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Abstract. Problem statement. Ukraine in the ranking of leading suppliers of castings from copper alloys is among the top ten. In
recent years there has been a rapid rise in their production. This is due to expansion of demand for copper alloys not only in electrical
engineering, but also in other areas of industry, in particular in automotive manufacturing of electric cars production. Purpose.
Copper-aluminum-iron system alloys structure formation regularities analysis depending on amount of alloying components
changing for technological recommendations development of a stable high level of mechanical properties of foundry bronzes
obtaining in industrial production and operation. Material and Methods. Material of the study was casting bronze BrA9Zh3L
according to GOST 493 requirements. Microstructure was investigated on metallographic specimens prepared according to standard
methods as per ASTM E3-11. Analysis was performed using light microscopy on "Neophot-2" equipment. Scanning electron
microscopy and X-ray spectral microanalysis were performed on Superprobe—733 equipment. Results. With the help of Cu, Al, Fe
components binary and triple systems equilibrium diagrams studies results comparative analysis, X-ray spectral microscopy and local
X-ray energy dispersion methods the controversial issue concerning iron-containing phase in BrA9Zh3L bronze structure origin has
been solved. It has been found that this is B; phase, i.e. Fe;Al with dissolved copper atoms (up to 7,72 wt. %) and zinc in amount
from 0,0 wt. % to 0,68 wt. %, depending on this component content in alloy. Centrifugal casting method effective technological
parameters industrial testing have been discovered that its disadvantages associated with bundle of casting material liquation can be
used in production as advantage for melt included endogenous origin impurities refining, in particular, iron-containing Fe;Al phase.
Conclusions. Controversial issue concerning iron-containing phase in bronze BrA9Zh3L structure genesis has been solved. It has
been established that this is a phase of endogenous origin B, that is, Fe;Al. Centrifugal casting method effective technological
parameters for the melt included endogenous origin impurities refining have been used in production.

Keywords: copper alloys; centrifugal casting; casting bronze; structural formation; phase composition; doping; X-ray spectral
microscopy analysis
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Awuortauis. ITocmanoska npoonemu. YKpaina B peWTHHTY NPOBIIHUX MMOCTaYalbHUKIB BUJIMBKIB 3 MIiIHHX CILIaBiB BXOAUTH B
nepiy AecaTky. B ocTaHHi poku criocTepiraeTbesi CTpIMKHUil mifiioM iX BUpoOHHMITBA. Lle MOSCHIOETHCS PO3IMIUPEHHSM HOMUTY Ha
Mi/IHI CIIaBH HE TUNBKU Y €NEKTPOTEXHIuHii, ane i y iHmmMX o6iacTsX MPOMHUCIOBOCTI, 30KpeMa B aBTOMOOUIBHIN Taiy3i HpH
BUPOOHUITBI eNeKTpokapiB. Mema pooomu. AHaii3 3aKOHOMipHOCTEH (JOPMYBAHHS CTPYKTYPH CIUIABIB CHCTEMH MiJb — aIOMiHIi
— 3aJ1i30 NPH 3MiHi KiJIBKOCTI JIETYIOUMX KOMIIOHEHTIB A PO3pOOKH TEXHOJIOTTYHMX PEKOMEHJAIIM M0N0 OJep>KaHHS CTabLIBHO
BHCOKOT'O PiBHS MEXaHIYHHX BJIACTHBOCTEH JIMBApHUX OPOH3 y NMPOMHCIIOBOMY BHPOGHHITBI Ta B eKcIulyaTauii. Mamepian ma
Memoouxa. MatepianoMm pocnimkenus Oyna smapaa oponza bpA9XK3JI 3a Bumoramu 'OCT 493. MikpoCTpyKTypy AOCTIKYBaJIN
Ha MetanorpadiyHux nuTigax BUrOTOBIECHHX 3a cTaHmapTHUMU Metoarkamu o ASTM E3-11. Anari3 3xiiicHioBanu 3a J0OMOToi0
CBITJI0BOT MiKpocKomii Ha ycraTkyBaHHiI «Neophot-2». PacTpoBi eneKTpOHHOMIKPOCKOMIYHI JOCIIKEHHS Ta peHTTeHOCHeKTPAIbHU I
MiKpoaHali3 NpoBOAWIM Ha oOiagHaHHi Superprobe—733. Pesyabmamu. 3a [ONOMOro0 3iCTaBHOIO aHai3y pe3yNbTaTiB
JocIipKkeHb aiarpaM (a3oBUX piBHOBAr OiHAPHUX Ta MOTPiitHUX cucTeM kommoHeHTiB Cu, Al, Fe, MeToziB peHTTeHOCIEKTPaIbHOTO
MIKpPOCKOITIYHOTO Ta JIOKAIBHOI'O PEHTIEHIBCBKOTO CHEPrOJMCIICPCIiIHOr0 BHpIIICHE CYNEPEWwIMBE MHUTAHHS IIOJ0 MOXOJDKCHHS
3anizoBMicHOI dasu y ctpykrypi 6ponsu bpA9XK3JI. Beranosieno, mo 1e ¢asa B, To6To FesAl 3 po3unnennmu atomamu Miai (1o
7,72 mac. %) Ta mueKy Bifg 0,0 mac. % mo 0,68 mac. %, B 3aJIeKHOCTI Bifl BMICTY IIbOTO KOMIOHEHTY B ciutaBi. IIpomucnoBumu
BUMPOOYBaHHSIMH €()EKTHBHUX TEXHOJOTIYHUX MapaMeTpiB METOJy BiJLUEHTPOBOIO JIHTTS BCTAHOBJICHO, IO HOTrO HEIOJNIKH,
[OB’s13aHi 3 po3LIapyBaHHAM MaTepially BHJIMBKA 3a JIKBaTaMH, MOXYTb OYTH BHKOPHCTAHUMH Y BHPOOHHMIITBI SIK IepeBara Jyis
padinyBaHHS pPO3MJIaBy NPHU HASBHOCTI B HHOMY [OMILIOK EHAOTCHHOTO IOXOKCHHs, 30KpeMa 3aiizoBmicHOl ¢asu Fe;Al
Bucnoeku. Bupiliene cynepewinBe MUTaHHS MO0 TEHE3HUCY 3ali30BMicHOI (Ga3u y cTpykTypi O6ponzu BpA9XK3JI. BeranosineHo,
o 1e (asa eHIoreHHoro noxopkeHus P, T06To Fe;Al. V BUpoOHHIITBI BUKOPHUCTaHI epEeKTHBHI TEXHOJIOTIUHI apaMeTpu METOY
BIIIEHTPOBOT'O JIUTTS A1 padiHyBaHHS PO3IUIABY IIPU HAIBHOCTI B HbOMY JIOMILLIOK €HIOT€HHOT'O IIOXO/UKEHHS.

Kniouosi crosa: MimHi cIulaBh; BiAIIGHTPOBE JIMTTS; JHBapHa OpOH3a; CTPYKTYPOYTBOPEHHs; (a30BHH CKJIAJ; JICTYBaHHS,
PEHTTEHOCHEKTPAIBHII MIKPOCKOIIIYHHHN aHai3
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AHnHoTauus. Ilocmanoexka npobnemsl. YKpanHa B peUTHHIe BEAYLIMX MOCTABIIUKOB OTIMBOK M3 MEIHBIX CIUIABOB BXOJAUT B
MEpPBYIO JAecATKy. B mocnennue roabl HaOmMIOAaeTCs aKTHBHBIM IOJBbEM HX HPOU3BOACTBA. DTO OOBACHAETCS PaCIIMPEHHEM
TpeboBaHUI HAa MeJIHbIE CIUIABBI HE TONBKO B 3NEKTPOTEXHHUYECKOH, HO M B JPYrHX OONACTAX MPOMBIIIIEHHOCTH, B YaCTHOCTU B
ABTOMOOMJIBHOH OTpaciy MpH NMPOU3BOACTBE NIEKTPOKapoB. Llens pabomei. Anann3 3akoHOMEpHOCTE POPMUPOBAHUS CTPYKTYpHI
CIUIABOB CHCTEMBl MeE[b-ATIOMHHHH-KETIe30 MPH W3MEHEHHHM KOJHMYECTBA JIETHPYIOIIMX KOMIIOHEHTOB JUIL pa3paboTKH
TEXHOJIOTHYECKHX DPEKOMEHJAIMH MOJXydYeHUsl CTaOMIBHO BBICOKOTO YPOBHS MEXaHHYECKUX CBONCTB JMTEHHBIX OpoH3 B
IIPOMBIIUIEHHOM IIPOM3BOJCTBE U B dKCILTyaTtanuu. Mamepuan u memoouka. MatepruaioM nccienoBanus Obuia quTeliHas OpoH3a
BpA9X3JI no tpedoBanusiMm I'OCT 493. MuKpOCTpYKTYpy HCCIEIOBAIM Ha MeTauIorpaduIecKux nuridax, IPUroTOBICHHBIX 110
cranmaptHeiM MeroxnkaMm ASTM E3-11. AHamm3 oCymIeCTBISUIM C ITOMOINBIO CBETOBOH MHKDOCKONHMM Ha 00OpYIOBaHHU
«Neophot-2». PacTpoBble 371€KTPOHHOMHKPOCKOIIMYECKUE HCCIICIOBAHMSA U PEHTICHOCTICKTPAJIbHBII MUKPOAHAIM3 MPOBOIMIN Ha
obopynoBanuu Superprobe-733. Pezynsmamer. C TIOMOLIBIO COMOCTaBUTENILHOIO aHANN3a PE3yJbTaTOB HMCCICIOBAHUS IUArpaMm
(ha30BbIX paBHOBeCHIl OWHApPHBIX H TPOHWHBIX cucTeM KommoneHToB Cu, Al, Fe, MeromoB peHTIeHOCIEKTPalIbHOTO
MHKPOCKOIIUYECKOTO ¥ JIOKAIbHOTO  PEHTI€HOBCKOTO  SHEPrOAMCIEPCHOHHOTO, pEIIEHO IPOTUBOPEYUE OTHOCUTENBHO
MIPOUCXOXKCHNUS XKene3zocoepxkameil ¢assl B ctpykrype Oponssl bpA9XK3JI. Ycranosneno, uro 310 dasa P, 1o ectb Fe;Al ¢
PacTBOPEHHBIMU aTOMaMu Meru (1o 7,72 macce. %) u nuaka ot 0,0 macc. % 1o 0,68 macc. %, B 3aBHCUMOCTH OT COJICPIKAHUS ITOTO
KOMIIOHEHTa B cruiaBe. [IpOMBIIIIEHHBIME UCIBITAHUAME 3(()EKTHBHBIX TEXHOJIOTHYECKHX IIapaMeTpPOB METOJa IEHTPOOEKHOTO
JIUTHSI TIOKa3aHO, YTO €r0 HEJJOCTATKH, CBSI3aHHBIE C PACCIIOCHHEM MaTepHalla OTJIMBKH I10 JIMKBaTaM, MOTYT OBITh HCIOJIE30BaHEI B
MPOU3BOJICTBE KaK NPEUMYIIECTBO I paMHUPOBAHUS pacIuiaBa NPHU HAJMYUM B HEM NPHMECEH SHIOTEHHOrO NPOMCXOXKACHUS, B
YacTHOCTH kene3oconepxarteil ¢assl FesAl. Boréoodst. Perien npoTHBOpedrBbIil BOIPOC 0 TeHE3Mce Kele3ocoaepkaiieid ¢aspl B
cTpykType Opon3sl BpA9XK3JI. YcraHoBneHo, uTo 310 (paza sHHOreHHOro mpoucxoxaeHus B, To ectb FesAl. B mpousBonctse
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UCHOJIB30BaHbl 3()(EKTHBHBIE TEXHOJOTMYECKHE MapaMeTpbl METO/a LEHTPOOESKHOTO JUThS UIs papUHUpPOBAHMS paciaBa IpU

HaJIMYUH B HEM HpHMeCBﬁ OHAOTC€HHOI'O IIPOUCXOKIACHUS.

Kniouesvie cnosa: MemHble CIUIaBBI; LIEHTPOOEXHOE IUTHE; JUTEHHas OpOH3a; CTPyKTypooOpa3oBaHMe; (a30BBI COCTaB;
JIETHPOBAHNE; PCHTTCHOCHEKTPAIBHBIA MUKPOCKOITNYECKUH aHaIN3

Problem Statement

Ukraine in the ranking of castings from copper alloys
leading suppliers is among the top ten [2]. In recent years
there has been a rapid rise in their production [9]. This is
due to expansion of demand for copper alloys not only in
electrical engineering, but also in other areas of industry,
in particular in automotive manufacturing of electric cars
production [11].

Copper — aluminum — iron system alloys structure
formation regularities analysis depending on amount of
alloying components changing for technological
recommendations development of a stable high level of
mechanical properties of foundry bronzes obtaining in
industrial production and operation have been the
purpose of this work.

Material and Methods

Material of the study was casting bronze BrA9Zh3L
according to GOST 493 requirements. Microstructure
was investigated on metallographic specimens prepared
according to standard methods as per ASTM E3-11.
Analysis was performed using light microscopy on
"Neophot-2" equipment. Scanning electron microscopy
and X-ray spectral microanalysis were performed on
Superprobe-733 equipment.

Results and Discussion

Among all tin-free foundry bronzes according to
GOST 493 [3] BrA9Zh3L is one of the most popular
commercial industrial electrotechnical products with high
structural properties and with the best combination of
durability and plasticity characteristics [1]. Tin-free
foundry bronze chemical composition meets GOST 493
requirements [3]. Typical microstructure of aluminum-
iron BrA9Zh3L bronze is shown in Figure 1.

Figure 1 analysis demonstrates that aluminum bronze
with iron alloying affects the lines and points of phase
equilibrium positions with non-single-phase solid
solution regular formation, but the structure characterized
by presence of a-Cu solid solution excess crystals and
eutectoid component.

Microstructure in Figure 1, b evidences that iron
effects not only on structure formation kinetics changing
[14]. In addition to the main structural components in
Figure 1, b branched small iron-containing phase crystals
of endogenous origin are represented. According to [8]
this phase is Fe;Al. But, given the fact that there is a
small iron amount in this alloy, authors [10] believe that
this phase is FeAls. Its nature and effective industrial
method of separation determination was the main task of
existing research.
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Fig. 1. Casting bronze BrA9Zh3L typical microstructure
(x100): a — after chemical etching, b — polished
specimen / Puc. 1. Tunosa mikpocmpykmypa (*<100)
ausapnoi 6ponsu 5pA9K3J1: a— nicaa ximiunozo
mpagienHs, 6 — noaPoGaAHUL 3pa30K

Considered in Figure 1 BrA9Zh3L bronze
microstructure  provides mechanical properties
achievements which are presented in Table 1

(GOST 493 [3)]).

From the structural state presented in Figure 1 b, it
follows that this phase is placed evenly over the sample
cross section, regardless of structural components
distribution nature.

Aluminum bronze alloying with iron affects the phase
equilibrium lines and points positions (in accordance
with Cu—Al-Fe system triple phase diagram [12]).

Placement of this iron-contained phase evenly over
sample intersection (Fig. 2 a, b), regardless of structural
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components distribution nature, indicates its primary
crystallization nature of origin and influence neutral
character on phase transformations in system during
foundry structural formation.

Table 1

Mechanical properties and applications of tin-less
bronze / MexaHiuHi BJIaCTUBOCTi Ta BUKOPUCTAHHSI
0€30J10B’s1HOT OPOH3H

o &
224 Brinell
Castin t © g Elongation, | Hardness,
Grade Methozgi S gj = s, % HB, MPa | Application
£24 (kgF/mm?)
=
Not less than
. 490 .
Chill (50) 12 980 (100) | Reinforcement
BrA9Zh3L 30 and antifriction
Sand (40) 10 980 (100) parts

Actual components number in "star-like" crystals of
studied bronze iron-containing phase has been
determined by X-ray energy-dispersion analysis method.
Example of X-ray local energy-dispersion components
microanalysis has been presented in Figure 3.
Quantitative data from five studies of X-ray spectral
microanalysis measurements results are presented in
Table 2. Table 2 data analysis shows that "star-like"
crystals (Fig. 1-3) are iron-contained phase indeed with
iron 81,20...82,79 wt. % to 9,86...10,39 wt. % aluminum
ratio. The established quantitative relation corresponds to
Fe—Al binary diagram region [4; 7; 12] where phase B,
i. e. Fe;Al, is stable. In addition, according to energy
dispersion analysis data, dissolved copper
(up to 7,72 wt. %) and zinc (from 0,0 wt. % to
0,68 wt. %, depending on its content in alloy respectively
to GOST 493 [3] requirements) atoms present in this
phase.

Table 2

Quantitative data of bronze BrA9Zh3L local X-ray
energy-dispersive analysis / Kinbkicui nani
PEeHTTreHiBChKOI0 JIOKAIbHOI0 eHeprogucnepciiinoro
aHaJi3y 3aai3oBmicHol ¢a3zu 6ponsu BpA9K3IJI

Spectrum Component quantity, wt. %
Cu Al Fe Zn
Spectrum 1 7,72 9,86 81,20 0,35
Spectrum 2 6,03 10,23 82,03 0,15
Spectrum 3 6,13 10,39 82,79 0,68
Spectrum 4 7,17 9,98 81,89 0,0
Spectrum 5 6,05 10,11 82,17 0,0

Centrifugal method of industrial copper alloys casting
[5; 6] has several advantages: resulting castings do not
have shrinkage and gas shells, not clogged with slag,
oxides and other nonmetallic inclusions. This technology
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is characterized by high productivity, lack of rods and
work related to their manufacturing. Centrifugal casting
is not limited by either the scale of production, type of
alloy, or mold material. At the same time, authors [5; 6]
note among the shortcomings such as difficulty of
manufacturing castings from alloys prone to liquation.

P . : o

R 2

Ry .'-4"_’ g
_.',?-_' =M

b (6)

Fig. 2. Endogenous impurities in casting bronze
BrA9Zh3L: a — metallographic presentation (*500),
b — SEM presentation in secondary electrons /
Puc. 2. Enoocenni exntouens y 1ueapmii OpoH3i
bpA9IK3JI: a — memanoepaghiune 300pascenns (%500),
6 — PEM 306pasicenHs y 6MOPUHHUX eNeKMPOHAX

100mEm SNekTpoHHDE MandpaxeHue 1

But at the same time, disadvantages associated with
casting material layering by liquates can be used in
production as an advantage in the case of melt refining
with endogenous origin impurities presence.

Indeed, using of centrifugal molding process effective
technological parameters in castings bronze BrA9Zh3L
production allow to conduct structural-free iron-
containing phase separation during cylindrical products
in crystallizer solidification (Fig. 4). Such industrial
procedure ensures the products from regular endogenous
impurities refinement, which, in industrial exploitation,
become generators of cracks and cast parts destruction.
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; S
f 100Mkm

3nekTpoHHoe uoSpaxenne 1

Fig. 3. Results of BrA9Zh3L quantitative X-ray energy-dispersive analysis / Puc. 3 Pe3yniemamu KilbKiCHO20
PEHMEeHIBCbK020 enepeooucnepciiinoco ananizy bpA9XK3JI

Fig. 4. Microstructures (%x200) of industrial bronze
BrA9Zh3L: a — chill mold casting, b — centrifugal casting
/ Puc. 4. Mikpocmpyxmypu (x200) npomucnosoi 6ponsu

BbpA9IK3II: a — numms 6 Koxin,
6 — 8i0YyeHmpo8o Aumuil 6upi6

Generally, implementation of rational doping new
technological solutions and effective bronze BrA9Zh3L
structural formation allows manufacture production to
increase by 20 % output quality casting, to reduce casting
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nonconformance by cracks in 2...8 times and to provide
consistently high level of mechanical properties that
result an improvement of products reliability and
durability in industrial exploitation.

Conclusions

1. With the use of components Cu, Al, Fe binary and
triple systems phase equilibrium diagrams studies, X-ray
spectral microscopic and local X-ray energy dispersive
methods results comparative analysis, origin of iron-
containing phase in bronze BrA9Zh3L structure has been
discovered. It has been found that it is B; phase, i.e.
Fe;Al, with dissolved copper (up to 7,72 wt. %) atoms
and zinc from 0,0 wt.% to 0,68 wt. %, depending on this
component content in alloy.

2. Industrial tests of centrifugal casting method
effective technological parameters have found that its
disadvantages associated with casting material layering
by liquates can be used in production as an advantage in
case of melt refining from endogenous origin impurities
presence, in particular iron-containing Fe; Al phase.
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