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1. Introduction

In the current literature about casting processes, the block mould casting is hardly ad‐
dressed although this process has numerous global applications. Almost all metallic dental
implants are manufactured using this process [1-3]. This method is also regularly used in the
jewellery industry [4]. The block mould casting process is particularly important for manu‐
facturing metallic foams since it is one of the few process routes for producing cellular struc‐
tures enabling uniform, open pored foams to be reproduced [5]. As the largest global
producer of metallic open pored foams, the company ERG also uses the block mould casting
process but rarely communicates details of the casting process. Due to the high degree of
freedom the block mould casting process is very suitable for the production of bio-inspired
technical devices [6].

The broad objective of this chapter consists of markedly shifting the focus of designers and
manufacturers of castings to the block mould casting process. In conjunction with Rapid-
Prototyping patterns, this casting method enables extremely complex castings to be variably
and flexibly manufactured to their final near net shape [1, 7, 8]. A definite structuring of the
pattern's surface is transferred to the casting's surface as a consequence of this method's
very accurate reproduction whereby flows around the casting can be optimised in a func‐
tionally integrated way [4, 9].

Moreover, this chapter should provide the user with the possibility of optimising the block
mould casting process with the aid of the depicted test results. As a consequence of the fir‐
ing process, cracks can be initiated in the mould by means of which casting defects occur to
the point of mould leakage. By means of optimising the mould material’s water content and
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temperature, the mixing duration, the firing temperature and also by adding supplements,
the tendency for mould cracking is minimised by using consummate mould material manu‐
facturing. Tests to elevate the cooling rates of the block mould casting process provide im‐
provements in the mechanical properties of the cast metallic components.

2. State of the art

2.1. Classification of the Block Mould Casting Processes

The block mould casting process ranks among the precision casting methods in which the
better known investment casting is also included. This is probably the reason why it is fre‐
quently misleadingly referred to in the literature as investment casting process. These two
methods both employ the lost pattern technique. The patterns are either melted or burnt out
of the mould after the moulding material has cured and are thus subsequently no longer
available for mould manufacturing [1, 7, 10]. This contrasts with, for example, the widely
used sand casting process, in which multiple use patterns are employed. These patterns are
parted in order that they can again be used after forming the positive impression in the sand
mould. Since the patterns of precision casting methods are removed from the mould by
means of melting or vaporising, they do not have to exhibit mould parting. Owing to this,
very complex, final near net shaped casting geometries can also be produced which possess
undercuts. Apart from these advantages, precision castings exhibit a very low surface
roughness compared to sand cast components which can also considerably reduced the cast‐
ings' machining [4]. The difference between investment and block mould casting processes
arises in the moulding material used and therefore on the mould. The patterns for the in‐
vestment casting process are dipped into a ceramic slurry and subsequently sanded using
ceramic granules. After the slurry has dried, this procedure is repeated until up to approx. 8
to 13 layers exist on the pattern. To manufacture a block mould, the pattern is directly em‐
bedded in a ceramic slurry where gypsum- or phosphor-bonded investments are mainly
employed as the mould material [1, 11]. Thus in comparison to the investment casting proc‐
ess, a great deal of process time and expenditure can be saved during the block mould cast‐
ing process. In addition to this, the block mould's castings are easier to demould.

2.2. Process Steps

Figure 1a) schematically depicts the sequences of the block mould casting process. The ele‐
ments of the pattern are produced by injecting wax into a matrix, usually made of alumini‐
um or steel, and are soldered with the help of bee-glue. Depending on the component to be
cast, a wax base or a plate is soldered at a wax chute. If a large number of small castings are
to be produced, it is sensible to fasten the patterns of the castings onto a wax base. For the
production of larger castings or metal foams, a wax plate is suggested since boxes of perfo‐
rated steel cuvettes are used. This cuvette stabilises the ceramic moulding material, especial‐
ly during the firing process. Without this reinforcement, the mould would be damaged
because of phase transitions in the moulding material which occur during firing (figure 1b).
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Figure 1. a) Basic steps of the block mould casting process. b) Fired block mould without stabilising cuvette. c) Block
mould with cracks after the firing process.

The perforated steel cuvette is masked by plastic foil; the base is closed by a rubber plug.
The inner area of the plug is filled with liquid wax via the steel cuvette and the soldered
wax cluster is fixed in it. After the solidification of the fixing wax, the steel cuvette is filled
with liquid ceramic slurry. The mixing of the moulding material and the filling of the steel
cuvette should be carried out inside a vacuum chamber to lower the gas content in the slur‐
ry. The gas would otherwise precipitate during the moulding material’s setting and lower
the strength of the block casting mould. In addition to this, the surface quality of the casting
will be reduced [12, 13]. The gas can also be removed from the gypsum by applying a vac‐
uum to the moulds for some minutes after they have been filled with the slurry. In this case,
the vacuum treatment should be completed prior to the start of the moulding material’s set‐
ting process. After a drying period, which depends on the moulding materialused, the block
casting moulds are usually dewaxed in an oven at 110 °C to 150 °C. When the moulds are
completely dewaxed, the firing process is started in which heating and holding steps are
adapted to the moulding material used to prevent cracking due to a too rapid heating rate.
After completion of the firing process, the casting temperature is adjusted and held for at
least three to four hours. Depending on the fineness of the component to be cast, a vacuum
can be generated in the mould to assist the mould filling capacity of the melt (step 7, figure
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1). In this way, component cross-sections smaller than 500 µm can be filled such as those
which exist in, for example, open-pored metallic foams [11].

Another possibility for supporting the mould filling is to centrifugally load the block mould
during the casting process. By maintaining the mould's rotational speed during the solidifi‐
cation phase, this also expedites the supply and the deposition of gases and impurities at the
interface between the mould and the casting [1, 2]. After the mould has cooled down, the
casting can be recovered by water jet or mould solving agents and removal from the casting
system by a saw.

The quality of the mould, and therefore that of the casting, is decisively determined by the
moulding material's mixing and by the firing process (steps 4 and 6, figure 1a). The mould
tends to form cracks (figure 1c) during the firing process which can produce casting defects
[3, 4, 14]. As a worst case, the liquid metal does not remain within the cavity but runs out of
the mould through the cracks. In order to minimise the tendency for the block casting
mould to crack, the moulding material’s manufacture is generally optimised with respect to
the water’s temperature and quantity, mixing duration and the addition of supplements.

Since ceramic moulding compounds result in low cooling rates during solidification, it is,
moreover, expedient to implement measures to elevate the cooling effect of the block mould
in order to improve the mechanical properties of the metallic components since these are
closely connected with the casting's cooling conditions.

2.3. Moulding and Casting Materials

A basic dilemma arises when a moulding material used in the lost mould process is chosen
and prepared. The moulding material should exhibit a certain strain to withstand the load
during the mould’s handling, thermal stresses and the load due to the casting process. After
the mould has cooled down it should also exhibit low strength in order to easily remove the
casting from the mould [3, 14].

Besides these basic aspects, other requirements are imposed on the moulding materials for
the block mould casting process [15]:

• flowability for good mould fillingprior to setting

• high reproductive accuracy

• fixation of the pattern

• low affinity to volume changes during the setting and firing processes

• no chemical reaction with the used casting material

• thermal stability

• short processing time

• cost-effective

• ecologically compatible
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Block mould castings process’s moulding materials consist of a refractory material, usually
quartz, cristobalite, or a mixture of both, and a binder whereby gypsum, phosphate, metallic
oxides or silicates are used. The choice of the moulding material for producing a block casting
mould mainly results from the casting temperature of the material which has to be cast [16].

For aluminium and silver alloys as well as nickel-chrome alloys, a moulding material with
25 to 30 wt.% gypsum and 70 to 75 wt.% silicon oxide is used because gypsum-boned invest‐
ments (GBI) exhibit good ability to collapse after casting [17].

In the past, the gypsum-bonded moulding material consists of a mixture of silica and plaster
of Paris. Over the last few decades, this material has been modified by the addition of boric
acid, pigments and reducing agents to, among other things, increase the strength [14]. Gyp‐
sum is produced from the sedimentary gypsum rock, whose prismatic crystals are bonded
by water molecules. By treating in an autoclave, the gypsum is transformed into the unsta‐
ble hemihydrate state, which needs water to restore the natural dehydrate state. When the
GBI is mixed with water, branched gypsum crystals are formed which bond the refractory of
the moulding material [4].

Although different statements are made in literatureabout the thermal stability of the bind‐
er, experts and producers of GBI agree that the gypsum’s decomposition does not start in
the temperature interval of 650 °C to 700 °C, which are common maximum firing tempera‐
tures for GBI [18, 19]. The GBI moulds should not be heated above 700 °C to 750 °C because
the residual carbon from the pattern’s wax then reacts with the gypsum from the moulding
material. This reaction results in sulphur dioxide which decreases the surface quality of cast‐
ings and,in the case of gold components, the mechanical properties [19].

High melting point alloys are cast in phosphate-bonded investments (PBI) consisting of 75
wt.% to 90 wt.% silica (quartz or cristobalite) and magnesium- or ammonium-magnesium-
phosphate. This phosphate is formed by the reaction of magnesium with monoammonium
in water during the mixing process. The firing process causes water loss, crystallisation and
recrystallisation of magnesium phosphates, and forms fused glass, which lends high
strength to PBI block casting moulds [12, 16].

The high strength of block casting moulds in the green and fired states is the biggest advant‐
age of PBIs. At high temperatures, the strength and surface quality of the moulds are de‐
creased due to a thermal decomposition of the binder, especially at casting temperatures
above 1375 °C [14, 16].

Phosphate-bonded moulding materials are used for a broad spectrum of materials, e. g.
gold, titanium, nickel, chrome and cobalt-chrome-alloys [20, 21].

The strength of gypsum or phosphate-bonded block casting moulds depends on a multiplic‐
ity of influencing factors, such as the binder, additives, storing and setting environment as
well as the firing temperature. It has to be taken into account, that porosity in the ligated
moulding material considerably influences the strength of the polycrystalline brittle block
casting mould [14, 21]
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2.4. Aspects

The block mould casting process exhibits several advantages which, when combined, cannot
be found in other casting processes. Using the lost patterns casting process, ambitious geo‐
metries possessing undercuts can be realised with high dimensional accuracy, reproductive
ability, and surface quality resulting in little finishing effort. The finished casting surface
quality depends on the surface energy of the melt and on the interface energy between the
melt and moulding materials. In this context, the composition and the purity of the melt as
well as the reaction of the melt with the furnace chamber’s atmosphere and the moulding
material is important [17].

In conjunction with rapid-prototyped patterns the block mould casting process enables real-
time production of metallic prototypes or small batches of castings. Using the ideal mould‐
ing material, nearly all casting materials can be processed using this casting method,
whereby the process time is much shorter compared to the more time-consuming invest‐
ment casting process [6, 8, 22, 23].

On utilising gypsum or phosphate-bonded investments, process specific disadvantages re‐
sult. The GBIs or PBIs have not until now been in continuous use. This raises the price of the
moulding material and limits the economic batch size at around 1,500 castings, depending
on the size and geometry of the components [23]. Prior to their mixing with water, the
moulding material exists as a powder, which promotes exposureto health problems in the
workplace. The moulds of the block mould casting process exhibit low heat conductivity
and high heat capacity. For this reason, the current cooling rate is low whichresults in un‐
favourable casting characteristics and low mechanical properties. Subsequent to their firing,
block moulds exhibit a lower strength compared with other moulding materials. This limits
the casting weight to approximately 10 kg. In addition to this, their low strength can lead to
cracks in the moulds, decreasing the quality of the castings [23]. Regarding the economy of
the block mould casting process, it can be concluded that this casting process is the more
economical the more complex the geometry is and the smaller the dimensions of the poten‐
tial cast components are.

3. Influence of sodium chloride and sodium fluoride on gypsum-bonded
investment’s green and fired strengths

The tendency of block moulds to form cracks has to be reduced to increase the casting com‐
ponent’s quality (see chapter 2.2). This can be achieved by optimising the moulding materi‐
al’s processing and the firing process by using additives. A typical additive is sodium
chloride to lower the thermal expansion of the moulding material [24]. Information is rarely
given about the general effect of sodium chloride on the GBI’s compressive strength, and es‐
pecially about the interaction of the sodium chloride and sodium fluoride. Owing to this, the
effect of sodium chloride and sodium fluoride on the strength of a GBI after firing was in‐
vestigatedin the following sections.
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3.1. Materials and methods

For the examinations, GBI specimen were produced containing 1 wt.%, 3 wt.% and 5 wt.%
commercial table salt (based on the weight of the mixing water) with and without sodium
fluoride. Higher salt contents were not used because they lead to foaming of the GBI, which
decrease the handling of this moulding material. As a reference, GBI specimens without salt
and only with sodium chloride were produced, respectively. The dimensions of the speci‐
mens conformed to the specifications in DIN EN 993-5. To produce the specimens, a silicon
matrix was used. The particular amount of salt was dissolved in the mixing water for one
minute prior to beginning the mixing process. After adding the moulding material, Goldstar
xXx from Goldstarpowders (see table 1and figure 2 for the chemical composition), to the wa‐
ter, the composition was mixed for three minutes and then poured into the silicon matrix.

constituent SiO2 Al2O3 Fe2O3 TiO2 CaO K2O P2O5 SO3 SrO glowing loss

value [%] 75.27 0.74 0.04 0.03 10.22 0.02 0.01 13.62 0.05 3.94

Table 1. X-ray fluorescence spectroscopy results of the used GBI Goldstar xXx from Goldstarpowders.

Figure 2. X-ray diffraction analysis of the used GBI Goldstar xXx from Goldstarpowders.

temperature [°C] 135 135 720 720

acceleration time [min] 60 --- 390 ---

holding time [min] --- 180 --- 240

Table 2. Furnace program of the firing program.
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45 Minutes after the pouring, the specimens were removed and were fired after an addition‐
al 60 minutes. The furnace program was identical to that used for the dewaxing and firing of
block moulds made from the same GBI (table 2). The fired specimens were compressed us‐
ing an Instron 8033 testing machine at a cross head speed of 2 mm/ min. At least four speci‐
mens were tested for each test run.

3.2. Experimental results

The influence of sodium chloride and sodium fluoride is shown in figure 3. GBI specimens
with 1 wt.% sodium chloride and without fluoride have an increased compressive strength
by up to 10 % in comparison with the GBI specimen without additives. With a 1 wt.% mix‐
ture of sodium chloride and sodium fluoride, the strength can be increased by about 55 %.

With the addition of these two salts, the gypsum binder reacts with sodium chloride and so‐
dium fluoride according to the following equations [25]:

CaSO4 + 2 NaCl = CaCl2 + Na2SO4

CaSO4 + 2 NaF = CaF2 + Na2SO4

Because the strength in the green state of the GBI cannot be increased by a salt addition (see
chapter 4), it is assumed that the effect can be attributed to the influence of the salt on the
formation of sinter phases during the firing process. The decrease in strength can be ex‐
plained by the increased setting time, which can be observed when GBI has a high salt con‐
tent [26]. With an increased setting time, the gypsum dendrites start to coarsen due to the
Ostwald maturation. This causes lesser cross-linking of the gypsum crystals. The effect of
sodium fluoride cannot be explained by means of data in the literature.

Figure 3. Influence of sodium fluoride and sodium chloride content on the gypsum-bonded investment’s compres‐
sion strength.
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4. Influence of water temperature and content, mixing duration and
quantity of salt with fluoride on the gypsum's compression strength in
its green and its fired states

The quality of castings processed with the help of the block mould casting process depends
to large extent on the quality of the block mould it self (see chapter 2.2 and 2.3). It is only
possible to produce defect-free casting structures when the block mould exhibits strength
adequate to withstand the crack initiation during the mould’s production. To improve de‐
moulding of the casting with the help of water, the moulding material should show a low
green strength after casting. For this purpose, the experiments in this section were conduct‐
ed to optimise the strength of the used GBI.

4.1. Materials and methods

4.1.1. Experimental design

The experiments focused on the effect of the water temperature, water content, mixing time
and salt addition (sodium chloride + sodium fluoride) on the green strength and strength of
a GBI. The experiments were conducted with the help of Taguchi’s method. This method
covers the design of experiments according to statistical aspects, the assembling of models
as well as the optimisation of the process. With the help of Taguchi arrays, only a few meas‐
urements are necessary compared to a complete factorial design. To determine the effect of
the focused parameters, a L9 orthogonal array was chosen. This array allows the monitoring
of 4 parameters with 3 settings, to detect non-linear relationships. Each parameter exhibits
two degrees of freedom with three possible settings. These lead to a total of eight [= 4 x (3-1)]
degrees of freedom. This number agrees with the demand of Taguchi that the total degree of
freedom of the chosen array should be larger or equal to the number of total degrees of free‐
dom for all experiments. In table 3, the L9 array is shown with the particular test settings.

test

run

water

temperature

[°C] (A)

water

content

[%] (B)

mixing

time

[s] (C)

salt

content

[%] (D)

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Table 3. Orthogonal L9 Taguchi array.
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The settings of the water, water content and mixing time parameters were specified with the
help of the literature and the specifications of the GBI manufacturer. With the help of the
results from chapter 3, the salt content (sodium chloride + sodium fluoride) was determined.
Table 4 summarises the settings of the parameters. If the experiments were to be conducted
with the help of a complete factorial array 34 = 81 test runs would have to be performed.

setting

water

temperature

[°C]

water

content

[wt.%]

mixing

duration [s]

salt content

[wt.%]

minimum (1) 17 45 120 0

mean (2) 35 50 180 0.5

maximum (3) 55 55 240 1.0

Table 4. Parameter settings of the experiments.

The test runs are interpreted with the aid of the analysis of means (ANOM) and the analysis
of variance (ANOVA). The ANOM shows the optimisation direction of the factors. The
mean deviance from the total average caused by every factor level indicates the main effect
of every single factor level [27, 28]:

η̄A1 = 1
n (η11 + η12 + η13) + (η21 + η22 + η23) + (η31 + η32 + η33) (1)

η̄A2 = 1
n (η41 + η42 + η43) + (η51 + η52 + η53) + (η61 + η62 + η63) (2)

η̄A1 = 1
n (η71 + η72 + η73) + (η81 + η82 + η83) + (η91 + η92 + η93) (3)

η̄ ij are the measured values and n is the total number of all trials (for L9 = 9).

The effects E of the level changing are for the factor A:

EA1,2 = η̄A2− η̄A1andEA1,3 = η̄A3− η̄A1

With the aid of the ANOVA, the statistical significance of an effect of a parameter on the
command variable can be evaluated. For this, the total result is partitioned into single var‐
iances. The variance expresses the squared deviance of the particular average.

The calculation of the ANOVA is performed with the help of the following equations [27, 28]:

I. Calculation of a correction factor (CF) for an easier calculation of the error:

SSm =
(∑ ηij)

2

N =CF (4)
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N is the number of all trials including all repeatings (L9 array with three repeatings per trial
 N = 9 x 3 = 27)

II. Calculation of the total sum of squares

SStotal =∑ ηij
2  – CF (5)

III. After this the sum of the squared deviances of every factors is built, here exemplary
for factor A:

SSA =
(∑ η̄A1)

2

NA1
+

(∑ η̄A2)
2

NA2
+

(∑ η̄A2)
2

NA3
−CF (6)

NA1, N A2,NA3 are the number of trials with the parameter on level 1, 2 or 3.

IV. Error sum of squares

SSerror = SStotal –  (SSA + SSB + SSC + SSD) (7)

V. Degrees of freedom ( ftotal and fparameter)

ftotal = total number of trials – 1 (8)

fA = number of levels of parameter A – 1 = 3 – 1 = 2 (9)

VI. For the evaluation of the variances for each factor (for example A)

VA =  
SSA
f A

(10)

Verror =
SSerror
f error

(11)

VI. Calculation of the ratio of the variance and the error variance (for example A)

FA =
VA
V error

(12)

VIII. Verifying the significance of the factors with the help of the F-Test. For this the cal‐
culated F value is compared with a tabulated F value. If the calculated one is big‐
ger, the observed result is statistical significant.
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Within the Taguchi method the signal to noise ratio (S/N) represents the summed statistic.
For this, every measured value of every test run is reweighted in a target function such that
no repetition within one test run occurs and that the total degree of freedom is decreased.
There are different target functions which can be chosen for the S/N-ratio depending on the
quality attribute. If the aim is to minimise the number of trials (smaller-the-better-type), the
S/N-ratio is calculated in the following way [27]:

η= –10x log( 1
n∑

i=1

n

yi
2) (13)

The maximisation of the S/N-ratio (lager-the-better-type) is

η= –10x log( 1
n∑

i=1

n
1
yi

2 ) (14)

Using the S/N-values, the ANOM and the ANOVA can be calculated in the same way; simi‐
lar to the mean values.

Utilising the Taguchi method in this way aims at setting a process such that the target value
achieves the desired maximum or minimum with low scatter. To verify the data resulting
from Taguchi experiments, one should perform verifying experiments.

The value of the command variable ηoptimal, under optimal conditions, is calculated from the
optimal parameter settings [28]:

ηoptimal = η̄ + (η̄Ai − η̄) + (η̄Bi − η̄) + (η̄Ci − η̄) + (η̄Di
− η̄) (15)

with η̄ = overall mean of the target value

The confidence interval for the approving experiment (CIconfirmation) and of the population
(CIpopulation) are calculated by

CIconfirmation = Fα(1, f e)xVerror
1
neff

+ 1
R (16)

CIpopulation =
Fα(1, f e)xVerror

neff
(17)

neff = N
1 + totalDOFassociatedintheestimateofmean (18)

R = sample size for confirmation experiments

Fα(1, f e)= tabulated F-value
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4.1.2. Production and testing of specimens

For the production of the compression specimen the corresponding amount of GBI (Gold‐
star xXx from Goldstarpowders, table 1 and figure 2) was mixed with max. 825 g water with
the help of a drill-stirrer. If salt was used for a test run, the salt was dissolved in the mixing
water for 1 minute. After mixing, the slurry was poured in a silicon matrix to produce com‐
pression specimens according to DIN EN 993-5, and after 45 minutes the specimens were re‐
moved and fired (table 2). The compression tests were conducted using an Instron 8033 at a
cross head speed of 2mm/min. For every test run, three and five specimens in the green and
fired states were tested, respectively.

4.2. Experimental results

Table 5 summarises the results of the compression tests and the S/N-ratio for every test run.

test

run

green

strength

response

1

green

strength

response

2

green

strength

response

3

green

strength

S/N [dB]

(smaller-

the-

better)

strength

response

1

strength

response

2

strength

response

3

strength

response

4

strength

response

5

strength

S/N [dB]

(larger-

the-

better)

1 2.42 2.40 3.00 -8.37 0.20 0.24 0.18 0.29 0.21 -13.33

2 1.89 1.70 1.70 -4.93 0.24 0.22 0.25 0.34 0.24 -12.04

3 1.17 1.11 1.10 -1.03 0.25 0.23 0.24 0.31 0.24 -12.04

4 2.28 1.66 2.13 -6.19 0.38 0.51 0.37 0.40 0.51 -7.50

5 2.44 2.76 2.25 -7.93 0.20 0.24 0.20 0.22 0.21 -13.45

6 1.42 1.58 1.65 -3.82 0.18 0.16 0.16 0.16 0.18 -15.53

7 2.11 2.18 2.16 -6.64 0.20 0.23 0.24 0.22 0.21 -13.20

8 1.46 1.38 1.64 -3.50 0.25 0.23 0.27 0.26 0.24 -12.08

9 2.03 2.12 2.06 -6.32 0.18 0.18 0.20 0.20 0.13 -15.33

Table 5. Results of the compression tests and calculated S/N ratios.

The aim of the presented experiments was to maximise and minimise the GBI’s strength in
the fired and the green states, respectively. That is, the larger and the smaller the S/N-ratios
were selected which are the better in the fired state the better in the green state, respectively.

The results of the ANOM are presented in figures 4 to 7; tables 6 and 7 present the results of
the ANOVA. Figures 4a) and 5a) and table 6 show that the water temperature and the mix‐
ing time have little effect on the green compression strength of the used GBI. This contrasts
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with the water and salt contents (figures 4b and 5b). From the literature, it is known that the
strength of GBI decreases with increasing water content.

Figure 4. Influence of a) water temperature and b) water content on green compression strength of gypsum-bonded
investments.

Owing to its heterogeneous nucleation, gypsum spontaneously crystallises without being in
its equilibrium condition even in the first stages of the hydration process. Excess water,
which is important for the flowability of the moulding material, is not bonded after the re‐
hydration of the gypsum and evaporates during setting leaving pores in the material. This
microstructural defect considerably decreases the strength of the GBI. In addition to the pore
formation, an increased water content leads to an increase in the gypsum’s setting time,
which produces a coarsening of the gypsum crystals due to Ostwald maturation. These crys‐
tals built a less dense network which cannot carry the magnitude of load that a better cross-
linked gypsum crystal network is capable of [21, 26, 29].

On  increasing  the  salt  content  from  0  wt.%  to  1  wt.%  severely  decreases  the  green
strength of GBI (figure 5b).  An explanation of this result cannot be interpreted with the
help of the literature.

In the fired state, all the varied parameters show an effect on the compression strength. The
maximum strength is achieved with a mean water temperature, low water content, mean
mixing time and a high salt content.

The effect of the water temperature on the GBI’s compressive strength is similar in both the
green and the fired states, but the impact is more pronounced in the fired state. The best wa‐
ter temperature for optimising the compressive strength lies in the range of 17 °C to 55 °C. A
reason for this could be the change in the gypsum’s solubility in water. When water reaches
the temperature of approx. 27 to 35 °C, the solubility of gypsum in water is decreased result‐
ing in a lower amount of hydrated gypsum. This gypsum is hydrated between the start of
mixing and the setting. Due to this, less gypsum crystals are formed and thus the strength of
the moulding material is decreased [30, 31].
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Figure 5. Influence of a) mixing time and b) salt content on green compression strength of gypsum-bonded investments.

source SS DOF V F-ratio SS' P (%)

water temperature [°C] (A) 0,16 2,00 0,08 pooled --- ---

water content [%] (B) 2,07 2,00 1,03 27,72 1,99 32,07

mixing time [s] (C) 0,02 2,00 0,01 pooled --- ---

salt content [%] (D) 3,29 2,00 1,65 44,17 3,22 51,82

error (pooled) 0,67 18,00 0,04 --- 1,00 16,11

total (T) 6,21 26,00 --- --- 6,21 100,00

Table 6. ANOVA of the green compression strength (raw data). The tabulated critical f-value is 3.55.

Figure 6. Influence of a) water temperature and b) water content on compression strength of fired gypsum-bond‐
ed investments.

In contrast to the green state, the effect of different water contents on the compression
strength of GBI is minor. The effect of pores, which are built because of excess water, is low‐
er because probably some sinter phases are formed during the firing process.
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Figure 7. Influence of a) mixing time and b) salt content on compression strength of fired gypsum-bonded investments.

source SS DOF V F-ratio P (%)

water temperature [°C] (A) 0,02 2,00 0,01 9,03 7,24

water content [%] (B) 0,06 2,00 0,03 24,83 21,49

mixing time [s] (C) 0,05 2,00 0,02 18,59 15,86

salt content [%] (D) 0,11 2,00 0,05 40,46 35,58

error (pooled) 0,05 36,00 1,30E-03 --- 19,84

total (T) 0,29 44,00 --- --- 100,00

Table 7. ANOVA of the compression strength (raw data). The tabulated critical f-value is 3.32.

The impact of the mixing duration on the compressive strength shows the same tendency in
the green and in the fired state. The strength rises from the beginning of the mixing process
up to 180 seconds. After this peak, the strength decreases with continuous mixing. 180 sec‐
onds mixing advances the hydration of the gypsum and leads to a higher strength after set‐
ting and burning, respectively, because more gypsum crystals are precipitated. However,
once precipitated, the crystals are destroyed by the mixing. After mixing for the ideal dura‐
tion, destruction of the crystals dominates and the resulting strength again decreases [26].

The influence of the salt content can be attributed to the formation of sinter phases during
the firing process.

4.3. Confirmation tests

The specimens for the verification test runs were produced with the parameter settings sum‐
marised in table 8. In addition to this, the calculated and measured values for the reference
specimens are presented.

The measured values are located within the calculated scattering bands and deviate only
marginally from the calculated average values. Firstly, it can be concluded that the obtained
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results have a major significance. Secondly, that there is no interaction between the parame‐
ters; otherwise the calculated values would differ more strongly from the measured results
since these calculations are only based on the single effect of the parameters. It is interesting
that there is no interaction between the water content and the mixing duration. Although
the setting process is slowedusing increased water content, a mixing duration longer than
180 seconds in combination with high water contents has no unfavourable effect on the com‐
pressive strength of GBI after either setting or firing. Since the unfavourable effect of the
mixing duration can be attributed to the destruction of gypsum crystals, it follows that, in‐
dependent of the water content, a nearly equal amount of gypsum crystals are present after
the mixing process.

water

temperature

[°C]

water

content

[wt.%]

mixing

duration

[s]

salt

content

[wt.%]

calculated

strength

[MPa]

average

strength

[MPa]

17 45 180 1 0,41 ± 0,07 0,40 ± 0,05

Table 8. Setting of the parameters of the confirmation tests, the calculated strength for a confidence interval of 95 %
and the measured strength.

5. Influence of glass fibre volume and fibre length on the strength of
fired gypsum-bonded investments

When the compositions of several GBIs are examined it can be shown that some products con‐
tain glass fibres to increase the strength of the block mould. The reinforcement of GBI and the
effect of glass fibres on the properties of GBI were the focus of several examinations [32-36].
The results were contradictoryregarding the effect of the glass fibres on the compressive
strength of GBI. Due to this, the aim of the following analyses was to demonstrate the influence
of the glass fibre volume and glass fibre length on the compressive strength of a GBI.

5.1. Materials and methods

Uncoated short glass fibres were used. Coated glass fibres could lead to both a chemical reac‐
tion and a bond between fibres and moulding material which exerts an adverse effect on the re‐
inforcement [32]. The maximum fibre content was held constant at 1.0 wt.% based on the
weight of the moulding material. Larger amount of glass fibres could not be added because the
viscosity of the slurry was otherwise too low. The mean glass fibre content was 0.5 wt.%. The
glass fibre lengths employed were 3 mm, 6 mm to 12 mm. For the production of the compres‐
sion specimens, 1500 g of the GBI Goldstar xXx from Goldstarpowders (composition see table 1
and figure 2) was mixed with the glass fibres and then with 675 g water for three minutes. The
slurry was poured into a silicon matrix to produce compression specimens according to DIN
EN 993-5. The specimens were removed and fired (table 2) after 45 minutes and 60 minutes, re‐
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spectively. With the help of an Instron 8033 testing machine (cross-head speed = 2mm/min),
the compressive behaviour of at least four specimens were determined.

5.2. Experimental results

The results of the compression tests are shown in figure 8. In general, the reinforcement of GBI
specimens using glass fibres decreases the scatter of the compression test results. The weaken‐
ing effect of the pores is attenuated, which are the main reason for the deviations of the meas‐
ured compressive strength, independent of the volume and length of the glass fibres.

Figure 8. Influence of short fibre content and short fibre length on compression strength of fired gypsum-bonded
investment.

The moulding material’s compressive strength is only slightly attenuated by glass fibres
with a length of 3 mm and a fibre content of 0.5 wt.%. An increase in the compressive
strength of up to 25 % can be achieved by reinforcing the GBI using 1.0 wt.% of 6 mm and 12
mm glass fibres. This content and these lengths improve the resistance of the moulding ma‐
terial to the initiation of micro cracks and their growth. Following micro crack initiation due
to loading the fibre-reinforced moulding material, the crack reaches the glass fibre and
growths along the interface of the matrix and fibre; thus dissipating crack energy [32, 36].

6. Influence of metal powder in the moulding material on the GBI's
setting behaviour and its compressive strength as well as on the cooling
behaviour, the metallographic and mechanical properties of an A356
(AlSi7Mg0.3) alloy

Despite several advantages, the block mould casting process exhibits some unfavourable
characteristics (see chapter 2.4). One of the most severe problems is the low cooling rate of
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this casting process during the solidification of liquid metals. For example, this cooling rate
amounts to approximately 0.1 K/s during the solidification of an A356 alloy at a casting tem‐
perature of 720 °C. In contrast to this, the high pressure die casting process with a similar
alloy and wall thicknesses reaches cooling rates between 50 and 85 K/s [37]. Owing to the
low heat conductivity of the moulding materials used, the cast metal solidifies relatively
slowly producing a coarse microstructure and a high dendrite arm spacing (DAS). These mi‐
crostructural parameters lead to decreased mechanical properties of the metallic compo‐
nents [23, 38]. Besides the mechanical properties, the low cooling rate impairs the casting
properties. Inferior casting properties lead to technical volume deficits in the casting; such as
shrinkage or microporosity. Low cooling rates induce a segregation of elements in the melt
adjacent to the solidification front thus promoting constitutional undercooling. This changes
the solidification morphology with a tendency to produce exogenous mushy and endoge‐
nous papescent structures. These types of solidification morphologies decrease the feeding
ability of the metallic melt, from which microporosity results [39]. Methods for improving
the cooling rate of the block mould casting process leads directly to an improvement in the
casting and mechanical properties.

The presented trials aimed at increasing the cooling rate of the block mould casting process
with the help of iron powder. Besides the iron powder affecting the cooling of the metal
castings in the block moulds, the impact of the iron powder on the setting and strength of
the moulding material is evaluated.

6.1. Materials and methods

To evaluate the influence of iron powder, compression specimens according to DIN EN
993-5 were produced. A specific amount of iron powder was mixed with 1500 g Goldstar
xXx from Goldstarpowders (composition see table 1 and figure 2) and then introduced in 50
wt.%, 55 wt.% and 60 wt.% water. After 3 minutes mixing, the liquid moulding material was
poured into a silicon matrix. After 60 minutes, the GBI specimens were removed and, fol‐
lowing another 60 minutes, the specimens were fired (table 2). At least three specimens per
test run were compression tested at a cross head speed of 2 mm/min with the aid of an Ins‐
tron 8033 testing machine.

To investigate the effect of applying a vacuum, some silicon matrixes, which were filled
with liquid iron powder GBI mixture, were evacuated.

The effect of the metal powder in the moulding material on the cooling behaviour of an A356
alloy was measured with the aid of thermal analyses, tensile tests and metallographic sections.
To enable this, a wax assembly possessing four tensile specimen patterns was produced,
whereby a type K thermocouple was integratedinto the middle of one tensile specimen per as‐
sembly. With the help of preliminary tests, a maximum (75 wt.%) and a mean (37.5 wt.%) iron
powder content was specified. After embedding the patterns into the GBI (Goldstar xXx from
Goldstarpowders, composition see table 1 and figure 2) mixed with iron powder, the block
moulds were dewaxed, fired and cooled down to 200 °C. A pre-grain refined, not modified N-
degassed A356 alloy was cast into the block moulds using a casting temperature of 720 °C. Af‐
ter the melts had cooled down, the tensile specimens were tested. Specimens with integrated
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thermocouples were used to prepare metallographic sections. For this purpose, the corre‐
sponding samples were mounted using the embedding compound Araldit DBF together with
the hardener Ren HY 956. The mounted samples were ground using different grades of abra‐
sive paper and polished using VibroMet. Light microscopy images were taken at different
magnifications using an Axio Imager A 1 m from the company Zeiss.

6.2. Experimental results

At the beginning of the investigations, it was attempted to determine the iron powder content
at which the GBI would no longer set. It was possible to show that the setting process was nev‐
er interrupted, irrespective of the iron powder content. Figures 9 and 10a) show the effect of
metal iron powder on the setting time of the used GBI. In addition to the increase owing to a
higher water content, the setting time increases with elevated iron powder content, yet the set‐
ting process is not interrupted. A reason for this cannot be found in literature.

Figure 9. Influence of iron powder on the compressive strength and setting of gypsum-bonded investments with a)
55 wt.% water and b) 60 wt.% water.

Besides the setting time, the influence of the iron powder on the compressive strength of the
used GBI is shown in figures 9 and 10b). From the critical value (10 wt.% to 25 wt.%), the com‐
pressive strength of the GBI is increased independent of the specimen’s water content. The
maximum difference in the compressive strength of specimens with 100 wt.% and without iron
powder content is more than 750%. With the aid of references in the literature, it is assumed
that the iron decreases the melting point of the GBI’s refractory. Due to this, fewer sinter phas‐
es are formed which considerably increase the strength of the moulding material [40].

The analysis of the vacuumed GBI specimens possessing different metal powder contents in‐
dicates that the iron powder is well distributed within the fired GBI specimens (figure 10b).
There is no segregation of the metal powder due to the underpressure.

Figure 11a) shows the effect of the iron powder in the moulding material on the cooling be‐
haviour of an A356 alloy. Using the first derivative of the cooling curves, the liquidus tem‐
perature and the temperature at the end of solidification were detected. In combination with
the respective times, the cooling rates achieved by the block moulds were calculated (figure
11b). The cooling rate of the block mould casting process can be increased by factor of 3.5
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with the help of 37.5 wt.% iron powder in the moulding material. The addition of more iron
powder exhibits no further increase.

The increased cooling rates are reflected in the dendrite arm spacing (DAS) of the A356 al‐
loy. Owing to a 3.5 fold increase in solidification rate due to the iron powder addition, the
DAS is decreased by about 33 % in comparison to specimens produced using moulds con‐
taining no iron powder (figure 11a). Since there is no changing in the amount of the cooling
rate, no change in the DAS was found due to increasing the iron powder content from 37.5
wt.% to 75 wt.%.

Figure 10. a) Influence of iron powder on the compressive strength and setting of gypsum-bonded investments with
65 wt.% water. b) Influence of vacuum on the distribution of iron powder in the ceramic specimens.

Figure 11. Influence of iron powder on the cooling rate of block moulds casted with an A356 with a casting tem‐
perature  of  720 °C and a  mould temperature  of  200 °C.  a)  Cooling curves.  b)  Calculated cooling rates  and the
DAS of the specimens.

The effects of the increased cooling rate and the decreased DAS cannot be related to the me‐
chanical properties of the A356 alloy (figure 12). According to the literature, the mechanical
properties of those specimens produced with the aid of the modified moulds which promote
a higher cooling rate should be better than the properties of those specimens cast using the
unmodified moulds. In contrast to this, the tensile strengths and particularly the elongations
to fracture of the specimens produced with the aid of the block moulds containing 37.5 wt.%
iron powder are, in fact, worse compared to those of specimens cast in non-modified
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moulds. The tensile strengths and elongations to fracture of specimens from modified
moulds can be increased if the iron powder content is raised to 75 wt.%.

The metallographic sections of the A356 alloy specimens show that these results can be at‐
tributed to iron phases in the aluminium-silicon matrix. When the mean content of the iron
powder is employed in the mould, the alloy’s microstructure exhibits the most iron contain‐
ing phases. It appears that during the mould filling and solidification of the A356 alloy, iron
was dissolved out of the mould by the aluminium melt. The solubility of iron in solidified
aluminium is low, which promotes the precipitation of the iron phases during the solidifica‐
tion. These plate-like phases decrease the tensile strength and the elongation to fracture and
also increase the yield strength (figure 12 and figure 13c).

Figure 12. Influence of iron powder in the block mould on the tensile properties of an A356.

Figure 13. Metallographical sections of specimens casted in block moulds with a) 0 wt.%, b) 75 wt.% and c) 35.5 wt.%
iron powder. Some iron phases are marked.

The lower yield strength and the lower fraction of iron phases in the microstructure indicate
that the specimen cast in the mould containing 75 wt.% iron powder dissolved less iron in
comparison to the specimen produced with the help of moulds containing 37.5 wt.% iron
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powder. This assumption could be explained by the higher strength of the moulds with 75
wt.% iron powder (figure 13b), since they dissolve less iron content due to mould erosion.

7. Influence of the maximum firing temperature and duration on
gypsum-bonded investment's compressive strength

During the firing process, thermal stresses develop in the block mould due to the different
thermal expansion coefficients of the moulding material’s constituents. For example, in GBI
bonded moulds the gypsum contracts during the firing process due to dehydration and the
binder decomposes at elevated temperatures [14]. The dehydration takes place at tempera‐
tures of around 128 °C whereby hemihydrate is formed, in which water is removed at 163
°C. Depending on the temperature, the resulting anhydrite exhibits three polymorphic
states. At 200 °C, III-CaSO4 (hexagonal) is transformed into II-CaSO4 (orthorhombic). Above
1200 °C, I-CaSO4 (cubic) is formed [24]. The fireproof basic material silica, mostly a mixture
of cristobalite and quartz, shows a phase transformation at 220 °C to 275 °C and 573 °C, re‐
spectively. This transformation leads to an expansion of these phases. The isotropic transfor‐
mation of cristobalite from the α- to β-modification takes place rapidly and causes a
shearing moment between the refractory and the binder. Moreover, this moment can induce
cracks in the mould. The expansion of quartz is anisotropic and can rapidly elevate the
shearing moment caused by the cristobalite [14].

Independent of the crack formation due to the refractory’s expansion, cracks can be initiated
in the block mould by the expansion of the wax pattern during the dewaxing process or by a
too rapid cooling after firing [14].

The tendency to decrease the crack initiation directly leads to a qualitative improvement of
block mould cast components. For this purpose, the firing process was modified regarding
the maximum firing temperaturein the followinginvestigations.

7.1. Materials and methods

The effect of the maximum firing temperature on the strength of GBI was analysed with the
help of compression tests. For this, the moulding material Goldstar xXx from Goldstarpow‐
ders (composition see table 1 and figure 2) was used to produce compression specimens ac‐
cordingly to DIN EN 993-5. The mixing procedure was conducted with respect to the results
in section 4. Two types of specimens were produced: One with the best and one with the
worst settings for the mixing parameters (table 9).

The general furnace program is summarised in table 2 with varying maximum burning tem‐
peratures. The highest furnace temperature was fixed at 950 °C to avoid a decomposition of
the gypsum [14]. The compression specimens were tested using an Instron 8033 at a cross
head speed of 2mm/min.
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strength

water

temperature

[°C]

water

content

[wt.%]

mixing

duration

[s]

salt

content

[wt.%]

minimum 17 55 240 0

maximum 17 45 180 1

Table 9. Mixing conditions for the production of the GBI specimens.

7.2. Experimental results

Figure 14 shows the results of the firing experiments. By increasing the maximum firing
temperature up to 950 °C, the compressive strength of GBI specimens is increased independ‐
ent of the starting strength. A probable reason for this is that a greater quantity of sinter
phases is formedat higher firing temperature which raises the strength of the moulding ma‐
terial. However, the scatter of the strength values is increased with elevated firing tempera‐
tures. In addition to this, there is a large difference between the strength of specimens
produced using an optimised setting of the mixing parameters and that of other specimens.

Figure 14. Influence of maximum firing temperature on the compression strength of gypsum-bonded investments.

8. Conclusions

The block mould casting process offers several attractive advantages which, when com‐
bined, only exist in this process. Besides this, high dimensional accuracy and surface quality
of the potentially complicated casting result in low finishing effort. To produce high quality,
block mould cast components, the tendency of the block mould to cracking has to be mini‐
mised. In the investigations presented here, different approaches were followed to modify
the block moulds:
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1. The addition of sodium chloride and sodium fluoride to the mixing water considerably
increases the strength of the GBI block moulds. Regarding the handling of the GBI, a
salt content of one weight per cent should not be exceeded.

2. In the green state, only the water and the salt content have a statistically significant in‐
fluence on the strength of the GBI. Increasing the water and salt contents decreases the
strength of the GBI in the green state. Here, the water temperature and the mixing dura‐
tion have no significant influence.

3. The water temperature and the mixing duration exert a statistically significant effect on
the fired state. The maximum strength is achieved using a water temperature of 17 °C, a
low water content (here 45 wt.%), moderate mixing duration (here 180 s) and a high salt
content of one weight per cent.

4. The results depicted here allow the green strength of GBI to be minimised providing
a  better  demoulding  of  the  block  mould  cast  components.  In  addition  to  this,  the
strength  in  the  fired  state  can  be  optimised  to  avoid  crack  initiation  in  the  block
moulds.  Salt  (sodium chloride  +  sodium fluoride)  increases  the  green  strength  and
decreases the fired strength.

5. One weight per cent of 12 mm glass fibres raise the strength of GBI.

6. Iron powder increases the strength and the cooling rate of GBI. Owing to the best agree‐
ment obtained between erosion resistance and cooling rate, a powder content of 75 wt.
% is suggested. To avoid the assimilation of iron by the aluminium melt, coating of the
wax pattern it advised.

7. With increased maximum firing temperature, the strength of GBI is raised, whereby a
temperature of 950 °C should not be exceeded.
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