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Effect of thermophysical property and coating
thickness on microstructure and characteristics
of a casting
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Abstract: A new improved investment casting technology (IC) has been presented and compared with the
existing IC technology such as lost foam casting (LFC). The effect of thermophysical property and coating
thickness on casting solidification temperature field, microstructure and hardness has been investigated. The
results show that the solidification rate decreases inversely with the coating thickness when the coating contains
silica sol, zircon powder, mullite powder and defoaming agent. In contrast, the solid cooling rate increases as the
coating thickness increases. However, the solidification rate and solid cooling rate of the casting produced by
the existing IC and the improved IC are very similar when the coating thickness is 5 mm, so the microstructure
and hardness of a container corner fitting produced by the improved IC and the existing IC are similar. The linear
regression equation for the grain size (d) and cooling rate (v) of the castings is d= —0.41v+206.1. The linear
regression equation for the content of pearlite (w) and solid cooling rate (f) is w=1.79¢ + 6.71. The new improved
IC can greatly simplify the process and decrease the cost of production compared with the existing IC. Contrasting
with LFC, container corner fittings produced by the new improved IC have fewer defects and better properties. It
was also found that the desired microstructure and properties can be obtained by changing the thermophysical
property and thickness of the coating.
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n recent years, the shipping container corner fitting's
Igreat attraction is attributed to its extraordinary
application in container building "'
shipping and mass transit mainly use shipping

containers . The corner fitting is one of the important

. In fact, ocean

components of the container, playing a key role in lifting
and bearing the whole body weight. Moreover, it is
generally believed that the inside and outside angles of
the container corner fitting are prone to cause defects.
Finally, the service environment is very harsh and the
container corner fitting is an international standard
component with strict requirements on microstructure
and properties. Therefore, it is necessary to study its
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production process.

It is well known that steel castings with long low-
cycle fatigue life, thick walls, high melting point,
high surface quality and mass production capabilities
have often been produced by IC in the practice of
engineering manufacturing. Container corner fittings
belong to this kind of situation. IC is used to produce
high value-added components, as IC usually has
adequate surface finish, good dimensional tolerances,
production capabilities for complex (net) shapes, and
1 However, traditional IC
processes use wax as the expendable material, which

excellent surface quality !

is complex and difficult to control. The most pressing
problem is that this leads to more intensive labor and
higher costs "> "1,

In order to solve the above problems, rapid
prototyping (RP) and rapid manufacturing (RM)
technologies have been utilized. Stereolithography,
SLS (selective laser sintering), FDM (fused deposition

modeling), and laminated object manufacturing are
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representative RP technologies ' "*). SLS has been used to
produce a small number of wax-like patterns with CastForm
polystyrene (CF) material for shell IC. FDM machines extrude
molten plastic to build an expendable pattern, usually using
acrylonitrile butadiene styrene (ABS) and polycarbonate (PC) "\
However, a plastic pattern made of the above materials easily
cracks the ceramic shell due to its large expansion stress, and it
is very difficult to demould after the ceramic shell has dried.
Compared with traditional IC, LFC is a cost-effective,
environment-friendly mass production technology for
production of near-net shape castings "'’ In the LFC, an
expendable foam pattern has been introduced to manufacture
castings, which greatly reduces the cost of production*>".
Nevertheless, the surface quality of the part in LFC is inferior to
that in the IC, especially for steel castings with thick walls ',
The expendable pattern shell casting process has been proposed
to produce Mg-Al alloy castings, which combines the foam
pattern preparation of the LFC process with the shell precision
fabrication of investment casting”>*

improve the production of complicated and thin-walled Mg-Al

! Although this process can

alloy precision castings, it has not been applied in manufacturing
steel castings with thick walls.

The coating applied on the pattern is a key factor for
producing high quality castings " **\. The composition and
thickness of the pattern coating are two critical parameters
controlling the casting process ***”. Composition mainly refers
to the thermophysical properties of the coating. It is therefore
necessary to investigate how the thermophysical properties and
thickness of the coating would affect the casting characteristics.

In this paper, a new improved investment casting technology
(IC), also known as the expendable pattern shell casting process,
has been introduced to produce a steel casting with thick
walls. A series of numerical simulation calculations of casting
temperature fields under different coating thermophysical
properties have been carried out utilizing the commercial finite
element simulation software ANSYS. The microstructure and
properties of the castings have also been studied in this work.

1 Experiments and simulations

1.1 Finite element modeling

Three-dimensional thermal finite element modeling was used
to simulate the thermophysical properties. Three-dimensional
solid models of the container corner fitting, sprue, and riser were
prepared using Solidworks Office Premium 2012 software and
exported as a Parasolid file to ANSYS simulation software. The
thermophysical property parameters of alloy were measured
and are shown in Table 1.

With the help of ANSYS software, the process was modeled
with element types SOLID 90. Correction specific heat method
was used to deal with the latent heat of phase change, which
converted the latent heat between the solidus and liquidus
temperatures into specific heat, and added to the actual heat
capacity. Correction specific heat can be seen as a constant

Table 1: Thermophysical property parameters of cast alloy

Temperature

Thermal
conductivit}/ 45 38 27 31 32
We(me°C)
Specific heat
capacity 480 650 600 680 800
Je(kgek)'

Density, kgem™ 7,850

when the temperature is between the solidus and liquidus
temperatures, as in Equation 1:

Cn=C +; Q)
Thqmd* Teotia

where C,, is the correction specific heat capacity, C is the
actual specific heat capacity, L is the latent heat of phase
change, 256,000 Jekg. T};q and T, are the liquidus and
solidus temperatures, respectively. The liquidus and solidus
temperatures based on the above formula are 1,506 °C and
1,428 °C, respectively, with a mushy zone spacing at about
78 °C. It is assumed that the beginning temperature of all the
hot metal filled in the mold is 1,580 °C. Following the above
conditions, this research attempts to simulate the container
corner fitting and designs the gating system on the basis of
the simulation results. Figure 1 shows the element grid of the
container corner fitting for the casting process.

Fig. 1: Element grid of container corner fitting

1.2 Mold and simulation

As Table 2 shows, two different types of pattern were produced.
The first type of pattern was made of foam material which is
expanded polystyrene (EPS) with a density of 20 kgem™. The
foam was cut using a wire cutting machine, and it was then
assembled into a shaped model. In addition, a pouring cup was
cut from the same foam material and attached to the top of the
pattern. The patterns were then coated with different types of
coating. Two patterns made of foam were coated with Coating
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I: quartz powder 80%, white emulsion 0.6%, bentonite 3%,
CMCO0.5%, and the thickness of the coatings were designed as
3 and 5 mm. Three patterns made of foam were coated with
facing layer, depletion layer and back layer, marked as Coating
II, with the thickness of the coatings being set at 3, 5, and 8§ mm,
respectively. The other patterns were made of wax, and patterns
were assembled to a wax tree. Coating II was applied to this
wax pattern and the thickness of coating was set at 5 mm. The
parameters of Coating II is given in Table 3.

Table 2: Different techniques involved in this work

Thickness of
coating, mm

Pattern
material

Technique

Coating Casting

| foam | 3 |

Il foam Il 3 Il
] foam | 5 11
\% wax 1] 5 \Y
V foam 1] 5 V
VI foam Il 8 VI

Table 3: Composition and parameters of coating Il

Flacing Depletion Back layer
ayer layer
Silica sol, kg 10 10 10
Zircon powder, kg 36-40 = =
Mullite powder, kg - 16-17 14-15
Defoaming agent, mL 12 - -
Viscosity of flow cup, s 31-33 18-20 12-14
Specific gravity, gem® 2.7-2.8 1.82-1.85 1.81-1.83

After all the mold materials were set and dried, patterns coated
with the Coating II were baked in a kiln at 750 °C for more
than 20 minutes, with a heating rate of 0.3 °Ces™ from room
temperature to 750°C, which would remove the foam and wax
patterns. Patterns coated with coating I would be melted during
pouring. The thermophysical property parameters of Coatings I
and II as well as the filling sand were measured and are shown
in Table 4. All the molds should be buried in the sand before
pouring except the mold used in Technique IV. The sandbox is

Table 4: Thermophysical property parameters of different
coatings and filling sand

Thermal Specific heat Densit
conductivity capacity K .m.yy
We(m+°C)" Je(kgek)" 9
Coating | 0.5 2,500 2,009
Coating Il 1.5 3,350 1,646
Sand 0.52 1,220 1,630
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a cube with equivalent side lengths of 320 mm. Figure 2 shows
a revolving section view of the assembly. Casting solidification
temperature field under different techniques has been simulated.

casting

8

coating

320mm

- 320 mm

\

Fig. 2: Revolving section view of the assembly

1.3 Melt and casting

A cast Fe-Si-Mn-RE alloy chemical composition is shown
in Table 5. The alloy was melted in an induction furnace and
the molten metal was poured at 1,580 °C. The melt was first
poured into the block-shaped EPS pattern which was coated
with Coating I and taken out from the drying chamber, and then
poured into the mold made of coating IT which was taken out
from the kiln in less than 10 seconds. The temperature of the
drying chamber and kiln were 25 and 750 °C, respectively. All
castings were removed from the ceramic shell and sandbox upon
cooling to room temperature.

Table 5: Chemical composition of Fe-Si-Mn-RE alloy (wt.%)

C Mn Si P S CE

0.14 1.18 0.41 0.02 0.015 0.36

1.4 Microstructure and mechanical properties

According to the results of simulation calculation, specimens
were taken from different locations, including the highest
temperature position (HIGH), the intermediate temperature
position (INT) and the minimum temperature position (LOW)
of castings. After mechanical polishing, specimens were etched
in a solution of 5% (volume fraction) HNO; in ethanol to
reveal grain boundaries. Microstructures were observed using
an optical microscope (OM). The linear intercept method was
applied to measure the mean grain size using the Eq. (2):

d=1.74L )

where d is the mean grain size, L is the linear intercept of grain
size, determined by optical microscopy !'". Vickers hardness
testing was performed using 98 N loads with a holding time of
10 s, and hardness value was measured through Vickers.



Research & Development i
Vol.14 No.1 January 2017 .

FOUNDRY

2 Results and discussion

2.1 Simulation calculation

Figure 3 shows the temperature contour of the container
corner fitting at 120 s under different casting techniques. As
can be seen from Fig. 3a and c, with increasing the coating
thickness, the solidification rate increases due to the specific
heat capacity and density of Coating I being larger than that
of sand. In contrast, the solidification rate decreases inversely
with the coating thickness (Fig. 3b, e and f), because the shell
mold with larger thermal conductivity and specific heat was
baked at 750 °C before pouring, more heat would be stored in
the greater thickness positions. However, the solidification rate
of Techniques IV and V (Fig. 3d and e) are very similar. The
temperature contour also indicates directional solidification
in the casting will appear and start from the bottom of the
casting to sprue as the melt cools down. The solidification time

(@)

decreases with the increasing distance from sprue, so the sprue
and risers designed are reasonable.

Figure 4 shows the temperature contour of the container
corner fitting at 1000 s under different casting techniques. It
is evident that the solid cooling rate increases as the coating
thickness (Fig. 4b, e and f) increases. Moreover, the solid
cooling rates of the two castings (Fig. 4d and e) are the same.

From Figs. 3 and 4, it is also observed that the solidification
rates and solid cooling rates of casting I are faster than that of
casting II whether the thickness of the coating is 3 or 5 mm. The
shell molds with larger specific heat and density in Techniques II
and V have been baked at 750 °C and stored a lot of heat before
pouring. It can be inferred that the grain size of the Casting I
is smaller than that of the Casting II, while the grain number is
opposite, and the pearlite content and the hardness of Casting |
are much greater than that of Casting II.

(b)

] 811.937 930,429 1170 W9
? 221,001 17 200,893 P 10eg i 1259 ke 1438

626.033 &08.12 930.205 T2 1354
1n7.007 539.163 1081 1263

671.336 830,444
750.89

989,553 Tias 1308
909.998 " 1069 ¥ 1 1367

Fig. 3: Temperature contour of container corner fitting at 120 s: a) Tech |, b) Tech Il, ¢) Tech lll, d) Tech IV, e) Tech V, f) Tech VI
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Fig. 4: Temperature contour of container corner fitting at 1000 s: a) Tech I, b) Tech ll, c) Tech lll, d) Tech IV, e) Tech V, f) Tech VI

The nodes which have the highest temperature, the
intermediate temperature and the lowest temperature on the
three samples were selected. The cooling curves of three
nodes at 120 s and 1000 s were drawn and are shown in Figs.
5 and 6. These two photographs more clearly demonstrate the
conclusions of the above analysis.

It is also clearly seen that the nodes with the higher
temperature have a plateau which is lower than the solidus
temperature, while the node with the lowest temperature has
no plateau. The metal would emit a lot of latent heat during
solidification and the heat is difficult to conduct away in a short
period of time through the coating and sand in the solidification
process, so the cooling rate of casting decreases and a plateau
occurs. When the cooling rate is very great, the heat conduction
rate is greater than the solidification latent heat release rate, so
the plateau cannot be seen. The dual function of super-cooling
degree and constitutional super-cooling makes the plateau lower
than the solidus temperature.
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The solidification rate of Castings IV,V and VI in the
temperature range of 1,580 °C to 1,420 °C can be calculated by
Figs. 5d, e and f. The solidification rates are 10 mes™, 43.2 mes™,
228.6mes’; 12 mes”, 45 mes”, 235 mes™; 7.5 mes™”, 38.1 mes” and
200 mes™, respectively.

The solid cooling rate of Castings IV,V and VI in the
temperature range of 1,420 °C to 730 °C can be calculated by
Fig. 6d, e and f. The solid cooling rates are 0.7 mes’, 1.8 mes”, 8.1
mes™’; 0.7 mes”, 1.9 mes™, 8.4 mes™; 0.82 mes™, 2.3 mes™ and 9.2

-1 .
mes”, respectively.

2.2 Coating integrity and casting
characteristics

The coating applied on the pattern is a crucial parameter for
producing a high quality casting. The coating provides support
against the weight of the sand and the impact of molten liquid.
The coating also withstands the high temperature of molten
metal so that the liquid metal can fill the mould. In fact, the
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Fig. 5: Cooling curves of three nodes in 120 s: a) Tech |, b) Tech Il, c) Tech lll, d) Tech IV, e) Tech V, f) Tech VI
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Fig. 6: Cooling curves of three nodes in 1,000 s: a) Tech |, b) Tech Il, c) Tech lll, d) Tech IV, e) Tech V, f) Tech VI

mould filling time is controlled by how fast the gases escape
through the coating and the sand ©'*.

Figure 7 shows the molds under different coating conditions.
It can be seen that the mold with 3 mm thickness was prone to
collapse in the process of casting, no matter whether the mold
was made of Coating I or II, because the wall of the mold is
too thin to bear the weight of the sand and the impact of molten
liquid.

Figure 8 demonstrates the effect of coating thermophysical
property and thickness on the castings. As can be seen, when

the material of mold is coating I and the thickness of mold is
5 mm (Fig. 8a), the surface of the casting would have a large
number of inclusions. The reason is that the melting point of
the facing layer of coating I is lower than 1,580 °C, leading to
the coating surface to be melted along with the molten metal
pouring into the mold, then the melted coating was embedded
into the surface of the casting. The thermal conductivity and
specific heat capacity of coating I are too low to transfer the
heat quickly. When the material of the mold is coating II and
the thickness of mold is 8 mm (Fig. 8d), a lot of pores would
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appear on the casting. As the permeability of the thicker coating
reduced, gas escaping through the coating and the sandbox
become slower. However, high quality castings can be obtained
when the material of the mold is coating II and the thickness of
mold is 5 mm (Fig. 8b and c), because the thermal conductivity
and specific heat capacity of coating II are larger than that of
coating I, and the melting point of facing layer of coating II is
greater than 1,580 °C.

The microstructures of the as-cast alloys are shown in Fig. 9.
It is evident that as-cast microstructures of the alloys prepared
by Techniques III, IV, V and VI are similar, with a series of
pearlite distributing along the grain boundaries. However,
the average grain sizes of Castings III, IV, V and VI at three
positions (HIGH, INT, LOW) are 29 pum, 25 pum, 21 pum; 202
pm, 133 um, 92 pm; 198 pm, 132 pm, 88 pum; 210 pm, 189
pum and 121 pm, respectively. The grain size becomes smaller
from the highest temperature position to the lowest temperature
position in the same kind of technique, which is consistent with
the earlier prediction. The grain refinement of the lost foam
cast alloy is supposed to be caused by the rapid solidification
rate and the inclusions that reduced the work of nucleation and
improved the nucleation rate. Therefore, Casting III has a finer
microstructure compared to Casting IV and Casting V under
the same coating thickness. The average grain sizes of Castings
V and IV are similar. The microstructures of all the alloys are
mainly composed of ferrite and pearlite, but the content of
pearlite is different. The average content of pearlite for Castings
IV, V and VI at three positions (HIGH, INT, LOW) are 3%,
10%, 18%; 3%, 10%, 20%; 6%, 11%, 24%, respectively.

Fig. 7: Mold of different techniques: a) Tech Il, b) Tech IV

The linear regression equation for the grain size and
solidification rate of Casting IV is proposed as Equation 3:

—0.411+206.1 3)

where d is the mean grain size, v is the cooling rate of the
casting. The equation is still valid when the grain size and
cooling rate of Casting V and Casting VI are brought into Eq. (3),
and it can be used to estimate the grain size after the cooling rate
of the casting is calculated in simulation.

The linear regression equation for the content of pearlite and
solid cooling rate of the casting IV is proposed as Equation 4:

w=1.79¢+6.71 “)

where w is the content of pearlite, ¢
is the solid cooling rate of casting.
The equation is still valid when the
content of pearlite and solid cooling
rate of Casting V and Casting VI
are brought into Eq. (4).

Figure 10 shows the Vickers
hardness of the specimens. It can be
seen clearly that the Vickers hardness
value of Casting III is much greater
than that of other castings, whereas
the Vickers hardness value of
Castings IV and V are similar. This
is because the average grain sizes of
these two castings are parallel, and
the contents of ferrite and pearlite
are basically the same. The Vickers
hardness value becomes greater from
the highest temperature position to
the lowest temperature position for
the same kind of technique, which
is in agreement with the earlier
prediction.

Fig. 8: Castings produced by different techniques: a) Casting lll, b) Casting IV, c) Casting V, d) Casting VI
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100 pm 100 pm 100 um

Fig. 9: Microstructures of as-cast alloys: a) Casting lll HIGH, b) Casting Il INT, c) Casting Illl LOW, d) Casting IV HIGH, €)
Casting IV INT, f) Casting IV LOW, g) Casting V HIGH, h) Casting V INT, i) Casting V LOW, j) Casting VI HIGH, k)
Casting VI INT, I) Casting VI LOW

3 Conclusion
I casting 111
Il casting TV From the aspect of microstructure and hardness, it can be

200 [ Jcasting V concluded that the improved IC can replace the existing IC to
[E—Jcasting V1| produce a qualified cast steel without stringent surface quality
requirements.

200 1 In the improved IC, the foam pattern is used instead of
the wax pattern, which greatly reduce the cost of production

HV

compared with the existing IC. On the other hand, the production

ikl process of the mold is simplified, in which the processes of

repairing the wax pattern and assembling it to a central sprue are

eliminated. Compared with the lost foam casting, the container

HIGH INT T low corner fittings have fewer defects and better performance with
position the improved IC.

The effects of thermophysical property and thickness of

Fig. 10: Vickers hardness of the castings coating vary according to different techniques. The desired
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microstructure and properties can be obtained by changing
the thermophysical properties and thickness of the coating to
regulate and control the solidification temperature field. After
the solidification rate and the solid cooling rate of the cast steel
were calculated by numerical simulation, the grain size and
the content of pearlite produced by the improved IC can be
estimated by the linear regression equation.
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