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Abstract. Capabilities of Additive Manufacturing (AM) for rapid tooling are
well known in recent times. Rapid sand moulds are advantageous over traditional
sand moulds in terms of cost, manufacturing time, flexibility, etc. This paper
identifies metrics related to mould manufacturing and categorises them into four
categories (cost, time, quality and environmental sustainability). A methodology
based on the deterministic Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) multi-criteria decision making algorithm is used to map
at high-resolution the influence of such categories on to the decision-making
space when comparing AM with conventional sand mould making. Results show
that AM is almost always clearly advantageous overall (excluding some very
limited corner cases) for the examined case.
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1 Introduction

Sand casting finds its importance in producing near net shape complex geometries. In
a traditional sand casting process, hot molten metal is poured in a sand mould and is
left to cool down at the room temperature. The molten metal solidifies and the casting
is obtained. The pouring process can be manual, semi-automated or fully automated.
The flow velocity of molten metal should be controlled to avoid any turbulence and to
maintain high casting quality. The sand castings typically have low cooling rates be-
cause of the insulation provided by the sand surrounding the molten metal. This is ad-
vantageous particularly for shaping hard-to-machine materials [1]. The internal shape
of the part is obtained by making use of a core which is placed inside the mould cavity.
The cores and patterns are produced by skilled foundrymen [2]; thus, the accuracy of
the tooling is dependent upon the skill-set of artisans. The moulds for sand-castings are
expendable, i.e. they are temporary and not reusable moulds. One mould can only be
used for producing one casting. Consequently, in order to obtain repeatability in cast-
ings, moulds should be manufactured with high precision and accuracy. Furthermore,
mould manufacturing is not only labour intensive but also time consuming. Gravity
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sand casting process finds its application in casting engine blocks. In the current work,
we confine ourselves to the mould manufacturing process for gravity sand casting only.

Additive Manufacturing (AM) commonly referred to as 3D printing, has emerged as
a robust and rapid tooling technique in recent years [3]. However, its implementation
in sand casting operations is not well explored yet. AM as per NF ISO/ASTM 52900
can be defined as “the process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and formative man-
ufacturing methodologies”. The expendable mould making process using 3D printing
is economical [4] and much faster [5, 6] than conventional mould making techniques.
Also, the process is suitable for a wide range of materials used for mould making in
sand casting process [5, 6]. For smaller production volumes, pattern making is rather
expensive. As the pattern must be removed to create a cavity, this sometimes limit the
geometry to be produced from conventional sand casting [7]. Several researchers have
highlighted the importance and advantages of rapid sand casting over traditional sand
casting [8-10]. However, a robust decision framework has never been implemented in
the past to identify the scenarios in which one mould manufacturing method is advan-
tageous over the other, according to the authors’ best knowledge.

The work done in this paper identifies critical metrics related to mould sustainability,
cost, quality, and time required to produce one mould. The metrics are then categorised
into four groups and different scenarios are evaluated. A methodology based on multi-
criteria decision analysis assigns a pre-determined importance (i.e. weight) to each cat-
egory of metrics and determines objectively which process is to be preferred in a par-
ticular scenario. From a sustainability perspective, such approach also helps to select a
cleaner manufacturing process at the same time critically evaluating the overall perfor-
mance of the rapid sand casting process.

2 Sand mould manufacturing process

2.1  Conventional sand moulds

In sand casting processes, a sand mould serves as a tool, forming an internal cavity for
pouring in and solidifying the molten metal. In parts, such as engine blocks where a
complex internal geometry is desired, a secondary tool element known as “core” is
used. Cores are fabricated using silica sand and a resin or binder is used to bind and
cure the core. Cores are sometimes coated and baked before use.

Mould making is typically a machining process that involves energy consumption.
The specific mould making energy (SECw), for the process is 0.16 MJ/Kg [11]. Simi-
larly, the specific core manufacturing energy (SEC.) has been found to be equal to 0.51
MJ/Kg [11]. If wm and w, represent the weight of sand utilised for mould making and
core making respectively, then the total energy consumption (Ec) in conventional mould
and core production can be evaluated from equation 1.

E.(M]) = (SECy wy) + (SECc w) (1)

The CO; emissions for generating heat using grid electricity (also referred to as car-
bon intensity) is assumed to be 325 gram CO2/KWh. More realistic data at any instant



can be obtained from [12]. The overall CO, emissions can thus be evaluated from equa-
tion 2.

_ 325

COZ,C (kgCOZ) ~ 3600 * Ec (MD (2)

2.2 Rapid sand moulds

One of the 3D printing technologies utilised for printing sand moulds is binder jetting.
The process is capable of fabricating an optimised mould design with identical engi-
neering competence and 33% lighter than the usual component [10].

The manufacturing process is carried out in seven steps (Fig. 1). A CAD model is
first prepared using a standard CAD software and subsequently the model is then fed
to the 3D printing machine. A re-coater spreads a layer of sand on the build platform.
The inkjet head then sprays the binder droplets forming a layer. The build platform is
lowered and the process is repeated to fabricate the next layer. The process continues
till the desired part is produced. Unbound sand is then removed using pressurised air or
a brush and the finished part is then obtained from the machine. In certain cases, an
additional post-curing operation is carried out to enhance the strength of parts. The
mould can then be utilised in sand casting operation. Utilisation of 3D printed moulds
in energy efficient sand casting processes such as CRIMSON has the potential to pro-
duce defect free castings and at the same time reduce the energy consumption of the
casting process [13-16]

Energy consumption for mould and core manufacturing depends on the printer spec-
ifications. There are several 3D printers available commercially with machine power
ranging from 5000 W to 10300 W. For the current study, a VX500 Voxeljet printer has
been considered. The maximum machine power for the printer is 10300 W with a build
(maximum) speed of 3-10°% m?/s. The specific energy consumption (SECn,) for manu-
facturing the sand mould and a core with density 1738 kg/m?3, is 1.08 MJ/kg [9]. Thus,
the total energy consumption (Esp) in 3D printing of sand mould and core can be eval-
uated from equation 3. The corresponding CO emissions can be obtained from equa-
tion 4 (analogous to equation 2).

Esp M) = SECm,c W + we) (3

CO,3p (kgco,) 2 4 Eyp (M)) 4)

~ 3600

3 Process selection for mould manufacturing

The influence of multiple criteria such as environmental sustainability, quality, cost and
production time in formulating a decision making approach for optimal process selec-
tion is presented in this section. Metrics influencing the sand mould and their effect on
the casting quality are considered. The positive or negative impact on the mould making
process is identified for each quantity (see Table 1). The effect of increasing the quan-
tity identifies its impact.
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Fig. 1. Fabrication of sand moulds from binder jetting (Image adapted from [17])

Table 1. Selected process metrics for expendable mould manufacturing

Quantity Impact Category

(Tvstil sand used in mould making Negative Environmental sustainability
m,

Total sand used in core making (wc) Negative  Environmental sustainability

Casting weight (Wcast) Negative  Environmental sustainability

CO emissions (COy) Negative  Environmental sustainability

Total Energy consumption in mould Negative  Environmental sustainability
making (E)

Tensile strength of mould (ov) Positive  Quality
Surface roughness of casting (Ra) Negative  Quality
Porosity of casting Negative  Quality
Compressive strength of casting (oc) Positive  Quality
Hardness of casting (HV) Positive  Quality
Cost of one mould Negative  Cost

Mould making time Negative Time

3.1 Environmental sustainability

Sand casting is one of the most energy-intensive manufacturing processes. Equations
(1) — (4) can be used to evaluate the total energy consumption in mould making and the
corresponding CO, emissions. Material data for sand used in fabricating the mould and
the core are adapted from Hawaldar and Zhang [8]. The authors fabricated the mould
for manufacturing a pump bowl. The core and the mould were manufactured using a
VX500 3D printer. The authors reported that the total mass of utilised sand (wm) in the
conventional and 3D printing processes was equal to 301 kg and 90 kg respectively.



The mass of sand used for manufacturing the core (wc) was 7.7 kg (conventional) and
3.3 kg (3D printed). The casting mass (Wcast) for the two moulds was found to be 34 kg
(conventional) and 23 kg (3D printed).

Substituting wm and we in equation (1) and (3), the total energy required to manufac-
ture mould using the two mentioned processes is E; = 52.08 MJ and Ezp = 110.36 MJ
respectively. By substituting the two energy values in equations (2) and (4), the CO;
emissions for the two processes can be evaluated: CO, = 4.70 kgCO; and COy3p =
9.96 kgCOs..

3.2  Quality

Quality can be evaluated in terms of the quality of the parts produced form the two
moulds (conventional and 3D printed sand mould). The strength of the mould itself can
be an influencing factor from the mould perspective. Material data for the quality metric
have been adapted from Snelling et al. [18]. Sand used for 3D printing is commercially
available 3D powder, ViriCast™, from Viridis 3D. The 3D printed mould allows cast-
ings to be produced up to maximum of 1454.4°C. Five tensile testing specimens were
printed and cured at 204.4°C for five hours. Standard tensile testing apparatus was used
to identify the tensile strength of the 3D printed dog-bone and compared against the
conventional no-bake foundry sand mould. The mean tensile strength (o) for the 3D
printed part and the no-bake foundry sand mould were reported to be 0.16 MPa and
0.56 MPa respectively. A356 alloy was then cast using the moulds from the two pro-
cesses and other characteristics were then identified.

Roughness average (Ra) for the 3D printed moulds and no-bake sand moulds was
reported to be 13.62 umand 12.17 um respectively. The average density of two castings
was found to be identical and equal to 2.61 g/cm?® and thus density was excluded from
the current analysis. Castings produced from 3D printed moulds were more porous
compared to those produced from no-bake moulds. Average porosity was found to be
1.13% and 0.65% in 3D printed moulds and no-bake moulds respectively. The Vickers
Hardness value of two moulds was 92.7 HV (3D printed) and 82.1 HV (no-bake
mould). The metal cylinders were also tested for compressive strength and the reported
values were 170.8 MPa (3D printed) and 165 MPa (no-bake mould).

3.3 Cost

Cost is another important criterion for decision making. It typically involves material,
labour, equipment, energy and manufacturing costs. For simplicity all these costs can
be referred to as tooling cost. The economics of 3D printed moulds is dependent on the
lead-time (tieag) and number of parts [8]. Depending on both factors, 3D printed moulds
are capable of saving up to 75% of the mould manufacturing cost [17]. Table 2 shows
the costs in mould manufacturing from the two processes. In the current study, cost for
small production volumes (one part) with tieaq = 21 days is considered.



Table 2. Tooling cost for mould manufacturing [17]

3D printed moulds Conventional moulds
Quantity tiead = 5 days tiead = 21 days tiead = 4 — 6 Weeks
1 €898 €410 €3,600
5 €3,080 €1,428 €3,684
10 €5,490 €2,525 €3,789
50 €22,275 €10,300 €4,628

34 Time

Time accounts for the total time spent for mould making, core making and fettling time.
As 3D printing doesn’t require patterns to be produced, time spent in making patterns
is excluded from the current study. Fettling time refers to the time spent in removing
risers, runners, and feeder head after dismantling the mould by breaking in conventional
mould manufacturing. The data for calculating the time spend in two mould making
processes have been adapted from [8].

3.5  Multiple-Criteria Decision Analysis mapping through weighting

The combination of multiple, conflicting criteria in order to make an objective decision
among a number of alternative options, is a sub-discipline of operations research called
Multi-Criteria Decision Analysis (MCDA). Several MCDA methods have been devel-
oped over the past decades and, among them, the Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) has attracted significant attention for its ability
to correctly compare criteria with different scales and inter-dependencies. Moreover,
TOPSIS can take into account of compensatory trade-offs and combine qualitative and
quantitative data [19]. TOPSIS applies weights to each criterion (initially normalised)
to reflect their importance for the decision maker, then identifies a positive (i.e. best)
and negative (i.e. worst) ideal solution. Finally, a score s is calculated to rank the al-
ternatives considering their closeness to the mentioned ideal solutions. Higher scores
imply a better choice [20].

In a previous work by the authors, TOPSIS has been combined with an algorithm
capable of automatically mapping the decision-making space at high-resolution [21].
This can be accomplished categorising the criteria (that are considered equally im-
portant within each category) and applying an ordinal and combinatorial study of
weight distributions to the categories. Four weight distributions laws with self-explan-
atory names (called “uniform”, “halving”, “quadratic” and “first two”) have been se-
lected to satisfactorily describe the decision-making space (Fig. 2) [21].
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Fig. 2. Weight distribution laws applied to the TOPSIS method for the categories of criteria [21].

Such methodology is used in this study to map the decision-making space of con-

ventional mould-making in comparison with an AM process.

ISCUSSION

Results and D

4

“first two” of Fig. 2) are presented in Fig. 4 identifying each case with the sequence of

initial letters for each category (i.e. “€”: environmental sustainability, “t”: time, “q”:
quality, “c”: cost). The position of the relevant letter in the sequence indicates the rank-

combinatorial study with different weight distributions (“halving”, “quadratic” and
ing of each category to set its weight.

When categories are combined and they are considered equally important for the deci-
sion maker, AM clearly appears to be the best choice overall, showing a significant
advantage over conventional mould-making (Fig. 3). The maps showing the ordinal

The maps show a clear dominance of the AM option in almost every case. However,
it is interesting that conventional mould-making becomes (by a small margin) a better
choice when quality is considered to be the most important characteristic according to

the decision maker (“quadratic” weight distribution law cases starting with “q” in Fig.

4). Furthermore, another interesting aspect exposed by the high-resolution mapping are
a few isolated, corner cases when there is no clear preference between the two options:
i.e. when environmental sustainability and quality are the only two important categories
(“first two” weight distribution law cases starting with “eq” or “qe” in Fig. 4). For these
cases, it would be interesting to amplify the differences between alternatives using the

criteria entropy of information [21] to obtain a clearer ranking.
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Fig. 3. Overall TOPSIS score s of conventional (“Conv”) and Additive Manufacturing (“AM”)
sand mould-making when all categories are equally important (“uniform” weight distribution law
of Fig. 3).
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5 Conclusions

Sand casting is a well-established shaping process for manufacturing complex geome-
tries. Additive Manufacturing (AM) techniques for rapid tooling have seen a significant
development in recent times but their application in printing expendable moulds for
sand castings is rather new. The AM printing process is known to be economical and
faster than conventional mould making technique. However, there remains a gap in
assessing the sustainability of rapid sand casting moulds. This paper establishes a robust
sustainability assessment approach to compute key manufacturing quantities (in the
categories of cost, time, quality and environmental sustainability) and combines them
using a multi-criteria decision analysis tool able to map at high-resolution the decision-
making space. Results show that in many cases AM is the best choice and identifies a
few isolated cases where there is no clear better option between the two (i.e. when both
environmental sustainability and quality are the only two most important categories for
the decision maker) or when conventional mould making is to be preferred (i.e. when
quality is the only major desired characteristic). It can be concluded that, in general,
AM mould making is overall more desirable over conventional techniques for produc-
ing single mould part. The comparative assessment of medium and large production
volumes, including sustainability metrics, can be addressed in future works.
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