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Abstract: In this research, a comparative analysis has been carried out between a traditional sand
casting process and a modern mould obtained by additive manufacturing (AM), in the context of
aluminium parts production. In this case of AM, an inkjet 3D printing (3DP) process allowed us to
create a ceramic mould. A numerical simulation was carried out to study the filling and cooling
rates of both parts. The design freedom typical of the 3DP technique allowed us to optimize the
filling system. The results showed that in sand moulding, the speed in the gate suddenly increased
when the liquid metal entered the part cavity, leading to severe turbulence due to the fountain effect.
The input of air is related to the speed in the gate. Nevertheless, the results showed that when using
the 3DP mould, the speed in the gate remained constant and the filling process was homogenous.
With regard to the dimensional precision, while the staircase effect in the surface of the 3DP mould is
the most critical aspect to control, in the sand casting mould the critical aspect is the dimensional
precision of the pattern. Microstructures of the cross-section of the moulded parts showed folded
shapes and air input in sand casting, which could be produced by the severe turbulence and the oxide
film present in the melt during the filling process. On the other hand, the porosity found in parts
produced with the 3DP mould corresponds to shrinkage; during the filling process, the remaining
binder is vaporized, creating nucleation points. In this way, pores are formed by shrinkage and a
mixture of shrinkage and gas entrapment. With these considerations, it can be concluded that AM
shows feasibility and advantages as an alternative to the sand casting method for aluminium alloys.
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1. Introduction

Casting of aluminium alloys is one of the most frequently used techniques in manufacturing,
especially in the automotive sector. Good mechanical properties, low density, and good corrosion
resistance are the main properties of these alloys. Despite being one of the most well known and
oldest manufacturing techniques, researchers are still investigating how to minimize the defects of
moulded parts.

Recent decades have witnessed the inexorable improvement of AM, allowing the development of
rapid prototypes and parts with complex geometries with great versatility and accuracy. Due to this
fact, AM processes are being implemented to substitute for or complement most traditional processes,
such as sand casting.

The main issues in casting are focused on: (i) reduction of porosity, (ii) improvement of the
microstructure, and (iii) control of dimensional quality and defects.
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• Porosity is the most common defect in casting. It reduces the mechanical properties and lifetime
of the parts [1]. Gas entrapment and shrinkage are the main causes of porosity [2].

• The microstructure influences the mechanical properties of the moulded parts. Cooling rates during
the casting and additives like lithium, beryllium, and calcium can modify the microstructure [3–5].
A finer dendritic structure improves the mechanical properties.

• Manufacturing an accurate part in casting is difficult due to the contraction of the metal and the
possible defects. Patterns are also necessary. Patterns replicate all their defects in the final part
and are also very expensive to produce. Other kinds of defects may appear, like sand inclusions,
misruns, and mismatches. Some of these defects can be due to human error.

The correct design of a mould avoids the majority of these issues. Simulation software is essential
because it can predict the behaviour of the mould prior to the pouring operation. The manufacturing
cost of a mould with complex geometry is one of the main limitations in developing it. However,
AM allows the modelling of complex designs, avoiding this limitation; for example, Sama et al. [6,7]
studied gating systems to improve the pouring process. Additionally, Eisaabadi et al. [8] studied the
influence of the runner height in oxide bifilm formation.

Several methods and techniques have been developed in the context of AM, such as selective
laser sintering, laminated object manufacturing, fused deposition modelling, stereolithography, and
3D printing (3DP). Chen et al. [9] reviewed all the techniques that can be used in ceramic 3DP. The 3DP
technique is the most suitable for manufacturing cores and inserts in moulds; it can be classified by
the type of material used for the mould and the binder. For instance, three main fields of research in
additive-manufacturing-based casting were identified: (i) mould properties and reaction in the casting,
(ii) the design accuracy and capability, and (iii) the constraints of 3DP [10].

The 3DP technique is based on binder jetting [11,12]. In this technique, a liquid binder is injected
to join ceramic-powder particles which have been previously distributed on a platform by a roller.
A thermal treatment is performed at the end of the process to raise the strength of the ceramic parts..

Some researchers have studied the critical points of materials; the influence of thermal
post-treatment on tensile tests and dimensional deviation [13]; the porosity and properties of parts
made of different commercial materials such as ExOne and ZCast; the thermal treatment; permeability;
and the ultimate tensile strength due to the evaporation of the binder [14].

Other very promising research is being carried out on shell-truss moulds to study how to control
the internal temperature and cooling rate during the casting and the influence on the microstructure.
The cooling rate of the casting can be controlled with a shell-truss mould [15,16]. This control has
been impossible to implement in other technologies, because manufacturing of moulds with complex
geometries has been unfeasible due to the high price, which is not relevant in the AM processes. A cost
evaluation analysis of complex moulds has been performed [17]. However, in the research that has
been done, most of the works have focused on a very specific parameter or only on the study of tests,
and even though these works are useful for characterizing the process, a complete research on the
parameters and the operational part is necessary. Additionally, a comparison with traditional methods
is needed with regard not only to the properties but also to the manufacturing time. For these reasons,
our research focuses on the feasibility of making the mould in one ceramic part and compares it with
traditional sand casting.

To prove the usefulness of this modern technology, two different moulds for casting were made:
the first was made as a traditional sand casting and the second was made using the 3DP technique.
Once the moulds were manufactured, aluminium was poured into them. Then, we analysed the
manufacturing time, cooling rate, dimensional deviation, surface quality, surface porosity, and possible
defects, comparing both techniques. With this analysis, we aimed to determine whether the 3DP
technique was applicable for aluminium casting, allowing more efficient designs and reducing the cost
of production.
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2. Materials and Methods

The methodology indicated in Figure 1 shows the main steps required to achieve the objectives
stated in this work.
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Figure 1. Methodology for the comparison between traditional sand casting and the AM 3DP technique.

Firstly, the part was designed, as shown in Figure 2a. An AlSi series casting alloy was selected for
the part. The chemical composition of the aluminium alloy is shown in Table 1.

Table 1. Chemical components of AlSi series alloy.

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

Secondly, the filling system (sprue, well, runner, gates, and riser) was designed and calculated for
both moulds. The constraints and advantages of both techniques were considered. Thirdly, a finite
element analysis was used to study the behaviour of the melt flow and to optimize the filling system.
Fourthly, the moulds were manufactured. To manufacture the sand casting mould, a divided pattern
was made by the Fused Deposition Modelling (FDM) technique with the Ultimaker 2+ machine
(Ultimaker, The Netherlands). The pattern contained the part and the filling system. The sand used
was a commercial silica sand (Petrobond) with an average size between 100 and 180 µm. The ceramic
mould was manufactured by the inkjet 3DP technique with a Projet CJP 660Pro machine (3D Systems,
Rock Hill, SC, USA). The powder material used was Visijet PXL (hemihydrate calcium sulfate) and the
binder was PXL (2-pirrolydone). Fifthly, the aluminium alloy was poured. The melting process was
carried out with a Hobersal PR/400 furnace (Hobersal, Spain) at 770 ± 5 ◦C. The pouring temperature
was 750 ◦C. The temperature of the mould was measured by a K-type thermal couple localized at 2
mm from the mould cavity, as shown in Figure 2b,c.
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Figure 2. (a) Casting part CAD, (b) sand mould CAD, (c) 3DP mould CAD.

To achieve proper pouring for the sand casting, it was necessary to fix the halves of the moulds.
For the 3DP technique, it was necessary to rest the mould on a sand base to prevent movement during
the casting. Subsequently, the metal was poured into the different moulds. Figure 3 shows a schematic
of the filling process. Finally, the aluminium alloy was solidified and the casting was extracted from
both moulds by vibration and crumbling. The filling systems were cut, and the parts were cleaned
with pressurized air to begin the analysis stage.
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Figure 3. Schematic of the gravity casting process.

2.1. Numerical Simulation

Finite element software was used to simulate the filling and solidification of the parts during
the casting. The basic equations for the analysis are (i) the Navier-Stokes equation, (ii) the continuity
equation, and (iii) the volume of fluid (VoF) method for simulating liquid metal flow of the free
surface. For the convergence of the simulation, the successive over-relaxation (SOR) method was
used [18,19]. This simulation predicts the filling process of the mould, the generated turbulence, the
solidification process, and the distribution of the gas entrainment into the liquid. The 3D model of the
part and moulds was drawn using Catia v5 r21 software (Dassault Systèmes, France). The standard
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triangle language (STL) files of the models were input into the simulation software. The 3D model and
the main dimensions are shown in Figure 4a,b. The software automatically generated a mesh with
7,300,000 elements. The initial conditions of the real process were established as boundary conditions.
The thermo-physical parameters are shown in Table 2.
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Figure 4. (a) 3D model for sand casting system, (b) 3D model for 3DP casting system.

Table 2. Thermophysical parameters of the cast material.

Liquidus
Temperature (◦C)

Solid Temperature
(◦C)

Density
(kg/m3)

Thermal Conductivity
(W/m/k)

Solidification
Shrinkage (%)

595 540 2710 96.2 7.14

The heat transfer coefficient (HTC) between the casting and mould was chosen as a linear function
based on the different thicknesses and properties of the moulds. These values were chosen from
the database of the software. The result of the simulation evaluated the turbulence, the oxidation,
the gas entrainment due to the filling velocity, and the possible defects created by the solidification.
The simulated cooling rate was registered to verify the reliability of the process.

2.2. Characterization

To compare the two techniques, four properties were chosen: (i) dimensional quality, (ii) roughness,
(iii) porosity, and (iv) general defects. To analyse the dimensional quality of both moulded parts,
a Breuckmann Smart SCAN3D-HE (Breuckmann, Germany) structural light scanner with a working
field of 125 mm was used. The printed pattern, the 3DP mould, and the moulded parts were scanned.
The point clouds were processed by Geomagic Control X software (3D Systems, Rock Hill, SC, USA).
The surface roughness was measured using a Mitutoyo Surftest SJ-500 profilometer (Mitutoyo, Japan).
The cut-off was 2.5 mm and the evaluation length was 12.5 mm, in accordance with the ISO 4288:1996
standard. The measures were taken in different areas and directions of the parts. The directions
were chosen in the direction of layer construction and the opposite one to evaluate the staircase effect.
To evaluate the internal porosity, the moulded parts were sectioned and polished with a 3-µm diamond
paste. The polished surface was swept with a Leica Kl 1500 camera (Leica, Germany). The images
were analysed with ImageJ software (National Institutes of Health, Bethesda, MD, USA). A threshold
filter was applied and the percentage area of porosity was obtained.
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3. Results

3.1. Design, Simulation, and Manufacturing

The designed part (Figure 2a) has a rounded geometry to avoid draft angles and to obtain a proper
pattern removal without damaging the sand mould. When making the mould using the 3DP technique,
it is unnecessary to consider these constraints due to the design freedom of the process. The part shape
has a sufficient area-to-volume ratio to compare changes in the internal morphology due to cooling
and solidification rates. The volume and weight of the part were 0.6 Kg and 223.4 cm3, respectively.

The sand mould (Figure 2b) was designed following standard rules [20]. The mould incorporates
a pouring cup, followed by a tapered sprue ending in a well. The runner distributes the molten
material horizontally and is connected to the mould cavity by two vertical gates. The cross-section of
the runner decreases linearly to distribute the flow uniformly. Finally, a top riser was placed in order
to supply additional molten metal as it shrinks during solidification and to prevent porosity. The total
volume of the sand mould was 1073 cm3, and the metallic yield was 20.8%. In addition, the mould was
contained in a box. A large volume of sand, weighing approximately 25 kg, was needed.

The 3DP technique makes it possible to optimize the filling system in the ceramic mould. The 3DP
mould is a shell of 10-mm thickness, enough to withstand the pressure of the poured metal. The filling
system consisted of a single duct with a smaller filling cup. This reduction was possible thanks to
the placement of an open riser that allowed the pressure to decrease. In addition, the sprue was
designed with a decreasing circular section that described an arc shape sufficiently large to avoid
cavitation or turbulence [21,22]. Two cylindrical gates were connected to the part cavity [23]. Due to
this improvement, it was possible to eliminate the well and to decrease the dimensions of the filling
system, as shown in Figure 2c. The total volume of the 3DP mould was 449 cm3, the metallic yield was
49.75%, and the weight of the mould was 0.55 kg. Compared to the sand casting, the metallic yield
was optimized by 29% and the weight of the mould was 95% lower. Table 3 shows a summary of the
principal parameters of the casting parts and moulds.

Table 3. Principal parameters of the casting parts and moulds.

Techniques Casting
Weight (kg)

Casting
Volume (cm3)

Mould
Weight (kg)

Total Volume
(cm3)

Metallic Yield
(%)

Sand casting
0.6 223.4

25 1073 20.8
3DP 0.55 449 49.75

The gating speed is the main factor considered to avoid metal turbulence, gas entrainment,
and oxide films. Campbell [24] indicated that the maximum gating speed should be 0.5 m/s during the
filling process. Figure 5 shows the filling speed field for both moulds during the filling process.

At the beginning of the filling process in the sand mould (Figure 5a), the velocity of the liquid metal
entering the part cavity through the gates was faster than the runner. This increase of speed produced a
fountain effect. The speed in the ingates was above 0.5 m/s, producing severe turbulence. This increased
the probability of gas entrainment and oxide films occurring [25]. The bigger cross-section into the
cavity made the velocity decrease. Although the turbulence decreased, a chaotic field was created.
Finally, while the filling process was taking place, as the metal filled the mould, the metallostatic
pressure was balanced due to the weight of the metal flow decreasing the velocity on the gates.
In contrast, in the 3DP mould filling process (Figure 5b), the liquid metal came into the part cavity
through the gates at a lower speed than in the runner. This avoided the fountain effect inside the part
cavity. The speed in the area of the gates remained stable at around 0.5 m/s throughout the filling
cycle. This speed generated a moderate turbulence and minimized the risk of gas entrainment. Due to
the optimization of the design and the placing of an open riser, the filling of the 3DP mould was
progressive and homogeneous.
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The gating speed at the cross-section of the ingate area was measured with the software during
the filling process for both moulds. Figure 6 indicates different velocities at the cutting plane in the
centre of the ingates. This process was divided into four steps.

• Stage I: A high input speed was generated for both techniques, reaching up to 1.10 m/s in sand
casting and 0.55 m/s in 3DP casting.

• Stage II: The speed decreased and remained constant during most of the filling process at around
0.90 m/s in sand casting and around 0.48 m/s in 3DP casting.

• Stage III: The speed continued to decrease to 0.63 m/s in the sand casting technique. In 3DP
casting, the speed remained constant at around 0.48 m/s.

• Stage IV: For both techniques, the speed remained constant with regard to the previous values
and drastically diminished on completing the filling process.

During Stage I, the ingate speed was higher than 0.50 m/s for both techniques. An input speed
higher than 0.5 m/s creates turbulences in the surface of the metal, causing gas entrainment in this
type of process. The fountain effect generated in the sand mould gave a maximum speed of 1.10 m/s.
Sanitas et al. [26] found that a high-pressure ratio along with a larger section area results in higher
gate speed. Therefore, the risk of gas entrainment is very high. In contrast, the 3DP technique did
not generate the fountain effect. The input speed in stage I of the filling process of the 3DP mould
was 0.55 m/s, which was at the limit. It quickly descended and then became constant. Therefore,
there was a very low risk of gas entrainment. The speed in the sand casting technique simulation
remained at around 0.90 m/s during Stage II. In Stages III and IV, the speeds decreased with a moderate
slope to 0.63 m/s. In these stages, the fountain effect disappeared but the filling was chaotic and the
turbulence generated waves that overlapped each other. Bifilms, inclusion, and gas entrainment could
be produced in the casting part for these turbulences. On the other hand, during the simulation of the
3DP technique, the speed in Stages II, III, and IV remained constant at around 0.5 m/s. This generated
homogeneous filling with a moderate turbulence, minimizing the probability of generating gas
entrainment, inclusions, or oxides. These simulations were in accordance with the porosity analysis of
the manufactured parts.
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Figure 6. Velocity profile in the gates of both moulds during the filling process.

The high-speed profile presented in the moulds during the filling process could generate erosion
in different areas of the moulds. These areas of the moulds are ripped off, generating slag that could be
trapped in the flow of molten metal. In the sand casting, the gate has a high probability of erosion due
to the fountain effect (Figure 7a). However, with the 3DP mould (Figure 7b), the probability of erosion
has been minimized due to better control of the velocity profile. On the other hand, in Figure 7d,
a slight probability of erosion appears at the base of the gate due to the homogeneous filling rate,
which does not exist for the traditional mould (Figure 7c). These simulations were in accordance with
the inclusions found in the manufactured sand casting part.

Once the filling process of the moulds was complete, the parts solidified. Figure 8 shows the
temperature distribution calculated for both parts, immediately after the filling process. The liquid
temperature at this moment was lower than the pouring temperature. The sand-casting temperature
remained uniform in the part cavity at about 710 ◦C (Figure 8a). However, the 3DP mould temperature
was about 675 ◦C (Figure 8b). The real temperature distribution measured in the moulds is shown
in Figure 9. The mould temperature increased during the filling process and decreased during the
solidification process. The real measured temperature confirmed the results of the simulation for both
moulds. A lower cooling rate was obtained in the sand mould due to the low thermal conductivity of
the sand and the greater thickness of the mould. In contrast, the lower thickness and higher thermal
conductivity of the 3DP mould facilitated the flow of heat.
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Figure 8. Casting temperature profile for both parts after ending the filling process: (a) sand casting.
(b) 3DP casting.
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Figure 9. Temperature profile of the moulds during filling time and cooling time.

The filling time and the solidification were very different between the two simulations due to
the differences in the volumes of each cavity, in heat transmission, and in the thickness of the moulds.
The filling time for the sand mould was 5.24 s and the solidification time was 541 s. For the 3DP mould,
the filling time was 2.20 s and the solidification time was 378 s. A lower solidification time means
a faster cooling ratio, resulting in higher productivity and better mechanical properties of castings.
Table 4 shows the manufacturing time of the parts. Manufacture of the sand casting part took 23.5 h,
equivalent to approximately three working days. In contrast, manufacture of the 3DP casting part
took 10 h or only two working days. To manufacture the sand mould, it was necessary to design and
manufacture a two-part pattern and to smooth the surface of the pattern (Figure 10a). In contrast,
to manufacture the 3DP mould, it was necessary to prepare the file, print and clean the mould, and
apply the heat treatment before pouring the metal (Figure 10b).
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Table 4. Time taken for each manufacturing stage.

Sand
Casting

Manufacturing
of Pattern

Smoothing
of Pattern

Surface

Compaction
of Sand

Melting and
Pouring of

Metal

Cooling,
Unmoulding,

and Cutting of
Filling System

Total Time

Time (h) 20 h 1 h 0.5 h 0.5 h 3 h
23.5 h or 3
working

days

3DP Preparation of File; Printing
and Cleaning of Mould

Heat
Treatment

Melting and
Pouring of

Metal

Cooling,
Unmoulding,

and Cutting of
Filling System

Total Time

Time (h) 5 h 1.5 h 0.5 h 3 h
10 h or 2
working

days

AM is advantageous for manufacturing unique parts or short series. Table 4 shows the time taken
to perform each stage in detail. In addition, the 3DP mould preparation is more advantageous due to
the free-form design and the reduction of manufacturing time, avoiding the human factor and the
pattern manufacture.

3.2. Roughness

The measurements were taken in different areas and directions on the surface of the parts
(Figure 11) in accordance with the ISO 4288:1996 standard [27]. The directions were chosen following
the direction of layer construction and the opposite one to evaluate the staircase effect. The pattern
used in sand casting was treated with dichloromethane vapour [28,29]. This treatment eliminates
the staircase effect, so the part does not replicate this effect. On the other hand, the 3DP mould was
manufactured by adding layers 0.1 mm in thickness. With this technique, it was not possible to apply a
post-treatment to smooth the surface, and therefore the mould had a staircase effect. The moulded part
replicates the mould surface and therefore presents the staircase effect.Metals 2020, 10, x FOR PEER REVIEW 12 of 18 
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Table 5 shows the values obtained for the Ra parameter in all the zones and directions of the
parts. The roughness of the part manufactured using the sand casting technique had a mean value
of Ra = 3.70 µm in the direction of the layer construction and Ra = 4.53 µm in the opposite direction.
A very good value was achieved with this type of technique due to the use of PetroBond precision
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sand. Moreover, the difference between the Ra values in the two directions was reduced due to the
smoothing of the FDM pattern. In the case of the mould created using 3DP, the average roughness
value was Ra = 3.67 µm in the direction of layer construction and Ra = 7.07 µm in the opposite direction.
This increase of Ra was due to the staircase effect characteristic of AM technology. Even so, the average
difference between the two techniques was very small and below the normal parameters of sand
casting (10 µm < Ra < 25 µm).

Table 5. Roughness values in the different areas and directions.

Ra (µm)
1 2 3 4 5

SC 3DP SC 3DP SC 3DP SC 3DP SC 3DP

Zone 1 5.36 7.00 4.86 5.69 4.78 8.90 4.91 6.36 5.09 7.03
Zone 2 3.94 8.70 6.52 8.94 3.74 5.00 4.25 7.91 3.97 8.37
Zone 3 4.72 5.88 3.62 5.36 4.41 9.84 4.58 7.78 3.87 6.00
Zone A 4.19 3.91 3.66 4.75 4.01 4.56 3.89 4.99 4.18 3.84
Zone B 3.68 2.58 3.58 2.51 3.36 2.98 3.56 2.55 3.40 2.60

3.3. Dimensional Quality

The parts were scanned and their point clouds were processed by Geomagic Control X software.
The average number of points in each scan was 45,000. The standard deviation and the mean deviation
were obtained. The parts manufactured by sand casting and 3DP casting were compared. The errors
produced by both techniques were analysed considering the following: (i) the FDM pattern was
smoothed with dichloromethane vapour to eliminate the staircase effect; (ii) the mould created by 3DP
was subjected to heat treatment at 250 ◦C during 2 h to eliminate volatile elements.

The dimensional error induced by the FDM pattern in the sand casting technique and the heat
treatment for the 3DP mould was quantified. Therefore, the real dimensional deviation is the sum of the
errors produced during the casting process compared with the nominal geometry (CAD). A comparison
of dimensional percentages of the surface point mesh was calculated. The tolerance range used was
0.05 mm for the upper deviation and 0.05 mm for the lower deviation, while the maximum deviation
was set as 1 to −1 mm. These values were visually displayed on a colour map. The upper and lower
average deviation and the percentage of total points for each type of deviation were compared.

The FDM pattern in sand casting had an average deviation of 0.12 mm, covering 63% of its surface.
This error is acceptable for this type of process [30]. For the 3DP technique, the mould without heat
treatments had a very uniform deviation, within the range of 0.1 to −0.1 mm. After the heat treatment,
the values changed to 0.13 mm and −0.09 mm for the upper and lower deviation, respectively. In both
cases, the parts had a very low percentage of points in the upper deviation (Figure 12). The percentage
of points in the lower deviation was 98.6% for sand casting and 71.83% for 3DP. This may be due
to the thermal contraction suffered by the parts during the casting. Consequently, only the lower
average deviation is compared. Table 6 verifies that the 3DP moulded part (−0.37 mm) was closer
to the nominal value than the sand casted part (−0.64 mm). In addition, the deviation of the 3DP
moulded part was very close to the expected thermal contraction for this type of aluminium alloy
(−0.3 mm). On the other hand, the sand casting deviation values were well centred on the value of
−0.64 mm. However, the deviation values of the 3DP part were more dispersed. This may be due to the
calcination of the mould in contact with the liquid metal during the filling process. This phenomenon
may be the cause of the geometric error and the dispersion of the values.

Finally, the analysis revealed the differences in accuracy between the sand casting technique and
the 3DP casting technique. In sand casting, the real average deviation between the part and the pattern
was 0.76 mm. In the case of 3DP, the average deviation between the part and the mould cavity was
−0.43 mm. Therefore, the 3DP casting technique can manufacture a more precise part than sand casting.
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Figure 12. Dimensional deviation with respect to CAD: (a) sand casting technique, (b) 3DP technique.

Table 6. Upper and lower deviations for both techniques.

Measure Data Sand Casting 3DP FDM 3DP Mould 3DP Treated Mould

Percentage positive points 1.40 28.17 62.72 55.52 62.95
Average value (mm) 0.10 0.17 0.12 0.07 0.13

Percentage negative points 98.60 71.83 37.28 44.48 37.05
Average value (mm) −0.64 −0.37 −0.25 0.0872 −0.09

Standard deviation (mm) 0.311 0.352 0.452 0.087 0.129

3.4. Surface Porosity and Defects

To analyse the reason for the porosity in the castings, a longitudinal cut was made in the parts.
The sectioned surfaces provided useful information on the formation of defects in the casting, such as
inclusions, porosity, or shrinkage.

The sand casting part had two types of porosity: (i) gas entrapment, with full spherical pores
resulting from a turbulent filling; most of the porosity in this part is featured by this morphology,
and (ii) bifilms due to the folding in the layers of oxides contained in the molten metal.

(i) A speed greater than 0.5 m/s generated turbulence and, consequently, gas entrapment.
In addition, the high filling speed with turbulence in the liquid metal increased the speed of air drag,
causing porosity in the casting parts [25]. The pores shown in Figure 13a correspond to a typical
spherical bubble morphology. The partial evaporation of the binder in the ceramic mould and the
severe turbulence probably generated this kind of porosity. When the local pressure of gas in a mould
exceeds the local metallostatic pressure of the liquid metal, a bubble is formed. These bubbles will
ascend to areas of less pressure. Most of the pores due to gas entrapment in the sand casting part
occurred in the upper areas. (ii) On the other hand, entrainment of oxide films is always surrounded
by a thin layer of air. The folded oxide films may come from the furnace, liquid metal transport,
or turbulence during the filling process [31]. Bifilms have irregular and elongated shapes due to a
repeated folding of the metal surface (Figure 13b). The porosity was due to severe turbulence generated
inside the mould as a consequence of the fountain effect.

In the case of the 3DP moulded part, two major types of pores were found: (i) a mixture between
gas entrapment and shrinkage and (ii) shrinkage. Upadhyay et al. [10] reaffirmed that the binder
used in the 3DP technique is around 8%. The amount of volatile elements is higher than in traditional
processes (1.4%). To eliminate moisture and volatile elements, heat treatment was applied. It consisted
of heating the ceramic mould to a temperature of 250 ◦C during 1.5 h. These values were chosen based
on previous studies, so that the main sources of gas were almost supressed. However, when the mould
was exposed to the pouring temperature, the pressure at the metal–mould interface increased. The air
contained in the mould cavity was heated and the binder vaporized, decomposed, and heated up [32].
The open riser design helped the majority of the gas to escape. The ratio of generated gas during the
filling process was very high. Therefore, the mould impeded the immediate release of gas pressure
and may have caused gas entrapment. On the other hand, the design of the mould provided a very
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fast cooling. As pouring stopped, the metal continued to solidify and the pressure of the remaining
liquid metal decreased. Nucleation points were formed due to the lower temperature of entrainment
gas. In this way, pores may be formed by shrinkage and a mixture of shrinkage and gas entrainment
(Figure 13c,d).
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Finally, the area occupied by the pores in the sand casting had an average surface porosity of
0.95%. On the other hand, the 3DP moulded part had a higher surface porosity with an average value
of 1.63%. This difference may be due to the greater gas generation produced by reactions within the
3DP mould and faster solidification of the 3DP part. This phenomenon impeded the gas evacuation
and created porosity.

Surface defects were observed only in the part manufactured with the sand mould (Figure 14).
One of the defects that could be found was the inclusion of sand, as can be observed in Figure 14a.
Sand areas were torn off by the metal stream, floated to the surface, and were then trapped by the
molten metal. The main cause of this defect was attributed to an uneven compaction of the mould
or a high liquid speed capable of damaging the mould. Another defect was flow marks (Figure 14b).
They were produced on the part surfaces and the defect appeared as lines which trace the flow stream
of liquid metal. It could be produced by oxide films lodged at the surface. One of the advantages of
manufacturing shell moulds by the 3DP technique is that mismatch errors disappear, and no joining
lines are detected as occurs in the traditional sand casting technique.
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4. Conclusions

In conclusion, in this work, a 3DP moulding process was compared with traditional sand
casting. Multiple aspects were investigated, such as the roughness evaluation, dimensional deviation,
and defects. The main findings can be summarized as follows:

(1) The freedom of designing moulds using the 3DP technique allows us to create complex geometries
in the cavities and in the feeding system that can optimize the casting process. A finite element
analysis allowed us to verify the behaviour during filling and solidification when using both
techniques, 3DP casting and sand casting.

(2) The manufacturing time of the casting was reduced by 67% with the 3DP technique. This reduction
in time is advantageous for unique or short series. In addition, the 3DP technique eliminates
tools such as patterns, inserts, or boxes and avoids problems such as mismatch defects.

(3) The roughness of the part manufactured using the 3DP mould is of the same order as the
roughness of the part obtained using sand moulds. However, Ra increases in the transversal
direction due to the staircase effect of the mould. Additional research on binders may reduce the
staircase effect.

(4) The dimensional quality is strongly influenced by the manufacturing method. The 3DP technique
eliminates the intermediate pattern and the human factor, improving the quality of the
casting parts.

(5) Sand casting porosity is due to gas entrainment and oxide films. A reduction of pouring speed is
suggested to avoid the fountain effect. To reduce porosity in the 3DP mould, the study of mould
post-treatment suggests the use heating ramps to eliminate the volatiles. Another suggestion
could be to increase the pouring temperature to delay solidification, helping gas evacuation.

To conclude, the use of the 3DP technique for manufacturing aluminium casting moulds is
adequate for obtaining parts in a way very similar to traditional techniques. The advantage of
using 3DP to obtain a mould is the significant reduction in time and the possibility of creating more
complex geometries. However, it is necessary to continue investigating the thermo-chemical-physical
mechanisms that give the mechanical properties to both the moulds and the parts.
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