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Abstract

The studied silicon bronze (CuSi3Zn3Mn1) is characterised by good strength and corrosion resistance due to the alloying elements that are
present in it (Si, Zn, Mn, Fe). This study analysed the casting process in green sand moulding, gravity die casting, and centrifugal casting
with a horizontal axis of rotation. The influences of Ni and Zr alloying additives as well as the casting technology that was used were
evaluated on the alloy’s microstructure and mechanical properties. The results of the conducted research are presented in the form of the
influence of the technology (GS, GZ, GM) and the content of the introduced alloy additives on the mechanical parameters (UTS, A10, and
Proof Stress, BHN).

The analysis of the tests that were carried out made it possible to determine which of the studied casting technologies had the best mechanical
properties. Microstructure of metal poured into metal mould was finer than that which was cast into moulding compound.

Mechanical properties of castings made in moulding compound were lower than those that were cast into metal moulds. Increased nickel
content affected the BHN parameter.

Keywords: Innovative foundry technologies and materials, Centrifugal casting, Sand casting, Mechanical properties, Microstructure

1. Introduction {If\év]ability, high shrinkage, and its tendency towards hot cracking

Copper alloys have a much wider range of applications than
copper in its pure form. Brasses and bronzes are most commonly
used in foundries. Cast bronzes are usually multi-component, and
the introduced alloying additives favourably influence their
properties [9-13].

Silicon bronzes are alloys of copper with silicon as the main
additive (its amount in the alloy not exceeding 5%). Due to their
unsuitable alloying properties, Cu-Si double alloys have not found
use as materials that are used in the casting industry. Depending on
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Due to its properties (especially its high electrical and thermal
conductivity and corrosion resistance), copper is widely used in
technology and industry [1-4]. Its good technological properties
allow it to be cast and machined as well as welded, and machined
copper castings can be made in both sand and metal moulds
(centrifugal and pressure casting is also possible). Making castings
from pure copper is technologically difficult when considering the
other non-ferrous metals. The metal is characterised by low
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the conditions under which a given casting is to work, other
elements such as zinc, manganese, iron, lead, and nickel can be
introduced into Cu-Si double alloys [8].

CuSi3Zn3Mnl bronze is characterised by good casting
properties [8,14]. As an alloying component, silicon acts as
a deoxidiser, which has a favourable effect on the bronze alloy; as
the silicon content increases, the tensile strength and hardness also
increase. Unfortunately, the alloy’s elongation also decreases. In
addition to silicon, the alloy’s flowability is also affected by the
zinc that is contained in the alloy. Thanks to its good flowability,
the bronze reflects the cavity of a casting mould very well. The
manganese that was contained in the alloy under study increased
the corrosion resistance and had a beneficial effect on the strength.

The addition of nickel to silicon bronzes can be considered to
be beneficial. In cast silicon bronzes, this affects bearing properties
and strengths at higher temperatures. The bronze in question has
good sliding properties, machinability, and corrosion resistance [6-
9].

CuSi3Zn3FeMn1 bronze is used for heavy-duty machine parts
and components that are exposed to variable loads as well as parts
that operate in corrosive environments [9-15].

The production of castings in moulding sand (GS) is very
popular; this technology is eagerly chosen by foundries due to its
low cost, the recyclability of the raw materials [16]. Moulding sand
consists of quartz sand, water, and a binder. In moulding sand
technology, a liquid casting melt is poured into a mould cavity
through a gating system that includes a pouring basin, a sprue, a
runner, and ingates. The mould in this technology consists of a
bottom part and a top part; after a casting has solidified, the mould
is then broken [16,17].

Despite being widely used, moulding compound technology
can cause difficulties in producing high-quality castings. The main
causes of defects are an improperly selected gating system, the
moisture content of the mass, the low permeability of the mould,
and metal outgassing [16,18].

Gravity die casting (GM) is characterised by feeding liquid
casting alloy into a metal die without external pressure, filling the
mould cavity by the gravity flow of the alloy through the gating
system. Metal moulds are reusable moulds and are used for mass
production. Castings that are made with this technology are
characterised by high dimensional accuracy and a surface quality
that is better than sand mould castings. Due to the rate of heat
absorption by the metal moulds, castings that are made with this
technology have a fine-grained structure; this favourably affects the
mechanical properties of the castings [19,20].

The quality of castings that are made by gravity into metal
moulds is influenced, among other things, by the temperature of the
die and the coverage of the mould cavity [21].

The process of making castings in a centrifugal machine (GZ)
involves feeding liquid alloy into a metal die that rotates along one
axis [22]. When the liquid metal touches the inside of the die, it
begins to rotate under the action of centrifugal force. During the
process, we can distinguish two stages: the gravitational stage, and
the stage of the centrifugal process after contact between the metal
and the die [23]. This technology is advantageous due to economic
and technological aspects, among others. To the first group, we can
include the reduction of technological allowances, the reduction of
shortages, and the lack of waste in the form of cores.
Technologically, castings that are made by centrifugal casting are

ARCHIVES of FOUNDRY ENGINEERING Volume 23,

www.czasopisma.pan.pl P N www.journals.pan.pl

~
DEAL

characterised by very good strength parameters, uniform structures,
and relatively fine structures; these all positively affect the
mechanical properties of the castings [24]. The quality of the
casting that is produced is determined by the speed of the die, the
rate of the metal feed [24-27].

The crystallization conditions resulting from the casting mould
technology used affect, among other things, the structure of
castings. The structures present are characterized by different
plastic deformation tendencies, which affect the mechanical
properties of the castings produced. Areas of columnar structure
will be characterized by different properties than zones of equiaxial
structure present in the casting [28-30].

2. Methodology and conditions of
research

In order to determine the effect of nickel, zirconium and the
casting technology on the mechanical properties and
microstructure of the bronze under study (CuSi3Zn3Mn1), a series
of experimental melts were performed. The starting alloy was a
standardised CuSi3Zn3Mn1 bronze with the chemical composition
that is included in the PN-91/H-87026 standard. The first
experimental melt (Stage 01) conformed to the standard that was
quoted above, and Alloy 2 (Stage 02) contained 0.97% nickel (still
within the limits of the quoted standard). In the next alloy (Stage
03), the nickel content was increased to 1.8%. In the final alloy
(Stage 04) (with a nickel content of 1.8%), a modifier in the form
of a CuZrl0 mordant was introduced. The zirconium content in
Alloy 4 was 0.2%. The chemical compositions of the melts that
were carried out are summarised in Table 1.

Table 1.
Chemical compositions of experimental samples

Concentration (wt.%)

Stage “"cu  Zn  Pb _ Mn_ Fe  Ni Si zr
01 894 493 031 063 065 004 375 0.00
02 891 453 029 060 060 097 369 000
03 887 431 027 056 058 185 348 0.00
04 886 423 027 054 056 182 351 0.20

In order to determine the effects of the casting parameters on
the properties of the alloys, castings were made as follows: into a
moulding compound, in a metal die, and in a centrifugal casting in
a machine with a horizontal axis of rotation. The dimensions of the
sleeve is shown in Fig. 1.

Classic moulding sand in production circulation was used for
the technological tests. The moisture content of the mass was 2%,
and the cavity of the casting mould was spray-painted with an
alcohol-based coating. The mould had a temperature of about 20°C
(the prevailing temperature on the production floor).

The cast-iron die for gravity casting was heated to within
a temperature range of 200°-270°C. Before the pouring process,
the die was spray-coated with a talc-based separator.

Issue 3/2023, 110-117 111



200

@100
@140

Fig. 1. Sleeve cast of silicon bronzes @140 x @100 x 200

A cast-iron die mounted in a centrifugal machine was used to
make the centrifugal casting. The speed of the centrifugal machine
with a horizontal axis of rotation was selected based on a
nomogram, taking the optimal number of rotations into account
depending on the diameter of the bushing [10,14].

The bushing was cast according to the standard parameters that
are used in the centrifugal casting of silicon bronzes (990 rpm). The
casting parameters of the centrifugal bushing were as follows: a
pouring temperature of 1095°C, and a die temperature of 250°C.

The chemical composition of the cast alloys that were made for
the study was analysed using a PMI-MASTER PLUS X-ray
spectrometer. NIKON SMZ 745Z and Eclipse LV 150 (OM)
microscopes were used to study the macro- and microstructures.
Observations of the alloy were also made using a Hitachi S-3400N
scanning electron microscope (SEM) with an Energy Dispersive X-
ray Spectrometer (EDS) from Thermo Noran.

Strength tests were carried out on an INSTRON Model 1115.

3. Influence of alloy additions and
casting parameters on metallographic
properties

For macroscopic and microscopic analyses, samples were
taken from castings that were made in classic moulding
compounds, by gravity in a cast-iron die, and a centrifugal bushing.
The sample from the centrifugal bushing was taken from the middle
of the wall thickness; this was dictated by the fact that, under
industrial conditions, up to 30% of the wall thickness is used as a
technological allowance. The parameters of the sand castings and
gravity die castings are given in Tables 2 and 3, respectively.

Table 2.
Casting parameters for sand castings (Stages 01s-04s)
Metal Sand mould
Experiment temperature  temperature
[°C] [°C]
Stage 01s sand casting
CuSi3Zn3Mn1 il Al
Stage 02s sand casting
CuSi3Zn3Mn1+0.9%Ni 1095 20
Stage 03s sand casting
CuSi3Zn3Mn1+1.8%Ni 1100 20
Stage 04s sand casting 1100 20

CuSi3Zn3Mn1+1.8%Ni+0.2%Zr
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Table 3.
Casting parameters for gravity die castings (Stages 01d-04d) and
centrifugal casting (Stage 04c)

Metal Metal mould
Experiment temperature temperature
[*C] [*C]
Stage 01d gravity die casting
CuSi3Zn3Mnl Sy A
Stage 02d gravity die casting
CuSi3Zn3Mn1+0.9%Ni 1095 268
Stage 03d gravity die casting
CuSi3Zn3Mn1+1.8%Ni Sy e
Stage 04d gravity die casting
CuSi3Zn3Mn1+1.8%Ni+0.2%Zr 1100 250
Stage 04c centrifugal casting 1095 250

CuSi3Zn3Mn1+1.8%Ni+0.2%Zr

Figures 2-4 show an image of the macrostructure of the
CuSi3Zn3FeMn1l alloy. Figure 2 (sand mould casting) shows a
coarse crystalline structure with an area of columnar crystals
oriented from the outer surface toward the center. In the central area
of the ingot, the crystals are equiaxial.

Figure 3 (gravity casting into a metal mould) there is a narrow
zone of columnar crystals at the outer edge of the ingot - the effect
of the metal mould during solidification - directional
crystallization. Outside this zone, there are equiaxial crystals.

Figure 4 (casting of a sleeve made by the centrifugal method)
Microstructure fine-grained with crystals oriented perpendicular to
the axis of rotation of the mould. An arrangement of crystals similar
in structure to columnar crystals can be observed. The sample was
taken from a machined casting as a result of which there is no
distinct zone of columnar crystals near the wall of the metal mold
in the analysed surface. The uniform grain size across the casting
wall guarantees stable and reproducible properties of the
manufactured products.

Figures 5 and 8-10 show the microstructures of the
CuSi3Zn3Mn1 bronze castings that were made in bentonite paste.
Figure 5 shows the dendrites of the solid solution and the
intermetallic compounds that were present at the grain boundary.
The presence of iron and manganese in the alloy improved the
strength properties of the alloy. The microstructures with increased
nickel contents (0.9 and 1.8% Ni) are shown in Figures 8 and 9,
respectively. The nickel in the alloy formed an Ni2Si compound
(which was a separate component).

Figure 10 shows the microstructure of the CuSi3Zn3Mnl
bronze with 0.2% zirconium added and the nickel content increased
to 1.8%. Used as a modifier, the zirconium caused the formation of
wall crystals and the disappearance of the dendritic structure of the
solid solution. The microstructures of the samples that were taken
from the metal mould are shown in Figures 6 and 11-13. Faster
heat dissipation through the material caused significant
fragmentation of the microstructures. The dendrites of the solid
solution of the reference sample (Figure 5) fragmented. Similar to
the castings for the bentonite mass, the increased amount of nickel
that was introduced into the alloy was visible as Ni2Si silicide.
Introduced as a modifier, the zirconium caused the formation of
wall crystals (Fig.13).

The microstructure that was taken from the casting that was
made in the centrifugal machine with a horizontal axis of rotation
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is shown in Figure 7. We can observe how the centrifugal force and the occurrence of intermetallic phases — especially at the grain
affected the microstructure of the alloy under study. boundary.

As in the case of the sample that was taken from the gravity
casting into the die, the microstructure showed an a solid solution

Fig.2 . Macrostructure of CuSi3Zn3FeMn1 of CuSi3Zn3FeMnl Fig. 4. Macrostructure of CuSi3Zn3FeMn1 alloy
alloy in sand casting

IR EOR T T, T . L8 NA TR L 5 ¥
Fig. 5. Microstructure of CuSi3Zn Fig. 6. Microstructure of Fig. 7. Microstructure of CuSi3Zn3FeMn1Nil.8
alloy in sand casting (Stage 01s) CuSi3Zn3FeMn1 alloy alloy from fragment of sleeve in centrifugal
casting (Stage 04c)
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Fig. 10. Microstructure
of CuSi3Zn3FeMn1Nil alloy of CuSi3Zn3FeMn1Nil.8+0.2Zr alloy
in sand casting (Stage 02s) in sand casting (Stage 04s
T e A ) sand casting (Stage 0ds)
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Fig. 13. Microstructure

Fig. 1

Fig. 12. Microstructure
of CuSi3Zn3FeMn1Nil alloy of CuSi3Zn3FeMn1Nil.8 alloy of CuSi3Zn3FeMn1Nil.8+0.2Zr alloy
of gravity die casting (Stage 02d) of gravity die casting (Stage 03d) of gravity die casting (Stage 04d)
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The results of scanning electron microscopy (Figs. 14-17)
indicated the presence of a mainly solid solution of Cu in the alloy
along with the Zn, Si, and Fe elements. The analysis that was
carried out confirmed the optical microscope observations. The
nickel that was introduced into the alloy is visible at the grain
boundaries; this formed an intermetallic compound together with
silicon. The elemental distribution for the Stage 03s sample can be
seen in the map (Fig. 14).

CuK 0.00 /I o oo m

25 pm

0.00 - 9993 m

d)
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Tables 4-6 show the results of the microanalyses at the
designated points. The phases that were present were consistent
with the microscopic examination and the chemical composition of
the tested alloy. The zirconium that was introduced into the alloy
was visible as a component of one of the phases as well as
undissolved precipitates (Figs. 15,17). On the other hand, the lead
at a level of 0.27% in Alloy 04 was visible as an undissolved
component (Figs. 16-17).

0.00 ] o5 oo Zn K 0.00 a0 03

000 -99 a3 0.00 I‘QQ 99

Fig. 14. Microstructures of CuSi3Zn3FeMn1Nil.8 alloys in sand casting (Stage 03 s) —
distribution of elements from EDS analysis: a) Cu; b) Si; c) Zn; d) Fe; e) Mn; f) Ni

>y ;_:-55;::_ - 2 [m

Fig. 15. SEM-EDS CuSi3Zn3FeMn1Nil.8+0.2Zr alloy

in sand casting (Stage 04s)

Table 4.
Results of microanalyses in microareas of Fig. 15

Concentration (wt.%)

pt Si Mn  Fe Ni Cu 2Zn Zr
04s ptl 10.37 1.88 10,53 1239 5523 - 961
04s pt2 767 113 083 8.05 8028 205 -
04s pt3 17.89 3.32 4216 2735 7.14 - 213

04s pt4 864 115 098 1384 7538 - =
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Fig. 16. SEM-EDS CuSi3Zn3FeMn1Nil.8+0.2Zr alloy of gravity
die casting (Stage 04d)

Table 5.
Results of microanalyses in microareas of Fig. 16

Table 6.
Results of microanalyses in microareas of Fig. 17

Concentration (wt.%)

pt Si Mn Fe Ni Cu 2Zn Zr Pb
O4cptl 1358 3.35 2591 23.05 11.14 - 2297 -
O4cpt2 868 093 - 13.00 77.39 - - -
04c pt3 - - - - 1196 - - 88.04

O4cpt4 333 122 0.88 2.61 8750 4.46 - =
O4cpts 18.61 6.48 4229 2440 821 - - -
O4cpt6  7.40 1.62 1551 1391 9.03 - 5253 -
O4cpt7 3.02 080 103 1.98 87.40 577 - =

Concentration (wt.%)

pt Si Mn Fe Ni Cu Zn Pb

04dptl 1920 548 43.07 2356 8.68 - -

O4dpt2 886 1.08 139 1311 7556 089 -

04d pt3  1.86 - 059 320 2171 - 7216

O4dpt4 260 058 0.67 173 8887 555 -

Fig. 17. SEM-EDS CuSi3Zn3FeMn1Nil.8+0.2Zr alloy from
fragment of sleeve in centrifugal casting (Stage 04c)

4. Influence of alloy additions and
casting parameters on mechanical
properties

To determine how the mechanical properties of the bronze
under study were affected by the casting technology, the castings
were made with three options: gravity casting in a moulding
compound, gravity casting in a die, and centrifugal casting in
a machine with a horizontal axis of rotation. The different heat-
dissipation rates and crystallisation conditions affected the alloy’s
strength, and the alloying elements and modifiers affected the
mechanical properties and microstructures of the cast alloys. In
order to determine how the strength of the CuSi3Zn3Mn1 bronze
was affected by increased nickel contents and different casting
parameters, a number of tests were performed (the results of which
are summarised in Table 7).

By analysing Table 7 and the graph that is plotted against it
(Fig. 18), we can see how the nickel content and casting technology
affected the strength properties. The highest UTS value from the
castings that were made in the sand moulds could be found in the
primary sample (Stage 01s). The addition of 0.9% nickel caused a
decrease in the yield strength and tensile strength as well as the
elongation of the sample. We can see that both samples were made
within the standard; the concentrations of the alloying elements
significantly affected the strength parameters of the samples. When
making castings according to the cited standard, it is reasonable to
keep the nickel content low. Each of the mechanical parameters
that were tested in the Stage 02 sample was lower than in the Stage
01 sample. Increasing the nickel content to 1.8% in Stage 03s
resulted in significantly better mechanical properties than could be
found in Stage 02s; however, the increased Ni content only
benefited the hardness of the alloy in the GS technology. Due to the
high melting point of nickel, the Stage 02s melt may have
contained a higher amount of unmelted nickel metal than could be
found Sample 03 (which had higher strength properties).
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Table 7.
Results of mechanical property testing
Proof
Experiment [w;i] Stress ?/“]’ BHN
[MPa] '™
Stage 01s sand casting
CuSi3Zn3Mnl 338.0 1945 172 113
Stage 02s sand casting
CuSi3Zn3Mn1+0.9%Ni 261.9 1251 90 110
Stage 03s sand casting
CuSi3Zn3Mn1+1.8%Ni izl whe B An
Stage 04s sand casting
CuSi3zZn3Mn1 297.6 1079 865 117
+1.8%Ni+0.2%Zr
Stage 01d die casting
CuSI3Zn3Mnl 355.8 1537 295 135
Stage 02d die casting
CuSi3Zn3Mn1+0.9%Ni 317 1780 240 105
Stage 03d die casting
CuSi3Zn3Mn11+1.8%Ni 3656 1508 145 123
Stage 04d die casting
CuSi3Zn3Mn1+1.8%Ni+0.2%zr 42 1795 115 137
Stage 04 die casting
CuSi3Zn3Mn1+1.8%Ni+0.2%Zr 403.2 1450 220 136
(sleeve)
UTS, Proof stres [MPa] UTS  nProofstres WBHN 1 AL0 Ay [%), BHN
400
135 140
350 I - %170 w560 [
333,80 341,20 120
0 312,60 -
. 297,60 100
o 262,00
80
0 12450 178,00 173,50
5 o 1040 153,70 150,80 50
1 107,80
100 29,50 40
24,00
50 17,20 R .. B 1450 1w 0
0 0

Stagel Stage 02 Stage3 Staged Stage 1a Stage2a Stage 3a Stageda

Fig. 18. Mechanical properties — graph

The samples that were taken from the die castings had
significantly higher mechanical parameters than the samples that
were cast into the moulding compounds. In the cases of the samples
from the die castings, no significant effect of the nickel and
zirconium could be seen on the mechanical properties of the alloy.
In the sample in which the Ni content was 1.8%, the elongation
decreased (Stages 03d and 04d).

In terms of the mechanical properties centrifugal technology
proved to be the most favourable option.

5. Conclusions

The purpose of the study was to determine how the mechanical
properties and microstructure of CuSi3zn3Mn1 bronze were affected
by the casting technology and the contents of certain alloying
additives. Based on the results, it can be concluded that the
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mechanical properties and microstructures of the studied alloy were

dependent on both factors.

- microstructure of studied alloy contained solid solution of
copper and intermetallic phases;

- microstructure of metal poured into metal mould was finer
than that which was cast into moulding compound;

- mechanical properties of castings made in moulding
compound were lower than those that were cast into metal
moulds;

- increased nickel content in tested bronze did not significantly
affect its properties, BHN parameter improved,

- on basis of metallographic studies, occurrence of nickel at
grain boundaries could be observed — this formed
intermetallic compounds;

-  zirconium introduced into alloy did not completely dissolve
— its undissolved particles were visible.
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