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Abstract
The present work addresses the printed sand mold thickness effect on the solidification process of a eutectic aluminum-silicon
alloy (AlSi13). Several sand mold thicknesses (varying from 3 to 30 mm) are numerically studied using Quikcast® software. The
study shows that the solidification time decreases when the sand thickness of mold increases. It is accelerated by more than 40%
when the sand mold thickness increases from 3 to 30 mm. The numerical simulations are coupled with experiments. Indeed, the
3D sand printing process is used to fabricate molds presenting different thicknesses of 5 mm and 30 mm, respectively. In
addition, the same printing parameters are applied for producing all sand molds. The comparison between both numerical and
experimental results shows the same tendency according to the sand mold thickness. The results indicate that increasing the sand
mold thickness from 5 to 30 mm allows to accelerate the solidification by 17% and 18.6%, respectively, in the numerical and
experimental results. A finer microstructure is obtained when reducing the solidification time, which enhances the hardness of
casting properties.

1 Introduction
The 3D sand printing (3DSP) process enables direct digital
manufacturing of complex sand molds and cores for sand
casting application from three-dimensional CAD design data
[1]. It also allows replacement of permanent pattern molding
for complex parts. Indeed, it permits to rapidly produce
tooling (i.e., cores and molds) for complex metal castings that
are otherwise difficult to manufacture using conventional sand
casting. The 3DSP process provides unparalleled design freedom, which allows to increase the complexity of printed sand
molds and cores neither in longer production time nor in
higher cost [2].
Various studies had been conducted to understand the influence of printing parameters (such as binder content, powder
recoating speed, catalyst content, layer thickness, aging process, and job box (i.e., building box) position of the printed

specimen [3–7]) on the mold properties (density, permeability,
strength [4, 8–10], etc. …). Then, studies focused more on
exploiting the unlimited potential of 3DSP process to redesign
parts [2, 11, 12], gating and feeding system [13, 14]. Recently,
non-conventional mold designs were proposed to replace the
traditional thick sand molds. These molds include two structures: lattice-shell and rib enforced shell. The shell forms the
cavity for the casting and the surrounding ribs or lattices support and reinforces the shell [15–17]. The first advantage of
using shell molds is to reduce the amount of molding sand.
Consequently, the manufacturing cost decreases. Shangguan
et al. [15, 16] showed that rib enforced shell sand mold allowed
to save two-thirds of the mass of sand compared to traditional
dense mold. The authors indicated also that, for aluminum-A
356, the cooling time was reduced by over 25% when the
temperature decreased from 700 to 200 °C, knowing that the
solidus temperature of the studied alloy was 556 °C. On the
other side, Kang et al. [17] worked on the same type of molds
as those presented in refs. [15, 16] and they showed that the
solidification process was prolonged by around 15% when a
cavity surrounding the riser was added (i.e., by decreasing the
sand thickness around the riser). However, the authors were
more interested in comparing the cooling time and the temperature evolution within the molds than in the cast parts. Indeed,

the solidification process of casting alloys was not well studied
as a function of shell thickness.
The effect of the shell thickness on the casting properties
was more studied in the case of Zcast process, which uses a
mixed powder of plaster and ceramic composite [18]. The authors in [19–21] showed that it was possible to reduce the shell
thickness of Zcast molds from the recommended value of 12
mm. Note that all these studies were investigated in thin cast
parts. Singh et al. indicated that with a shell thickness of 5 mm,
the hardness of aluminum cast parts was improved by 3.8%
[19, 20]. Gill et al. showed that 3 mm and 6 mm were the
optimum shell thickness to ensure better properties, respectively, for ZA-12 zinc and A356 aluminum alloys [21]. However,
the decrease in shell thickness leads to an increase in the surface
roughness [22]. Despite all these results, the literature on the
topic of shell thickness provided scant information, in particular
with other systems that used various sand-binder catalyst systems [5]. The resin (furan or phenol)-bonded sand (e.g., chromite, silica, zircon, or ceramic bead) molds may provide better
properties due to the lower binder content compared to the
Zcast molds. It is very important to quantify the effect of shell
thickness—or in other words, the 3D printed (3DP) sand
thickness—on the cast part properties before re-thinking complex molds design. Here, the question is raised about whether
the 3DP sand thickness variation may improve the final mechanical properties of cast components.
The aim of this work is to study the influence of 3DP sand
thickness on the solidification process of AlSi13 casting alloy
and to provide quantified data, which will be very useful for
mold redesign. In this respect, a numerical study using
Quikcast® software on cylindrical sand molds is presented.
Sand mold thickness varying from 3 to 30 mm is investigated.
In order to confirm the numerical results, sand molds presenting,
respectively, 5-mm and 30-mm thicknesses were printed. The
3DP process and parameters of these molds, as well as the properties of the melting alloy, are presented in detail in this paper.

2 Description of the molds design using
casting simulation
2.1 Part and mold design
The alloy used in this study was the AlSi13. The cast parts and
mold geometry are presented in Fig. 1. In order to highlight
only the impact of the 3DP sand thickness, a simple cylindrical shape was opted for the geometry of both cast parts and
molds, as shown in Fig. 1. The cast parts were composed of
two parts, a cylindrical bar (i.e., casting cavity in Fig. 1) and a
pouring cone to ensure perfect filling of the cavity without
metal overflowing onto the mold. The cylindrical shape of
the casting cavity allows to obtain a radial heat exchange
and to avoid the effect of cast-part section variation on

solidification rate [23, 24]. It was also relatively high (i.e.,
H=150 mm, see Fig.1b) to avoid the effect of the pouring
cone. In addition, using rotary-symmetrical molds (i.e., axisymmetric geometry) allows to ensure evenly cooling of cast
parts, which means maximum warpage defect reduction [25].
The sand molds are composed of three parts as illustrated in
Fig. 1: a casting cavity, a pouring cone, and a base for fixing
the mold on the ground during casting. The molds were differed by the sand thickness around the part to be cast, which
corresponds to the casting cavity in Fig. 1. In the present work,
seven sand mold thicknesses were studied varying from 3 to
30 mm. The choice of sand thickness values was based on
casting simulation and the details of numerical parameters will
be presented in the next section.

2.2 Numerical simulation procedure
The simulation of the filling and the solidification of the melt
AlSi13 alloy were carried out using QuikCast®, a finite volume casting simulation software. The simulation model used
in this study assumed the conservation of mass, momentum,
and energy during the solidification process in cast parts. The
natural convection of the liquid alloy was controlled by the
continuity (cf. Eq. (1): Continuity equation) and the NavierStokes (cf. Eq. (2): Momentum equation) and the heat transfer
was controlled by the isotropic Fourier conduction law (cf. Eq.
(3): Energy equation) [26, 27]:
!
∇: V ¼ 0
ð1Þ
 ! 
∂ρФ
þ ∇: ρ V Ф ¼ ∇:ð μ∇ФÞ−∇P þ ρg
∂t
dT
ρcp
¼ ∇  ðλ∇T Þ þ Q̇
dt

ð2Þ
ð3Þ

In the above equations, ∇ is the vector operator divergence;
!
V is the velocity vector, and Ф is a velocity component; ρ is
the density; t is time; μ is the dynamic viscosity; P is the
pressure; g is the gravity acceleration vector; T is the temperature; λ is the thermal conductivity of the fluid; cp is the
specific heat; and Q̇ is an internal heat source and it is 0 for
the mold and 1 for the cast part.
The conservation equations for mass, momentum, and energy were developed based on the following assumptions: (i)
the liquid was Newtonian and incompressible and (ii) the convection was driven by thermal buoyancy.
The resin-bonded sand and the AlSi13 alloy properties,
which already exist in the Quikcast® database, were used
and are summarized in Table 1. The sand density was
1590 kg m−3 and was supposed to be constant during the
simulation. The heat transfer coefficient of the sand was
300 W m−2 K−1 [28] and the convective heat transfer coefficient between sand and air was 10 W m−2 K−1 [29]. The

Fig. 1 Cast parts and sand molds
geometry designed by catia V5 (H
is the height/ɸ is the diameter): a
3-mm SM and b 30-mm SM

ambient temperature of the surrounding air was 20 °C. The
pouring temperature of the melt AlSi13 alloy was 630 °C and
the liquidus and solidus temperatures were 572 °C and 570
°C, respectively.

2.3 Choice of sand mold thickness
Seven sand mold thicknesses were numerically studied: 3
mm, 5 mm, 7 mm, 10 mm, 15 mm, 20 mm, and 30 mm.
Table 1 Thermal properties of the resin-bonded sand and the AlSi13
alloy in Quikcast database
Temperature
(°C)

Density
(kg m−3)

Specific heat
(J kg−1 K−1)

Conductivity
(W m−1 K−1)

Resin-bonded sand properties
20

670

0.71

100
200
300
400
500
600
700

800
920
883
1006
1006
1006
1006

0.68
0.64
0.60
0.56
0.53
0.50
0.60

1006

0.73

1020
1130
1200
1210
1210
1210

151.6
147
144
143.5
80
80

1590

900
AlSi13 alloy properties
300
2600
450
2578
550
2563
570
2560
572
2478
750
2431

Hereafter, the following designation is adopted to lighten
the text: for example the mold having 3 mm of sand
thickness is referred to by “3-mm SM” (i.e., 3-mm sand
mold) and the corresponding cast part is referred to by “3mm-SM cast part.”
The limits of the studied sand thickness interval that
correspond to 3 mm and 30 mm, respectively, were selected based on solidification simulation of the AlSi13
casting alloy. Figure 2 shows the numerical temperature
mapping of AlSi13 alloy after solidification in the 3-mm
SM and 30-mm SM. In fact, the simulation was stopped
when the temperature of all points in the cast parts
reached a value of 560 °C, slightly below the solidus
temperature of the AlSi13 alloy (i.e., 570 °C). The
3 mm sand thickness was the lowest value that can be
printed to make a resisting mold during casting. This value depends simultaneously on the shape of the part to be
cast and on the printing parameters, in particular the binder content and the recoater speed. The criterion for choosing 30 mm as a maximum thickness was linked to the fact
that the temperature on the external walls of the mold,
after total cast-part solidification, was the room temperature (i.e., 20 °C, see Fig. 2b), whereas, in the case of 3mm SM, the temperature reached the mold walls was
about 300 °C (c.f. Fig. 2a).
The temperature evolution as a function of time was calculated with Quikcast®, in the cast parts and in the molds, respectively, at nodes N1 and N2 (c.f. Fig. 2b). N1 is located in
the middle of the cast parts, at a distance of 95 mm from the
top surface of the casting cones. N2 is located at a distance of
2.5 mm from the edge of the cast parts and 105 mm from the
top surface of molds, respectively. The node positions were
chosen based on numerical results presented in Fig. 3. The
figure shows longitudinal profiles of the temperature

Fig. 2 Numerical temperature
mapping of AlSi13 alloy after
solidification as function of mold
thickness: a 3-mm SM and b 30mm SM

throughout the 30-mm SM. These temperature profiles were
obtained at different distances from the edge of the cast part. In
order to avoid the impact of the pouring cone (i.e., the zone
extended over 75 mm from the top surface of the casting cone)
and the mold base (i.e., the zone extended over 60 mm from
the base), the temperature was extracted in the middle of the
interval of low-temperature variation, as illustrated in Fig. 3.

Fig. 3 Temperature trends within
the 30-mm SM at different thickness locations from the edge of
the cast part

3 Experimental procedure
3.1 3D printing process
The sand specimens and the sand molds were designed using
Catia V5. Catia files were converted into .stl file format to be
transferred to NetFabb software. The sand specimens were

printed by means of the ExOne S-Print Furan machine
equipped with an 800 × 500 × 400 mm3 job box [7]. The
3DSP process was performed in a room maintained at a temperature of 25 °C and relative humidity of 40 ± 10%. The first
step of the 3DSP process consisted of mixing the sulfonic acid
catalyst (0.18% of the weight of the sand) with 8 kg of quartz
silica sand particles and storing it temporarily in the mixing
chamber. The second step consisted of deposing a first sand
layer of 1.4 mm in the job box in order to neglect sub-layer
displacements and compressibility problems [30]. After that, a
fine sand layer of 280 μm was distributed on the job box by a
recoater head. Then, the platform was lowered by one-layer
thickness. The inkjet print head nozzles injected the furfuryl
alcohol-based binder in the selected area to form one crosssectional layer of the part to be printed. A bonding reaction
took place only in the region where the binder was sprayed;
the other regions were covered by unbounded loose sand (i.e.,
binder-free sand). The process of sand layer deposition and
the binder injection continued until the last slice of the sand
specimen was printed and a final sand layer was deposed. The
3DP sand specimens were then cured for an hour at room
temperature inside the job box to eliminate a portion of the
binder. Finally, they were taken out of the job box, and depowdered to remove the unbounded loose sand.

3.2 3D printing parameters
The aim of this study is to print sand molds that should be
rigid enough to resist during casting and sufficiently permeable to facilitate the gases released. For these reasons and
based on the laboratory’s knowledge of the 3DSP process
[5–7, 31–34], the printing parameters listed in Table 2 are
chosen. A special attention was given to the X resolution
(Xr, i.e., binder content) and the recoater speed (Rs). The X
resolution has a direct influence on the mechanical strength of
the printed sand specimens [6, 32–35]. The decrease of the
binder content leads to a considerable decrease in strength.
Conversely, the higher binder content increases the strength
of the printed sand specimens but it generates more gas during
casting, which can cause defects in the casting parts [6, 8].
Regarding the recoating speed effect, it has an influence not
only on the mechanical strength but also on the specimen’s

Table 2 3DSP process
parameters

permeability [5, 6, 33, 36]. Indeed, the high speed gives rise to
non-uniform compaction of the sand layer and therefore lower
packing density due to high porosity. On the other side, low
recoating speed leads to high sand density, inducing higher
flexural strength. In relation with the above, the applied binder
content and recoater speed were respectively 1.49 ± 0.07% (of
the sand weight) and 208 mm s−1. The details of the printing
parameters of the selected recipe are presented in Table 2.

3.3 3DP sand characterization
Rectangular bar (length = 172 mm, width = 22.4 mm) and
cylindrical shaped specimens (diameter = 50 mm, height =
50 mm) were printed to perform 3-point bending strength
and permeability measurements, respectively. The sand specimen characterization techniques used in this article have been
described and detailed in [6, 7, 33]. Only a brief description
was reviewed hereafter.
Three-point bending tests were performed on the printed
sand bars using a universal strength test machine (SimpsonElectrical PFG type) to determine their bending strength. The
bars were placed on two supporting pins spaced apart by 150
mm. A third pin at the mid-length of each sand bar applied a
load at a rate of 0.1 MPa s−1 until the specimen broke. This
bending test was done using an electric motor with a maximum load capacity of 12.8 MPa. The reading uncertainty on
the pressure gauge was ± 0.05 MPa.
Permeability measurement was performed on the cylindrical sand specimens using a digital permeability meter. This
machine is characterized by a measuring range from 0 to 1000
GP ± 1GP. The orifice standard method was applied as per the
recommendations of the American Foundry Society [7].
The sand characterization shows that the 3DP specimens
have an average density of 1300 kg m−3, which exhibits 51%
of porosity. They present also a 3-point bending strength of
2.2 ± 0.5 MPa and permeability of 95 ± 16 GP. All the results
are in agreement with the preceding literature [6, 7, 33]. They
confirm that the selected recipe, detailed in Section 3.2, allows
to obtain a good compromise in the mechanical properties of
the molds over a wide range of sand thickness. However, the
associated strength is not enough to print the 3-mm SM.
Hence, the minimal sand thickness used to print molds was

Average grain size

140 μm

Recoating speed (Rs)

208 mm s−1 which corresponds to 16% of the
maximum achievable speed by the recoater-Sprint ExOne

X resolution (Xr)
Z resolution: sand layer thickness
Print head voltage

120 μm
280 μm
85 V

5 mm. 30-mm SM was also printed, which corresponds to the
upper limit of the studied sand thickness interval.

polished cast samples. For each sample, about 35 measurements were performed.

3.4 Melting alloy and cast-part characterization

4 Results and discussion
An aluminum-silicon alloy AlSi13 (EN AC-4400: US designations of the Aluminum Association) was used in this study.
It was slightly hypereutectic as the silicon was about 12.8 wt%
(i.e., the eutectic point of the Al-Si is 12.6 wt% [37]). The
exact chemical composition was obtained by
SPECTROMAXx optical emission spectroscopy and is summarized in Table 3. The AlSi13 alloy was chosen because it is
commercially very popular and widely used in foundry since
it exhibits excellent fluidity, cast ability, corrosion resistance,
and crack resistance [38–40]. The AlSi13 alloy ingots were
melted at 700 °C, in 12 kW resistance furnace (type: NPG.45,
voltage: 380 V, current: 19 A) in a carbide crucible. The parts
were cast by gravity at a pouring temperature around 630 °C.
Three thermocouples were placed for each experimental
test in order to measure the temperature evolution within the
cast part and the sand mold: one thermocouple was placed at
node N1 (i.e., in the middle of the cast part) and the two others
were placed at node N2 (i.e., at 2.5 mm ±0.5 mm from the
cast-part edge). The thermocouple position was determined
based on the numerical study as explained above in
Section 2.3 (cf. Fig. 2b).
The number of the thermocouples was reduced to three in
order to minimize the heat transfer disturbance. The data were
recorded every 20 ms, during casting, solidification, and
cooling to room temperature, and were stored in a multichannel recorder (Hioki LR8431-20 recorder). The analysis process included plotting the cooling curves and identifying the
solidification parameters such as solidification rate,
undercooling, and eutectics plateau.
For microstructural analyses, radial sections were performed at the middle of the cast parts. The obtained samples
were polished mechanically in three main steps: a first grinding with silicon carbide disks (grit from 500 to 4000), and
diamond polishing with 3 μm and 1 μm diamond suspensions,
respectively. Polished samples were observed by an Olympus
optical microscope in order to highlight the impact of the 3DP
sand thickness on the cast-part microstructure.
A QNESS hardness tester was used for performing Vickers
microhardness. The tests were conducted by applying 5 kg for
10 s with square-based pyramid indenter on the surface of the

Table 3

Chemical compositions of the AlSi13 alloy in wt%

Si

Cu

Mg

Fe

Zn

Mn

Sr

Al

12.77

0.06

0.01

0.49

0.01

0.13

<0.0001

86.45

4.1 Influence of the 3DP sand mold thickness on the
solidification process
Figure 4 shows the numerical cooling curves of the AlSi13
casting alloy in the sand molds presenting different thicknesses varying from 3 mm to 30 mm. The curves were obtained with Quikcast® at the same position in the cast parts. Such
a temperature-time curve gives qualitative information about
the alloy solidification process and can be used to predict the
microstructure of the cast parts. The cooling curves are made
up of three domains that correspond to the alloy phase change
as illustrated in Fig. 4, in the case of the 30-mm-SM cast part.
The first domain [ p, Eut,N] corresponds to the temperature
interval between the pouring temperature ( p) and the eutectic
nucleation temperature ( Eut,N). In this interval, the alloy is in
the liquid state. The slope of this curve allows to obtain the
“solidification rate” of the cast part. The second domain
[ Eut,N, S] corresponds to the solidification interval of the casting alloy. This domain starts with an undercooling process,
which relates to the nucleation of the first eutectic germ and
therefore to the beginning of alloy solidification. After nucleation, the eutectic germs grow and this process is illustrated by
a plateau in which the temperature is almost constant around
570 °C. In the case of eutectic alloys, the plateau duration
(ΔtEut,G) is a good indication of the solidification duration
[38]. The third and last domain [ S, 20 °C] corresponds to
the cooling of solid alloy until the ambient temperature.
The comparison between the results in Fig. 4 shows that the
slopes of the cooling curves are similar, about 20 °C s−1,
regardless of the sand mold thickness. Added to that, the duration of this first domain [ p, Eut,N] is about 2.5 s and is almost
the same for all the cast parts. This interval actually
corresponded to the time for the heat to reach the external
walls of 3-mm SM as illustrated in Fig. 5. This figure presents
the different stages of heat transfer, within the thinnest sand
molds used in this study (i.e., presenting a thickness of 3 mm,
5 mm, and 7 mm, respectively) and in their corresponding cast
parts, during the first seconds after pouring. In the case of 3mm SM, the temperature at the external mold walls increased
and reached about 40 °C in 2.5 s, whereas in the 5-mm SM,
the temperature increased only slightly (about 21 °C, c.f. Fig.
5). From 7 mm of sand thickness, the temperature at the external mold surface did not change. According to simulation,
the heat reached the 3-mm SM edge after about 2.5 s, which
was not the case for the other molds, hence, the change of the
alloy behavior (see Fig. 4).

Fig. 4 Numerical cooling curves
of the sand cast AlSi13 alloy

To better quantify the influence of the sand thickness on the
microstructure of cast parts, it is necessary to focus on the
second domain [ Eut,N, S] for eutectic alloys. Since the solidus
temperature S is reached, the mold thickness variation has no
impact on the cast-part properties [38]. In this domain, the
results show that the ΔtEut,G is significantly affected by the
sand mold thickness. Indeed, ΔtEut,G decreased when the
mold thickness increased as illustrated in Fig. 6. For sand
thickness varying from 10 to 20 mm, ΔtEut,G was 46 s for
all cast parts. Then, it slightly decreased when the sand thickness increases to 30 mm (cf. Fig. 6). The longest eutectic
plateau was 73 s, obtained with 3-mm-SM cast part (i.e., in
the thinnest mold) and the shortest one was 44 s, obtained with
30-mm-SM cast part (i.e., in the thickest mold). Thus, the
solidification was accelerated over 40%.
Figure 7 groups the temperature evolution within the sand
molds. The curves were recorded at the same position, which
corresponds to a distance of 2.5 mm from the edge of the cast
part. Table 4 summarizes the maximum temperature reached
in the molds and the corresponding necessary time to reach
them. The results show that for all molds, the temperature

increased quickly to reach a certain maximum value and then
it decreased. Nevertheless, many differences were revealed
according to the mold thickness (c.f. Fig. 7 and Table 4).
The maximum temperature value decreased with increasing
the sand mold thickness. The highest values of temperature
were reached in the case of the thinner molds: they were
around 412 °C and 335 °C, reached within 88.4 s and 87.1
s, respectively, in the 3-mm SM and the 5-mm SM. Besides, in
the case of 30-mm SM, the maximum temperature was about
232 °C, reached in only 66 s. It is roughly 1.8 and 1.5 time
lower compared to 3-mm SM and the 5-mm SM, respectively.
The maximum temperature reached in the 15-mm SM, 20-mm
SM, and 30-mm SM was almost the same. After cast-part
solidification, the temperature was still higher in the thinner
molds until it reached around 150 °C (c.f. Fig. 7). Then, the
temperature decreased quickly until the ambient temperature
with high cooling rate compared to the thick molds.
All the revealed differences are related to the sand mold
thickness. Indeed, from a thickness of 7 mm, the heat does not
arrive to the external mold walls before the part solidification
end. In this case, the heat extraction from alloy flux is totally

Fig. 5 Temperature evolution during the first 3 s after cast pouring in the 3-mm SM, 5-mm SM, and 7-mm SM, respectively

Fig. 6 Effect of the sand mold
thickness on the eutectic plateau
duration (ΔtEut,G) of cast parts

determined by heat conduction in the mold. The result is expected and it is in good agreement with literature [41], supposing that heat transfer is unidirectional. Thus, the heat released during solidification is transferred within the mold,
with a high heat transfer coefficient (supposed to be 300 W
m−2 K−1 in Quikcast simulation [28]). On the opposite, and for
the sand mold thickness less than 5 mm, the heat arrives to the
mold walls in few seconds before the solidification beginning.
Once the heat reaches the mold walls, it is transferred to the air
essentially by natural convection. Natural convection was
caused by buoyancy forces due to density differences produced by temperature variations in the air. The heat transfer
coefficient between the sand and the air was about 10 W m−2
K−1 [29], which is 30 times less than the heat coefficient
transfer between the alloy and the sand mold. This creates a
thermal resistance at the mold walls and consequently the heat
transfer within the mold is slowed down.
The numerical results show that increasing the 3DP sand
mold thickness allows to accelerate the solidification of the
casting. Thus, the mechanical properties of cast parts can be
improved. In the range of the studied thicknesses and

Fig. 7 Numerical simulation of
the temperature evolution within
the sand molds

according to the cast-part shape, the 30-mm SM allows to
obtain the lowest solidification time (i.e., the smallest
ΔtEut,G); that means the fastest solidification. Nevertheless,
reducing the 3DP sand mold thickness allows to accelerate
the cooling of the molds, after part solidification, and also to
decrease the amount of printed sand. Thus, the cost of
manufacturing is lower. A compromise between reducing
the solidification time and the manufacturing cost of 3DP sand
molds can be achieved by using only 15 mm of sand thickness, since the results obtained with 15-mm SM were very
close to those of 30 m SM in terms of solidification time.
Indeed, the solidification of the 30-mm-SM cast part was accelerated by around 4.5% compared to 15-mm-SM cast part.
Besides, the amount of required sand was reduced by around 2
times.

4.2 Experimental validation
In order to confirm and validate the numerical study of the
influence of 3DP sand thickness, molds presenting, respectively, 5 mm and 30 mm of sand thickness were printed. It

Table 4

Maximum temperature reached in the molds and the corresponding time

Sand thickness (mm)

3

5

7

10

15

20

30

Temperature (°C)

412

335

283

245

233

233

232

Time (s)

88.4

87.1

84.3

78.2

67

66.2

66

was not possible to print 3-mm SM for reasons related to the
strength of the selected sand recipe as detailed in Section 3. The
numerical results corresponding to these molds were already
presented in the previous section and they are superposed and
compared with the experimental results in this section. The comparison between the experimental and numerical results was
qualitative since the thermal properties of the sand and the alloy
were not experimentally characterized.
When comparing the cooling curves presented in Fig. 8,
one can conclude that both numerical and experimental results
present the same tendency. The duration of the first domain
[ p, Eut,N] is close; 2.5 s in the numerical cooling curves and
about 2 s and 2.5 s, respectively, in 5-mm-SM and 30-mm-SM
cast parts. The difference in the experimental results can be
linked to the sensitivity of thermocouples. According to simulation, the slope of the cooling curves was the same (about 20
°C s−1) regardless of the mold thickness, whereas, it was not
the case in the experimental results. In fact, the experimental
solidification rates of 5-mm-SM and 30-mm-SM cast parts
were 27 °C s−1 and 21 °C s−1, respectively (c.f. detail b in
Fig. 8). The difference cannot be related to the intrinsic properties of the sand since the same recipe was applied for all the
printed molds (i.e., same printing parameters). It can be related
to the pouring temperature since the 30-mm-SM cast part was
poured at a higher temperature (622 °C vs 600 °C in the case
of 5-mm-SM cast part). The solidification rate as a thermodynamic parameter is significantly affected by the pouring temperature, and it would decrease with increasing the pouring

Fig. 8 Numerical and
experimental cooling curves of
the cast AlSi13 alloy in 5-mm SM
and 30-mm SM

temperature [42]. The solidification rate in 30-mm-SM cast
part was higher in the beginning until the temperature reached
about 600 °C. At this time, the sand had already heated up and
consequently, the solidification rate in 30-mm-SM cast part
decreased. Thus, the average solidification rate was lower in
30-mm-SM cast part.
In the solidification domain [ Eut,N, S], the curve of the 30mm-SM cast part presented low undercooling, which lead to a
smaller ΔT parameter (ΔT = 7 °C and 12 °C respectively for
30-mm-SM and 5-mm-SM cast parts, cf. Fig. 8). A low
undercooling means a larger interlamellar spacing [43, 44].
Yet, it is well known that, in the eutectic microstructure, the
interlamellar spacing is the main parameter that controls its
mechanical properties [44, 45]. Indeed, the interlamellar space
is strongly dependent on the cooling conditions during solidification [46].
The 30-mm-SM cast part presented the shortest eutectic
plateau ΔtEut,G. The experimental solidification times of 5mm-SM and 30-mm-SM cast parts were, respectively, 43 s
and 35 s. The result is consistent with the simulation since the
ΔtEut,G was 53 s and 44 s, respectively, in 5-mm-SM and 30mm-SM cast parts. Therefore, increasing the 3DP sand mold
thickness from 5 to 30 mm leads to reducing the eutectic
plateau by 8 s and 9 s according to the experimental and
numerical results. Thus, the solidification is accelerated by
around 17% and 18.6%, respectively. Both numerical and
experimental results evidence that the solidification is faster
in a thick mold. The faster the solidification, the finer the

microstructure and the greater the mechanical properties of the
cast parts. For Al-Si eutectic alloy, the solidification rate has a
major influence on the size, morphology, and distribution of
the eutectic silicon particles [43, 44]. Increasing the solidification rate can refine the eutectic silicon particles and changes
their morphology [47, 48]. Indeed, the eutectic structure has
significant effects on the mechanical properties of Al-Si alloys
[43, 44].
Figure 9 groups the experimental and the numerical temperature evolutions in both molds. The comparison between
the curves shows the same tendency. The maximum temperature reached was always higher in the thin mold (i.e., 5-mm
SM) and it was reached at longer time compared to 30-mm
SM. It was about 335 °C and 340 °C for 5-mm SM and about
232 °C and 265 °C for 30-mm SM, respectively, in the numerical and experimental results. After solidification (i.e., after about 12 min), the temperature was higher in 30-mm SM
until it reached around 140 °C (70 °C in the numerical results,
see Fig. 7). Then, the temperature decreased with high cooling
rate compared to 5-mm-SM mold. For instance, 22 min and
45 min were respectively necessary for 5-mm-SM and 30mm-SM sand molds to reach a temperature of 50 °C. Thus,
the 5 mm sand thickness saved around 51% of the cooling
time. It saved around 36% according to the simulation. The
examinations of all cast parts, after cooling to ambient temperature, showed that the warpage defect did not occur, which
evidences that the cooling was uniform in the studied case.
Certainly, there is a gap between the experimental and numerical results concerning the temperature profiles within the
molds. The deviation between the results could be related to
the sensitivity of thermocouples and their locations in the
mold. Added to that, the thermocouples were manually placed
in each mold. In spite of the major care dedicated to the instrumentation, the thermocouples could be positioned in the
molds with a shift estimated to ±0.5 mm relative to the desired
location (c.f. at “N2” position, see Fig. 2b). In order to analyze
the impact of the thermocouple location on the temperature
Fig. 9 Numerical and
experimental curves of the
temperature evolution in 5-mm
SM and 30-mm SM

evolution within the mold, a numerical study has been investigated. Figure 10 groups the temperature curves recorded in
three positions within the 30-mm SM, at a distance of 2 mm
(position 1), 2.5 mm (“N2” position) and 3 mm (position 2),
respectively, from the edge of the cast part. The results show
that the variation in the location of the thermocouples leads to
a temperature deviation and can reach a maximum of 50 °C
when the position shifted by 1 mm (c.f. the maximum shift).
The deviation was only observed in the first part of the curves,
for the first 5 min (c.f. Fig. 10). Therefore, the difference
between the numerical and experimental results, as seen in
Fig. 7, cannot be attributed only to the location of thermocouples within the molds. As explained above, the thermal properties of the sand recipe were not experimentally characterized
and the standard database of Quikcast software was used for
the numerical simulations. All these factors make it possible to
induce deviation in the temperature curves.
Despite all the differences between both numerical and
experimental results, they are still showing similar tendency.
The evidence that the sand thickness has an impact on the
solidification process and that the solidification is faster in a
thick mold. Hence, it affects the microstructural properties of
the cast part as shown in Fig. 11.
Figure 11 presents the micrographs of samples prepared
from as-cast AlSi13 alloy in the 5-mm SM and 30-mm SM,
respectively. These micrographs reveal a eutectic structure of
Al-Si alloy. Its principal structural component is coarse lamellas of α (light) and Si (dark) and small amounts of primary
silicon crystals (Si) phase, characteristic of the siliconcontaining alloys. These primary Si particles provide improved wear resistance [40]. The comparison between the
microstructures shows that the distribution of the lamellas
(α/Si) was irregular in both samples. However, the interlamellar spacing was very large in the 5-mm-SM cast sample. In
contrast, 30-mm-SM cast sample was characterized by more
numerous and closer lamellas (finer structure). The interlamellar space was very small in this sample. The revealed

Fig. 10 Influence of the position
of the thermocouples on the
temperature evolution within the
30-mm SM

microstructure differences are expected since the solidification
of the 30-mm-SM cast part was faster than 5-mm-SM cast
part, as shown in the previous section. This result is confirmed
by the hardness measurements performed on both samples.
The hardness average value increased from 58 ± 1.8 HV5 to
64 ± 1.2 HV5, i.e., by about 10.3%, when the 3DP sand mold
thickness increased from 5 to 30 mm. All the revealed microstructural differences confirm that the 3DP sand mold thickness affects significantly the microstructure of cast parts and
consequently its mechanical properties.
It is important to have a thorough understanding of sand
mold thickness impact on the solidification process of casting.
Fig. 11 Optical micrographs of
samples obtained from as-cast
AlSi13 alloy in a 5-mm SM and b
30-mm SM. a, d Zoom of the
black-boxed areas in a and b,
respectively

According to both numerical and experimental works in the
eutectic AlSi13 alloy, increasing the 3DP sand thickness allows to accelerate the solidification of the casting. Thus, the
interlamellar spacing decreases and a finer microstructure is
obtained, which enhances the hardness of the casting and consequently, the mechanical properties are higher. Nevertheless,
the inverse effect can be very useful in certain cases, in particular in the case of risers. Keeping the metal liquid within a
riser during the cast-part solidification is a major objective in
the casting process because it allows to produce a sound part
(cf. without shrinkage porosity) [49]. For this purpose, exothermic risers are often used to delay the solidification of alloy

in the riser [50–53]. Instead of using relatively expensive solutions that are sometimes complicated to implement in the
sand molds, reducing the sand thickness around the riser is an
efficient way to make the solidification time longer by producing insulation effect. That is linked to the blockage mechanism, which takes place in the interface sand mold/air.
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The present work contributed to a better understanding of 3DP
sand thickness effects on the solidification process of AlSi13
casting. Numerical simulations and experiments were performed in the case of simple cylindrical cast part and molds.
Both results were consistent and they highlighted the impact of
sand thickness on the solidification of cylindrical cast parts.
They showed that the solidification time could be reduced by
increasing the sand mold thickness that affected significantly
the microstructure and the mechanical properties of cast parts.
The numerical results showed that the solidification was accelerated by more than 40% when the sand thickness of molds
increased from 3 to 30 mm. In the case of the studied part shape,
a 15 mm of sand mold thickness allowed to obtain a good
compromise between the solidification time and the quantity
of printed sand—in other words—between the mechanical
properties and the manufacturing cost. The experimental validation was performed on 5-mm SM and 30-mm SM. The study
indicated that increasing the sand mold thickness from 5 to
30 mm allowed to accelerate the solidification by 17% and
18.6%, respectively, in the numerical and experimental results.
Hence, the interlamellar (α/Si) space decreased which enhance
the strength of the as-cast AlSi13 parts. Thus, the hardness
average value measured on the cast sample increased by 10.3%.
This work was interested in studying the case of cylindrical
cast parts and molds. The studied case was preliminary and
simplified, while it is the first step to highlight the impact of
the 3DP sand mold Thickness. In our coming work, we will
experimentally characterize the heat transfer properties of the
furan-bonded sand. The obtained data will be then introduced
into the database of the Quikcast simulation software. This will
allow to simulate the solidification of the casting in the mold with
high accuracy and consequently to work on fairly complex cast
parts and sand molds without having to go through experiments
each time. We will also focus on making correlations between
the printing parameters (Xr, Rs), the sand thickness. These correlations could be very useful to master the casting properties and
to obtain the desired ones according to the cast-part usage.
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