gains
weight, due to the absorbed infiltrant, and it also increases in volume.
The weight acquired by the infiltrant reduces with the second drying.
The volume slightly reduces, to a lesser extent, than the weight.

Fig. 7a shows the bulk density obtained in the different conditions.
There are small fluctuations, with the density increasing with infiltration
and decreasing with the different heat treatments. The final material
bulk density, after the last treatment, is slightly lower than the initial

one. Although this density information could be related to porosity, no
conclusive results have been obtained in this study. It is recommended
that higher weight specimens are used. Despite complying with the
minimum weight required by the ASTM C373-88 standard [40], the
uncertainty in the measurement did not allow this relationship to be
identified in the present work.

On the other hand, Fig. 7b shows the compressive strength obtained
for the cubes in the different conditions. With the first drying heat
treatment, the strength increases from 4.08 to 4.82 MPa (18%). The
increase in strength is due to the binder removal, which is in line with
the basic treatment recommended by the manufacturer. After the infil-
tration process and the capillary humidity removal heat treatment (IHR)
a maximum strength of 17.76 MPa was detected. This implies an in-
crease of 335%, with respect to the initial condition. This strength is also
much higher than that obtained by other workers [31], of the order of
150%, that used the same material and infiltrant but followed the rec-
ommendations of the material supplier. This is due to both the high
penetration of the infiltrant achieved with the proposed vacuum tech-
nique and the improved setting of the calcium sulfate - magnesium
sulfate mixture achieved, with the proposed capillary humidity removal
HT. Both aspects are innovations of the presented procedure.

Regarding the second drying heat treatment, rather than improving
the strength further, it negatively affected it. This was due to the gen-
eration of y-anhydrite by the calcium sulfate. The higher the tempera-
ture of this treatment, the higher the proportion of this phase that was
formed and, therefore, the lower the strength will be. In any case, it
should be noted that, on the one hand, even using a temperature of
200 °C the resistance increased by 71% with respect to the AB condi-
tion. On the other hand, the higher the temperature, the more water was
removed from the material, which implies a better applicability to high
temperature processes such as the casting processes. Therefore, a bal-
ance between strength and water content will have to be found for each
specific application.



P. Rodriguez-Gonzalez et al. Additive Manufacturing 59 (2022) 103142

(b)

Fig. 9. Molded parts using different molds: (a) as-built mold, (b) treated mold.
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Fig. 10. Ra values for the specimens obtained using as-built and treated molds.

The roughness results for the different conditions are shown in Fig. 8.
As can be seen by observing the results obtained for the Ra parameter
(Fig. 8a), the roughness on the top face of the cube, XY, is lower than
those on the vertical faces, YZ and ZX. The one with the worst roughness
is the ZX face. Regarding the effect of the procedure on the roughness, it
should be noted that it does not practically alter in the XY face,
decreasing slightly in the YZ face and more significantly in the ZX face,
especially the last heat treatment. Regarding the Rt parameter (Fig. 8b),
a similar effect to Ra is observed, although with a less significant
improvement after the second heat treatment. This may be due the Rt
parameter, unlike Ra, being obtained from individual height values of
the roughness profile. Thus, small protuberances adhered to the surface

1500 : . :
8 | I As-built [ Treated |
=}

51000} 1
o

2

S 500} 1
=]

Z

0 L L L
Lower Middle Upper
Sector

(2)

of the material after the second heat treatment, derived from the
expulsion of volatiles in the form of bubbles, which may be the reason
why the improvement is not as marked as in the case of the Ra param-
eter. In any case, in general, the Rt values after the procedure are better
than those shown by the material at the beginning, i.e. AB condition.

3.1.1. Case study

Fig. 9 shows the parts obtained with the as-built mold and with the
treated mold. As shown, surfaces of the parts obtained with the as-built
mold are shinier and more textured (Fig. 9a) than those of the parts
obtained with the treated mold (Fig. 9b).

Fig. 10 shows the results for the average Ra value, measured at the

—
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Fig. 11. Number of pores detected for the specimens obtained with the as-built and treated molds: (a) pores, (b) large pores (Max Feret diameter > 90 pm).
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Table 5
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Size and aspect ratio of pores detected in the different sectors of the parts obtained with both molds.
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different sectors for the parallelepiped parts obtained with both molds.
In the case of the part obtained with the as-built mold, the roughness
increases with the vertical position, being 13.37 um in the lower sector,
10.61 ym in the middle and 8.77 pm in the upper one. This could be
related to the trapping of volatile bubbles between the surface of the
solidified material and the mold wall.

Gases are generated during the pouring of the liquid metal due to the
low melting point compounds contained in the mold, mainly binder in
this case. These gases cannot escape to outside due to the low perme-
ability of the mold material, so they are expelled into the cavity where
they interact with the liquid metal. A portion of these volatiles escape to
the atmosphere when the mold filling is incomplete. However, when the
mold cavity is filled with molten metal, due to surface tension these
gases form bubbles that can be trapped inside the metal or between the
metal and the mold, if they cannot float and escape to the atmosphere
before the metal has completely solidified. The trend observed in the
roughness of the part produced with the as-built mold indicates that the
volatiles expelled from the bottom of the mold had more difficulty in
escaping to the outside and, therefore, the surface quality worsens the
deeper the sector is analyzed. This is due to the greater distance that the
volatile gas bubbles must travel before escaping through the area of the
risers and the higher metallostatic pressure to which they are subjected.

Regarding the roughness of the part manufactured by means of the

treated mold, 7.94 um were obtained in the lower sector, 9.36 um in the
middle and 11.49 ym in the upper one. Despite the fact that the
roughness trend is inverse to that observed for the part obtained with the
as-built mold, the range is lower in this case: 3.55 ym compared to
4.60 pm. Moreover, in both the lower and middle sectors, the roughness
of the part obtained with the treated mold is finer; differences of 5.43 um
and 0.88 um were detected for the lower and middle sectors, respec-
tively. Therefore, it can be stated that the roughness of the part obtained
with the treated mold is generally finer and more homogeneous than
that obtained with the as-built mold. This actually coincides with what
was observed by the visual examination of both parts, see Fig. 9.

The difference in roughness can be transferred to a difference in
surface porosity and, consequently, to a combination of differences in
the volatile content and permeability of the analyzed molds. The mois-
ture content of the treated mold is lower, which in turn improves its
permeability [34,35]. The results obtained for the volumetric porosity of
the parts also point in this direction: 3.53% for the cylinder obtained
with the as-built mold, 1.80% for the one obtained with the treated
mold.

Regarding the internal porosity, Fig. 11a shows the presence of in-
ternal pores in the different analyzed sectors of the cylindrical parts for
both molds. The number of pores is lower and more uniform in the
sectors of the part obtained with the treated mold than in that obtained
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Table 6

Typical pores found in the analyzed sectors of the parts obtained with both molds.
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Sector

Mold

Middle

As-built

L

Treated

with the as-built mold. Similar behavior is observed for the most prob-
lematic (larger) pores, with a maximum Feret diameter of more than
90 um, see Fig. 11b. In all cases, these large pores account for less than
9% of the total found in each sector. The lower porosity detected in the
part obtained with the treated mold can be related to a lower expulsion
of volatiles in this mold, due to both a reduction of the moisture content
and an improvement in its permeability.

Regarding pore size distribution and pore shape, histograms of
maximum Feret diameter and pore aspect ratio are shown in Table 5. As
can be seen in the left column, size distribution is similar in the two parts
and in the three sectors, although the pore diameters in the part ob-
tained with the treated mold are more concentrated around the mode of
the distribution, i.e. 15-20 um.

Regarding pore shape, the right hand column of Table 5 shows the
aspect ratio. It is similar in the two parts in the three sectors analyzed (an
average value of approximately 0.6). The fact that this value is above 0.5
indicates that pores are predominantly spherical, reaffirming that the
amount of volatiles contained and expelled by the treated mold is lower
than that of the as-built mold. Table 6 shows pores found in the parts and
sectors analyzed, where it is possible to appreciate their round shape
instead of elongated or crack-shapes. This indicates that they have been
formed by the accumulation of gas bubbles and not by the effect of the
material shrinkage.

5. Conclusions

This work presents a novel post-processing procedure for parts made
of calcium sulfate using the binder jetting additive manufacturing
technique. This post-processing increases the compressive strength and
reduces the moisture content, thus improving the applicability as
expendable elements, i.e. molds, cores, etc., in metal casting processes.
This procedure consists of the application of different thermal treat-
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ments in combination with a vacuum infiltration process of a solution of
magnesium sulfate heptahydrate (Epsom salt) in distilled water. Unlike
the furans commonly used in the manufacture of plaster molds, Epsom
salt is a compound that is harmless to health and the environment. The
post-process is applied to the parts manufactured by BJ from their as-
built condition, AB, in four steps:

1. First drying HT: heat treatment at 80 °C for 2 h that allows the
gypsum to revert to its hemihydrated state, preparing the material
for the subsequent infiltration process without losing its shape. After
this treatment, the material acquires the 1Dyr condition.

2. Infiltration: infiltration of magnesium sulfate solution in distilled
water at maximum solubility, applying an absolute pressure of 150
mbar for 1 min, which reverts the gypsum to a dihydrated state and
allows magnesium sulfate heptahydrate to be diffused deep into the
interior of the material.

3. Capillary humidity removal HT: heat treatment at 80 °C for 24 h to
remove the excess of humidity acquired during infiltration, non-
crystallization water, and preparing the material for the next step.
After this treatment, the material acquires the IHR condition.

. Second drying HT: heat treatment between 150 and 200 °C for 6 h, to
remove moisture from the material, preventing the formation of
y-anhydrite. The higher the temperature, the more moisture will be
removed, but the higher proportion of y-anhydrite will be generated,
which reduces the material strength. After this treatment, the ma-
terial acquires the 2Dyr condition.

Tests on cubic specimens according to the ISO 679 and ASTM
C373-88 standards led to the following conclusions:

m Weight and volume: they vary for the different conditions due
to the mass gain during the infiltration and moisture loss with
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heat treatments. In the last condition, 2Dy, mass and volume
are similar to the initial, condition AB. This is interesting for
applying this method to molds as they maintain their geometry
after the procedure.

m Density: it varies slightly in the different states but reaches a
value similar to the initial one once the procedure is completed.
Due to the small variation observed and the uncertainties in the
measurement, the results could not be related to the porosity of
the specimens. In order to do this, larger specimens or more
accurate equipment is recommended.

m Compressive strength: the strength of the material in the initial
condition, AB, is lower than that shown in all the conditions
throughout the post-processing procedure, 1Dyr,[HR, 2Dgyr.
The maximum strength is achieved in the IHR condition, 335%
higher than the original. Since, in this condition, the material
still contains a large amount of moisture, in the case of using the
part as an expendable element in metal casting, it is recom-
mended that the last heat treatment is performed, allowing it to
reduce the moisture content. The temperature that removes the
most amount of moisture, 200 °C (2DZY), allows an increase in
strength of 71% with respect to the original condition, AB.

= Roughness: an improvement in the parameters Ra and Rt is
observed, more marked in the latter. This relates to the finer
roughness observed in the mold material.

After analyzing the effect of the presented post-processing on the
material, it was applied to a case study of AlSi7Mg aluminum alloy
casting with an ad-hoc mold design. The quality of the part manufac-
tured using an untreated mold (as-built) was compared to that manu-
factured using the same mold design but treated with the presented
procedure. From this comparison, it is concluded that part roughness is
finer and more homogeneous with the treated mold. Also, volumetric
and internal porosities are lower in the case of parts obtained with the
treated mold. Therefore, it can be affirmed that the proposed procedure
allows reducing the moisture content of this type of BJ parts, improving
their permeability and reducing the amount of volatiles retained in the
parts during the foundry process.

In conclusion, it can be stated that the procedure presented in this
work allows for improving the compressive strength and reducing the
volatile content of parts manufactured in gypsum by means of the AM
binder jetting technique, without significantly altering their geometry.
These facts significantly enhance their applicability to metal casting
once the 2Dyr condition is reached. For other applications, that only
require higher compressive strength, regardless of moisture content, the
presented procedure allows a four-fold increase in compressive strength
once the IHR condition is reached, with regard to the as-built parts.
These results substantially improve on those obtained using the infil-
tration process currently recommended by the supplier of the 3Dsystem.

Limitations of the developed procedure include the possible deteri-
oration of thin areas when it is applied to parts with different thickness
as well as the need for different auxiliary equipment to apply it.
Therefore, future challenges include the optimization of the procedure
depending on the complexity and the size of the part, as well as the
development of specific equipment to simplify its application, which
could be integrated into the AM machines themselves in the future.
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