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Abstract—In mechanical engineering, antifriction tin bronzes are used for manufacturing friction parts, for
example, C92900 bronze, which is used on aircraft braking systems. One way to improve the properties of
leaded tin bronzes is to increase the cooling rate during solidification. In this work, the effect of the cooling
rate and the changes in the content of alloying elements within the limits established by industry standards on
the properties of C92900 bronze are investigated. In order to provide different cooling rates, the alloys are
casted into molds made of resin-bonded sand, steel, and graphite, for which the cooling rates were 0.4, 5, and
14.6°C/s. The influence of the cooling rate and the composition of bronze on the freezing range, macrostruc-
ture, microstructure, thermal conductivity, hardness, tensile properties, and wear rate are investigated. By
means of differential thermal analysis, it is shown that upper limit alloying of C92900 bronze leads to a
decrease in the solidus temperature by 40°C, which should be considered during deformation processing and
heat treatment. An increase in the cooling rate during the solidification of C92900 bronze ingots provides a
significant grain refinement and change in the amount, size, and morphology of the phases. For example, in
the case of metallic and graphite mold casting, the size of the lead particles decreases and its circularity
increases. The change in the Sn content within the range established by industrial standard has a significant
effect on the intermetallic γ-(Cu, Ni)3Sn phase fraction. The increase in the cooling rate has no significant
effect on the thermal conductivity of C92900 bronze, but it leads to an increase in hardness by 30 HB. It also
improves the yield strength and ultimate tensile strength of the bronze. The wear test, carried out in accor-
dance with the shaft–partial insert scheme in a kerosene medium using a steel counterbody, shows that an
increase in the cooling rate during solidification leads to an increase in the wear rate of bronze from ~0.4 ×
10–8 to ~1.2 × 10–8. The change in the bronze composition within the industrial standard range has practi-
cally no effect on the wear rate, but leads to a slight increase in the coefficient of friction.
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INTRODUCTION

Tin bronzes have high strength, corrosion, and
antifriction properties [1, 2]. They are used in
mechanical engineering in parts operating on friction
at medium loads and sliding speeds. In particular,
items made of C92900 bronze are used in the compo-
nents of aircraft braking systems [3, 4]. The require-
ments for the mechanical properties of C92900 bronze
are low: ultimate strength 250 MPa, elongation 5%,
and hardness 75 HB [5].

In accordance with the literature data, the micro-
structure of C92900 bronze consists of a solid solution
based on copper (Cu), a tin-rich intermetallic phase
δ-Cu31Sn8, and a solid solution based on lead (Pb)
[1‒3, 6, 7]. The copper solid solution provides plas-

ticity and is the matrix for the rest of the structural
components. The intermetallic compound with tin
provides bearing capacity due to its coherence with the
matrix and increases wear resistance due to its higher
hardness; lead particles contribute to the formation of
a solid lubricating film on friction surfaces and
improve machinability [8–11]. Nickel in bronze helps
reduce the rate of oxidation [12].

It is known that bronzes containing 10 wt % Sn
have a wide freezing range and, at low cooling rates, a
large proportion of shrinkage porosity is observed in
the ingot structure [1, 5, 13]. The porosity can be
reduced by decreasing the width of the two-phase
region formed in the solidifying ingot, increasing the
cooling rate, or providing directional solidification
[5, 14–16].
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Table 1. Composition of C92900 bronze

Alloy
Main components, wt %

Cu Sn Ni Pb

L (at lower limit) Bal. 8.99 2.85 2.29
U (at upper limit) Bal. 11.23 3.99 3.41
C92900 (UNS) Bal. 9–11 2.8–4 2.0–3.2
An increase in the cooling rate when casting tin–
lead bronzes leads to an increase in strength, hardness,
cyclic durability, and elongation at fracture [2, 6,
17‒19]. A comparative study of the behavior of
bronzes of various compositions showed that there is
no direct relationship between mechanical properties
and wear resistance [9].

The wear characteristics of bronze are determined
to the greatest extent by the microstructure of the alloy
[9]. An increase in the cooling rate during the produc-
tion of parts from tin–lead bronzes leads to an increase
in the volume fraction of the intermetallic phase in the
structure and a decrease in the size of lead particles
[3, 17, 20–23]. It was found that an increase in the cool-
ing rate leads to an increase in wear [6, 17–19]. Thus,
the authors of [19] argue that the formation of large
aggregates of the intermetallic phase and (Pb) is nec-
essary to ensure high wear resistance. However, there
is another opinion about the effect of (Pb) based on
the fact that the tribological properties are higher
when the particles of the lubricating phase are small,
since in this case a greater amount of them is formed,
which leads to a more uniform formation of the lubri-
cating film [24].

The aim of this work was to study the effect of the
cooling rate and the content of alloying elements on
the macrostructure, microstructure, mechanical, and
tribological properties of C92900 bronze.

MATERIALS 
AND RESEARCH METHODS

Samples of C92900 bronze of two compositions
were prepared: according to the lower (L) and upper
(U) alloying limits in accordance with Unified Num-
bering System (UNS) for Copper and Copper Alloys.
Copper (99.9% purity), tin (99.92%), lead (99.985%),
and nickel (99.93%) were used as a charge. For the
convenience of introducing nickel, a Cu–10 wt % Ni
master alloy was prepared. The alloy and master alloy
were melted in a high-frequency induction furnace in
a clay-graphite crucible. When obtaining the master
alloy after melting the copper, nickel was introduced at
a temperature of 1250–1300°C. To melt the alloy, cop-
per and a Cu–10 wt % Ni master alloy were charged
into the crucible. To create a reducing atmosphere, a
broken electrode graphite of the GE brand (TU 1915-
086-00200851–2007) was applied to the surface of the
melt. Tin was introduced at a temperature of ~1200°C.
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Lead was added last, after which the melt was cast.
The composition of the alloys, determined using a
Bruker Q4 Tasman optical emission spectrometer
(Germany), is shown in Table 1.

To ensure different cooling rates, the alloys were
poured into resin-bonded sand (sand further), steel,
and graphite molds. Sand molds were obtained using
the alpha-set process. In this case, a resin of the brand
FS-01 (TU 2221-010-38267160–2012) and an A-30
hardener (TU 2494-001-95197502–2006) (Intema
grupp, Russia) were used. The steel mold was made of
1015 grade steel, and the graphite mold was made of
low-ash graphite of the GMZ grade. The temperature
of pouring the melt into the molds was 1100°C. Cylin-
drical ingots with a diameter of 60 and 35 mm, respec-
tively, with the same height of 150 mm, were obtained
in molds made of sand and steel and, in graphite, a
rectangular ingot with a cross section of 20 × 120 mm
and a height of 100 mm was obtained. To determine
the cooling rate, K-type thermocouples were
immersed in the melt when pouring started and their
readings were recorded until the ingots were com-
pletely cooled using a BTM-4208SD thermometer
(Lutron, Israel).

The microstructure of the alloys and the content of
elements in the phases were investigated using a Vega
SBH3 scanning electron microscope (SEM) (Tescan,
Czech Republic) with an Oxford energy dispersive
microanalysis attachment. The proportion of phases
in the structure, as well as the sizes and shapes of the
phases, were determined using the ImageJ 1.52a image
analysis software (National Institutes of Health,
United States) using parameters such as the Feret
diameter and circularity (C). The Feret diameter is the
maximum distance between two tangents to the con-
tour of the measured object [25]. It is used when the
measured objects (in this case, the phases in the
microstructure of the alloy) have an irregular shape.
Circularity allows you to estimate how close the ana-
lyzed objects are in shape to a circle and is calculated
by the equation [25]

(1)

where S and P are the area and perimeter of the object.
It can be seen that, when substituting the equations

for the area and perimeter of a circle in formula (1),
the value C = 1; i.e., the closer the circularity value is
to one, the closer the object is to the circle.

= π 24 ,C S P
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The macrostructure of the alloys was studied using
an Axio Observer.D1m optical microscope (Carl
Zeiss, Germany). The identification of grain boundar-
ies was carried out using an etchant with a composi-
tion of 5 g FeCl3 + 15 mL HCl + 50 mL H2O. The
grain size was determined by the linear intercept
method using the Sizer program (Department of
Physical Metallurgy of Non-Ferrous Metals, National
University of Science and Technology MISIS).

The liquidus and solidus temperatures of the alloy
were estimated using differential scanning calorimetry
(DSC) on an SDT Q600 analyzer from TA Instru-
ments (United States). The tests were carried out in an
argon atmosphere at heating and cooling rates of
10°C/min.

The phase composition of the alloys was deter-
mined by X-ray difraction analysis on a D8
ADVANCE diffractometer (Bruker, United States) in
CuKα monochromatic radiation.

Brinell hardness was measured on a NEMESIS
9001 universal hardness tester (INNOVATEST, the
Netherlands). The test parameters were as follows: a
ball with a diameter of 2.5 mm, a load of 62.5 kgf
(≈613 N), and holding time under load of 10 s.

The electrical conductivity of the bronzes was
determined using a contact-free eddy current conduc-
tivity meter VE-27NC (NPP Sigma, Russia) with a
measurement range of 5–37 MS/m. Further, to calcu-
late the thermal conductivity (λ), we used the empiri-
cal relation connecting thermal conductivity with
electrical conductivity, proposed by Smith and Palmer
[26], which has the form

(2)
where L0 is the Lorentz number, T is temperature, σ is
electrical conductivity, and A and B are empirical con-
stants (for copper alloys A = 0.967 and B = 7.53 W/(m K)
[26]).

Mechanical properties were investigated on cylin-
drical specimens with a diameter of 5 mm and a length
of the working part of 60 mm. Tensile tests were car-
ried out on a 5569 universal testing machine (Instron,
United States). Three samples were tested for each
alloy and cooling rate.

Equilibrium and nonequilibrium solidification
pathway curves were calculated using the Thermo-
Calc software [27] and the TCBIN thermodynamic
base (Binary alloys database) [28].

Tribological studies were carried out according to
the “shaft–partial insert” scheme using a T-05 tri-
bometer (Institute for Sustainable Technologies,
Poland). The insert specimen was a parallelepiped of
the studied bronze with dimensions 15.75 × 10.00 ×
6.35 mm, having a radius groove for a counter-body in
the form of a ring with a diameter of 35 mm from steel
(Fe–0.3C–3Cr–1W–0.45Mn–0.3Si). The surface of
the counter-body was subjected to nitriding. Two sam-
ples were tested for each alloy and cooling rate. The

0 ,AL T Bλ = σ +
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tests were carried out in a medium of TS-1 kerosene at
room temperature, but during the tests it increased to
80–90°C. The sliding speed and load were v = 2 m/s
and N = 627 N, respectively. The duration of the test
was 1 h.

The linear wear rate (Ih) was calculated by the
formula

(3)

where h is linear wear, L is friction path, v is sliding
speed and t is test time.

Linear wear (h, m) was calculated by the equation

(4)

where Δm is the change in mass that occurs after abra-
sion of the sample, S is the area of the working surface
of the sample, and ρ is the density of the bronze.

The weights of the samples before and after the
tests were measured on a Kern 770 balance with an
accuracy of 1 mg. The surface area of the sample in
contact with the counter-body was 1 cm2 and the den-
sity of bronze samples, determined using hydrostatic
weighing, was 8873 kg/m3.

After the wear test, an additional test was carried
out immediately to evaluate the coefficient of friction.
For this, the rotation drive was stopped and the read-
ings of the friction force sensor were zeroed at a steady
temperature. Then the drive was switched on again for
5 min and the friction force was recorded. The friction
coefficient (μ) was calculated as the ratio of the
steady-state friction force to the load μ = Ftr/N.

RESULTS AND DISCUSSION
Figure 1 shows the cooling curves recorded when

pouring ingots from C92900 bronze into sand, steel,
and graphite molds. Since ingots were poured from
alloys corresponding in composition to the lower (L)
and upper (U) alloying limits, two curves were
obtained for each mold material. The average values of
the cooling rate (vcool) in the range from the pouring
temperature 1100 (pouring temperature) to 400°C. Its
minimum value (0.4°C/s) was obtained by pouring
bronze into a sand mold. When using steel and graph-
ite molds, the cooling rate was 5.0 and 14.6°C/s,
respectively; i.e., in comparison with casting into a
sand mold, the values of vcool increased 12.5 and
36.5 times. It should be borne in mind that the differ-
ence in cooling rates is provided not only by the differ-
ence in the thermophysical properties of materials, but
also by the difference in the sizes of the ingots.

According to the results of differential scanning
calorimetry (Fig. 2) for the alloy alloyed at the lower
limit, the liquidus and solidus temperatures were 1002
and 829°C, respectively, and alloying the alloy at the
upper limit leads to their decrease to 990 and 787°C,
respectively.

= = ,( )hI h L h tv

= Δ ρ( ),h m S
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Fig. 1. Cooling curves recorded in the course of pouring
C92900 ingots into sand, steel, and graphite molds. Num-
bers on the graph show the average cooling rate in the tem-
perature range 1100–400°С.
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Thus, a variation in the composition of C92900
bronze within the limits established by the UNS can
lead to a change in the solidus temperature by 40°C,
which must be taken into account in the case of subse-
quent deformation or heat treatment.

Figure 3 shows the macrostructure of alloys L and
U when pouring into molds made of steel and graphite.
It can be seen that varying the alloy composition
within the limits specified in the standard for C92900
bronze does not lead to a change in the macrostruc-
ture. Only the cooling rate has an effect on the grain
size in alloys.

The grain size of C92900 bronze (alloys L and U),
depending on the cooling rate, is shown in Fig. 4. It
can be seen that its increase from 0.4 to 5°C/s leads to
a decrease in the grain size from 1920 to 229 μm for
alloy L and from 1600 to 202 μm for alloy U; that is,
the grain is refined 7–8 times. A further increase in the
cooling rate, which is provided when casting in graph-
ite mold, contributes to a decrease in grain size to 74
and 90 μm for alloys L and U, respectively. The influ-
ence of the alloy composition on the grain size in com-
parison with the cooling rate is not as significant.

Figure 5 shows the microstructure of C92900
bronze alloyed at the lower and upper limits when
poured into sand, steel, and graphite molds. In addi-
tion to the copper-based solid solution indicated in the
microstructure images as (Cu), the alloy structure
contains the γ-Cu3Sn intermetallic phase, lead-based
solid solution (Pb), and copper-based solid solution
(Cu)'—differing in composition from (Cu).
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It is seen that, with an increase in the cooling rate,
the size of the dendritic cells of the solid solution based
on copper (Cu) and other phase components
decreases and the (Pb) particles are spheroidized.

It is rather difficult to establish the difference in the
tin content between the (Cu) and (Cu)' phases, since
significant dendritic segregation is observed in the
dendrites of the copper solid solution. Thus, the Sn
content in the center and at the boundaries of the den-
dritic cells of alloys obtained in steel and graphite
molds is ~2 and 8 at %, respectively. In the (Cu)' phase,
the Sn concentration reaches 3.5–4.0 at %. A signifi-
cant difference between the above phases can be estab-
lished by the Ni content. Thus, (Cu) contains 3–
4 at % Ni in alloy L and 4–5 at % Ni in alloy U and, in
(Cu)', about 0.7 at % Ni.

Thus, the segregation of Ni is significantly less than
that of Sn. It should also be noted that the cooling rate
has practically no effect on the Ni content in the above
phases.

In [1–3, 6, 7], based on the analysis of the binary
Cu–Sn phase diagram [29], it is indicated that the Sn-
rich intermetallic phase δ-Cu31Sn8 formed as a result
of eutectoid transformation. At the same time, the
authors of [30] studied the solidification process of the
Cu–15 wt % Ni–8 wt % Sn alloy. Alloy samples were
quenched from liquid and solid states at different tem-
peratures. It was found that, upon quenching from
870–750°C, a solid solution based on copper (Cu) and
the γ-(Cu,Ni)3Sn phase with the DO3 structure
located along the boundaries of dendritic cells
(divorced eutectic), were observed in the alloy struc-
ture. The formation of γ-(Cu,Ni)3Sn phase from a liq-
l. 62  No. 3  2021
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Fig. 3. Macrostructure of C92900 bronze cast into steel (a, b) and graphite (c, d) molds. (a, c) Alloying at the lower limit (alloy L);
(b, d) at the upper limit (alloy U).

(а) (b)500 μm 500 μm

(c) (d)500 μm 500 μm
uid was also confirmed by thermodynamic calcula-
tions [31].

In [8], the authors found that, in addition to lead
particles uniformly distributed in the matrix, there are
lead particles that nucleated on particles and around
particles of the Cu–Sn intermetallic phase located
along the boundaries of dendritic cells, which also
indicates the formation of an intermetallic phase by
the eutectic transition.

Due to the absence of a thermodynamic database
that includes all components of the C92900 bronze,
the Thermo-Calc software package was used for cal-
RUSSIAN JOURNAL 
culation of the equilibrium and non-equilibrium
(according to the Scheil–Gulliver model) solidifica-
tion for binary Cu–Sn alloys containing 9 and 11 wt %
Sn (Fig. 6). It is known that nickel is infinite soluble in
both liquid and solid copper, which means that it will
not form new phases. As for lead, it solidified as a indi-
vidual phase (Pb) at the end of the solidification pro-
cess. On this basis, it can be assumed that, for binary
alloys Cu–Sn and C92900 bronze, the solidification
pathway should be similar. With equilibrium solidifi-
cation, only (Cu) crystals should form in the structure
of both alloys, and with non-equilibrium, the appear-
OF NON-FERROUS METALS  Vol. 62  No. 3  2021
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Fig. 4. Grain size of bronze ingots C92900 depending on
the cooling rate.
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ance of an intermetallic γ-Cu3Sn phase is possible by
eutectic reaction.

Thus, the most probable mechanism for the forma-
tion of an intermetallic phase during non-equilibrium
solidification in the structure of tin bronzes is a eutec-
tic rather than a eutectoid transformation.

The content of elements in the Cu3Sn phase, deter-
mined by X-ray microanalysis, depending on the
cooling rate for alloys L and U, is shown in Fig. 7.
Since Cu and Ni are infinitely soluble in each other
in both liquid and solid states [32], this phase is a ter-
nary γ-(Cu,Ni)3Sn, but for simplicity we denote it as
binary (Cu3Sn). It is seen that the content of Ni and Sn
in it in alloys L and U when poured into a sand mold
(vcool = 0.4°С/s) practically coincides (13–14 and 25 at %,
respectively). At cooling rates of 5 and 14.6°C/s (cast-
ing into steel and graphite molds, respectively), the
composition of the Cu3Sn phase is almost the same for
different mold materials, but different for alloys L and
U: for alloy alloyed to the lower limit, Ni and Sn con-
tent in the Cu3Sn phase are 7.5 and 22 at %, respec-
tively and, for the alloy alloyed at the upper limit,
10 and 24 at %. Thus, an increase in the cooling rate
leads to a decrease in the concentration of nickel in the
Cu3Sn phase.

Figure 8 shows the effect of the cooling rate on the
volume fraction of phases in the structure of C92900
bronze (alloys L and U). It can be seen that it has the
greatest effect on the content of the (Cu)' phase. Thus,
for its small value (vcool = 0.4°C/s), realized when cast-
ing into sand molds, the fraction of this phase is max-
imum and, for alloys L and U, it is 4.7 and 7.5 vol %,
respectively. An increase in the cooling rate to 5°C/s
leads to a decrease in the fraction of the (Cu)′ phase to
0.9 and 0.6 vol % for alloys L and U, respectively. This
phase is absent in the structure of alloys obtained by
casting into graphite molds (vcool = 14.6°C/s).

Usually, an increase in the cooling rate leads to an
increase in the fraction of nonequilibrium phases in
the structure of the alloy [33]. Apparently, in this case,
the (Cu)' phase is formed not during the solidification
of the alloy, but during its cooling in the solid state; an
increase in the cooling rate does not allow the phase
transformation along which the (Cu)' phase is formed
to occur.

The volume fraction of a solid solution based on
lead (Pb) practically does not change with an increase
in the cooling rate; it also depends little on the lead
content in the alloy and amounts to ~2 vol %. As for
the Cu3Sn, it can be seen that, in the alloy alloyed
according to the lower limit, its content does not
change and is ~4 vol %. In an alloy alloyed over the
upper limit, with an increase in the vcool, the Cu3Sn
phase fraction decreases and amounts to 9.0, 7.8, and
6.7 vol % at cooling rates of 0.4, 5.0, and 14.6°C/s,
respectively.
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According to [3], the fraction of the Cu3Sn phase in
the structure of C92900 bronze should be 4.5–9.0 vol %.
The results show that, to fulfill this condition, it is suf-
ficient to provide the content of alloying elements in
the alloy closer to the upper alloying limit.

A change in the cooling rate has a weak effect on
the Feret diameter and the circularity of the particles
of the Cu3Sn and (Cu)′ phases, and therefore it is not
considered. Fig. 9 shows the Feret diameter and the
circularity of the (Pb) phase particles in C92900
bronze depending on the cooling rate for alloys alloyed
at the lower and upper limits. It can be seen that both
shape parameters practically do not differ for alloys L
and U.

As for the (Pb) phase, the cooling rate significantly
affects its particle shape. For vcool = 0.4, 5.0, and
14.6°C/s, the Feret diameter for the (Pb) phase is
~3.7, 2.8, and 2.4 μm, respectively; i.e., with an
increase in the cooling rate, the size of lead particles in
the alloy structure decreases. The circularity of parti-
cles (Pb) at vcool = 0.4, 5.0, and 14.6°C/s is 0.5, 0.6,
and 0.7, respectively. It follows from this that, with an
increase in the cooling rate, there is not only a
decrease in the particle size, but also a change in their
shape to a more spherical one.

The results of X-ray phase analysis for C92900
bronze, obtained in the sand, steel, and graphite molds
and alloyed on the lower (L) and upper (U) limits are
shown in Fig. 10. As can be seen, it was possible to
identify only solid solutions based on copper (Cu) and
lead (Pb). As for Cu3Sn, then the only peak of it coin-
cided with the (Cu) peak. In [20], the authors also
experienced difficulties in identifying the intermetallic
l. 62  No. 3  2021
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Fig. 5. Microstructure of C92900 bronze, poured into sand (a, b), steel (c, d), and graphite (e, f) molds. (a, c, e) Alloying at the
lower limit (alloy L) and (b, d, f) the upper limit (alloy U).
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Fig. 6. Curves of equilibrium and nonequilibrium (accord-
ing to the Sheil–Gulliver model) solidification pathway
calculated in the Thermo-Calc software for binary alloys
Cu–9 wt % Sn and Cu–11 wt % Sn.
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Fig. 7. Content of Ni and Sn in the Cu3Sn phase in C92900
bronze, depending on the cooling rate.
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cles in C92900 bronze, depending on the cooling rate.
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phase in tin bronze. The (Cu)' phase could not be
identified, since it differs from the (Cu) phase only in
the Ni content and its peaks should practically coin-
cide with (Cu). It can be seen that neither the cooling
rate nor alloying along the upper and lower limits led
to a change in the phase composition of the alloy.
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It is known that the wear resistance of the material
is influenced by the temperature regime of the part
[34]. The higher the thermal conductivity (λ) is, the
better the heat removal from the friction edge and the
less oxidation of the friction materials. Also, when
heated, the hardness of the antifriction layer decreases
l. 62  No. 3  2021
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Fig. 10. Results of X-ray difraction analysis of C92900
bronze samples poured into sand (1, 2), steel (3, 4), and
graphite (5, 6) molds. (1, 3, 5) Alloying at the lower limit
(alloy L) and (2, 4, 6) the upper limit (alloy U).
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and the tendency to sticking and scuffing in friction
pairs increases [35].

Figure 11 shows the thermal conductivity of
C92900 bronze obtained in the sand, steel, and graph-
ite molds, alloyed along the lower (L) and upper (U)
limits, depending on the cooling rate. It can be seen
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Fig. 11. Thermal conductivity of C92900 bronze as a func-
tion of the cooling rate.
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that it practically does not change the thermal con-
ductivity of the alloys. To a much greater extent, ther-
mal conductivity is influenced by the content of alloy-
ing elements in bronze. Therefore, alloy L has a ther-
mal conductivity of λ = 52–54 W/(m K), and the alloy
U 44–46 W/(m K). According to the data of [36] for
the Cu3Sn at a temperature of 25°C, the value of λ is
72 W/(m K), i.e., exceeds the thermal conductivity of
copper solid solution. On the other hand, it should be
taken into account that, in the case under consider-
ation, Cu3Sn also contains nickel, which can lead to a
decrease in λ values. Therefore, it is impossible to say
unambiguously what exactly influences the thermal
conductivity of the alloy to a greater extent, the con-
tent of Sn and Ni in (Cu) or the amount and distribu-
tion of the Cu3Sn phase.

When an alloy is used for friction, one very import-
ant characteristic is its hardness. Figure 12 shows the
dependence of the hardness of C92900 bronze on the
cooling rate for alloys alloyed according to the lower
(L) and upper (U) limits. It can be seen that, for alloy
L, hardness at vcool = 0.4, 5.0 and 14.6°C/s is 98, 116,
and 121 HB, respectively, and, for alloy U, 103, 128,
and 133 HB. Hence, it follows that the increase in
hardness is facilitated by both an increase in the cool-
ing rate and an increase in the content of alloying ele-
ments in the alloy. Note that a change in the cooling
rate from 5 to 14.6°C/s has practically no effect on the
hardness of the alloy.

Figure 13 shows the effect of the cooling rate on the
mechanical properties of C92900 bronze alloyed with
the lower (L) and upper (U) limits. It can be seen that,
OF NON-FERROUS METALS  Vol. 62  No. 3  2021

Fig. 12. Hardness of C92900 bronze as a function of the
cooling rate.
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Fig. 13. YS (a) and UTS (b) of C92900 bronze, depending on the cooling rate during tensile tests.
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Fig. 14. Wear rate (Ih) and friction coefficient (μ) of
C92900 bronze, depending on the cooling rate.
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taking into account the confidence interval, the con-
tent of alloying elements has practically no effect on
the ultimate tensile strength (UTS) and yield strength
(YS) of bronze. For vcool = 0.4, 5.0 and 14.6°C/s, the
YS = 103, 222, and 212 MPa, and the UTS = 135, 289,
and 303 MPa.

Shrinkage porosity was clearly observed at the frac-
tures of the samples, especially those obtained in sand
molds, in the place of fracture. This explains the very
low values of the YS and UTS (<150 MPa) and elon-
gation at fracture (El = 1–5%), as well as significant
confidence intervals when testing specimens poured
into a sand mold.

In general, it can be concluded that an increase in
the cooling rate leads to an increase in the strength of
bronze and a change in the content of elements in
bronze within the UNS does not significantly affect
the mechanical properties.

Figure 14 shows the effect of the cooling rate on the
wear rate and the coefficient of friction of C92900
bronze alloyed along the lower (L) and upper (U) lim-
its. Despite the large values of the confidence inter-
vals, it can be seen that an increase in the cooling rate
from 0.4 to 5.0–14.6°C/s leads to an increase in the
wear rate from ~0.4 × 10–8 to ~1.2 × 10–8 and the coef-
ficient of friction from ~0.04 to 0.06. The chemical
composition of bronze has practically no effect on the
wear rate. The results indicate that the wear of C92900
bronze is largely influenced not by the fraction
of Cu3Sn and (Pb) phases, but their size and distribu-
tion in the alloy structure, which depend on the cool-
ing rate.
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Thus, obtaining ingots from C92900 bronze in steel
and graphite molds provides higher mechanical prop-
erties, but at the same time leads to a slight decrease in
wear resistance, which should be taken into account
when choosing a casting method for ingots from this
material.
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CONCLUSIONS
(1) Alloying C92900 bronze according to the upper

limit established by UNS leads to a decrease in the sol-
idus temperature by 40°C, which should be taken into
account when assigning deformation and heat-treat-
ment regimes.

(2) An increase in the cooling rate from 0.4 to
14.6°C/s during the solidification of ingots from
C92900 bronze leads to a significant grain refinement
from 1800 to 80 μm. At the same time, the change in
the composition of bronze within the limits estab-
lished by the UNS has practically no effect on the
grain size.

(3) The cooling rate during solidification affects
both the amount and the size and morphology of phases
in the structure of C92900 bronze. As the cooling rate
increases, the size decreases and the circularity of the
lead particles increases. As for the γ-(Cu,Ni)3Sn phase,
its amount in the structure of bronze is then largely
influenced by the content of tin, and its high fraction
is observed when alloying along the upper limit of the
content of alloying components in the alloy.

(4) The thermal conductivity of the studied bronze
is practically independent of the cooling rate and is
45–55 W/(m K). As for the hardness, it increases both
with an increase in the cooling rate and with alloying
along the upper limit. Its minimum value was 100 HB,
and its maximum value was 130 HB.

(5) An increase in the cooling rate leads to an
increase in the strength of bronze, and the change in
the content of alloying elements within the UNS does
not significantly affect the mechanical properties.
Thus, the ultimate strength with an increase in the
cooling rate from 0.4 to 14.6°C/s increased from 150 to
300 MPa.

(6) The change in the composition of C92900
bronze within the UNS practically does not affect the
wear rate. As for the effect of the cooling rate, its
increase leads to an increase in the wear rate of bronze
samples.
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