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Abstract

The article presents research results performedlominum bronze CuAl10Fe5Ni5 (BA1055) castings used marine propellers.
Metallographic studies were made on light microgcapd a scanning electron microscope to assestitgtigaly and qualittively the
alloy microstructure. It has been shown that thepsh size and distribution of the iron-rikhphase precipitates in bronze microstructure
significantly affect its mechanical properties. WVén increase in the number of smaiphase precipitates increases the tensile strerfigth o
castings, while the presence of large globularipitates improves ductility. Fragmentation and shafk—phase precipitates depends on

many factors, particularly on the chemical composibf the alloy, Fe/Ni ratio, cooling rate and tiag technology.
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1. Introduction

Mechanical properties of marine propellers castimafe of
copper alloys are formed by the selection of chamhmic
composition of the alloy and the use of castinghtetogy
ensuring efficient refinement as well as deoxidatiand the
removal of non-metallic inclusions, gases and $taghn molten
metal. The evaluation of the mechanical propeitesade on the
basis of sections taken from a test ingot castraggy or cast
together with propeller screw. So established pt@segive only
an approximate knowledge about the actual propenie the
propeller casting that has different cooling coiodis in sections
thicker than test ingot, but they are reliable aedepted by the
Marine Classification Societies.

Maintaining the chemical composition of copper wlio the
range recomended by the standards does not guardnée
required mechanical properties. Even small diffeesnin the
chemical composition of individual heats may sigmifitly affect
the mechanical properties while maintaining the esagasting
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conditions. Copper alloys Cu3 category accordinght® Rolish
Register of Shiping (PRS) [1] have usually five comgats, so
you need to know the interactions of componentshénliterature
[2,3], you can find information about the effecfstle individual
components (Al, Fe, Ni, Mn) on the mechanical pripe of
aluminum bronzes but there is no sufficient infotiora on joint
action of components. For this reason, statiststabies were
undertaken to develop appropriate regression empgatescribing
the mechanical properties of castings as a functibemical
composition of a copper alloy Cu 3 category. Theltef these
tests are presented in ref. [4].

Changes in chemical composition of the alloy areegaty
associated with specific changes in the microstinecdbf castings.
Therefore, qualitative and quantitative study @& thicrostructure
were undertaken in order to explain the reasorihferchanges in
mechanical properties of obtained castings. Theasitucture of
aluminum bronze Cu-Al-Fe-Ni consists @fsolid solution,a+y,
eutectoid and precipitations of iron rietrphase. Based on the
review of the literature it is assumed that the Hmaedcal
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properties of Cu3 category screw propellers castilzggely
depend on the location, size and shape of the pitaigs of
intermetallic k—phase. k phase, which chemical composition
consists of copper, aluminum, iron and nickel cacuo in several
forms in the alloy microstructure [3,5-10]. The gipétation
process ok— phase described in [ 7, 8 ] is as followhe first
precipitates of the rich in iron phageare formed in the liquid
metal already in shape of large rosettes, Fig. €t recipitates
of kK, phase are formed ifi—-phase. They are smaller than
precipitates and are also shaped as rosettes.eFuyntbcipitates,
this time of the nickel-rictkk,, phase arise in the-phase in the
zone adjacent to thgf border. They are small and have a platelet
shape. In the end precipitates of an iron-kghphase are formed,
it takes place in the middle of phase grains. Thesg,,
precipitates are small and have a spherical shaigh a
reduction of Fe/Ni ratio in chemical composition tbe alloyk
phase precipitates become more lamellar. It is gdgebelieved
that the proportion of—phase in the microstructure of aluminum
bronze castings depends on the ratio of iron awcHehiin the
alloy, and optimal mechanical properties in thescase obtained
with a ratio of Fe/Nr1

Ky Ky phase precipitates in the
BA1055 bronze microstructure [7]

2. Quantitative metallographic
examinations

Examinations were performed on samples taken from
separately cast ingots with a diameter of 60 mmBAfl055
bronze acc. to BS 1400:1985 (CuAl10Fe5Ni5) havimgpminal
chemical composition 8.8-10.0% Al, 4.0-5.5% Fe, 485% Ni
Mnpax 3.0%. Ten melts were selected with significaniffedent
mechanical properties. Tensile strength)(®Wvas assumed as a
basic characteristic property. Melts were chosetherange of
R 647 - 693 MPa. The chemical compositions and nméchh
properties of the castings are shown in Tablesd12an

Metallographic examinations were performed on light
microscopy Neophot-32. Determination of the peragatof alloy
phases in the structure of the test samples wderped using
the camera with adapter for metallographic quantg¢aanalysis.

Non-etched samples were used for assess percesftagehase,
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because these precipitates were clearly visible aagily

distinguishable from other structural componentsh&d samples
were used for determinatiom phase and eutektoidi+y,

Exemplary BA1055 bronze microstructures are shawigure 2
and 3. Graphical presentation of the relationskgpveen tensile
strength and the participation of phases in castinigrostructure
is shown in Figure 4 and 5.

Table 1.

Chemical compositions of examined BA1055 bronze cast%o
Heat Al Fe Mn Ni Fe/Ni
847 9.540 4.090 1.074 4.210 0.971
849 9.659 4.301 1.136 4.403 0.977
858 9.824 4.032 1.276 4.081 0.988
859 9.860 4.052 1.353 4.124 0.983
861 9.750 4.190 1.366 4.309 0.972
914 9.606 4.054 1.028 4.156 0.975
916 9.644 4.100 1.071 4.180 0.981
917 9.790 4.210 1.120 4.260 0.988
919 9.713 4.090 1.252 4.224 0.968
920 9.801 4.118 1.114 4.197 0.981

Table 2.

Mechanical properties of examined BA1055 bronzescast
Heat Rpo,2 R E HB KV

[MPa] [MPa] [%] [J]
847 279 675 29.3 174 33
849 303 667 23.7 179 26
858 304 685 26.0 179 -
859 304 693 25.3 179 25
861 302 671 215 179 24
914 284 677 30.6 179 -
916 291 647 28.5 179 27
917 287 664 19.9 179 -
919 292 683 27.6 179 -
920 292 666 215 179 -
< 20 um

=

pre

Fig. 2. BA1055 bronze microstructure. Non-etchedkﬂam
Visible precipitates ok-phase
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Fig. 3. Microstructure of casBAib'SS bro
darkerk-phase precipitates at the matrix consisting-gphase
(bright) and eutektoid+y, (grey)
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Fig. 4.a-phase content in the microstructure of 10 selected
BA1055 bronze castings of varying tensile strenigttiicated
atrend line
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Fig. 5.k—phase content in the microstructure of 10 selected
BA1055 bronze castings of varying tensile strength
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As it can be seen from Fig. 4, the strength of icgst
increases with decreasing contentigbhase in the microstructure
and increasing the eutectowhty, share. There was no clear
relationship between castings tensile strength sivate of k -
phase in the structure (Fig. 5). Strengthening AL@5 bronze
castings may be related to the size and shape-plhase
precipitates, which may be different [11].

In the studies ok—-phase precipitates size, image analysis
were used, it allows to perform actual measuremeintdbjects in
the visual field. The study was performed on 10dficfor each
sample. The mean effective surface and parametaraaterizing
the linear dimensions of the precipitates - Feritiseter and the
diameter of Martin were indicated. Figure 6 shotws average
K—phase precipitates area in tsteucture of ten BA1055 bronze
melts of varying tensile strength. However direetationship
between these values was not found similar asstimwareviously
considered case of dependence of the total area—phase
precipitates in the structure of the tested heats
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Fig. 6. Mean surface areatfphase precipitates in the
microstructure of 10 selected BA1055 bronze castiiggrying
tensile strength

Therefore, studies were undertaken to determinestinface
area of k-phase precipitates distribution in the structuré show
influence of particles of a certain size on the hagdcal
properties of the alloy. Analysis of the size disition ofk-phase
precipitates was performed in 10 places on eaclallogtaphic
sample. The results are summarized in Table 3.

Studies have shown that approximately 50% ofkhphase
precipitates does not exceed surface areajofid and therefore
this group of precipitates has a decisive influermme the
properties of the alloy. Confirmation of this obssion is the
increase in the strength properties of the examinelts BA1055
bronze progressing with the increase in the nunafesmall k-
phase precipitates, Fig. 7. Effect of th@hase precipitates on the
plasticity of examined melts is not clear. For melkhibiting high
plasticity, with elongation of more than 25%, #hés a clear
trend of increasing plasticity along with an in@eaf largex-
phase particles share in the microstructure. Féoysl with
elongation below 23%, there was no significantuefice of the
K-phase precipitates on thgasticity, Fig. 8.
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Table 3.
Dstribution ofk—phase precipitates of specified surface area iB&KE)55 bronze microstructure

Heat Rm E Percentage share [%]
Sample [MPa] [%0] 0-1,0 1,1-3,0 3,1-5,0 5,1-10,0 10,1-20,0 >20,0
[um?] [um?] [um?] [um?] [um?] [um?]
917 664 19.9 48.26 35.19 8.51 5.92 2.12 0.00
920 666 21.5 46.95 32.91 10.01 7.15 2.91 0.08
861 671 21.5 47.01 33.65 9.30 6.86 2.96 0.22
849 667 23.7 49.49 32.24 8.91 6.75 2.52 0.09
859 693 25.3 57.12 32.22 5.97 3.69 1.00 0.00
858 685 26.0 54.75 30.45 8.13 5.28 1.30 0.08
919 683 27.6 53.93 30.23 9.23 6.00 0.61 0.00
916 647 28.5 45.76 34.73 9.90 7.25 2.27 0.08
847 675 29.3 48.52 31.40 9.84 7.72 2.35 0.16
914 677 30.6 44.70 32.22 12.53 8.10 2.26 0.18
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Fig. 7. Tensile strength of ten BA1055 bronze medtsending on the size and distributiorkephase precipitates
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Fig. 8. Elongation of ten BA1055 bronze melts defegdn the size and distribution ofphase precipitates
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3. Microstructure examinations

Microstructure observations were performed usirsganning
electron microscope Hitachi S-3400 with a 500-2000x
magnification. Phase chemical composition exanmatiwere
performed using the X-ray microanalysis (EDS).

The study was performed on ten casts of BAlB&mze. In
order to reveak—-phase precipitates samples were etched using
reagent consisting: 5 g FeCL0 ml of HCI and 100 ml }0. The
reagent used caused fast etchingcgbhase precipitateleaving
pits, which clearly reflect the shape of the pritaips. For EDS
analyzes non-etched samples were used, whephase has not
been degraded. Examples of the shape and pogifiotne
K—phase precipitates in cast microstructure is shown
in Figures 9, 10.
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Fig. 10. The shape and location of thgphase precipitates in the
microstructure of BA1055 bronze castings, (SEM)

The followingk-phase precipitates were observed in the
microstructure of examined casts:
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— large precipitates ok, andk; of rosette and spherical shape
distributed mostly at thex-eutectoid border, rarely inside
areas obi—phase and eutectoid,

— lamellar precipitates«;, phasdocated at thea-eutectoid
border and inside eutectoid area,

— fine spherical precipitates), phase located inside—-phase
grains

K-phase precipitates can occur at different stagdés o
development measured by the size and chemical csitigyo
Surprising was the finding of agglomerates of chamanged
globular particles ofk-phase linked with lamellar precipitates,
Fig.10. This type of precipitates may cause aesese in ductility
of the alloy, but in tested melts this phenomenoas wot
observed, probably due to the small number wphase
agglomerates in the structure. Figure 11 indicttesplaces of the
spot microanalysis of the chemical composition. Idwihg
analysis were performed: in points 1 to 4 - globplecipitates of
K-phase, in point 5 - narrow band arouctghase precipitate and
in point 6 - chemical composition of matrix phase). The results
of the analysis are given in the table under Fig. 1

Point Al Mn Fe Ni Phase
ptl 4,35 2,27 33,69 | 23,22 K
pt2 10,76 1,28 2598 | 21,35 K
pt3 5,07 2,41 51,82 | 20,67 K
pt4 10,27 2,36 28,65 | 24,19 K
pt5 14,81 1,94 6,19 10,31 | «k-a
pt6 11,08 1,50 3,03 4,61 o

Fig. 11. Chemical composition in microareas of BA3@bonze
microstructure

Figure 12 shows a typical shell around the largeespal
precipitates ok-phase of different shade compared to the large
surface of thea grains. This is probably due to the different
chemical composition in this micro area. Shell adamellar
precipitates ok-phase are significantly smaller or do not exist at
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all. The analysis of the chemical composition @& ¢hell is shown
in the table under Fig. 12.

Point Al Mn Fe Ni Phase
ptl 13,32 2,03 22,68 | 24,61 K
pt2 19,27 1,63 10,08 | 13,26 K—0l
pt3 9,82 1,71 5,53 5,66 a

Fig. 12. Chemical composition in microareas of BA3®5onze
microstructure

Microanalysis of chemical composition revealed tifs o phase
contains 8-9% Al, 2-5% Fe and 3-5% Ni. In the+ y, eutectoid a
higher content of aluminum 11-15% and nickel 6-10%6 revealed.
The chemical composition of thephase varied within wide limits,
particularly in terms of iron, the contents of whieached 52%, the
nickel content remained constant at about 24%. @aéoomposition
analysis showed that the shell arouaphase have less iron and nickel
than precipitation, but more than at thephase, in which the
precipitation occurred. Probably these are thesavém-phase under
development where diffusion processes of Ni, Fearl Cu between
the matrix and precipitate take place.

4. Conclusions

1. It has been shown that the shape, size and distibaf k-
phase precipitates in cast bronze BA1055 microsiract
significantly affect its mechanical properties.

2. With an increase in the number of smalbhase precipitates,
with an area smaller than 1j0m% increases the tensile
strength of castings, while the presence of lartpbdar

precipitates of k-phase improves plasticity. Lamellar
precipitates decrease plastic properties of thuy all

The chemical composition of thephasevaried within
wide limits, particularly in terms of iron, the dents of
which reached 52%, the nickel content remainedtaohs
at about 24%.

References

(1]
(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

Polish Register of Shipping. (2008). Classificationlélu
Vol. 7, Part Xlll Materials. Gdansk.

Piaseczny, L.& Rogowski, K. (2006). Modeling of
mechanical properties from blade section thicknefsshe
ship propeller sand casting. Conference Marine Tais
University of Catalunia. Barcelona, pp. 515-520.

Sokolov, N.N., Lazarenko, S.R. Zuravlev, V.I. (1971).
Aluminium bronze propdllers. Leningrad: Sudostroenie.
Olkowski, T. (2013). Modelling of the mechanical
properties of ship propeller castings made of copper alloy
category Cu3. Unpublished doctoral dissertation, Gdansk
University of Technology, Poland.

Kowarsch, A& Zaczek, Z. (1989)Cooper and its alloys in
shipbuilding. Gdaisk: Publisher Marine.

Prowans, S& Wysiecki, M. (1972). The effect of iron on
the structure and phase transformations of aluminum
bronzes.Foundry Review. 17(4), 379-393.

Berezina, P. (1973). Structure and mechanical ptiegeof
multi-component  aluminum bronzes of the type
CuAl10Fe5Ni5.Gisereiforschung. Jg.25, H.3, 125-234.
Berezina, P. (1973)Structure and mechanical properties of
multi-component  aluminum bronzes of the type
CuAl10Fe5Ni5.Giesereiforschung. Jg.25, H.4, 1-10.

Crofts, W.J., Towsend, D.W& Bates, A.P. (1964).
Soundness and reproducibility of properties of scamt
complex aluminium bronzesThe British Foundryman.
57(2).

Stashski, A. & Grudowska, A. (1971). Manganese bronze
castings in the application of marine propelldfsundry
Review. 11, 387-389.

tabanowski, J& Olkowski, T. (2009). Effect of chemical
composition and microstructure on mechanical prigseof
BA1055 bronze sand castinggdvances in Materials
Science. Versita, Warsaw, 9(19), 23-29.

78 ARCHIVES of FOUNDRY ENGINEERING Volume 14, Issue 2/2014 73-78



