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Rapid casting is one possible route to rapid manufacturing, 
the potential revolution in manufacturing processes in the 
near future, due to the brisk developments occurring in ad-
ditive manufacturing processes. Additive manufacturing or 
layer manufacturing techniques have the unique capability 
to produce very complex shapes with low melting materials 
such as polymers and wax or powdered metals, such as tita-
nium or steel. Common additive manufacturing techniques 
were able to produce complex shapes with relatively easy 
melting materials which led to the production of sacrificial 
patterns for investment casting and the replacement of time 
consuming manual patternmaking with Laminated Object 
Manufacturing (LOM). Direct production of sacrificial 
moulds followed next with processes such as Selective Laser 
Sintering (SLS) and 3D printing for the patternless produc-
tion of complex sand moulds directly from CAD files. This 
paper focuses on the latter process and attempts to estab-
lish the effectiveness of casting light metals (i.e., aluminium 
and magnesium) through experimental evaluation of casting 
characteristics using a multi-factorial approach.

The initial application of Stereolithography (SLA) for the 
production of a sacrificial pattern with a non-engineering 
plastic1 and the subsequent extension of the same approach 
using other RP techniques2 have produced promising results 

in terms of dimensional accuracy and surface finish, apart 
from significant time savings gained. Shell cracking result-
ing from the thermal expansion of patterns during burn-
out3 and the chemical attack of the ceramic shell by ABS 
(acrylonitrile butadiene styrene) RP patterns from corro-
sive degradation4 were some of the other intriguing ques-
tions being investigated subsequently. While the residual 
ash content (2.218%) was typical of the Fused Deposition 
Modelling (FDM) pattern, compared to traditional foundry 
wax (0.04%), higher burnout temperatures were expected to 
lower the residual ash content.4 Overall, elimination of hard 
tooling, leading to significant time and cost savings, without 
any appreciable loss in the dimensional quality was reported 
for small run production.

Though direct production of sand moulds or shells was at-
tempted by using SLS and 3D printing, early research at-
tention was focused on the SLS process, targeting renewed 
design freedom, reduced lead times, and costs.1 While the 
initial trials assured sufficient dimensional accuracy and re-
peatability, the surface quality was adversely affected due to 
the stair-step effect resulting from the mould walls. Intake 
manifold moulds for a KTM 525-cc single cylinder engine 
were produced using an EOSINT S700 SLS machine us-
ing silica Croning sand resulting in an adequate casting and 
moulds with good gas permeability.5 Production of V6 cylin-
der blocks using aluminium, grey iron and compacted graph-

The phrase ‘rapid casting’ is being increasingly used to 
represent specific casting processes designed to reduce the 
total manufacturing lead time, by expediting selected critical 
steps. Rapid Prototyping (RP) is the means through which 
this is achieved, either directly or indirectly. There have 
been sporadic reports on this topic in the recent literature, 
but since the approach has the potential for considerable 
savings in production time, it offers opportunities for more 
design freedom in terms of patternless moulding, a scientific 
understanding of the process needs to be developed. This 
paper is an attempt in this direction, considering the rapid 
casting achieved by direct printing of sand moulds from 
Computer Aided Design (CAD) models, using 3D printing. 
The mould performance when used to cast light metals such 

as aluminium and magnesium under varying conditions is 
studied in terms of mechanical characteristics and surface 
quality of the castings. Taguchi L9 experimental design is 
used to consider the total number of factors and the size 
of the resulting experimental designs. The results indicate 
the suitability of patternless moulds for casting aluminium 
and magnesium alloys without any loss of essential 
characteristics, but the process variables have a complex 
influence on the overall outcome in each case and the best 
results can only be obtained by the optimum combination of 
factors in each alloy system. 
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ite iron through rapid prototyped moulds using the EOS S700 
SLS machine proved that the cylinder heads were similar in 
all aspects to traditional prototypes, but reduced manufactur-
ing lead times from 4-6 months to 2-4 weeks.6 Investigations 
led to an understanding of the bonding mechanism of sintered 
moulds7 and are indicative of the relatively easy melting of 
surfaces of the sand particles due to the presence of inclusions 
such as Al

2
O

3
, forming a salt-like eutectic with the SiO

2
. Ta-

guchi experimental evaluation8 of the influence of process pa-
rameters on significant properties such as strength and perme-
ability of LASER-CORN resin-coated quartz sand particles 
processed on an EOSINT S700RO SLS machine revealed that 
the compressive strengths were equal to or better than those of 
traditional moulds, and that the permeability was considerably 
higher than referenced industry standards for synthetic sands.

The other RP process that allows direct production of pat-
ternless moulds from CAD models is 3D printing by Z Cor-
poration and notably, the potential application of 3D print-
ing for the direct production of ceramic shells as patternless 
moulds for metalcasting was identified very early by Sachs et 
al.,9 while investigating the Direct Shell Production Method. 
Curodeau et al.,10 used 3D printing to produce ceramic shells 
within hours, without the use of any pattern and used the alu-
mina ceramic shells to cast orthopaedic prostheses with CoCr. 
A comparison between 3D printing and SLS reveals that the 
SLS technology is expensive, requires long processing times 
and high power usage. Since Z Corporation offers a ceramic 
mould material suitable for casting nonferrous metals and al-
loys, 3D printing finds renewed interest as a means of rapidly 
producing patternless moulds. Kochan11 took an early look at 
the 3D printing process and elaborated on the effectiveness 
of the process particularly in terms of the build size and the 
processing time. The ability to cast nonferrous metals into 
moulds produced directly from CAD files meant considerable 
time savings, rapid casting of prototypes (using realistic ma-
terials), and economical and rapid production of small pro-
duction runs (10-20 parts). Bak12 notes that 3D printing is far 
superior in terms of production capability, compared to SLS 
and the capability to produce local tooling to facilitate short 
production runs. Considering the production of 50 dispensing 
manifolds, it was observed that 3D printing was an effective 
and economical solution, with tolerances around ±0.38 mm 
and surface roughness of 200-300 μm.

Lyons13 compared the green strength and the response of 
moulds produced by 3D printing to conventional coatings 
(i.e., paste wax and polyvinyl alcohol) and found that printed 
moulds can be made to reasonable tolerances. Thermal dis-
tortion testing by Rebros et al.,14 of printed sand moulds us-
ing silica sand and a furan binder printed on a ProMetal S15 
rapid casting machine in comparison with chemically bond-
ed sand using Phenolic-Urethane Cold Box (PUCB) showed 
thermal cracking in both samples at elevated pressures and 
temperatures leading to distortions in specimen shapes. 
While testing after 90 seconds did not show significant dif-

ferences between the two sand systems, thermo-mechanical 
effects and distortions in overall dimensions were higher in 
the sand produced by the PUCB process.

Once the effectiveness of 3D printing in producing quick 
castings of nonferrous metals and alloys was established, 
further research was undertaken to establish the mould 
and casting characteristics obtained using the rapid casting 
methods. Bassoli et al.15 while comparing the relative mer-
its of producing an automotive part, by direct casting into 
printed moulds and indirectly through the use of a printed 
starch pattern for investment casting, reported an average 
surface roughness of 10 μm for the castings made from print-
ed moulds. A benchmark model was used to assess accuracy 
indicators such as: surface profile, circularity, concentricity, 
and angular tolerance of parts produced from materials like 
starch (ZP14) and plaster (ZP100) on a Z400 3D printer, 
Dimitrov et al.16 showed that material type, build direction, 
and magnitude of measurement contribute to deviations in 
measured accuracies. Plaster-based powders were found to 
yield higher accuracy, possibly due to finer grain size, while 
both materials yielded parts that were slightly larger than the 
original CAD models, though an intelligent selection of the 
scaling factor could easily resolve this issue. Comparative 
assessment of the surface quality of castings produced from 
moulds made by traditional means and printed using ZCAST 
501 showed that the surface roughness is slightly higher in 
the case of RP moulds resulting in a Ra (Ra = arithmetical 
mean roughness of a surface) value of 14.9 mm compared to 
13.6 mm obtained in traditional moulds, possibly due to the 
stair-step effect of the layered manufacturing technique.17

It is apparent that most research in rapid casting methods thus 
far, is limited to either establishing the effectiveness of a par-
ticular technique in the rapid production of functional cast-
ings or the evaluation of the surface roughness or dimensional 
stability of the castings in a few cases. Clearly, the advantage 
of rapid casting in small run production systems is obvious; 
these methods are gaining popularity and most likely will 
become important production techniques suited to specific 
manufacturing tasks. While traditional casting methods offer 
a vast amount of data on the mould and casting characteristics, 
influences of process parameters on key responses and opti-
mum conditions in various situations researched over the past 
decades, these new mould materials and the rapid casting pro-
cess lack sufficient information for the foundry practitioners 
to appropriately choose process conditions. Research into the 
mould materials characteristics using ZCAST501 conducted 
by the current authors18,19 allowed the evaluation of optimum 
baking time and temperature for the material ZCAST501, 
suggested by Z Corporation for moulding purposes. While 
permeability was a bit low, compressive strengths obtained at 
approximately 1 MPa were acceptable and the optimum bak-
ing time and temperature were found to be 227C (440.6F) for 
6.2 hours and 173C (343.4F) for 5.5 hours for the best perme-
ability and compressive strength. 
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Further work in similar lines by Bassoli and Atzeni20 
analysed the compressive strength of cylindrical samples 
printed using ZCast 501 and baked at 160-250C (320-
482F) for 4-8 hours led to the observation that the com-
pressive strength decreases with increasing baking time 
and temperature. Compressive strengths of baked sam-
ples ranged from 2.6-6.2 MPa, much higher than those 
observed by the current authors. Thermogravimetric anal-
ysis showed temperature as the primary influencing factor 
during baking with respect to compressive strength. Sam-
ples lost 6-7% weight after baking for 4 hours at 150C 
(302F), but the current authors observed that baking time 
is also significant.

Kaplas and Singh21 investigated the effectiveness of shell 
moulds printed using ZCAST 501 and cured at 110C 
(230F) for one hour, and reported that a shell thickness of 
2mm was sufficient while casting zinc, and radiographic 
testing of castings showed decreased shrinkage and gas 
levels at lower shell wall thickness. Effectively, lower 
wall thickness means lower cost moulds, leading to a time 
and cost savings of almost 40%. Aluminium was cast into 
printed shell moulds and moulds produced from sacrifi-
cial patterns printed using starch on a Z Corp 310 Plus 3D 
printer and the tolerance ratings in both cases were found 
to be within normal limits.22 Surface roughness values 
of castings produced using the investment casting tech-
nique were a slightly lower, around 4μm, when compared 
to direct printed moulds, showing an average roughness 
of around 7μm. The shell thickness, when reduced from 
12 mm to 6 mm was found to offer better dimensional 
stability and mechanical properties, possibly due to an 
enhanced heat transfer rate. Similar results were also ob-
tained while casting lead.23

While 3D printing of moulds appears to be promising for 
quickly producing functional prototypes and end-use parts 
in small quantities with specific metals though rapid cast-
ing, there is very little information available on the actual 
process, the mould metal interactions and the significance 
of process parameters. While most existing research is cen-
tred on aluminium, there was no significant attention paid 
to other light alloy systems, other than a few trials with 
relatively less significant metals like zinc and lead. The on-
going research into mould materials suitable for both 3D 
printing and ferrous casting is yet to offer some solutions, 
it is clear that rapid casting is an immediate possibility with 
light metals, and it is time a scientific investigation into 
the effects of various parameters on the effective utilisation 
of the method was initiated. This paper reports the results 
of statistical experimental investigations carried out to es-
tablish the combined and individual influences of various 
factors such as mould materials, coatings and pouring tem-
peratures, in combination with a few light alloys, on the ef-
fectiveness of the rapid casting procedure employing rapid 
prototyped moulds.

Different grades of materials were supplied by Z Cor-
poration for 3D printing, and all are proprietary mate-
rials, with limited information on the basic ingredients 
and overall properties. The ZCast 501 is the material ap-
proved specifically for 3D printing of moulds and mainly 
consists of CaSO

4
, 0.67H

2
O and MgSiO

4
 in equal weight 

proportions. The normal grade for 3D printing for other 
purposes is ZP131, which is essentially plaster with a 
small quantity of crystalline silica and varying quantities 
of vinyl binder, carbohydrate and surface salt. The bind-
ing materials are essentially water-based solutions mixed 
with small quantities of glycerol, sorbic acid salt, surfac-
tant, pigment as in the case of ZCast 501 or humectants, 
and a polymer as in the case of ZP 131. The basic chemis-
try and the bonding mechanisms in these material systems 
are not widely researched and reported as in the case of 
traditional foundry materials, but this is not the main ob-
jective of this research. For casting purposes, it is impor-
tant to know the overall characteristics of the moulding 
material such as permeability and compressive strength, 
under varying baking conditions. 

Earlier research by the current authors using response 
surface methodology19 established optimum baking con-
ditions for ZCast 501 as stated earlier. Sieve analysis re-
sults indicated a wide range of grain sizes, and the fine 
particles acting as interstitial material, would have ad-
verse effects on the permeability. During the initial cast-
ing trials, it was a surprise to find that the plaster mate-
rial ZP131 was also effective as a mould material and the 
aluminium castings produced were of much better sur-
face quality. Based on this, ZP131 was also identified as 
a potential candidate for the 3D printing of moulds, and 
subsequent experimental evaluation in similar lines as in 
the case of ZCast 501, using central composite design, 
revealed that the best baking time and temperatures were 
150C (302F) for 3.2 hours for the maximum permeability 
and 150C (302F) for 7 hours for the maximum compres-
sive strength. 

While the two material systems exhibited similar perme-
ability and strength, ZCast 501 was slightly more porous 
than the ZP131 with mean permeabilities at 2116.7 mD 
(millidarcy) for ZCast 501 and 2099 mD in the case of 
ZP131. A T-Test on the permeability revealed high values 
of probability, at 0.9914, meaning that the two popula-
tion variances are not statistically different and that the 
difference in the values are due to natural variation. The 
maximum compressive strength was higher for the plaster 
material, probably due to the finer grain size, consuming 
more binder due to larger grain boundary area and the T-
Test resulted in high values of probability as in the case 
of permeability. Overall, the statistical testing on the re-
peated central points of the permeability and compressive 
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strength models revealed that no significant differences 
exist between the two tested ZCorp materials, and ZP131 
seems to be more rigid and much better in terms of the 
definition of the mould faces and edges. Also, the plaster 
gives a better surface finish, which was clearly evident 
from the initial casting trials. Based on all of these con-
siderations, it was understood that both materials equally 
qualify as mould materials, and the following experimen-
tal evaluation of the system includes these two as possi-
ble experimental factors. The optimum mould processing 
conditions being already established, the next stage is to 
produce cast specimens using rapid prototyped moulds of 
optimum properties and subsequently conduct mechani-
cal testing and micro structural examination to establish 
the overall suitability of these moulds to process light al-
loys and produce adequate castings. 

The experimental design considers three significant factors, 
mould material, pouring temperature and mould coating, 
while three alloys are considered for casting. The approach 
is to establish the variation of responses such as tensile 
strength, surface roughness and microstructural appearance, 
as these factors are simultaneously varied at different lev-
els, within the selected ranges. However, three of the four 
factors being qualitative in nature, traditional factorial ex-
perimental designs were avoided. The Taguchi L9 orthogo-
nal array was finally chosen and each factor was varied at 
three different levels. This design allowed consideration of 
three different levels for each of the factors. While the two 
Zcast materials discussed in the previous section are com-
bined with a traditional foundry sand to constitute the mould 
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material options, Isomol, Zircoat and Magcoat are used as 
coatings. Two magnesium alloys, AZ91D and SC1 and one 
aluminium alloy A356 are the cast materials. As all these 
alloys have a similar melting and relatively similar ranges 
of pouring temperatures, temperature could be considered 
as yet another factor, with a narrow range of variation from 
690 to 770C (1274-1418F). Each experiment was repeated 
four times and the L9 experimental design and average re-
sponses are all shown in Table 1. Compositions of different 
alloys considered are given in Table 2. Normally, experi-
mental designs such as these aim at establishing optimum 
process conditions for the best values of end responses, in 
which case, different alloy systems would not be combined 
in the same experimental design. But the overall aim of the 
current experimental investigation is limited to find if any of 
these alloys exhibit any loss of essential mechanical charac-
teristics when cast in RP moulds. These are initial trials to 
get an overall impression of the performance of the moulds, 
and so, cast metals are included as one of the variable factors 
in the Taguchi L9 experimental design.

The Signal to Noise (S/N) ratio is the measure of the robust-
ness of a process and can measure the amount of variation 
due to uncontrolled (noise) factors. The S/N ratio is actually 
the transformation of the Mean Squared Deviation (MSD) 
which measures both the average and the standard deviation. 
The transformation takes into account the application; the 
higher the better (strength) or the lower the better (surface 
roughness) types of situations. The ‘Higher is the better’ S/N 
ratio is used to maximise the response and ‘the lower is the 
better’ S/N ratio is used to minimise the response.

Where:  
S/N

HB
 = Higher is Better (HB) Signal to Noise Ratio 

S/N
LB

 = Lower is Better (LB) Signal to Noise Ratio
y

i
 = Experimental Response

r = Each Response Repetition

The moulds for the current experiment are designed based on 
certain geometric relationships and experiences from prior 
testing. The final mould design, as shown in Fig. 1, comprises 
of a top gated inlet, cylindrical specimens for the final cast-
ings, and a feeder situated at the end of the cylindrical cavities 
to allow for metal shrinkage, during solidification. The mould 
was parted to form the upper and lower halves, located by 
means of aligning studs at all corners. Clamps are used at the 
centre to prevent any movement due to the buoyant forces of 
the molten metal. Vent holes are also added along the length 
of the cylindrical specimens to improve permeability and help 
release gas build-up if any, inside the cavity.

The casting trials were conducted using the induction furnace 
available at AUT University, with a custom made 1040 car-
bon steel crucible constructed for the purpose of melting the 
two magnesium alloys, as a refractory crucible might lead to 
unwanted reactions. The temperature of the crucible was con-
trolled by the machine controls and a CKY 500 K type thermo-
couple was used to check the temperature of the liquid metal 
before pouring. Each 3D printed mould was baked at the op-
timum values of time and temperature obtained from previous 
experiments. The foundry sand used was silica sand bonded by 
an ester hardened alkaline phenol-formaldehyde polymer resin. 
In the case of magnesium castings, the molten Mg was cov-
ered by an inert gas, in this case a mixture of CO

2
 and HFC 

134a (R134 Refrigerant) as per the recommendations by ASM, 
American Society for Materials. Foseco MAGREX 36 flux was 
also used to stop any violent combustion once the metal was 
brought up to its melting point and as a means of controlling 
fire incidents if any. The molten metal was filtered with the use 
of a 10 PPI ceramic foam filter near the bottom of the ceramic 
pouring cup. The pouring cup was also coated with the mould 
dressing to avoid any reactions with the molten magnesium.

Once each casting was completed, the risers and sprue were 
cut off using a hacksaw and each cylindrical specimen was 
turned on a lathe into a tensile test specimen. Before ma-
chining however, the cylindrical cast specimen surface was 
tested for quality by Taylor Hobson Form Talysurf50. Ma-
chining of the tensile specimens was then conducted with 
low speeds and feed rates and a coolant to avoid excessive 
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heating of the alloys. The tensile testing was carried out on 
the Hounsfield equipment at AUT University and the load-
ing rate was 1mm/min in all cases.

For each experimental response, calculation of S/N ratios 
and Analysis of Variance (ANOVA) identified the most sig-
nificant factors and their corresponding levels at given con-
fidence levels. Error terms in an experiment represent the de-
gree of inter-experiment error when the degree of freedom is 
sufficiently large. When the error degree of freedom is small 
or zero, which is the case when all the columns (factors) in 
an orthogonal array are occupied, the small column effects 
are pooled to form a larger error term, which is known as 
pooling up.30 In the current experimental investigation, the 
factor contributing the least sum of squares to the total sum 

of squares was pooled as the error. In most cases, this may 
have been higher than the recommended 10% of the maxi-
mum factor outlined by Ross.31 It may also be noted here 
that none of the metal specimens received any heat treatment 
subsequent to being cast in the prototyped moulds.

The ANOVA calculations with the tensile strength analy-
sis are presented in Table 3, and Fig. 2 depicts the S/N 
ratios calculated for the same. The ANOVA indicates 
that there are no significant factors at any of the tested 
confidence levels, suggesting that no single factor from 
the chosen variables was influencing the UTS (Ultimate 
Tensile Strength) and the variation observed is due to a 
combination of effects of all constituent factors. Based on 
the higher the better S/N ratio, results of Fig. 2 depict that 
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AZ91HP, when poured at 690C (1274F), into a ZP131 
mould coated using MAGCOAT achieved the maximum 
tensile strength. Aluminium alloy castings attained rela-
tively lesser UTS values compared to normal expected 
levels. Metallographic examination of the aluminium 
samples suggests a modified eutectic morphology, as 
shown in Fig. 3. The initial suspicion was that aluminium 
was reacting with the mould materials, and perhaps, was 
not suitable for casting in these moulds.

The morphology of the plate-like constituent of Si par-
ticles appears to be a result of no strontium modification, 
perhaps due to strontium burn-off, which is a known phe-
nomenon. The resulting large brittle, plate-like silicon 
structure is detrimental to the mechanical properties.24 
The silicon needles are believed to promote stress con-
centrations, leading to a reduction in material toughness 
and typical brittle fractures.25 Fractography analyses indi-
cate the presence of silicon particles on the fractured sur-

faces of current tensile test specimens, acting as centres of 
crack initiation and growth. Apart from the size and shape 
of the eutectic silicon particles, Fe intermetallics, mani-
fested as large plate-like iron particles also affect the ten-
sile and fracture properties of A356 alloys.26 The size of 
the Fe intermetallics in A356 aluminium alloys depends 
on the cooling rate and the amount of iron present in the 
alloy. While higher cooling rates decrease the plate size, 
increasing iron content increases the same and an inverse 
logarithmic relationship exists between the Fe intermetal-
lic particle length and the percent elongation and UTS of 
unmodified A356 permanent mould cast samples. From 
the photomicrograph in Fig. 4, obtained from one of the 
samples of the current work, an Fe intermetallic particle 
of around 200μm can be seen, which could lead to reduced 
ductility and strength.27 Further, macro examination of 
the specimens revealed rounded and evenly distributed 
pores as shown in Fig. 5, indicative of hydrogen porosity, 
which could have led to the poor tensile strength, as there 
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is again, an inverse logarithmic relationship between the 
pore size and the UTS.26 Overall, the combination of the 
unmodified eutectic silicon, porosity and Fe inclusion led 
to the brittle fracture and poor strength of the aluminium 
specimens, indicating a poor melt quality rather than the 
ability of the RP process.

In fact, careful scrutiny revealed that the steel crucible made 
for magnesium was also used for melting aluminium, due to 
some constraints in handling metal pouring equipment, and 
there could have been some contamination of the alloy. Also, 
the lance degassing was found to be inadequate in effectively 
handling the gas porosity. Tensile testing conducted on A356 
castings produced later with a correct treatment of the mol-
ten metal, involving rotary degassing, and the use of cleaning 
fluxes resulted in strength values at around 142 Mpa.

Table 4 presents the ANOVA for surface roughness and 
the variations of the corresponding S/N ratios are shown 
in Fig. 6. The pouring temperature has the least significant 
effect, and hence is pooled as the error term. It appears that 
the narrow temperature range and the relatively lower up-
per limit for the temperature did not result in any adverse 
metal mould reactions. On the other hand, the mould mate-
rial came out to be the most significant factor at 95% confi-
dence level in influencing the surface roughness, and as can 
be seen in Fig. 6, the ZP131 material is the most favourable 
in terms of the best surface quality. While this is an obvi-
ous result considering the grain size between the two 3D 
printing materials, the noteworthy point is that this mate-
rial is not actually intended for casting as per the manufac-
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turer’s specification and the outcome of this result is that 
ZP131 is not only suitable as a mould material for casting 
light materials, it gives better surface quality without any 
loss of other properties. Further, from the plots of Fig. 6, it 
is clear that the best combination of factors for the most fa-
vourable surface roughness is A356, ZP131, MAGCOAT 
and a pouring temperature of 690C (1274F).

The lower surface roughness obtained from ZP131 moulds 
can be attributed to the lower and more uniform grain size 
of gypsum particles. ZCAST 501, on the other hand has dis-
proportionately larger sand grains and also suffers from easy 
mould wall erosion due to relatively lower bonding strengths. 
The degree of the spherical curvature of the added olivine 
sand, which is basically a crushed rock, is detrimental to the 
as-cast surface roughness. Scanning Electron Microscope 
(SEM) photomicrographs showed highly angular sand grains 
as shown in Fig. 7, surrounded by the finer gypsum powder.

The confidence level of the mould coating parameter shown 
in Table 3 is slightly higher than the common acceptable 
levels, but considering the S/N ratios, it is evident that mag-
nesium oxide-based Magcoat product was the best suited in 
terms of achieving the best surface roughness (Fig. 7). A356 
scored the best when it comes to the surface roughness and 
both magnesium grade alloys seemed to have undergone 
some mould-metal reaction. The propensity of Mg alloys to 
oxidise is governed by the Gibb’s free energy change, and 
the application of a mould coating such as MAGCOAT can 
reduce this reaction by increasing this free energy.

ANOVA results on the percent elongation are presented in 
Table 5 and it is evident that the alloy factor came out to be 
the most significant, at 99 % confidence level. It may be re-
iterated that the analysis across different alloys is only meant 
to find if all the alloys considered are exhibiting the expected 
levels of ductility when cast in digitally printed moulds. While 
SC1 gave the maximum percent elongation, A356 fell short 
again, from the normal expected ductility levels probably due 
to the same reasons as explained previously, such as improper 
degassing and possible contamination from the crucible. In 
comparison, both mould coating and mould material contrib-
uted minimally to the overall variance and are pooled as ex-
perimental errors. For completeness however, the S/N ratios 
of these factors are also shown in Fig. 8. The best combina-
tion of other factors in favour of percent elongation is ZP131, 
MAGCOAT and a pouring temperature of 690C (1274F).

In terms of percent elongation, interestingly, SC1 outper-
formed AZ91. Alloy SC1 is a special alloy developed by the 
Australian Research Institute CAST, to increase the creep 
properties of magnesium in high temperature applications. 
Additions of special alloying elements such as zinc, lantha-
num, cerium, and zirconium create a completely different 
secondary phase which is intended to act as a more rigid 

interlocking medium to resist grain movement.28 The in-
creased ductility in this case perhaps is due to this interlock-
ing secondary phase, as against the brittle secondary phase 
Mg17Al12, common with the alloys of the AZ series.

ANOVA and evaluation of S/N ratios considered in the same 
lines as above showed that the alloy factor is the most sig-
nificant at 95% confidence level and within the alloys inves-
tigated, A356 castings attained the highest hardness values, 
followed by AZ91. Mould material was the second ranked 
factor, with ZCast 501 moulds resulting in the highest hard-
ness, followed by ZP131 and silica foundry sand moulds. 
Mould coating and pouring temperature had the least sig-
nificance on the hardness and hence were pooled as experi-
mental error. In terms of actual values, A356 samples gave 
an average hardness value of 59.62 HB, closely followed by 
AZ91 at around 58.06, while SC1 was the softest, at 48.17 
HB. These measured values of hardness are also close to the 
values reported in the literature at 60 HB for A356 and 50-65 
HB in the case of AZ91HP.29

The overall trend of the experimental results is presented 
in Table 6, with factors ranked according to their relative 
statistical significances in influencing different responses. 
While this is a useful comparison of the performance of dif-
ferent alloy systems when rapidly cast using the 3D printed 
moulds, the overall observation is that 3D printed moulds 
can be effectively used for casting light metals and alloys 
and the casting characteristics are not much different from 
other processing routes. Within the combination of fac-
tors however, there are differences from one alloy system 
to the other. Keeping in view, certain limitations with the 
aluminium castings and within the experimental ranges and, 
AZ91HP and SC1 exhibited expected UTS and ductility lev-
els respectively, while ZP131 is the most favourable mould 
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material for the best surface quality. However, in most prac-
tical cases, parts are made of different alloys for different 
reasons and for each of the alloys considered, a preliminary 
assessment suggests that combining ZP131 as the mould 

material and MAGCOAT as the mould coating would give 
better surface roughness and ductility when poured at 690C 
(1274F). A complete optimisation of process variables for 
different alloy systems would require further research.
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The application of 3D printing to produce patternless moulds 
is researched and proved to be a viable means of rapid casting 
of light metals. Effects of significant factors such as mould 
materials, coatings, and pouring temperature on principal 
casting characteristics are experimentally evaluated and sta-
tistically analysed together with a few light alloys. The best 
combinations of factors and their corresponding levels are 
identified for different conditions. The mechanical properties 
of aluminium and magnesium castings produced are compa-
rable to those reported in the traditional casting literature. The 
following are some of the important observations:

• ZP131 moulds are best suited for processing Al 
and Mg in combination with a magnesium oxide 
based mould coating and a pouring temperature of 
690C (1274F).

•  The best surface roughness obtained is 5.84μm, us-
ing ZP131 with SC1, which is better than the nor-
mal 6-13μm.

•  The optimum percent elongation is 2.56%, ob-
tained in ZP131 moulds, again with SC1, which is 
also above the normal value of 2%.

•  The best UTS is 170 Mpa, obtained while casting 
AZ91 in ZP131 moulds, which is also above the 
expected 160 Mpa.

•  Overall, light metals can be cast in rapid proto-
typed moulds, without any significant loss of es-
sential mechanical characteristics
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Reviewer: The choice of material is not a true variable for 
metalcasting and is likely predetermined by the application.

Authors: Most of reviewer’s comments on the choice of differ-
ent casting alloy grades in the current experimental investiga-
tions are valid and represent true concerns. It is agreed that 
considering the cast alloy as a variable is not a valid experi-
mental factor, provided the overall aim of the experiment is to 
find optimum combinations of all experimental factors, for the 
best values of specific responses. However, the main objective 
of the current experimental plan is to establish the validity of 
a relatively new casting technique for light metals processing 
under varying conditions. While mould materials, coatings and 
pouring temperature are the true variable factors, different al-
loys are included to simultaneously experience the process per-
formance over a range of light metals. This approach, together 
with the use of Taguchi L9 design allowed rather economically, 
some preliminary experiences with using rapid prototyped 
moulds for different light metals casting. The experiment is not 
to find the optimum factor combinations for the best strength 
or other properties, but to establish, if essential characteristics 
with any of the alloys tested are lost due to any inherent weak-
nesses of the process, as yet unknown.  

Reviewer: The statistical analyses presented for UTS and 
elongation are a serious concern. It is not really appropri-
ate to conduct an analysis of this type with different alloys. 

It also appears that metallurgical factors important for cast-
ing quality were over looked. The authors concluded that; 
“Overall, the combination of unmodified eutectic silicon, 
porosity and Fe inclusion led to the brittle fracture and poor 
strength of the aluminum specimens, indicating a poor melt 
quality rather than the ability of the RP process.” What then, 
was the purpose of the preceding statistical analysis? 

Authors: The overall objective is to experimentally inves-
tigate the effectiveness of RP moulds for casting selected 
light metals.  A separate set of experiments could have been 
conducted for each alloy system, considering variation of 
selected process parameters. As the total number of experi-
ments in that case is high, and considering that these are 
initial trials to get an overall impression of the performance 
of the moulds, cast metals are included in the parameter set 
of a Taguchi L9 experimental design, from time and cost 
considerations. The statistical analysis on mechanical prop-
erties is conducted mainly to find if castings of any alloys 
considered produced inferior properties compared to their 
traditionally cast counter parts. While both alloy grades 
of magnesium showed no loss of properties, the aluminium 
alloy castings exhibited relatively poor mechanical proper-
ties. The metallurgical factors are considered as much as 
possible, and the aluminium melt was lance degassed, be-
fore introducing into the moulds, however, there were some 
practical difficulties due to insufficient facilities. This was 
reflected in the results of the post-mortem analysis on the 
aluminium castings, which revealed issues such as iron con-
tamination and hydrogen porosity and hence the conclusion 
that it was due to these practical problems, aluminium cast-
ings did not fare well, but not due to any inherent inabilities 
of RP moulds. Further experiments with aluminium casting 
using ZP 131 moulds under controlled conditions revealed 
much better casting characteristics. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




