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Abstract: Nickel aluminum bronzes (NAB) are copper alloys widely used in critical applications in the defense, aerospace and marine
industries. These alloys exhibit excellent properties such as wear resistance, corrosion resistance, impact strength, hardness and
ductility, which are highly dependent on their composition and production conditions. Despite the relatively low formation of oxide
layers on the surface of nickel aluminum bronze components under heat treatment conditions due to the high nickel content, there are
special applications where the formation of oxide layers on the surface is undesirable. For this reason, the heat treatment of
CuAl10NiSFe3Mn alloy was carried out in a vacuum furnace and the heat treatment process conditions in a non-vacuum muffle furnace
were compared. For comparison purposes, the microstructure of the materials was examined and hardness and tensile tests and
potentiodynamic corrosion tests were performed. It was determined that heat treatment in the muffle furnace led to a decrease in the
proportion of the a phase and a higher formation of the B and x phases compared to the heat treatment in a vacuum atmosphere. The
material heat treated in the muffle furnace exhibited higher hardness and strength values as well as improved corrosion resistance
compared to the material treated in the vacuum furnace.

Keywoards: Nickel Aluminum Bronze, Vacuum Furnace, Muffle Furnace, Microstructure Characterization, Potentiodynamic
Corrosion Behavior

Vakum Isil isleminin CuAl10Ni5Fe3Mn Alasgiminin Mikroyapisal ve Korozyon Ozellikleri Uzerindeki Etkisi

Oz: Nikel aliiminyum bronzlart (NAB), savunma, havacilik ve denizcilik endiistrilerindeki kritik uygulamalarda yaygin olarak
kullanilan bakir alagimlaridir. Bu alagimlar, bilesimlerine ve iiretim kosullarina biiyiik 6l¢iide bagl olan asmmma direnci, korozyon
direnci, darbe dayanimu, sertlik ve siineklik gibi milkemmel 6zellikler sergilerler. Yiiksek nikel icerigi nedeniyle 1s1l islem kosullarinda
nikel aliiminyum bronz bilesenlerin yiizeyinde nispeten diisiik oksit katmanlart olusumuna ragmen, yiizeyde oksit katmanlarinin
olusumunun istenmedigi 06zel uygulamalar vardir. Bu nedenle CuAllONi5Fe3Mn alasgiminin 1sil islemi vakumlu firinda
gerceklestirilmis ve vakumsuz kiil firmnindaki 1s1l islem proses kosullar1 karsilagtirilmigtir. Karsilagtirma amaciyla malzemelerin mikro
yapist incelenerek sertlik ve ¢ekme testleri ile potansiyodinamik korozyon testleri yapildi. Kiil firnindaki 1sil iglemin, vakum
atmosferindeki 1s1l isleme kiyasla o fazinin oranmnin azalmasina ve p ve k fazlarinm daha yiiksek olusumuna yol a¢tig1 belirlendi. Kiil
firininda 1s1l isleme tabi tutulan malzeme, vakum firminda islem géren malzemeye gore daha yiiksek sertlik ve mukavemet degerlerinin
yani sira geligsmis korozyon direnci sergilemistir.

Anahtar kelimeler: Nikel Aliiminyum Bronzu, Vakum Funi, Kiil Firimi, Mikroyap: Karakterizasyonu, Potansiyodinamik Korozyon
Davranisi
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1. Introduction

Aluminum bronzes are widely used non-ferrous engineering
materials. These materials contain 5-12% Al as the primary
alloying element. Additions of iron, nickel and manganese
make this alloy commercially available [1,2]. Nickel-
containing aluminum bronze (NAB) casting alloys are
increasingly used in areas where high strength, high impact
properties and good corrosion resistance are required [2]. The
addition of nickel increases the strength of the alloy without
reducing its excellent ductility, toughness and corrosion
resistance. The main areas of use of these alloys are valve
seats, piston tips, marine engine shafts and aircraft components

[1].

The mechanical, corrosion and abrasion properties of NAB
alloys depend significantly on the types, sizes and amounts of
phases present in their structure [3-7]. The composition of the
alloy as well as the casting and heat treatment conditions
determine the microstructure [7]. The typical casting
microstructure of these alloys consists of a copper-rich a phase
(matrix), a residual B phase (or B’ phase with a martensitic
structure) depending on cooling conditions, intermetallic k
phases. Four different k phases (k1, k11, k111, k1v) with different
compositions and morphologies have been determined in NAB
alloys [8-9]. The k1 phase is an iron-rich phase with a spherical
or rosette morphology. The k11 phase precipitates as dendritic
rosettes, which are smaller than the k1 phase, and is
heterogeneously distributed at the o/ boundaries.

These two intermetallic phases are sensitive to the iron
concentration in the alloy and the ku phase usually forms at
lower iron concentrations, while the k1 phase forms at higher
iron concentrations (>5%). The x11 phase is formed at the o/
phase boundaries in a lamellar morphology, rich in nickel and
aluminum. The kiv phase is an iron-rich intermetallic phase
that precipitates in the matrix as fine precipitates [6-7].

The microstructure of NAB alloys is controlled by phase
transformations that occur during heat treatment [6-7]. At
temperatures above 1030 °C, NAB alloys have a 3 phase. As
the temperature decreases, o phase starts to precipitate in the
phase. When the temperature drops to 930 °C, «ku starts to
precipitate from the B phase. At 860 °C, x1v precipitates from
the a phase. When cooled below 800 °C, a+ xi phase is
formed from the residual  phase by eutectoid transformation.
In addition to temperature, cooling rate also has an effect on
microstructure. Under rapid cooling conditions, B’ phase
transformation from B phase to occurs and this adversely
affects the corrosion resistance of NAB alloy. For this reason,
heat treatments applied to NAB alloys are usually performed
at around 675 °C to remove the residual  phase [9].

Corrosion resistance in NAB alloys is provided by a protective
oxide layer containing aluminum and copper oxide. This
protective oxide layer consists of a copper oxide compound in
the outer layer and an aluminum oxide compound in the inner
layer. The k1 phase, rich in aluminum and nickel, contributes
to corrosion resistance with the passive oxide layer it forms in
the corrosive environment. While the o phase is a corrosion
resistant phase in itself, it corrodes by forming a galvanic
couple if it has an interface with « phases with a more positive
potential. The B’ phase is exhibits a sensitive characteristic to
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corrosion due to its stable martensitic structure and high
chemical reactivity [9-15].

The main reasons for heat treatment of aluminum bronzes are
to remove internal stresses, increase ductility, adjust tensile
strength and hardness, improve corrosion resistance and wear
resistance. Depending on the application, the alloy is subjected
to various heat treatments such as stress relieving and solution
annealing to achieve different levels of hardness and
microstructure [5-9]. In the study by J.Béhm et al., the
corrosion resistance of alloys cooled in different cooling media
(Water and Air) and annealed at different annealing
temperatures (700 °C and 500 °C) were comparatively
investigated. As a result of the study, they stated that the B’
phase undergoes selective corrosion and that smaller and
localized corrosion occurs with the separation of the B’ phase
into a+ Kk phases by annealing [16] . In another study, Z Qin et
al. investigated the microstructure evolution and corrosion
resistance of NAB alloy under different heat treatment
conditions (annealing, normalizing, quenching and aging). As
a result of the study, they found that selective corrosion occurs
in the B’ phase in the complex microstructure containing a, ¥
and B’ phases in line with the literature. With the aging process
at 450 °C, the microstructure was homogenized and corrosion
was reduced by 50% [17].

Heat treatments are carried out in various environments and
conditions, and in some cases where surface precision is
required, they are also carried out in a vacuum environment.
There are not many studies in the literature on the effect of heat
treatment of aluminum bronzes in vacuum atmosphere on
microstructure. In this study, the effects of heat treatment of a
NAB alloy under vacuum and open atmosphere furnace
conditions on the microstructure, hardness and corrosion
properties of the material were investigated and compared.

2. Experimental
2.1. Materials

The CuAll10NiFe3Mn alloy used in the experimental studies
was prepared in a 15 kg laboratory scale induction melting
furnace at Saglam Metal A.S. and then cast at 1100° C-1300°
C range. The chemical analysis of the materials is given in
Table 1. The castings were hot forged into bars using an open
mold at 875°C.

Table 1. Chemical analysis of the sample

Chemical Composition (% Weight)
Cu Al Ni Fe Mn
80.57 10.38 4.55 3.59 0.748

2.2. Heat Treatment Of The Materials

For comparison, the materials were heat treated in two
different environments. The schematic graph of the heat
treatment of the materials is given in Figure 1.
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Figure 1. Schematic heat treatment graph of the
materials.

Sample 1: After the samples were placed in the vacuum
furnace at room temperature, the furnace temperature was
raised to 875°C in 45 minutes, held at this temperature for 90
minutes, and then cooled to room temperature with 4 bar
nitrogen gas under vacuum. Following this process, in the
same environment, the vacuum furnace temperature was
increased from room temperature to 650°C in 30 minutes,
maintained at this temperature for 120 minutes, and then
cooled to 150°C in the vacuum furnace. Finally, the samples
were removed from the vacuum furnace and allowed to cool
to room temperature. In this way, the quench and temper
processes of the alloy were completed under vacuum. The

vacuum furnace where the heat treatment was carried out is
given in Figure 2.

Figure 2. Vacuum furnace where heat treatment of
CuAllONi5SFe3Mn alloy takes place.

Sample 2: In this condition, the thermal processes of the
materials were carried out in an open atmosphere muffle
furnace. After the samples were placed in the furnace, they
were heated to 875°C in 45 minutes, held at this temperature
for 90 minutes, and then rapidly quenched in water to cool to
room temperature. Subsequently, they were heated from room
temperature to 650°C in 30 minutes, held at this temperature
for 120 minutes, and then allowed to cool in air after the
temperature inside the furnace dropped to 150°C, completing
the quenching and tempering processes. The muffle furnace
where the heat treatment was carried out is given in Figure 3.

The microhardness values of all specimens were measured in
vickers using Future-Tech FM800E microhardness tester
under 1000 gf load applied for 10 seconds. Tensile tests of the
materials were performed with INSTRON-3369 branded
device. Samples for tensile tests were prepared according to
ASTM E8/E8M-16a standard. Tensile tests were performed
under a load of 50 kN and a speed of 50 MPa/s.
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Figure 3. Muffle furnace where heat treatments of
CuAllONi5SFe3Mn alloy take place.

In order to prepare the samples for metallographic
examination, polishing was applied after sanding. The
polished samples were immersed in a solution prepared with
50 ml HCI, 10 ml HNO3, 10 g FeCls and 100 ml distilled water,
chemically etched and then prepared for microscopic
examination. Microstructure examinations were carried out
using a Nikon optical microscope and phase ratios were
analyzed using Nikon Clemex Vision Lite software.

The corrosion rate of the samples was determined by
electrochemical tafel extrapolation. Tafel curves were
performed in 3.5% NaCl solution according to ASTM G59-97
standard  using Gamry  model PC4/300 mA
potentiostat/galvanostat tester with DC105 software in
accordance with ASTM G31-21 standard. A typical corrosion
cell shown in Figure 3 was used for corrosion experiments. For
the experiments, a copper wire connection was provided to the
samples, molded with resin so that 10x10mm cross-sectional
areas were exposed and connected to the opposite electrode in
the cell to the atmosphere with a 150 mm long conductive
copper cable (Figure 4).
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Figure 4. Typical view of the cell and sample used in
electrochemical corrosion experiments.

A classical three-electrode cell was used with a graphite rod as
the counter electrode, a saturated calomel electrode (SCE) as
the reference electrode and the surface of the sample as the
working electrode (Figure 3). Polarization curves were
obtained by scanning in the range of -0.25 V and + 0.25 V with
respect to the open circuit potential (Eoc) at a scan rate of 1
mVs,

3. Results and Discussion
3.1. Microstructure Analysis

Optical microscope images and Clemex Vision Lite Image
Analysis Software were used to characterize the phases formed



in CuAllONi5Fe3Mn alloy heat-treated under different
conditions. The software identifies the phases of different
structures in the microstructure in different colors according to
the color tone difference. Accordingly, the software defined
the stages in the structure in 3 different colors. Color image
analysis of the samples subjected to heat treatment under
vacuum and in an open-atmosphere muffle furnace with the
help of an optical microscope and software is presented in
Figure 4 (a-d). The microstructure and colored phase structure
of the sample that was dissolved and annealed in a vacuum
environment are presented in Figure 4 (a) and (b), and the
images of the samples made in the muffle furnace are
presented in Figure 4 (c) and (d). It is seen that the k phases
are more prominent in the heat treatments performed under
vacuum (Figure 4 (a)), and the B phase is more dense in the
sample heat treated in the atmospheric oven (Figure 4 (c)). As
can be seen in Figure 4 (c), in addition to the B phase, a
martensitic structure was formed in the sample heat treated in
an open atmospheric furnace.

The results of the phase analysis ratios performed on the
microstructure with the help of the Clemex program are given
in Table 2. These analysis results enabled the differences and
ratios between the microstructures to be quantified. According
to this, the ratio of a, f and «k phases in the microstructure in
vacuum environment is close to each other and 33.98% of this
microstructure consists of o phase, 32.35% of B phase and
33.68% of k phases. In the furnace open to atmosphere, these
ratios changed and the ratio of a phase reached the lowest
value (22.78%) and the ratio of k phases reached the highest
value (41.45%).

When the microstructures are compared, it is observed that
heat treatment under vacuum leads to changes in the
microstructure compared to heat treatment in an open
atmosphere.

Table 2. Phase ratios results.

Vacuum Muffle

Phase Name Furnace Furnace

% Phase % Phase

analysis analysis
Alfa (o))(green) 33.98 22.78
Beta () (blue) 32.35 35.77

Kappa Phases (k11, k111, K1v)

(red) 33.68 41.45

Microstructure images of the phase analysis are given in
Figure 5. As a result of the phase analysis study, it was
observed that the alpha phase was found at a higher ratio than
the beta and kappa phases in the heat treatment performed in
vacuum environment. It was understood that kappa and beta
phases were found at a higher rate than alpha phase in the heat
treatment performed in the muffle furnace and the values were
compatible with the results in the literature [8]. It was observed
that o-Cu matrix phase was present, k11 phase was in spherical
form, k11 phase was seen as a lamellar structure and finally k1v
phase was seen as a point structure.
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Figure 5. a) Vacuum environments microstructure, b)
Vacuum environments phase analysis, ¢) Muffle furnace
microstructure, d) Muffle furnace phase analysis.

3.2. Mechanical Test Results

The results of the hardness tests on materials subjected to heat
treatment in both the vacuum furnace and the muffle furnace
are presented in Figure 6, while the tensile test results are
shown in Table 4. Examining Figure 6, it can be observed that
the hardness of the CuAllONi5SFe3Mn alloy after heat
treatment in the muftle furnace is 14 HV higher compared to
the vacuum furnace heat treatment. Additionally, the tensile
test results indicated that the CuAllONi5Fe3Mn alloy
exhibited higher tensile and yield strengths under the muffle
furnace heat treatment conditions compared to the vacuum
furnace conditions. This is attributed to the faster cooling rate
during the quenching process in the muffle furnace, whereas
the cooling process was slower in the vacuum furnace. These
different cooling regimes resulted in different phase
formations, as shown in Table 2. In the muffle furnace heat
treatment, the rapid quenching led to the formation of a darker
B phase, resulting in a very hard and strong martensitic
structure. The higher volume fraction of the B phase in the
muffle furnace treatment, compared to the vacuum heat
treatment, led to a greater increase in hardness and Strength

[3].

Moreover, the dispersed kappa phase particles formed during
the muffle furnace heat treatment impede dislocation

4



movement more effectively than in the vacuum heat treatment,
making the material more resistant to deformation and thereby
increasing its strength.
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Figure 6. Hardness values of materials.

Table 4. Tensile test results.

Yield Tensile Elonaation
Material Type  Strength Strength EA)
(MPa) (MPa)
Vacuum Furnace 359 741 294
Muffle Furnace 448 760 24.9

3.3. Corrosion Results

The Tafel curve obtained from the potentiodynamic corrosion
results of samples heat-treated under different conditions in a
3.5% NaCl solution is shown in Figure 7. The corrosion
potential, corrosion current density, and corrosion rate (mpy)
are provided in Table 5.

According to the data, the corrosion properties of the
CuAll0NiSFe3Mn alloy indicate that the heat treatment
conducted in the muffle furnace provides superior corrosion
resistance compared to the vacuum furnace. Specifically, the
corrosion potential of the material treated in the muffle furnace
is slightly more negative (-47.20 V compared to -45.40 V for
the vacuum furnace), which typically indicates a higher
tendency for initial corrosion. However, the significantly
lower corrosion current density (13.20 x 10° A/cm? versus
17.60 x 10° A/cm?) and reduced corrosion rate (2.81 mpy
versus 3.73 mpy) suggest that the alloy treated in the muffle
furnace exhibits slower corrosion behavior. This enhanced
performance can be attributed to the formation of a protective
oxide layer on the surface during the muffle furnace heat
treatment. In Figure 8, it is observed that the surface of the
CuAl10Ni5Fe3Mn alloy treated in the muftle furnace appears
darker, whereas no such darkening is observed on the
material's surface after vacuum heat treatment. This darkening
is presumed to be the oxide layer.

This oxide layer acts as a barrier, preventing further oxidation
and thereby reducing the overall corrosion rate. Additionally,
the rapid quenching process in the muffle furnace, compared
to the slower cooling rate in the vacuum furnace, results in a
higher density of kappa phase, which is considered to impact
corrosion resistance. The higher amount of kappa phase,
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particularly rich in Ni3zAl, formed during the muftle furnace
treatment enhances the alloy's resistance to corrosion [18-19].
Therefore, heat treatment in the muffle furnace provides
superior corrosion due to the formation of the oxide layer and
higher kappa phase content.
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Figure 7. Potentiodynamic Tafel curves of materials
heat treated in vacuum and muffle furnace.

Table 5. Potentiodynamics Corrosion test results.

. Corrosion
Corrosion
C Rate (mpy,
. . urrent -
Material Corrosion Densi thickness
- ensity A
Type Potential (V) (Icorr reduction in
Alem2)x10°8 miles per
year)
Vacumm
-45.40 17.60 3.73
Furnace
Muffle -47.20 13.20 2.81
Furnace
Muffle Furnace

Vacuum Furnace

Figure 8. Surfaces of materials
4. Results

e  Thermal treatments in both vacuum and muffle furnace
environments changed the microstructure of the
CuAl10Ni5Fe3Mn alloy. These changes were attributed
to differences in cooling rates.

e  The heat treatment in the muffle furnace resulted in a
decrease in the a phase and an increase in the B and kappa
(x) phase compared to the vacuum atmosphere heat
treatment.



e Increasing the f and « phase ratios in the microstructure
improved the mechanical properties of the alloy
processed in the muffle furnace, resulting in higher
hardness and strength values.

e  Vickers hardness measurements showed that the material
heat treated in the muffle furnace had a hardness of 14
HV higher than the material heat treated in vacuum.

e  Potentiodynamic polarization test results showed that the
material heat treated in the muffle furnace exhibited
higher corrosion resistance compared to the material heat
treated in vacuum. The superior corrosion resistance of
the muffle furnace heat-treated material is attributed to
the formation of the oxide layer and the presence of kappa
phases rich in NizAl.
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