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Abstract: Antifriction tin bronzes are used in the aerospace industry to manufacture components that operate in friction assemblies at
elevated temperatures. This is due to the alloy’s favorable combination of antifriction, mechanical, and corrosion properties. In particular,
tin bronze C92900 (alloy Cu—10Sn—3Ni—2Pb (wt. %)) is widely used in such applications. It is employed in the production of braking system
components and plunger pump parts. Currently, these parts are manufactured by machining ingots produced through casting with directional
solidification. However, this method has a low material utilization rate, typically between 5 % and 15 %. The most promising method for
producing C92900 ingots is upward continuous casting technology, which allows the ingot dimensions to closely match those of the finished part.
This significantly reduces machining effort and increases metal utilization to 95 %. This study presents the results of process development
for the upward continuous casting technology of 15 mm diameter C92900 ingots. The structure and properties of the castings were also
investigated. It was shown that as the casting speed increased from 90 to 360 mm/min, the volume fraction of the y-Cu;Sn intermetallic
phase increased, while the amount of tin-based solid solution remained nearly unchanged. At the same time, the phase distribution became
more refined. The macrostructure consisted of columnar and equiaxed grains. As the casting speed increased, the columnar grains became
more tilted relative to the direction of heat removal. The hardness increased from 127 £ 2.73 to 136 + 4.25 HB, and the tensile strength
and elongation slightly increased up to 250 mm/min, then decreased at 360 mm/min, which was associated with the macrostructure
approaching a transcrystalline form. The study also examined shrinkage cavities and segregation defects in ingots cast at 150 mm/min and
analyzed their causes. Finally, the paper provides recommendations for optimal casting parameters for 15 mm diameter ingots produced by
upward continuous casting technology.
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AnHoTanus: AHTUQPUKIMOHHbBIE OJIOBSTHHBIE OPOH3BI KCTIOJIb3YIOTCS B ABUACTPOCHU Y JIJISI U3TOTOBJICHU S IeTaieii, paboTalONIMX B y3J1aX
TPEHUsI IPU MOBBIILIEHHbIX TEMIIEpaTypax. 3TO 00YCIOBJIEHO XOPOLIMM COYeTAHUEM aHTU(PPUKLIMOHHbBIX, MEXaHUYECKUX U KOPPO3UOH-
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HBIX CBOMCTB crjiaBa. B yacTHOCTU, B TaKMX U3IEAMIX LIMPOKO UCIOJb3yeTcsl ooBsiHHas oOpoH3a bpOl10C2H3. M3 Hee u3roTapiuBaloT
Y3JIBI CUCTEM TOPMOXKEHWU S ¥ IETaJIU TUTYHKEePHBIX HACOCOB. B HacTosi1Iee BpeMs IeTalu U3 9TOM OPOH3BI TPOM3BOIST MEXaHUUECKOI 00-
paboTKOM CIMTKA, OJYUYEHHOIO HAMOJHUTEJIbHBIM JIMThEM C HallpaBJIeHHOM KpucTajinzauueit. OqHaKo Takoi Crnocod nMeeT HU3KU it
K03 UIIMEHT NCTIOJIb30BaHUsI MaTepualia, KOTopblil cocTaBisieT S—15 %. Hanbosee nepcreKTUBHBIM METOIOM MOJYYeHU S CTUTKOB U3
6pon3sl BpO10C2H3 siByisieTcst HEMPEPHIBHO-TTONIATOBOE JINTHE BBEPX, KOTOPOE MO3BOJISICT MAKCUMAITBHO MPUOTU3UTH Pa3Mephl CITUTKA
K pazMepy AeTajiy, YTO 3HaYMTEJbHO COKpallaeT TPYA0EMKOCTb MEXaHUUECKOi 00pabOoTKM U MOBbIIIaeT KOO DUIIMEHT UCTIONIb30BAHUS
MeTasia 10 95 %. B HacTosiiieit paboTe pUBeIeHbI Pe3yIbTaThl OTPAOOTKM PEKMUMOB JIUThsI CIMTKOB IMaMETPOM 15 MM U3 OJIOBSITHHOM
6pon3sst bpO10C2H3 1o aToit TexHoOTM K. TaKkKe nccaenoBaHbl X CTPYKTYpa U cBolicTBa. [lokazaHo, UTO ¢ yBeJTMUEHUEM CKOPOCTH JIN-
Thbs1 ¢ 90 10 360 MM/MMH B CIMTKAX BO3pacTaeT 00beMHasl 10151 MHTepMeTauinIHoi dasbl y-CusSn, a KOJIMUYECTBO TBEPIOro pacTBOPa Ha
OCHOBE 0JI0Ba IIPaKTUYECKHU He udMeHsieTcsl. [1pu aTom pacnpenenenue ga3 B 6poH3e cTaHOBUTCS 6osiee 1ucnepcHbIM. MaKpOCTPYKTypa
OPOH3BI COCTOMT U3 CTOJIOUYATHIX U PABHOOCHBIX KpUCTAJIOB. C yBeTUUEHUEM CKOPOCTH JIUThSI CTOJIOUYATBIE KPUCTAJIBI MEHSIIOT CBOM
HaKJIOH OTHOCUTEJIbHO HAIpaBJeHUs TEMI00TBOAA, TBEPAOCTh Bo3pactaeT ¢ 127 & 2,73 no 136 + 4,25 HB, a npenes npoyHOCTH U OTHO-
CUTEIbHOE YIJIMHEHNE He3HAUYUTEIbHO MOBBILIAIOTCS P CKOPOCTH JIUThS 10 250 MM/MUH, a 3aTeM CHUXatoTcs rnpu 360 MM/MWH, 4TO
CBSI3aHO C TPUOIMKEHUEM MaKPOCTPYKTYPBI K TPAHCKPUCTATUTHOM hopme. B paboTe Takke mpoaHaIM3uPOBaHbI NeeKTHI (YKUMUHBI
M JIMKBATBI) B CJIUTKAX, MOJYYSHHBIX TPU CKOPOCTU TUThs 150 MM/MUH, U TPUUMHBI UX BOSHUKHOBeHUsI. B 3akyitoueHune chopmyanpona-
Hbl PEKOMEH AU U 110 PEXXMMaM JIUThSI CIMTKOB TMaMETPOM 15 MM IIpU HENPepbIBHO-IOLIArOBOM JIUTHE BBEPX.

KuoueBbie c10Ba: HEMPEPBIBHO-TONIATOBOE JINTHE BBEPX, aHTUGhPUKIIMOHHAs O6poH3a, bpO10C2H3, mexanuveckue cBOMCTBa, NeDEKTHI
B CJIMTKAX.
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Introduction

Tinbronze C92900 is widely used in the aecrospace in-
dustry due to its advantageous combination of strength,
corrosion resistance, and antifriction properties [1; 2].
It is most commonly used for manufacturing compo-
nents that operate in friction assemblies under elevated
temperatures [3; 4]. These parts are typically produced
by machining ingots obtained through gravity casting
with directional solidification of the alloy. However, this
casting method has a low material utilization rate and
requires the use of a large feeder head to compensate
for solidification shrinkage [5]. This is due to the alloy’s
tendency to form shrinkage porosity, which results from
the wide solidification temperature range of the alloy
(70 to 200 °C) [6]. To reduce porosity, special wa-
ter-cooled molds are used. These ensure a high cooling
rate and create favourable conditions for directional so-
lidification of the alloy [5].

The most promising and cost-effective method for
producing C92900 blanks is upward continuous cast-
ing technology [5; 7]. This method enables the pro-
duction of ingots with diameters ranging from 15 to
55 mm with minimal shrinkage porosity. This is
achieved by promoting directional solidification and
ensuring a high cooling rate during solidification. In
addition, this casting method reduces the labour inten-
sity of machining and increases material utilization to
upto 95 % [8; 9].

It is known [8; 10] that the ingot casting speed during
upward continuous casting significantly affects the al-
loy’s micro- and macrostructure. This is due to the
increasing intensity of heat removal through the lat-

eral walls of the graphite sleeve of the mold. As shown
in [5] for ingots produced by gravity casting, the cool-
ing conditions during solidification influence the quan-
tity, distribution, and size of the structural constituents
in C92900 bronze, which in turn affects the mechani-
cal properties of the ingots. However, no such data are
available for C92900 ingots produced by upward contin-
uous casting.

The aim of this study was to investigate the effect of
casting speed on the structure and properties of C92900
bronze in 15 mm diameter ingots produced by upward
continuous casting.

Experimental

To prepare the C92900 bronze samples, primary
metals of industrial purity were used: copper grade M1,
tin grade O1, nickel grade N-1, and lead grade S1. The
alloy was melted in a high-frequency induction crucible
furnace (RELTEK, Russia) with a 50 kg capacity, using
a graphite-chamotte crucible. To protect the melt from
oxidation and hydrogen absorption, the smelting pro-
cess was carried out under a charcoal cover pre-dried at
120—150 °C. The full charge of nickel and copper was
first placed into the crucible. The melt was then heat-
ed to 1150—1200 °C and held at this temperature to
ensure complete dissolution of nickel. Deoxidation was
performed using a copper—phosphorus master alloy
(MF10). Tin and lead were introduced at 1150 °C, with
the melt held for 3—5 min after each addition. Degas-
sing and removal of non-metallic inclusions were per-
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Table 1. Chemical composition of C92900 bronze
Tabauua 1. Xumuueckuit coctaB 6poHssl bpO10C2H3

Elements, wt. %

Impurities, max wt. %

Composition
Cu Ni Sn Pb Fe Zn P Si Al Sb Bi
As per OST 1 90054-72 Balance 3-4 9-11 2-3.25 <03 <05 <0.1 <0.02 <0.02 <03 <0.02
Actual Balance 3.46 10.81 2.37 <0.01 <0.01 0.019 <0.005 <0.003 <0.01 <0.003

formed by argon purging (grade 5.6, high purity) for
5—7 min. The chemical composition of the C92900 al-
loy was determined using a Q4 Tasman optical emission
spectrometer (Bruker Quantson, USA) and is presented
in Table 1.

The casting process was carried out using the
PUVL-450.PS portal-type upward continuous casting
unit (NL-Engineering LLC, Belarus), which operates in
a cycle of forward stroke — pause — reverse stroke. The
working part of the mold (sleeve) was made of graphite
grade MPG7. Before casting, the mold was immersed
into the melt (temperature: 1100 = 10 °C) to a depth
of 115 £ 5 mm. The experiments were conducted by
varying the forward stroke length and pause durations.
The casting parameters are presented in Table 2.

To reveal the alloy’s macrostructure, an etchant with
the composition 5 g FeCl; + 15 mL HCI + 50 mL H,O
was used. The microstructure of the bronze was exam-
ined using a Vega SBH3 scanning electron microscope
(Tescan, Czech Republic) equipped with an Oxford
energy-dispersive spectroscopy (EDS) system. The
phase fractions in the structure were determined using
ImageJ 1.52a image analysis software (National Insti-
tutes of Health, USA).

Brinell hardness was measured using a NEMESIS
9001 universal hardness tester (INNOVATEST, Nether-
lands) under the following test parameters: 2.5 mm
diameter steel ball, 187.5 kgf (#1839 N) load, and a 10 s
dwell time.

Table. 2. Casting modes of 15 mm diameter C92900
ingots produced by upward continuous casting

Tabauua 2. PexxuMbl TUThS CIUTKOB AUAMETPOM 15 MM
u3 6pon3sl bpO10C2H3
METOIOM HETPEPHIBHO-TIOIIATOBOTO JIUThSI BBEPX

Forward Pause Reverse Casting
Mode .
No stroke, duration, stroke, speed,
’ mm S mm mm/min
4 2 1 90
1 1 240
3 7 1 1 360
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Tensile tests were performed using a 5569 universal
testing machine (Instron, USA). The specimens were
machined from the ingots with a gauge section diameter
of 5 mm (specimen type Sh No. 7, in accordance with
GOST 1497-84).

Phase composition calculations were carried out
using the FactSage 8.0 thermochemical software package
(Canada).

Results and discussion

The microstructure of C92900 bronze ingots pro-
duced by upward continuous casting is shown in Fig. 1.
It consists of a copper-based solid solution, eutectic
v-CusSn intermetallic phase, and a lead-based solid
solution [11; 12]. In addition, zonal segregation was ob-
served, resulting in the formation of light regions of the
copper-based solid solution with reduced nickel con-
tent (down to 2—3 %) and elevated tin content (up to
16.5 %), as well as dark regions containing up to 4 % of
both Ni and Sn. The extent of dendritic segregation de-
creases as the ingot casting speed increases [13; 14]. This
is due to enhanced heat removal from the ingot surface
during solidification, which correlates with previously
reported findings [15; 16]. As a result, the tin content
dissolved in the copper-based solid solution in the light
regions decreases to 12—14 %, while in the dark regions
it remains unchanged at 4 %.

Fig. 2 presents an isothermal section of the Cu—
2.5Pb—(9—11)Sn—(3—4)Ni system at 20 °C, construct-
ed using the FactSage software package. It can be seen
that in the region corresponding to the alloy’s chemi-
cal composition (marked as a point on the diagram), in
addition to the phases mentioned above, the SnyNi;Cu
phase is also present. However, this phase could not be
identified in the microstructure. It is likely that it forms
as a result of eutectoid decomposition and occurs only in
minor quantities at the examined casting speeds. Fur-
ther studies are required to confirm this assumption.

! Unless otherwise stated, all compositions are given
inwt. %.
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Fig. 1. Microstructure of C92900 bronze in ingots
Puc. 1. MukpoctpykTypa 6poHssl BpO10C2H3 B cnutkax

Fig. 3 shows the dependence of the volume fraction
and average size (d) of the structural components —
lead phase (a) and y-Cu;Sn intermetallic phase (b) —
on the nuthe (v) of the ingots. It can be seen that as
the casting speed increases, the volume fraction of the
v-Cu;3Sn phase rises from 3.5 £ 0.83 % to 4.7 £ 0.70 %,
while the average grain size remains virtually un-
changed. This is likely due to the increased cooling
rate during solidification, which promotes the forma-
tion of more intermetallics in the alloy structure [7].
The volume fraction of the lead phase increases only
slightly — up to 2.5 £ 0.19 %, and its average grain size
remains stable. However, the lead inclusions become
finer in shape, and their distribution becomes more

Pb, vol. % d, pm
2.8
a1r28
2.6 d 2.6
[ 2.4
2.4 55
Pb
224 9 -2.0
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v, mm/min

Ni, wt. %
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Cu;Sn + aCu + (Pb) + Sn,Ni;Cu
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Fig. 2. Isothermal section of Cu—Ni—Sn—Pb phase
diagram at 20 °C

Puc. 2. 3oTepmMuyeckuii paspes
nuarpamMmmbl Cu—Ni—Sn—Pb nipu 7= 20 °C

dispersed. This can be attributed to the fact that lead
crystallizes last, forming small globules in the inter-
dendritic spaces [17; 18].

The macrostructure of C92900 bronze in the
cross-section of ingots cast at different speeds is shown
in Fig. 4. It can be observed that with increasing cast-
ing speed d, the columnar crystal zone becomes wider,
and the inclination angle (o)) of their growth relative
to the direction of heat removal decreases. At a casting
speed of 90 mm/min, the inclination angle is 52.86 +
+ 8.80° (Fig. 4, a), whereas at 360 mm/min the struc-
ture becomes close to transcrystalline, with an angle of
o =25.10 £ 5.16° (Fig. 4, c¢). This is due to the increase in
the temperature gradient along the graphite mold sleeve

v-Cu,Sn, vol. % d, um

5.5- bl7s
- 7.0

5.0
- 6.5

4.5+
- 6.0
4.0 - L 5.5
3.54 - 5.0
- 4.5

3.0
T T T T T T 4.0
50 100 150 200 250 300 350 400

v, mm/min

Fig. 3. Effect of casting speed on the phase fractions in the structure of 15 mm C92900 bronze ingots: lead phase (a),

v-Cu;Sn phase (b)

Puc. 3. BiusgHaue ckopocTu TUThs cIUTKOB K15 MM 13 6ponH3sl BpO10C2H3 Ha noio ¢a3 B CTpYKType CIijiaBa:

cBUH1I0BOI1 (@) 1 y-CusSn (b)
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and enhanced heat removal from the ingot surface.
A similar pattern was reported by the authors of [8; 19]
for C92900 bronze ingots with a diameter of 25 mm.
The effect of ingot casting speed on the mechanical
properties of C92900 bronze is shown in Fig. 5. As previ-
ously established, an increase in casting speed (v) leads
to a higher volume fraction of the intermetallic phase in
the bronze structure, which in turn causes an increase in
hardness from 127 = 2.73 to 136 £ 4.25 HB. At the same
time, both ultimate tensile strength (6,)and elongation
(0) decrease. The increase in tensile strength at v =
= 240 mm/min is associated with refinement of the
macrostructure, while the subsequent decline is attri-
buted to changes in the growth direction of columnar
crystals. As the macrostructure of the bronze approaches

a transcrystalline form, the alloy strength decreases fur-
ther due to the accumulation of insoluble impurities in
the central part of the ingot [20].

During the development of casting parameters for
15 mm ingots, surface defects were observed on the outer
surfaces of the ingots. These included uzhimina defects
and segregation defects, as shown in Fig. 6. Uzhimina
defects may appear as isolated features or form a ring-
shaped pattern on the ingot surface.

Fig. 7 shows the macrostructure and microstructure
of the alloy in the area of an uzhimina defect. For clar-
ity, grain boundaries in the macrostructure image of
the transverse section are outlined in yellow. Two dis-
tinct regions can be identified within the defect: the up-
per region, containing interdendritic porosity, and the

15 mm

15 mm

Fig. 4. Macrostructure of C92900 bronze in samples from 15 mm diameter ingots
a — v =90 mm/min, inclination angle oo = 52.86° £ 8.80°; b — 240 mm/min, oo = 43.71° = 11.96°; ¢ — 360 mm/min, oo = 25.10° = 5.16°

Puc. 4. Makpoctpyktypa 6poHssl BpO10C2H3 B 06pa3iiax u3 CIUTKOB IMaMEeTPOM 15 MM
a—v =90 Mmm/MuH 1 yron o. = 52,86° £ 8,80°; b — 240 mm/muH u oo = 43,71° + 11,96°; ¢ — 360 mm/MuH 1 o, = 25,10° £ 5,16°
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Fig. 5. Effect of ingot casting speed on the mechanical properties of C92900 bronze

a — hardness, b — ultimate tensile strength and elongation

Puc. 5. BiusHMe CKOPOCTH INThs CIMTKOB Ha MeXaHUUYeCKue cBoiicTBa 6poH3sl bpO10C2H3

a — TBEpPIOCTh, b — mpenes MPOYHOCTU U OTHOCUTENIbHOE YIUIMHEHNE
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Fig. 6. Surface defects on C92900 bronze ingots

Puc. 6. JlechekThl Ha TOBEPXHOCTU CIUTKOB 13 OpoH3bl bpO10C2H3

Low-melting
phase

50 pm

Fig. 7. Microstructure of the uzhimina defect
on a C92900 bronze ingot at magnifications
of 100* (@) and 1000* (b),

and its macrostructure (c)

Puc. 7. Mukpoctpykrypa nedexkra
«yXUMWHa» Ha cIUTKe 6poH3bl bpO10C2H3
npu yBeaumdenusax 100% (a) u 1000 (b),

a TaKKe ero MakpoCTpyKTypa (c)
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lower region, consisting mainly of eutectic phase, fine
copper-based solid solution grains, and lead inclusions
(Fig. 7). This structural pattern is typical for bronze
quenched from a temperature within its solidifica-
tion range. Additionally, traces of a phase enriched in
low-melting components can be observed along the
surface of the defect, in the direction opposite to the
ingot’s casting direction (see Fig. 7, a). The formation
of uzhimina defects is likely associated with increased
friction between the surface of the solidifying ingot and
the graphite mold sleeve — a common cause of strand
breakage and shell sticking during upward continuous
casting [18; 21; 22].

As the graphite sleeve undergoes natural wear during
operation, microroughness develops on its surface.
This roughness becomes filled with molten bronze un-
der static pressure. During the next stage of the casting
cycle (forward or reverse stroke), the increased friction
causes tearing of the solidifying surface layer, result-
ing in the formation of a uzhimina defect, which then
solidifies without additional melt feeding. As the in-
got shrinks, an air gap forms between the ingot surface
and the graphite mold sleeve, significantly reducing
heat extraction in that area. Under the combined ef-
fects of solidification shrinkage and capillary forces,
low-melting phases (Pb and Cu3Sn) are squeezed out
and accumulate at the base of the defect. As casting
proceeds, lead is smeared along the ingot surface dur-
ing its movement along the mold sleeve, forming seg-
regation defects in the form of lead-enriched surface
films. Meanwhile, the microroughness of the graphite
surface is gradually polished by contact with the mov-
ing ingot. This mechanism accounts for the irregular
appearance of such defects on the surface of 15 mm
diameter C92900 bronze ingots during upward contin-
uous casting.

Conclusions

1. With an increase in the casting speed of 15 mm dia-
meter C92900 ingots by upward continuous casting
from 90 to 240 mm/min, the inclination angle of colum-
nar crystal growth relative to the direction of heat removal
decreases from 52.86° £ 8.80°t0 43.71° £ 11.96°, which leads
to an increase in the alloy’s strength to 412 + 4.91 MPa.
The elongation remains unchanged at 22 + 2.07 %. Fur-
ther increasing the casting speed to 360 mm/min re-
duces the inclination angle to 25.10° £ 5.16°, resulting in
adecrease in strength and elongation to 372 + 16.81 MPa
and 11 + 2.47 %, respectively.

2. The macrostructure of C92900 bronze in ingots
cast at 360 mm/min approaches a transcrystalline form.
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It is likely that further increases in casting speed would
lead to the formation of a fully transcrystalline structure
and, consequently, a decline in both strength and elon-
gation.

3. Increasing the casting speed of 15 mm C92900
ingots to 360 mm/min leads to an increase in the
v-CusSn phase fraction in the alloy structure from
3.5+ 0.83 % to 4.7 £ 0.70 %, and in the lead phase
fraction to 2.5 = 0.19 %. The average particle size of
v-CusSn remains unchanged, while the lead inclu-
sions become smaller and more finely dispersed. This
is associated with the higher cooling rate during so-
lidification.

4. The hardness of C92900 bronze ingots produced
by upward continuous casting increases from 127 &+ 2.73
to 135 = 3.14 HB as the casting speed rises from 90 to
240 mm/min. This is likely due to the increase in
v-Cu3Sn phase content in the alloy. Further increases in
casting speed do not affect the hardness.

5. Surface defects such as uzhimina and liquation
may form on 15 mm diameter C92900 bronze ingots.
Their formation is associated with the natural cyclic
variation in the surface roughness of the graphite mold
sleeve during continuous casting.

6. The recommended casting speed for upward
continuous casting of 15 mm C92900 bronze ingots
is 240 mm/min. Ingots produced under these con-
ditions exhibit high mechanical properties: ultimate
tensile strength o, = 412 £ 4.91 MPa, elongation & =
=22+2.07%.
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