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ABSTRACT

In the present research work, an attempt was made to develop a casting shell mould that would enable the manu-
facturing of thin-walled investment castings from nano-bainitic steel. Nano-bainitic steels have unique properties,
offering a very favourable strength-to-plasticity ratio. Thus, the use of nano-bainitic steel enables the production
of lighter components with reduced wall thickness. However, the manufacturing of thin-walled castings is often
accompanied by the formation of hot-tear defects. One of the reasons for the formation of hot tears is the high
mechanical strength of the shell mould. The aim of the present work was to investigate the possibility of reducing
the shell mould strength while simultaneously maintaining its other functional properties. To achieve this objec-
tive, different types of pore-forming materials were added to shell moulds based on fused silica. Metallic and
organic materials were selected for shell mould property modification, including brass micro-powder, wood pel-
lets, spelt husk, buckwheat husk, sliced barley, and oat flakes. All modifiers were introduced into the shell mould
as stucco materials. Analysis of the mechanical test results, such as flexural strength tests, Weibull modulus and
Young’s modulus determination, as well as porosity and permeability measurements, showed that all the investi-
gated materials effectively reduced the mechanical strength of the shell moulds. The flexural strength was reduced
by 58—62%. It was also observed that the hot permeability of the modified shell moulds did not change signifi-
cantly, except in the case of brass micro-powder, which completely blocked gas flow inside the mould.

Based on the results of the research, thin-walled demonstration castings were successfully manufactured.

Keywords: investment casting, shell system, thin-walled casting.

INTRODUCTION

Over the last several years, the development
of bainitic steel in the metallurgical industry
has been intensively pursued. Initially, Harry
Bhadeshia [1-3], followed by other researchers
[4-9], defined the standard characteristics of bai-
nitic microstructures and the properties of novel
steel alloys. Their main advantage is greater dura-
bility compared to alloys used previously. The
applicability of these new materials for producing
thinner sheets and components for the automotive
and railway industries has been demonstrated.

The availability of improved materials encour-
ages their broader application, including in invest-
ment casting technology. If structural elements
intended for various applications can be made
lighter and thinner while maintaining comparable
mechanical strength, they could also be manufac-
tured as investment castings. The production of
thin-walled investment castings remains a chal-
lenge for many foundries [10—-11]. Shell permea-
bility is a key property of investment moulds and
may be responsible for casting defects such as cold
shuts and misruns. Misruns and hot tears found in
thin-walled castings are among the most common
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causes of low production efficiency and high scrap
rates [12—14]. Misrun defects may be eliminat-
ed by increasing the melt or mould temperature.
However, defects such as hot tears are resistant to
changes in casting process parameters [15].

During the solidification of castings with
complex geometries, differences in the solidifi-
cation time between thinner and thicker sections
generate tensile stresses. Thin-walled areas hinder
the free contraction of the casting during solid-
ification and cooling. As the casting cools and
shrinks, its mechanical strength increases once the
casting body has fully crystallized. At the same
time, the mechanical strength of the mould resists
free contraction, generating constrained shrink-
age stresses [16—17]. If the mechanical strength
of the solidified casting is lower than that of the
mould, hot tear defects occur. A moderate reduc-
tion in hot tearing can be achieved through pro-
cess temperature adjustments, such as decreasing
the cooling rate of the casting. However, when
technological temperature limits are reached and
the expected effects are not achieved, the area of
intervention becomes the modification of mould
mechanical strength. Investment casting moulds
consist of several layers. Each layer is composed
of a slurry coat (a liquid mixture) and a stucco
coat (loose sand). Methods for modifying mould
mechanical strength, such as reducing the number
of mould coats or using various slurry additives
or metal powders, are well known [18-28]. Pre-
vious research has focused mainly on increasing
mould mechanical strength. In the present study, a
method for decreasing mould mechanical strength
was developed. The concept involved introducing
modifier materials into the mould as stucco materi-
als. The new stucco material should reduce mould
mechanical strength while simultaneously having
only a limited effect on other mould properties,
such as permeability.

Considering global trends promoting sus-
tainable consumption and production as the pre-
ferred direction of industrial development, it was
assumed that the material used as a shell mould
modifier should be renewable and biodegrada-
ble. Monitoring of the nano-bainitic steel casting
process indicated that the maximum mould tem-
perature occurring during the process is approxi-
mately 1100 °C. Based on the obtained data and
the adopted assumptions, two groups of materi-
als were selected as potential modifiers. The first
group consists of plant-based materials, which
are expected to burn out during the process and
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create pores within the mould structure. Natural
materials are readily available and reproducible
within a short time. The second group consists of
metallic micro-powder characterized by a liqui-
dus temperature below 1100 °C, allowing them
to remain in a liquid state inside the mould dur-
ing pouring and the initial stage of casting solid-
ification. Metallic materials can potentially be
recycled and reused. Both types of modifiers are
expected to reduce mould mechanical strength
to varying degrees. The focus of this work is an
industrial challenge related to future applications.

EXPERIMENTAL

As a reference material for comparison in this
study, a mould system based on a colloidal sili-
ca binder and fused silica as filler/stucco mate-
rial was selected. The basic back-up coats of the
moulds were prepared using a binder containing
24 wt.% colloidal silica and fused silica sand with
grain sizes of 200 Mesh and 20-50 Mesh as the
filler and stucco materials, respectively. A filler
load factor of FL = 60 wt.% was applied. Both
modified and non-modified moulds consisted of a
face coat, five back-up coats, and a seal coat. The
modifiers were applied as stucco materials in the
third back-up coat. The following materials were
used as modifiers: brass micro-powder (BP) with
an average grain diameter of 63 pm and a liquidus
temperature of 1027 °C, as well as various organ-
ic materials, including wood pellets (WP), spelt
husk (lat. Triticum spelta) (SH), buckwheat husk
(lat. Fagopyrum esculentum Moench) (BH), and
oat flakes (lat. Avena sativa) (OF).

The following bulk properties of the modifi-
ers were measured using a Bettersize Instruments
BT-1001 analyzer and AccuPyc 1330 (gas) and
GeoPyc 1360 (quasi-liquid) pycnometers: inter-
nal friction angle, angle of repose, bulk density,
and specific density. Mould porosity was calcu-
lated as the difference between bulk and specific
density values. Thermal effects of the materials
were evaluated using differential scanning cal-
orimetry (DSC), differential thermal analysis
(DTA), and thermogravimetric analysis (TG).

The moulds were dried under controlled con-
ditions (21 °C, relative humidity RH = 45%),
dewaxed using steam pressure (8 bar, 20 min cycle
time), and fired to remove residual wax (500 °C, 4
h cycle time). The following mould properties were
tested: porosity, permeability, flexural strength,
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and tensile strength. Young’s modulus and Weibull
modulus were also calculated for comparison of
shell mould properties. The test results were ana-
lyzed with reference to both the basic fused silica
mould and moulds used in industrial foundry pro-
duction based on aluminosilicate and quartz mate-
rials. Different types of samples were prepared
for mould testing (Figure 1), including flat sam-
ples with a rectangular cross-section for flexural
strength testing and spherical “ping-pong” samples
for permeability and porosity measurements.

Three-point flexural strength tests of the fired
ceramic mould samples were performed using
an INSTRON 5982 testing machine with a 1 kN
load cell, in accordance with ASTM International
ASTM D790, using a span length of 25 mm and a
crosshead speed of | mm/min. Tensile tests were
conducted on an INSTRON 3381 testing machine
with a 1 kN load cell at an elevated temperature
of 1050 °C. To analyze the potential influence of
pore morphology on mould properties, the sam-
ples used for permeability measurements were
scanned using computed tomography (CT). The
following scanning parameters were applied:
lamp voltage 220 V, lamp current 200 pA, expo-
sure time 131 ms, and voxel size 50 pm. Stereo-
logical parameters, including mean chord length
and anisotropy coefficient, were measured.

RESULTS

Modifiers properties

The physical properties of modifiers have
been collected in Table 1 and Figure 2. Except
BP which is micrometric size, all others organic
modifiers can be classified as fine. Values of angle
of repose bigger than 40° for WP and OF modifier
demonstrate sluggish flow. Remaining modifiers
as SH, BH and BP are characterized by average
flow. Loosing factor of materials has been calcu-
lated using formula:

SG
K, p= 5 (1)
where: SG — specific gravity, BD — bulk density.

Taking in to consideration K, factor has
been shown which modifier is more applicable
as stucco material to manufacturing of invest-
ment casting mould using rainfall sander or flu-
idized bed sander. OF, WP and BP demonstrate

K, value similar to standard sands [29] and

a)

Figure 1. Shell moulds with different types of
testing samples: (a) for mechanical properties, (b) for
permeability and TC scanning

could be use in rainfall sanders. While SH and
BH with high K, value required application of
fluidized bed sander. Organic modifiers present
differences in particle morphology. OF, WP and
BH modifier have elongate shape with similar
anisotropy factor in range 1.5—1.6 but they differ
from each other in size characterized by equiva-
lent circle diameter — 6.5 (coarse), 3.7 (middle)
and 2.5 (fine) respectively. The SH modifier is
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more extended and larger than all others modi-
fier. In contrast to organic modifiers BP particles
are regular, very fine round shape.

To sum up, all organic modifiers are char-
acterized by burn temperature in range of 598—
709 °C. This means that all organic modifier
will burn during casting process and creates
pores. Metallic powder has liguidus at 1027 °C.
This confirms that powder going to change state
from solid to liquid in casting process (Figure
3). It can be assumed that both phenomena will
decrease mechanical strength of mould.

Mould porosity

As a result of using modifiers with differ-
ent particle morphologies, moulds with vari-
ous porosity values, shown in Figure 4, were
produced. The standard fused silica (FS)-based
mould without modification is characterized
by a relative pore volume of 4.8%. All applied
organic modifiers significantly increased mould

1600°'C

Fiing  Preheat ' Castg
Process stop

Figure 3. Liquid and burn zones of modifiers in
reference to casting process temperature

porosity, reaching values from 10.6% to 22.4%.
In the case of the mould modified with metal
powder, the relative pore volume was 5.0%.
The moulds with known porosity values were
subsequently subjected to mechanical testing.

Table 1. Stereology and bulk properties of modifiers. OF-oat, WP-wood pellet, SH-spelled husk, BH-buckwheat

husk, BP-brass powder

Modifiers
Property

OF WP SH BH BP
Internal friction angle, ° 48.1 51.8 39.7 46.2 355
Angle of repose, ° 45.2 48.3 30.6 28.7 28.7
Bulk Density — loose. g/cm?® 0.49 0.33 0.12 0.16 3.96
Specific Gravity,. g/cm?® 1.07 1.01 0.98 0.95 8.50
Loosing factor - K, 2 3 8 6 2
Equivalent circle diameter, mm 6.5 3.7 6.9 2.5 0.06
Anizothropy factor 1.6 1.5 2.5 1.5 1.0
a)zo 40 b)

T T T T T =30
5 10 15 20 25 30 35 40 45 50

Time, min

30

T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65
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Figure 2. DTA diagrams: (a) organic modifiers, (b) metal powder
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b)

Figure 4. Computed tomography scans of moulds cross section with porosity value: (a) standard fused silica, (b)
wood pellet, (c) buckwheat husk, (d) oat flakes (e) spelled husk (f) brass powder

Mould mechanical properties _ 6fh (3)
==
Flexural strength of moulds has been calcu-
lated using formula: where: f — deflection arrow. Using Hook’s law,
SFL moulds Young’s modulus was calculated
o= 2) using formula:

where: F — force, L — length of support span, b —
sample width, # — sample thickness, and E=
deformation using formula:

g
&

4)
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To better characterize the distribution of
flexural strength values, the Weibull statistical
distribution was applied. According to the Wei-
bull theory, the probability of failure of samples
subjected to stress is described by the following
relationship:

P =1—exp(—(c/ap)™) (5)

where: ¢ — failure stress, 6, — constant, m — Wei-
bull modulus.

After linearization of the relationship using
a logarithmic transformation, the slope coeffi-
cient of the approximating line obtained from
the experimental results (presented in coordi-
nates In(In(1/1-P)) and h(c/c,) corresponds to
the Weibull modulus, m. The Weibull modulus
describes the degree of strength dispersion in the
ceramic material and the probability of defects
being retained within the material structure.
For the analysis, a constant value of oo = 1 was
assumed, meaning that the probability of fail-
ure remained constant throughout the analysis.
A higher value of m indicates lower strength dis-
persion and a lower probability of mould failure.
All results are presented in Table 2.

As can be observed, the modification of
the moulds had a significant influence on their
mechanical properties. In comparison with the
basic fused silica (FS) mould, a reduction in
flexural strength was observed for all modified
moulds. The greatest reduction, amounting to
65%, occurred in the mould modified with brass
powder (BP), while the smallest reduction, 57%,
was observed in the mould modified with spelt
husk (SH).

Analysis of the Weibull modulus revealed a
significant increase in the probability of failure
of the modified moulds under lower stress lev-
els. Young’s modulus analysis indicated a greater
reduction in the mechanical properties of moulds
modified with buckwheat husk (BH), brass

Table 2. Mechanical properties of shell moulds

powder (BP), and spelt husk (SH) compared to
moulds modified with oat flakes (OF) and wood
pellets (WP), amounting to reductions of 73-91%
and 22-65%, respectively.

Based on the mechanical test results, Weibull
statistical equations (Equations 6—13) were deter-
mined for all modified shell moulds, industrial
shell moulds used in foundries (FM1 and FM2),
and the newly developed fused silica-based shell
mould (FS). The graphical representation of the
Weibull statistics confirmed that all applied mod-
ifiers significantly reduced the probability of shell
failure (Figure 5).

FMI: y=3.1375x - 3.4603; R2=0.75  (6)
FM2: y=4.246x - 5.1075; R2=0.89  (7)
FS: y = 6.684x — 8.791; R> = 0.96 (8)
OF: y=1.7872x—2.9424; R*=0.89  (9)
WP: y=1.6026x — 2.5301; R2=0.99  (10)
BH: y=1.7834x—3.0739; R2=0.99  (11)
SH: y = 1.6824x — 3.0568; R2=0.99  (12)
BP: y=1.7327x—3.143; R2=0.98  (13)

Mould permeability

The results of the mould gas permeability
measurements are presented in Figure 6. Moulds
modified with organic materials showed differ-
ences in permeability at ambient temperature;
however, at the elevated temperature of 1050 °C,
these differences became relatively minor. Only
the mould modified with spelt husk (SH) exhibit-
ed a noticeable increase in permeability, reaching
21% higher values compared to the fused silica
(FS) mould. At the same time, the SH-modified
mould was characterized by the highest porosity
among the modified moulds, amounting to 22.4%.

Mould type
Properties Foundry Foundry Fused OF WP BH SH BP
Mould 1 Mould 2 Silica modified modified modified modified modified
3;’;”3' strength | 5 681 1.05 | 3.03+0.83 | 3.48+0.61 | 1.32+0.28 | 1.46+0.31 | 1.45+0.39 | 1.51 +0.76 | 1.22+0.28
é‘;‘ang modulus | 5 771 108 |3.37+1.44 | 441+1.09 | 243111 | 3444060 | 0.70£0.15 | 1.18 +0.89 | 0.42 + 0.24
Weibull modulus 3.14 4.25 6.68 1.79 1.60 1.60 173 178
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Figure 5. Probability of failure different shell moulds
materials

For the remaining moulds, the differences in
permeability were close to the measurement error.
The exception was the mould modified with brass
powder (BP), for which no permeability measure-
ment was performed because the permeability
was significantly reduced.

The results demonstrated that the distribu-
tion of modifier particles plays a crucial role.
All organic modifiers formed layers composed
of separated individual particles. As a result, the
bulk mould material remained between the parti-
cles, containing microcracks originating from the
polymer present in the binder. These microcracks
determine the permeability of the moulds rather
than the large isolated pores formed after burnout
of the organic modifiers.

In contrast, the inorganic metal powder formed
a continuous liquid film at 1050 °C, which acted
as a barrier to gas flow and effectively sealed the

: -
* I 2

. I
| -

Mass flow G, kg/s

20 1050
Temperature, °C

Figure 6. Permeability of different shell moulds
materials

mould. This is an unfavorable phenomenon, as
it may promote defects such as misruns in thin-
walled castings.

Thin-walled demonstration casting

To confirm the validity of the assumptions
made, namely that a weaker mould would enable
the production of castings free from defects such
as hot tears, demonstration castings were produced
(Figures 7a and 7b). A specially designed thin-
walled sample casting was manufactured for the
study in order to promote constrained contraction
and generate tensile stresses within the casting.

The thin section of the casting had a thickness
ranging from 1.0 mm at the first edge to 2.0 mm
at the second edge, with a cross-sectional area of
60 mm? (Figure 7c). Based on the testing results,
the shell system modified with oat flakes (OF)
was selected for the preparation of the demon-
stration castings. Three shell moulds containing
thin-walled samples (12 samples in total) were
cast using nano-bainitic steel. No defects such as
hot tears or misrun cavities were observed.

DISSCUSION

This paper presents extended possibilities for
controlling the relative pore volume in precision
investment casting moulds in order to reduce their
mechanical strength. The focus is placed primar-
ily on readily available, renewable plant-based
materials that enable the formation of different
pore morphologies within the mould structure.

Comparative studies by other researchers have
mainly concentrated on strengthening moulds
using both organic and inorganic additives. Mate-
rials such as cattail fibres [20], short polypropyl-
ene fibres [23], needle coke [26], sawdust [36],
hydroxypropyl methylcellulose (HPMC) fibres
[38], and steel fibres [34] have been applied to
increase bending strength and permeability. Fine
polyethylene wax powder and betel nut fibres
were also used to enhance mould properties [21].
In addition, metallic powders [28] and ground
walnut shell chips were investigated in terms
of their influence on permeability in both the
green and fired states [30,32]. Other approaches
focused on mould properties include pre-wetting
techniques [27] and variations in mould thickness
[31]. New powders were used in ecological tech-
nology of shell moulds fabrication also [39].
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A key distinction in the present work lies in
the method of introducing the modifier into the
mould structure. Here, the modifier is applied as a
stucco layer after the firth coat. In contrast, most
previously reported studies incorporate modifiers
as additives directly into the slurry. This differ-
ence results in a fundamentally different distribu-
tion of the modifier within the mould. When added
to the slurry, the modifier is dispersed throughout
the entire volume of the mould, which is formed
by successive back-up slurry layers. In the pres-
ent approach, however, the modifier is localized
within a single layer as a stucco, which leads to
a different balance between mechanical strength
and permeability.

In studies where modifiers were introduced
into the slurry, mould strength typically increased
by several tens of percent. Reported flexural
strength values range from 4.5 to 6.5 MPa [22, 33,
37], 7 to 9 MPa [35], and even up to 14 MPa [38].
In contrast, the objective of the present study was
to achieve the opposite effect—namely, a reduction
in mould strength. A decrease of approximately

60% was obtained, resulting in flexural strength
values in the range of 1.2 to 1.5 MPa.

In all previously reported studies, permeabil-
ity generally improved with the addition of modi-
fiers to the slurry [30, 32, 33, 35, 36], including
cases involving steel fibres [38]. In the present
study, the effect of organic modifiers on high-tem-
perature permeability was negligible, with results
falling within the measurement error. In contrast,
the modification using metallic micro-powder
had a pronounced effect, reducing gas permeabil-
ity to values below the measurable range. At 1050
°C, the metallic powder is in a liquid state and
likely forms a continuous layer, which effectively
blocks gas flow through the mould.

It is generally known that mechanical strength
correlates with the relative volume of porosity. In
the present work, this relationship is not observed.
In this case, it is pore morphology, rather than the
total porosity value, that determines the strength
of the mould.

Hot tearing (hot cracking) develops during the
final stage of solidification when the alloy is in a

b)

Figure 7. Demonstration casting for hot-tears evaluation: (a) casted mould after cleaning,
(b) casting sample
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semi-solid (mushy) state and is unable to accom-
modate thermally and shrinkage-induced tensile
strains [40]. The defect forms when interdendritic
liquid films can no longer feed the shrinkage, while
a coherent solid network is already able to trans-
mit tensile stresses, leading to crack initiation and
propagation along weak interdendritic regions [41].

In investment casting processes using ceramic
moulds, the mould acts as a strong mechanical
constraint that restricts the free contraction of the
casting. This restraint increases the level of tensile
stresses generated during solidification shrinkage.
As aresult, the susceptibility to hot tearing depends
strongly on the balance between alloy feeding
capability, thermal contraction, and the degree of
mould restraint imposed by the ceramic shell.

Studies on ceramic shell moulds show that
mould strength plays a dual role: insufficient
strength may lead to deformation and non-uni-
form cooling, whereas excessive rigidity increases
mechanical restraint and promotes tensile stress
build-up in the mushy zone. Consequently, an opti-
mal level of ceramic mould strength is required to
minimise hot tearing susceptibility while maintain-
ing dimensional stability of the casting [42].

A representative study on investment casting
confirms that ceramic shell strength significantly
affects hot tearing behaviour, as higher restraint
conditions can either suppress or promote crack-
ing depending on the solidification conditions and
contraction behaviour of the alloy [43].

Therefore, achieving an optimal mould
strength is crucial, as it provides a balance
between dimensional stability and the ability to
accommodate casting shrinkage. In this work, the
obtained results ranging from 1.2 to 1.5 MPa indi-
cate that this is indeed the optimal strength which
allows the production of defect-free castings with
respect to hot tearing.

CONCLUSIONS

1. The method of applying a mould modifier in
the form of a stucco layer has been confirmed
as effective for controlling both mould porosity
and mechanical strength.

2. The use of organic, readily renewable materi-
als as mould modifiers is feasible and effective.

3. The application of micro-sized metal powder
with a sufficiently low liquidus temperature ef-
fectively reduces mould mechanical strength
without significantly affecting its porosity.

4. The use of such micro-sized metal powder as a
mould modifier results in a complete blockage
of gas flow within the mould, reducing gas per-
meability to near zero. For this reason, metallic
powder is not recommended as a modifier in
practical production.

5. Moulds modified with oat flakes, wood pel-
lets, and brass powder exhibit characteristics
similar to standard sands that can be used in
gravity sanders for mould production. In con-
trast, spelt husk and buckwheat husk, due to
their lower density, may require the use of a
fluidized-bed sander.

6. When using this mould modification method,
no clear correlation between relative porosity
and mechanical strength is observed. This re-
lationship is significantly influenced by pore
morphology, including pore shape and size,
which disrupts the expected correlation.

7. An investment casting shell mould with a
strength of 1.2 to 1.5 MPa enables the produc-
tion of nano-bainitic steel castings free from
hot tearing defects.
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