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Abstract: This research shows the feasibility of the additive manufacturing technique (AM),
Binder Jetting (BJ]), for the production of shell moulds, which are filled by vacuum suction in
the field of aluminium parts production. In addition, this study compares the gravity pouring
technique and highlights the advantages of using vacuum techniques in AM moulds. A numerical
simulation was carried out to study the behaviour of the liquid metal inside the moulds and the
cooling rate of parts was analysed. The results show that in the gravity-pouring mould, the velocity in
the gate causes moderate turbulence with small waves. However, vacuum suction keeps the velocity
constant by eliminating waves and the filling process is homogeneous. Regarding dimensional
accuracy, the staircase effect on the surface of the 3D moulds was the most critical aspect. The vacuum
provides very homogeneous values of roughness across the entire surface of the part. Similarly,
3D scanning of castings revealed more accurate dimensions thanks to the help of vacuum forces.
Finally, the microstructure of the cross section of the moulded parts shows that the porosity decreases
with the vacuum filled. In both cases, the origin of the pores corresponds to gas entrapment and
shrinkage during the filling process, the binder vaporization and nucleation points creation, leading
to pores by shrinkage, gas entrapment or a mixture of both. This is the first study that uses vacuum
filling techniques in moulds created by BJ, demonstrating the feasibility and advantages of AM using
vacuum techniques, as an alternative to traditional casting.

Keywords: additive manufacturing; binder jetting; aluminium casting; vacuum assisted; calcium sulphate

1. Introduction

Additive manufacturing technology (AM) is based on the manufacture of parts or products
by adding layers of material. It was originally developed to produce rapid prototypes. Today,
this technology has many applications in different industrial sectors [1].

One of the AM techniques that is receiving more attention lately is the binder jetting (B])
technique [2]. This technique is based on joining powder by means of a binder [3]. The process starts
by spreading a layer of powder on a platform using a roller. Then, micro-droplets of a liquid binder
are selectively injected through a print-head. This creates a two-dimensional layer where the powders
that receive the binder bond with each other. The platform then descends a distance equivalent
to the thickness of the layer and the process is repeated according to the slicing software. Finally,
a three-dimensional part called the “green part” is obtained, which is usually post-treated to improve
the final properties [4,5].

The applications of this technique are present in diverse sectors from aeronautics [6] to
biomedical [7-9]. However, much effort is being made to use the BJ technique in the foundry
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industry, as it reduces time and cost [10]. Chen et al. [11] reviewed the techniques used in 3D printing
for ceramic materials and concluded that the BJ technique is the most suitable for manufacturing
moulds or cores. Although metal casting dates back to ancient times, the evolution of materials and
technology drives the further development of knowledge about this industry [12].

Current market requirements make the traditional foundry industry uncompetitive when low
quantities are requested [13]. However, AM has proven to be useful for making small or single series
castings as well as for validating prototypes that are then manufactured on a mass scale. The BJ
technique offers several advantages, such as design freedom, minimum material waste, lower tooling
costs and improved supply chain efficiency [14]. Almaghariz et al. [15] identified the breakeven point
where 3D printing is cost-effective for castings, considering the level of complexity. They demonstrated
that AM fast casting technology is very efficient for manufacturing up to 45 units for simple parts and
up to 1000 units for extremely complex parts. After these amounts, traditional casting methods start to
become more cost-effective.

Mould design has few limitations when using the BJ technique. Shangguan et al. [16] and
Kang et al. [17] manufactured casting moulds created by 3D printing reinforced with rib or lattice
structures. This new concept of design improved the heat transfer and improved the control of
cooling. In addition, the new designs made lighter moulds. They concluded that rapid and uniform
cooling improves production efficiency and reduces deformation, residual stress and casting defects.
Deng et al. [18] developed 3D printed moulds with internal hollow structures to control local cooling in
the castings. They observed that forcing air through the internal ducts around the part cavity improved
its cooling. On the other hand, the internal hollows in the feed system functioned as insulators, which
allowed the metal to take longer to solidify, improving the filling.

Sama et al. [19] developed unconventional design rules in the filling system to reduce surface
turbulence, oxide films and air entrapment, improving the performance of the foundry. In another
study, the same authors [20] investigated new designs of sprues for moulds manufactured by the BJ
technique, concluding that the use of a conical helical sprue reduces the turbulence of the metal and
reduces the volume of casting defects, improving the resistance to bending of the obtained parts.

Wang et al. [21] redesign a casting part using topological optimization. The new casting part
improved the safety factor by 30% and reduced its weight by 50% compared to the original casting.
Although this study did not consider the impact of other aspects of castings such as surface roughness
and errors due to the solidification process.

The inherent design freedom of the BJ technique and its use for small series does not allow the
application of a trial and error method for optimizing geometries, because it would not be economically
viable. This has encouraged the need to use numerical simulation software to evaluate the effectiveness
of the geometries, and to predict the flow behaviour during the filling and solidification process inside
the mould.

Yang et al. [22] developed a mathematical model using the Navier-Stokes equation for the
pouring and solidification stages; they validated the simulation results, analysing the casting defects.
Behera et al. [23] generated a numerical simulation model to analyse the thermal stresses generated
in a casting mould. The data results from the simulation, provided an accurate prediction of defects
in the mould and the casting. Sun et al. [24] simulated a low-pressure casting process to analyse the
origin of the defects found in the castings, confirming that they are due to gas entrainment.

Although the BJ-technique has been successfully proved in the foundry industry, it still presents
challenges to overcome. The composition, size and shape of the powder are very important parameters
to achieve high quality parts. Zhao et al. [25] observed that the particle size of the powder directly
affects roughness of castings, concluding that if the size of the mould particles is reduced, the average
roughness decreases and, therefore, the roughness of the casting is reduced. In addition, Du et al. [26]
observed that by increasing the number of fine particles in the powder, the surface roughness of the cast
iron decreases as fine particles settle between larger particles, reducing the roughness of the mould.
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Another very important aspect is powder compaction. There is a general lack of densification
during the printing. The low density and the porosity created during the manufacturing is transferred
to the green part and the final properties of the moulds [27]. Hodder et al. [28] analysed the mould
quality created by AM using local sand as raw material. They concluded that traditional foundry sand
can be used inside a 3D printer, but the use of this type of powder generates less optimal moulds.
The analysis revealed that dimensional quality and roughness were worse for this type of technique
compared to traditional techniques, due to the low powder compaction and the bleeding effect.

Another major issue is adhesive agents. Trombetta et al. [29] have defined a print parameter called
“binder level” as the percentage of the space without powder that is filled with binder. It is related to
the saturation level and does not depend on the apparent density of the layer. This way, the optimum
binder level can be obtained.

The mechanical properties and roughness of the part depend on the quantity of binder.
An insufficient quantity of binder cannot join the powder strongly and the printing process will
fail. On the other hand, an excessive quantity of binder can cause gross printed lines and/or bleeding
effect. This phenomenon deteriorates dimensional accuracy [30].

Bleeding effect is defined as the undesirable migration of the binder on a particle scale outside
the intended geometry. Bleeding effect can be controlled by improving binder evaporation, however
this can leave pockets in the structure, reducing the mechanical strength. Although the strength of
the parts is expected to improve when increasing saturation, this is not always true [31]. Therefore,
the amount of binder must be handled carefully when a casting mould is manufactured. Excessive
binder may create gases during the casting process that cause erosion in the mould structure or defects
in the castings. Snelling et al. [32] manufactured binder injection moulds, using ZCast® and ExOne
silica powder. They concluded that moulds created with ZCast® material produced lower quality
castings due to gas defects associated with a high level of saturation.

Binders such as furan are predominantly used in foundry applications, but they generate toxic
and carcinogenic gases, harmful to operators and the environment. These aspects lead to important
limitations, therefore it is necessary to investigate alternative materials for safer and environmentally
friendly casting [33]. Rodriguez et al. [34] demonstrated that the manufacture of moulds using the BJ
technique with alternative materials can be an option for the use of furan resins.

Vacuum Suction Casting (VSC) is commonly used to avoid gas entrapment defects caused by the
binder evaporation or the mould calcination. This process consists of generating a negative pressure in
the mould, capable of extracting or compressing the gas generated during the casting process.

Molten metal must remain in a liquid state long enough for the vacuum effect to act. In addition,
the pressure difference operates as an injector that forces the metal into the mould, reducing the filling
time and avoiding turbulences. Compared to conventional casting technique, vacuum suction casting
can obtain high quality parts and improve the qualification rate.

One of the mainly used alloys in the casting industry are Al-Si alloys due to their good mechanical
properties, low density and high corrosion resistance. In addition, the casting capacity of these
alloys allows the manufacture of components with complex geometries. However, traditional casting
techniques have metallurgical properties with imperfections, due to either gas entrapment, shrinkage
or the casting technique itself. Some authors have studied the application of vacuum techniques to
increase the properties of aluminium alloys. Szklarz et al. [35] investigated the effect of vacuum on
the microstructure and the electrochemical response for a specimen as-cast 2017 aluminium alloy.
They concluded that by applying vacuum techniques, a more homogeneous microstructure and better
corrosion resistance in chlorides is obtained. Liu et al. [36] studied the filling behaviour for an A356
alloy as a function of the depressurization rate, and observed that a high depressurization rate caused
the speed at the gate to remain unchanged.

Cao et al. [37] investigated the effect of the T6 treatment on the microstructure and the mechanical
properties of a die-cast Al-Si-Cu alloy with three degrees of vacuum. The same authors [38] also
studied the influence of different degrees of vacuum on AlSi9Cu3 alloy castings parts created by



Metals 2020, 10, 1090 4 0f 20

vacuum-assisted high-pressure injection (HPDC). In both studies, they concluded that as absolute
pressure decreases, average porosity and pore sizes are reduced and tensile strength and elongation
are significantly improved.

Vacuum suction is a technique commonly used in the industry to improve the properties of
cast parts. The purpose of this research is to demonstrate the improvement of properties in moulds
manufactured by AM, being the first known study in which the vacuum suction technique is applied
to moulds manufactured by BJ. To demonstrate the improvements of the vacuum suction technique,
two moulds were manufactured using the B] technique and filled using the different techniques
(gravity and vacuum assisted pouring). The casting parts were compared and it was possible to
quantify the improvement that the vacuum offers to the casting parts and the feasibility of using
vacuum processes in the BJ technique.

2. Materials and Methods

2.1. Mould Design

A part was designed specifically to compare the quality of both casting techniques (gravity and
vacuum). The design has a high volume/area ratio that maximizes the defects due to shrinkage and
internal porosity. An ellipsoidal central geometry was chosen with two cylindrical parts at both
ends (Figure 1a). On the other hand, the curved surfaces of the part facilitate the evaluation of the
characteristic staircase effect of AM technology. The theoretical weight and volume of the Computer
Aided Design (CAD) part is 0.6 kg and 223.4 cm?, respectively. The casting material was a cast alloy
from the AlSi series. The chemical composition is shown in Table 1.

30 (mm)

0

Figure 1. (a) Nominal design of the casting part. (b) Cross section of the gravity-pouring mould.
(c) Cross section of the vacuum-assisted mould.

Table 1. Chemical composition of the AlSi alloy (wt.%).

Designation Al Si Fe Cu Mn Mg Zn Ni Ti Pb Sn Kg
EN-AC 4600  Bal. 9.25 1.10 2.08 0.22 0.09 0.92 0.06 0.08 0.05 0.01  5.105

The filling system for both moulds was designed and calculated considering the limitations and
advantages of the BJ technique. The moulds are a 10 mm thickness shell, sufficient to withstand the
pressure of the molten metal [18]. For the gravity-pouring mould, Figure 1b, the filling system was
composed of a sprue with a decreasing circular section describing an arc large enough to prevent
cavitation and turbulence during the filling process. This sprue was connected to two vertical gates [39]
leading to the cavity of the casting part. Finally, an open top riser was placed to prevent shrinkage
defects due to solidification. In addition, it allows a reduction in the metallostatic pressure during
the filling process [34]. With this design, the total volume of the 3D Printing (3DP) mould for
gravity-pouring is 449 cm?, the metal yield is 49.75%, and the weight of the mould is 0.55 kg.
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For the vacuum-assisted mould, Figure 1c, the filling system consists of a conical cup connected
directly to the gate. The gate has a cylindrical geometry with a calculated diameter to control the
maximum velocity at the entry of the cavity. In addition, the suction force avoids the turbulent flow
during the filling process. Finally, a small overflow was placed at the bottom of the mould to prevent
the damage due to the molten metal initial jet. With this design, the total volume of the vacuum-assisted
mould is 249.8 cm?, the metal yield is 89.43% and the mould weight is 0.31 kg. A slot was designed in
both moulds to place a thermocouple to measure the temperature gradient during the pouring and
solidification process. Both moulds were calculated based on the Campbell design rules [40] and were
subsequently optimized using the simulation software.

2.2. Simulation

AnyCasting software (AnyCasting CO., LTD, Seoul, Korea) was used to simulate and optimize
the filling system for both pouring techniques.

The basic equations to simulate free surface liquid flow were: (i) the complete Navier-Stokes
equation, (ii) the continuity equation and (iii) the Volume Fluid method (VoF). For the convergence
of the simulation, the Successive Over-Relaxation (SOR) iteration method was used. In addition, to
discretize and solve these equations, the AnyCasting software automatically generated a structured
tetrahedral mesh of 10,500,000 cells. This number of cells allowed a good adaptation of the mesh
to the geometry and it was a sufficient number to represent effectively the flow behaviour inside
the moulds. The highest density of cells was accumulated in the places where major changes in the
geometry occurred in order to capture in more detail the changes in the flow variables. The initial
parameters shown in Table 2 were introduced as boundary conditions to obtain reliable simulation
results. The Heat Transfer Coefficient (HTC) between the casting and the mould was chosen as a linear
function based on the properties of the mould. These parameters were automatically taken from the
database provided by the software. HTC were compared to other studies [41-43] and the results were
very similar to the values offered by the software. In this way, it was possible to predict the behaviour
of the liquid metal and the turbulence created inside the moulds during the filling process. The two
optimized models are shown in Figure 2.

Table 2. Properties of the AlSigCuz(Fe) aluminium alloy.

Liquidus Temperature  Solid Temperature Thermal Conductivity ~ Solidification Shrinkage

: 3
€0 €0 Density (kg/m®) (W/m/K) (%)
595 540 2710 96.2 7.14
62 mm

225 mm
186 mm

i

(a) (b)

[

62 mm

Figure 2. (a) 3D model for binder jetting (B]) gravity-pouring casting system. (b) 3D model for BJ
vacuum-assisted casting system.
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2.3. Binder Jetting Manufactured Moulds

A ProJet CJP 660 Pro (3DSystems, Rock Hill, SC, USA) machine was used to manufacture the
moulds. The ceramic material used as core was Visijet PXL. The powder is made up of a mixture of
calcium sulfate, dehydrate, hemihydrate and anhydrous phases. In addition, it has some impurities or
additives such as aluminium, sodium, magnesium, potassium, silicon [33]. The distribution of powder
particles is D90 = 70.12 um and the bulk particle density is 0.912 g/cm?® [44]. In addition, the binder
used was PXL, a liquid composed of 99% water and 1% of 2-pyrrolidone (C4H;NO).

The moulds were placed in the same zone on the machine table, as shown in Figure 3. This zone was
chosen because it is the one with the highest powder compaction, as indicated by the manufacturer [45,46].
In addition, the moulds were placed in a horizontal position and in the same direction, to optimize the
manufacturing time. The manufacturing parameters used are shown in Table 3.

) )
s 5
z o Y e P
" rection < 5
(a) (b)

Figure 3. Positioning of the moulds on the machine table related to the axes of the AM ProJet 660Pro
machine. (a) Gravity-pouring mould. (b) Vacuum-assisted mould.

Table 3. Principal parameters of printing.

Printing Layer Thickness Binder/Volume Binder/Volume Bleed Compensation
Parameters (um) Ratio of Core * Ratio of Shell * X;Y, Z (um)
Value 102 0.12 0.24 9.1;7.1;7.6

* Saturation level at 100%.

Once the manufacturing process was completed, the moulds were extracted from the machine
and the unbound powder was removed with a brush and pressurized air. Finally, the moulds received
a 2-h heat treatment at 250 °C in a JP Selecta 2001255 (JP Selecta, Barcelona, Spain) furnace to remove
the moisture and volatile elements. This process improved the permeability and mechanical strength
of the moulds.

2.4. Pouring and Solidification

The casting process started with melting of the aluminium alloy in an AGATRONIC R induction
furnace (Argenta, Kielce, Poland). The pouring temperature was 750 + 5 °C. The holding time was
2 min. The temperature sensor that controls the furnace is housed inside the crucible, therefore the
temperature that the sensor reads is the real temperature of the metal liquid. The casting had a
small volume and the handling and pouring time was very short, therefore the temperature of the
metal liquid during the pouring did not vary significantly. For the gravity-pouring mould it was
necessary to rest the mould on a sand base to prevent movement during the casting. In the case of the
vacuum-assisted mould, it was placed in the vacuum chamber at the bottom of the furnace. The vacuum
system consisted of a GRINO ROTAMIK VS 21 EW (GRINO ROTAMIK, Rubi, Spain). A vacuum
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pump with a flow rate of 24 m3/h and a maximum vacuum pressure of 0.5 mbar in absolute pressure
was used. For the successful performance of the operation, 150 + 1 mbar of vacuum in absolute scale
were applied. The thermocouple K-type connected to EasyLog USB (LASCAR electronics, whiteparish,
UK) was placed in the mould housing to measure its temperature during the pouring and solidification
process. The process used is shown in Figure 4.

Induction coil Melt metal

Melt metal

AM Id
mou Vacuum chamber AM mould
Loose sand Temperature Vacuum Temperature
probe probe
(a) (b)

Figure 4. Diagram of the casting process: (a) gravity-pouring technique, (b) vacuum-assisted technique.

Once the moulds’ temperature reached 50 + 5 °C, the parts were extracted to start the analysis
stage. Figure 5 shows the castings (Figure 5a) and final parts (Figure 5b). Three features were selected
to compare the castings: surface quality, dimensional quality and porosity.

(a) (b)

Figure 5. (a) Extraction process, (b) casting parts.
2.5. Surface Roughness Analysis

The surface quality of the parts was obtained using a Mitutoyo Surftest S]-500 profilometer
(Mitutoyo, Kawasaki-shi, Japan). The cutting length was 2.5 mm and the evaluation length 12.5 mm,
according to ISO 4288: 1996 [47]. The measurements were taken in three areas of the part, designated
as Zone I, II, and III. In Zones I and III, the measurements were made in two directions: (i) in the
direction of the print-head (X direction) and (ii) in the direction of the movement of the re-coater
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(Y direction). Zones and directions are shown in Figure 6. The measurements made in the Y direction
registered surface irregularities due to the staircase effect characteristic of the 3DP technique. In Zone II,
only measurements in the Y direction were made.

)

=

2

S :-
g

=

o

§ Zone (1) Zone (ll1)

é'lg' Zone (I1)

Print-head direction (X)

Figure 6. Zones and directions for measuring the roughness of castings.
2.6. Quality Dimensional Analysis

A Breuckmann Smart SCAN3D-HE (Breuckmann, Heiligenhaus, Germany) structured light
scanner with a working field of 125 mm and an accuracy of 5 um was used to analyse the geometrical
and dimensional quality of the moulds and parts. The obtained point-clouds were processed by
Geomagic Control X software (3D Systems, Rock Hill, SC, USA) for comparing to nominal CAD by Best
Fit alignment. The average number of points in each scan was 45,000 points. The average and standard
deviations of the total number of points from the CAD was obtained. The tolerance range used was
0.05 mm, divided into upper and lower deviation and all calculated along the maximum deviation,
set as 1 to —1 mm. In addition, to observe the differences between the different states, the average
deviation of the upper and lower deviation was compared with the percentage of total points in each
type of deviation.

The analysis of the dimensional quality was divided into three stages: (i) the moulds were scanned
as built. This allowed the analysis of errors induced by the machine and the manufacturing process
itself (bleeding effect); (ii) the moulds were scanned after the heat treatment. In this way, the error
produced by the elimination of volatiles and the microstructural change suffered during the process
was quantified, and (iii) the cast parts were scanned to observe the errors introduced by the casting
process (shrinkage). Therefore, the dimensional deviation was the sum of the errors produced by the
mould manufacture, the heat treatment and the casting process.

2.7. Porosity Analysis

The volumetric porosity was evaluated on the castings. The control Zones (I, II and III) were
sectioned and the hydrostatic weighing method was used [38]. A CB-Complet electronic balance
(Cobos Precision, Barcelona, Spain) with an accuracy of 0.001 g was used to weight the parts.

To analyse the internal porosity and obtain a high resolution of the pores, specimens were extracted
in each part at the central and external area of each Zone (I, Il and III). The specimens were polished
according to standard [48]. A total of 50 images were taken from each specimen, with a Tecmicro
metallographic microscope (OLYMPUS BHM, Barcelona, Spain). Finally, the images were evaluated
with Image]J 2016-0205 software (National Institutes of Health, Bethesda, MD, USA). This tool allowed
the brightness and contrast of the images to be stabilized, isolating the contour of the holes by applying
a threshold filter. In this way, the number of pores, the maximum and minimum Feret diameter
(the longest and shortest distance between two points along the selection boundary, respectively) and
the roundness of the pores in each region were obtained.
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3. Results

3.1. Results of Simulation

The results of the simulation made it possible to know the velocity profile, to avoid a high turbulent
flow of the liquid metal during the filling process. Campbell [40] defined the maximum filling speed
as 0.5 m/s; increasing this speed value can lead to gas entrainment and oxide films. The colour map in
Figure 7 shows the velocity profile of both moulds during the filling process. The vacuum-assisted
technique has a more controlled filling, avoiding the possible defects of gas entrapment, inclusions

or oxides.
2778 (a)
22.22
16.67 ?
1111 Waves
5.55
0.00
(b)

Figure 7. (a) Velocity profile for B] gravity-pouring, (b) velocity profile for B] vacuum-assisted

Velocity
cm/s

55.96
a0.01
44 45

38.89

3334

oxide films.

The flow behaviour of the liquid metal inside the gravity-pouring mould was progressive
(Figure 7a), with moderate turbulence and a relatively homogeneous velocity profile. Although the
filling velocity remained at values very close to 0.5 m/s at some points, this velocity was exceeded,
creating waves in the early stages of the filling process. This phenomenon was due to small differences
in the velocities at the gates. These differences were in turn imposed by the metallostatic pressure of
the sprue.

The waves did not cease until the sprue was saturated with liquid metal. From that moment
on, the metallostatic pressure acted uniformly on each gate. The waves disappeared to give way
to a progressive filling as shown in Figure 7a. In addition, the velocity in the gates area remained
stable throughout the filling process, providing moderate turbulence that minimized the risk of gas
entrainment. Finally, the filling time was 5.2 s.

The behaviour of the liquid flow for the vacuum-assisted mould was more stable and homogeneous
(Figure 7b). In the early stages of the filling process, the liquid entered the mould cavity at a high
velocity; this was due to the vertical pouring configuration of the mould. The initial jet impact generated
a turbulence, which was absorbed by the overflow. A slight wave effect was produced, but this effect
was mitigated by the suction forces applied by the vacuum. Subsequently, a uniform filling process
was obtained. The filling time in this case was 1.9 s.

The vacuum-assisted technique showed a more controlled filling, avoiding the possible defects of
gas entrapment, inclusions or oxides.
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The velocity profile of the gate cross-section during the filling process was obtained using the
simulation software. Figure 8 shows the different velocities at the gates during the filling process.
This velocity was divided in two stages: (i) up to 15% of filling (the metallic liquid was not stabilized
because the gate has not been saturated) and (ii) up to 100% of moulds filling (the metal liquid was
stabilized at the gate).

Unstabilized Stabilized
gate gate
(n ()
0.7 e : e
: 1 3 3 3 3 § : ‘ — Gravity-pouring
0.6 I i - Damped harmonic — Vacuum-assisted
- A \ R
I [ ! ! !
1 1 ‘ : :
0.5 | ["\\ 1 i
T e 4
€ 04 R ‘ § §
z i
8 03 | :
: ]
0.2 + :
| I
1
0.1 i
i i
0 ! i i i i i i i

30 40 50 60 70 80 90 100 110
Filling Fraction (%)

Figure 8. Velocity profile on the gates of both moulds during the filling process.

For the gravity-pouring mould, in stage (i), a strong increase in velocity was observed,
which descended rapidly, with the highest value being 0.56 m/s. The velocity fluctuations generated
the waves previously described.

In contrast, the vacuum-assisted technique presented two phases within the first stage. In the first
phase, a sudden increase in velocity was observed. The liquid entrance was placed at the top of the
mould; therefore, the gravity force acted in favour of the filling. In the second phase, the filling cup
was saturated with liquid metal and the velocity gradually increased to the optimum filling velocity.

Stage (ii) represents the filling process when the metal liquid was stabilized at the gate. As shown
in Figure 8, the gravity-pouring mould showed a filling with fluctuations over an average value of
0.48 m/s. The initial source effect dragged these fluctuations during the filling process. In addition,
a damped harmonic state was observed in which the flow-generated waves decreased in amplitude as
the filling process was completed. This is consistent with Figure 7a, where waves generated by the
source effect tended to decrease and the flow became more stable. High runner pressures and large
areas in the cavity result in higher gate velocities [49,50]. Even so, only in specific cases did the average
velocity exceed the critical value of 0.5 m/s. Therefore, there was low risk of gas entrapment.

For the stage (ii) in the vacuum-assisted technique, a constant gate velocity of 0.43 m/s was
observed. The filling velocity only depends on the gravity force, the vacuum force and the gate area.
These three parameters were constant during the process and therefore the velocity was constant in
this second filling stage.
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3.2. Result of Solidification

Figure 9 shows the temperature distribution measured in both moulds and the exponential
regression of the cooling rates. For the gravity-pouring mould, the temperature increased to a
maximum of 389 + 5 °C. The curve of the temperature had a large amplitude, due to the volume/area
ratio of the part. The thermal energy had to be evacuated through the walls of the mould. When the
mould heated up, the temperature difference between the casting surface and the mould became
smaller and smaller, so the thermal evacuation decreased. The average cooling rate was —2.56 °C/s.
The exponential regression shows a R? = 0.96 and an exponent of 0.00023.

400 ‘ ;
L ; ; ; ‘ {— Gravity-pouring
: y= 500e-0.00023x |— Vacuum-assisted
I R2=0.96 ‘ -~~- Exponential Gravity-pouring
300 1 -== Exponential Vacuum-assisted
G i
<
g
2200
E | |
2 | 0.00031 |
- -0.00031x
£ y= 34280e i |
ks R2=0.95 |
100 : i | i
| Stop oﬁVaucum
I system
| :
| H H H H H
0 ‘ { ‘ { ‘ —— { ‘ { ‘ { ‘ { : { :
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)

Figure 9. Temperature profile measured on the moulds after filling.

On the other hand, the temperature of the vacuum-assisted mould reached 374 + 5 °C. As can be
seen in Figure 9, the cooling distribution can be divided in two phases, before and after 3100 s. After this
point, the vacuum system was turned off. The vacuum only has an effect during the solidification
process; once the part is solidified, the vacuum system does not apply. The cooling rate was —9.08 °C/s.
The exponential regression shows a R? = 0.95 and an exponent of 0.0003.

As can be seen in Figure 9, the exponent of the equation was higher in the vacuum-assisted mould,
therefore the vacuum-assisted cooling was quicker than for the gravity-pouring mould. The higher
thermal dissipation was due to the vacuum suction, as it removed the hot gases that were generated
during the casting process, evacuating a higher heat flow. In addition, the proximity of the hot runner
in the gravity-pouring casting could prevent the heat evacuation. Therefore, the turning point on the
curve and the subsequent cooling process in the vacuum-assisted mould occurred earlier.

The thermal behaviour of both moulds was quite similar, as both moulds were built with the same
3DP technique, the same material and the same wall thickness. In addition, it can be observed that
the total time cycle was very similar for both moulds, concluding that the application of vacuum did
not excessively affect the solidification process. Despite that, the vacuum considerably improved the
homogeneity in the filling, extracting most of the gases formed during the casting process, which is
advantageous for reducing porosity.

3.3. Roughness

The principal parameters that influence the surface roughness of castings are (i) the mould material:
type, morphology, size and grain distribution, (ii) the mould manufacturing process: compaction and
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layer height, (iii) the pouring of the aluminium alloy: pouring temperature, (iv) the vacuum applied:
degree of vacuum imposed.

All parameters were kept constant in this research, except the degree of vacuum applied during
filling (no vacuum for the gravity-pouring mould and 150 + 1 mbar in absolute pressure for the
vacuums-assisted mould).

As shown in Figure 10a, the roughness in the gravity-pouring part showed a considerable
dispersion of values in all zones and directions. The roughness in Zone I in both directions was a little
more stable than in the rest. This was due to the higher metallostatic pressure in the lower area of
the part (Zone 1), favouring a more accurate reproduction of the mould surface. For the upper zones
of the part, the metallostatic pressure was lower and therefore the values of the measurements were
more dispersed.

10 10
Gravity-pouring Vacuum-assisted

Ra (um)
Ra (um)

Zone 1l Zone 2 Zone 3 Zone A Zone B Zone 1 Zone 2 Zone 3 Zone A Zone B

N A J

Re-coater direction (Y) Print head direction (X) Re-coater direction (Y) Print head direction (X)

(a) (b)

Figure 10. (a) Roughness distribution for the gravity-pouring part. (b) Roughness distribution for the
vacuum-assisted part.

The roughness values for the vacuum-assisted part, Figure 10b, were a little higher than for
the gravity-pouring, but significantly more uniform in all zones and directions. This was because
the vacuum pressure created a suction effect that attracted the molten metal against the walls of the
mould, helping the liquid metal to penetrate more into the capillaries formed between the calcium
sulphate particles.

The gravity-pouring part had an average value of Ra = 3.52 um in the direction of the printing-head
movement (X direction) and Ra =7.02 um in the re-coater direction (Y direction). The average roughness
values of the vacuum-assisted part were Ra = 4.63 pm in the X direction and Ra = 7.76 um in the
Y direction.

The overall roughness values could be reduced if the machine could compact the powder during
the manufacturing process [51]. The results obtained in the normal direction to the layer construction
(re-coater direction) can be reduced by using a lower layer height. Creating a thinner layer would
reduce the roughness of the mould, but increase the printing time. Another option could be to apply
an infiltration post-process to the moulds to increase the surface quality. However, the values obtained
are tolerable compared to traditional sand casting (10 pm < Ra < 25 pum) [52].

3.4. Dimensional Quality

One of the most critical parameters for metal casting is dimensional accuracy. The moulds showed
dimensional and geometrical deviations due to two factors. Firstly, the bleeding effect, caused by
capillary action, which attracts the liquid binder to the adjacent calcium sulphate particles. This effect
caused deformations in each two-dimensional layer, affecting the final dimensions of the moulds [28].
Secondly, the heat treatment applied to the moulds caused a variation in the bonding bridges among
the particles, resulting in volumetric shrinkage in the mould cavity.

As shown in Figure 11, step 1 reflects the comparison between the as-built mould cavity and the
nominal CAD. The gravity-pouring mould showed a low standard deviation (0.087 mm). The measured
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values indicated results very close to the nominal (0 value). For the upper points (55.52%) the average
value did not exceed 0.07 mm. The lower points (44.48%) also had an average value of —0.07 mm.
On the other hand, vacuum-assisted mould showed an even smaller standard deviation (0.054 mm).
Moreover, the average values are even closer to the nominal values, 0.04 mm for the upper (46%) and
lower (54%) points, respectively. Therefore, both moulds have a similar accuracy, with a standard
deviation around +0.05 mm, which indicates that the AM machine has a good geometrical accuracy
and high repeatability during the manufacturing process.

[ Step 1: Scanning result of the moulds as built ‘ [ Step 2: Scanning result of the moulds with heat treatment ‘

| ; |

[ Step 3: Scanning result of the cast parts ‘
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Figure 11. Scanning the three steps of the casting process for both techniques.

Step 2 shows the comparison between the mould cavity after heat treatment and the nominal
CAD. The average value for the gravity-pouring mould became 0.13 mm and —0.09 mm in the upper
and lower deviation, respectively (Table 4). The number of positive points also increased from 44.48%
t0 62.95%. In the case of the vacuum-assisted mould, the values in the upper and lower deviation were
0.13 and —0.10, respectively. In addition, the number of positive points was redistributed to 65.31%.

Table 4. Results of dimensions quality for moulds and parts obtained by casting.

. After .
As-Built Heat-Treatment Casting
Measure Gravity =~ Vacuum  Gravity = Vacuum  Gravity = Vacuum
Upper deviation Points (%) 55.52 46.00 62.95 65.31 28.67 4.28
pp Average (mm)  0.07 0.04 0.13 0.13 0.17 0.14
L deviati Points (%) 4448 54.00 37.05 34.59 71.83 92.69
owerdeviation - Average (mm) ~ —0.07 —0.04 ~0.09 -0.10 -0.37 —0.44
Standard deviation (mm) 0.087 0.054 0.129 0.133 0.352 0.253

The heat treatment for both moulds increase in the standard deviation (Table 3) and average
values for both moulds indicates a higher dispersion in the points and, therefore, an increase in the
geometric error before the pouring process. The volume reduction was also reflected through the
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increase in the percentage of positive points. This meant that the castings had smaller dimensions than
the nominal CAD. Therefore, the heat treatment added a geometric error and caused a reduction in the
volume of the cavity in both moulds.

Finally, step 3 shows the comparison of the part and the nominal CAD. For the casting part, the
positive values represent the negative values of the mould. Therefore, in the gravity-pouring part, the
positive points decreased to 28.67% with an average value of 0.17 mm. Consequently, 71.83% of the
points are in negative values, with an average of —0.37 mm. In addition, the standard deviation for the
casting part achieved the highest value in all of the complete process, with a result of 0.35 mm. However,
the vacuum-assisted part presented less geometric defects than the gravity-pouring alternative.

As shown in Table 4, the standard deviation was 0.25 mm and 92.69% of the points were at
0.44 mm.

The vacuum-assisted was able to improve the geometric quality of the final part, since the error
was similar to the sum of the aluminium shrinkage (linear thermal shrinkage for this aluminium alloy
is 1.2%, which for this geometry is —0.3 mm) plus the geometric error of the heat-treated mould.

3.5. Porosity

Porosity of castings directly affects the mechanical properties of the castings. Large pores reduce
the loading area and more easily induce crack propagation.

To evaluate the volumetric porosity of the parts, it was necessary to calculate the bulk density of
the parts using the following expression [38]:

my

Ppr = -1y X Pw 1)

where: p, and py, are the specimen density and water density, respectively; m; and m; are the mass of
the specimen in air and water, respectively. Finally, the following expression was used to calculate the
volumetric porosity:

P= (1 - @) x 100% )

Pr

where: p, is the actual density of aluminium ENAB46000 (2760 kg/m?) according to EN1706 [53].
Table 5 shows the volumetric porosity results for the different part zones in both techniques.

Table 5. Volumetric porosity in the different zones of the parts.

Place Gravity-Pouring (P) Vacuum-Assisted (P)
Zone | 1.623 + 0.019% 1.579 + 0.017%
Zone II 2.295 + 0.011% 1.773 £ 0.021%
Zone III 8.171 + 0.016% 2.100 + 0.014%

Average 4.029 + 0.015% 1.817 £ 0.017%

Volumetric porosity increased with the zone. This was due to the vertical filling in both moulds.
The density of the bubbles entrapped was lower than the metallic liquid, so the bubbles ascended and
accumulated in the upper part of the casting. The vacuum pressure reduced the porosity of the parts
in each zone, resulting in an average porosity 2.212% lower than in the gravity-pouring part.

To analyse porosity in depth, a study of the number, size and shape of the pores was carried
out. Figure 12 shows the statistical distribution of the pores according to their size for each zone and
location. Pore size was evaluated using Feret’s maximum diameter.

The following can be deduced: (i) the pore size is in general between 10 and 14 um for the
gravity-pouring casting and between 0 and 14 pum for the vacuum-assisted casting. Therefore,
the vacuum pressure decreases the pore size. (ii) The number of pores diminished in all areas
with the vacuum-assisted casting. (iii) For both parts, the number of pores increased in Zones II and 1II,
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as explained in the previous paragraph. On the other hand, Figure 12 reveals that the number of pores
increased on the outside of the parts regardless of the zone. The reason is that the gas entrapped by the
metal liquid could not be evacuated before solidification. Preheating of the mould is recommended to

avoid this phenomenon.
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Figure 12. Statistical analysis of pore size by area and location. (a) Zone I, (b) zone II and (c) zone IIL

Figure 13 shows the pores’ morphology. Circularity of pores was calculated according to the

following expression:
C=dns ®)
p
where: C is the circularity of the pore; a is the area occupied by the pore and p is the perimeter of
the pore.

Circularity in the vacuum-assisted part increased in all zones and locations. Therefore, it can
be stated that when the size of the pores decreases, the circularity increases. In contrast, the larger
pores had more irregular shapes, due to the defects associated with contraction by solidification,
among others. The circularity of these particles was very low. Finally, the trend in morphology is very
similar in all the analysed samples. For the gravity-pouring part, the circularity is grouped around 0.3;
this indicates sharper and more irregular pores. However, for the vacuum-assisted part, the circularity
tends to be higher (0.6), indicating more rounded pores.
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Figure 13. Statistical data on pore circularity for each area and location. (a) Zone I, (b) zone II and
(c) zone III.

Figure 14 shows the morphology of pores in every zone in the parts: (i) Pores with sharp corners
associated with shrinkage (Figure 14a); (ii) Oval-shaped pores with less sharp corners, resulting from a
combination of shrinkage and gas entrapment (Figure 14b) and (iii) rounded-shaped pores associated
with gas entrapment (Figure 14c). These three types of pores appeared in all specimens [24,34,38].

Figure 14. Different types of pores found in all samples. (a) Pores associated with shrinkage, (b) pores
associated with shrinkage and gas entrapment and (c) pores associated with gas entrapment.
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Table 6 shows the summary of the porosity results for each technique, zone and location of
specimens. The application of vacuum results in a significant reduction in the average pore size (47.3%).
Meanwhile, the maximum diameter, the minimum diameter and the number of pores also decrease
with the application of vacuum.

Table 6. Summary of porosity for both techniques.

. . Quantities  Avg. Size Big Porous Max. Diameter Min. Diameter
Zones Location  Technique

of Pores (um) (>55 um) (um) (um)
Cent Gra. 2465 19.39 73 750.64 2.00
entre Vac. 1624 9.26 28 501.35 0.26

Zone I
Exter Gra. 2601 21.21 116 667.31 1.85
xterior Vac. 2031 12.16 67 462.14 0.64
Cent Gra. 2717 19.53 85 802.15 1.93
entre Vac. 3316 12.06 43 41824 0.72

Zone II
Exteri Gra. 3664 20.80 139 1591.29 1.90
xterior Vac. 3951 10.81 38 647.66 1.05
Cent Gra. 3294 36.89 211 1667.02 3.01
entre Vac. 2808 18.08 48 658.11 1.11

Zone II1
Exter Gra. 8413 19.20 272 1125.53 1.85
XIETIOT IM1] Vac. 3188 14.79 56 618.82 0.93

Large pores (>55 um) have very irregular shapes and a random distribution. The number of large
pores decreased up to 78% for the vacuum-assisted part, demonstrating that the application of vacuum
pressure significantly reduces the size of the large pores. However, it was not sufficient to eliminate
small pores (<55 pm).

The combination of volumetric porosity and average pore size results shows that the gravity-poured
part (4.03% and 22.82 um) is significantly larger than the vacuum assisted part (1.82% and 12.85 um).

A high degree of vacuum during the casting is beneficial for reducing the entrapment of gases in
the molten metal. Therefore, the choice of the correct value can significantly reduce the gas porosity
and improve the mechanical properties of the casting part.

4. Conclusions

This paper presents the first research in which vacuum is applied to casting moulds manufactured
by 3D printing. Furthermore, the study shows the feasibility of using vacuum suction with moulds
manufactured by the Binder Jetting AM technique, concluding:

1. Simulation software made it possible to understand the behaviour of the metal flow inside the
moulds. Simulation results permitted the optimization of the geometries of the filling system to
avoid errors and improve the cooling of parts.

2. Roughness in the gravity-pouring part shows a significant dispersion in all zones of the part.
However, the average values of roughness for the vacuum-assisted part are more uniform.
Therefore, the use of vacuum leads to a part with a very homogeneous surface and higher quality.

3. The AM machine introduces a small error during manufacturing (bleeding effect). On the other hand,
the error induced by the heat treatment in the moulds is very similar. However, the vacuum-assisted
technique provides very good geometrical quality to the final part, reducing defects found when
using the gravity-pouring technique.

4.  The vacuum-assisted technique reduces volumetric porosity by 2.21%. In addition, the average
pore size, the number of total pores and the number of large pores were significantly less.
On the other hand, applying the vacuum technique increases the pore roundness, improving the
mechanical properties of castings.
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In future works, infiltration processes will be applied to increase the surface quality of moulds.
In addition, the effect of mould preheating on the porosity of parts will be analysed.
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