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OBTAINING AND ANALYSIS OF ANEW ALUMINIUM BRONZE MATERIAL USING INDUCTION FURNACE

Copper-based alloys with the addition of Al present excellent properties and can be considered a proper choice for applications
as contact materials based on their good strength and fret resistance. Cu-Al alloys are used in different systems parts as bearings,
gears and worm gears. The intention is to replace steel materials with new copper-based materials for parts that work in a possible
explosive environment to reduce the possibility of spark appearance. Copper-berilyum alloys are known as non-sparking alloys and
are used in different tools obtaining for environments with possible explosive gaseous. Results from the obtaining and analysis of
anew alloy based on CuAlBe are given. The material was melted in a vacuum induction furnace from CuBe master alloy and high
purity aluminium and cast into a metallic die. The alloys obtained were analyzed using EDS — energy dispersive spectroscopy for
chemical composition, OM-optical and SEM-electronic microscopy for the microstructure, and the electro-corrosion resistance
was tested using linear Tafel diagram and cyclic potentiometry.

Keywords: Aluminum bronze; non-sparking alloy; SEM; EDS; Tafel

1. Introduction

Aluminum bronzes are the most widespread and most valu-
able special bronzes due to their superior properties. Aluminum
bronzes can be binary (simple) alloys, when copper is alloyed
only with aluminum, or complex bronzes, when in addition to
aluminum, they also contain other alloying elements such as
iron, manganese, or nickel [1]. The alloys with 7%-10% Al, will
have a structure formed by solid solution 8 up to a temperature
of approx. 850°C when phase a begins to separate, and phase 3
will decompose after a eutectoid transformation. Due to the
presence of the eutectoid (a + y,), the alloy acquires superior
mechanical characteristics in terms of strength and hardness.
The addition of various elements in aluminum bronzes brings
an improvement in their properties. Iron determines the finish
of the structure, increases the tensile strength and hardness but
decreases fluidity [2-4].

Considered special bronzes, Cu-Al alloys represent the
most valuable group due to their high mechanical and tech-
nological characteristics, being able to successfully replace
various metallic materials. In terms of oxidation and corrosion
resistance, aluminum bronzes are among the best copper-based
alloys, successfully replacing even stainless steels [5-7]. These

alloys are well corrosion-resistant caused by mineral and organic
acids, fresh or salt water and atmospheres of hydrogen sulfide
and sulfur dioxide, in chloride and chlorate solutions, because
of surface passivation due to the formation of Al,O5 film, which
resists the action of reducing substances. The mechanical proper-
ties are superior to other copper alloys and even to Fe-C alloys,
and depend on both the structure and addition of other elements
in the chemical composition [8].

The mechanical tensile strength is directly proportional to
the amount of eutectoid (a + vy,). If the structure of aluminum
bronzes consists of o phase (up to 5-6% Al), the mechanical
strength has modest values (20-25 daN/mm?); it registers an
important jump (up to 50-60 daN/mm?) if the structure consists
of phases B+ (a+7v,) + o (9-11% Al). As the Al content increases
(over 12%), the mechanical strength decreases due to the increase
in the proportion of hard and brittle B phase. The hardness of
these alloys increases as the B-phase content in the structure
increases, reaching maximum values of 350-400 HB. The elon-
gation of bronzes with aluminum increases proportionally with
the o phase content, reaching maximum values (of about 30%)
for alloys with  + a structure [9,10].

In this article the authors recommend a new solution for
materials that are used in possible explosive environments
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(natural gaseous, petroleum systems or pipes, gears etc.) where
a certain mechanical resistance is required and can be provided
by metallic materials. Although new non-spark materials are
investigated, like CuNiSn, to replace the alloys with beryllium
for certain environmental applications, the Cu-Al-Be present
better mechanical properties necessary for gear applications and
remains the best solution as non-spark material.

2. Experimental set-up

To obtain one or another of the brands of aluminum bronzes,
the smelting process can be started either from pure metal ele-
ments or from various kinds of aluminum bronzes in the form
of ingots or waste. The metal load in the case of aluminum
bronzes can be composed of the following: cathode copper,
(various brands); technical aluminum, SREN 576 — 2004 and
SREN 1676 — 1998; technical aluminum waste from electrical
or other fields: bars, wires, sheets, etc; Cu-Al pre-alloy ingots.
The elaboration of bronzes with aluminum from elements sup-
poses the completion of the following operations: a) cleaning of
the elaboration furnace; b) heating the processing furnace until
its refractory lining has reached a temperature of 800-900°C
(bright red); c) on the bottom of the furnace hearth or on the
bottom of the crucible will be loaded a quantity of coating fon-
dant appreciated as sufficient to cover the surface of the metal
bath to be formed; d) place the cathode copper or copper scrap
pieces in the oven; e) fill the load with smaller pieces of metal
material not initially introduced;f) continue melting until the
temperature of the metal bath reaches 1150-1200°C, following
the completion of the protective flow layer; g) stop the oven and
pour the deoxidation sample; h) depending on the configura-
tion of the sample, the elaboration course is decided; i) allow
the bath to settle and cool to a temperature of 1120-1140°C in
order to introduce the aluminum. j) insert metallic or pre-alloy
aluminum, preheated to 150-180°C, in the metal bath under the
slag layer; k) homogenize the bath with a steel bar, so as not to
“break” the slag layer or it is entrained in the melt; 1) the other
alloying elements will be introduced in the form of pre-alloy
or in solid state: proceeding to the homogenization of the bath;
m) the melt is overheated to the casting temperature, chosen
according to the parts to be poured, and it will be maintained
at this temperature approx. 5-10 min. n) turn off the oven and
remove the slag; o) the bronze is evacuated in the preheated red
casting pot; p) pour in as short a time as possible, from as low
a height as possible.

A part of the charge was taken separated for laboratory
experiments. The experiments were performed in accordance
with the occupational health and safety laws and regulations to
eliminate all risks and dangers that can affect the human resource
during the experiment procedures [11-13].

NDT test was made after the melting of alloys using
fluorescent penetrant liquids. Chemical composition was de-
termined after casting the experimental alloys and after the
electro-corrosion test with an EDS detector from Bruker X-Flash

in element list mode. The microstructure was determined after
mechanical grinding of the materials until 2000 grid with SiC
papers, polished with alumina solution and chemical etching
with FeCly for 2-5 seconds. Optical micrographs were real-
ized on the structure using a Zeiss metallographic microscope
with Motic specialized acquisition camera and software [14].
A VoltaLab 21 Electrochemical System (PGP201-Economical
Potentiostat) was used for the corrosion analysis, equipped with
a VoltaMaster 4 data acquisition and processing software. The
corrosion analysis system consists of an electrochemical cell with
three electrodes, one saturated calomel as the reference electrode,
a platinum electrode used as auxiliary electrode and a working
electrode.

The sample subjected to the electro-corrosion process was
cleaned and washed with distilled water before the experiment.
0.9% NaCl electrolit solution was used at room temperature.
The linear polarization curves were plotted with the scanning
speed of the electrode potential dV/dt=0.5 mV /s, and the cyclic
polarization curves with a speed of 10 mV/s.

The surface after electro-corrosion tests was analyzed using
scanning electron microscopy (SEM-FEI model Quanta200).

3. Experimental results

The experimental alloys were washed in the ultrasonic
chamber before the NDT analysis. This test is hydrophilic post
emulsification. To this end, we used an ultra-high sensitivity
level 4 penetrant solution and a hydrophilic emulsifier in 5%
concentration. A dry developer was used for a better contrast,
that amplifies the location of pores. Steps used for each stage
were as follows: penetrant dwell time 20 min, emulsifier time
2 min and developer time 10 min. The parts were inspected
under UV light with an intensity of 3800 pW/cm?* measured at
38 cm distance from the lamp’s bulb [15]. After the melting/
casting stage the materials were analyzed, on the surface, with
fluorescent penetrant liquids to observe if voids, cracks or holes
appear on the alloy. In Fig. 1 can be observed a clean surface
for all three experimental alloys meaning that a homogeneous
material was obtained.

Through chemical composition analyze elements copper,
aluminum and berilium were qualitatively identified in the en-
ergy spectrum from Fig. 2. A general analysis of the chemical
element’s distribution, Fig. 2, presents a chemically homogene-
ous material without specific agglomerations or area depleted in
some of the chemical elements.

The quantitative chemical analysis, in weight and atomic
percentages %, TABLE 1, present the differences obtained in
the chemical composition of, from now on called, experimental
alloys: Alloy 1, Alloy 2 and Alloy 3. The first two alloys con-
sidered for analysis have appropriate percentages of Cu and Be
with differences between Al and alloys 2 compared to 3 has ap-
propriate Al and Cu percentages and different mass percentage of
Be. In this article, we follow the influence of addition elements
(Al and Be) to the Cu matrix to electro-corrosion resistance.
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Fig. 1. NDT results a) alloy 1, b) alloy 2 and c) alloy 3 after five re-melting operations
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Fig. 2. Chemical composition determination, energy spectrum and main elements distribution

TABLE 1
Chemical composition from 5 areas of the experimental materials
Chemical Alloy 1 Alloy 2 Alloy 3
elements wt% at% wt% at% wt% at%
Cu 90,71 | 78,0 | 89,12 | 76,21 | 84,47 | 58,06
Al 8,5 17,22 | 10,41 | 20,97 | 10,32 | 16,7
Be 0,79 4,78 0,47 2,82 5,21 | 2524

The microstructure of the alloys, Fig. 3, highlighted by
optical microscopy, presents a big grain structure for all cases.
The grains are big of hundreds of micrometers in all cases. The
grain baunderies seems thick and present precipitates. In the first

TR

alloy case, Fig. 3a), in grain martensitic type plates can be ob-
served. Especially in fist alloy case and partially in third we can
observe a homogeneous spread of precipitates of CuAl,. Coarse
compounds are situated at the grain boundaries and at the com-
mon limits of the grains, places representing the easiest places
for nucleation. The smaller grain presents a finer structural relief.
The areas appropriate to the boundaries with precipitates show
a lack of compounds mainly on Cu-Al matrix [16-20].

The differences in the chemical composition based on the
presence of precipitates between the grain limits and the grains
will be an important and predominant factor in electro-corrosion
resistance of the alloys when the potential difference between

Fig. 3. Optical micrographs of the alloys structure (chemical etch FeCls) a) alloy 1, b) alloy 2 and c) alloy 3



1254

these two areas will create electro micro-piles in the salt elec-
trolyte solution. On the structure of the third alloy, Fig. 3c), the
spread of precipitation is more homogeneous, not only at grain
boundaries but also inside the grains.

4. Electro-corrosion resistance of experimental
materials

Copper and its alloys are recognized as materials with good
corrosion resistance and are thus used in many fields of activity
[21,22]. The good resistance of these materials is related to the
formation on the surface of a uniform and adherent film (oxides,
hydroxides, etc.) that protects the substrate from the environment.
When corrosion occurs in aqueous medium, copper anodically
dissolves with the formation of ions [23]: Cu®>" and Cu™:

Cu=Cu ' +e
Cu'=Cu* +e

In the presence of HO™ and CI” ions, and depending on
the pH of the solution, Cu" and Cu®* ions can lead to insoluble
products (Cu,0O, CuO, Cu (OH), Cu(OH),) capable of forming
protective barriers, under film form, by reactions such as:

2Cu* + 2HO = Cu,0 + 1/2 H,0
Cu* + Cl = Cu,0 + 2H*

CUZO +2HO +H 20 = CU(OH)2
CuCl + H,0 = Cu,0 + 2H" +2CI"

2Cu* + H,0 = Cu,0 + 2H"
CuCl + 2HO™ = Cu,0 + H,0 + 2CI-

Cw,0 +2HO = 2Cu0 + H,0 + 2¢

The appearance of corrosion phenomenon is related to the
formation and stability of this film; if the film is not formed or
destroyed, the metal is corroded, either generalized — on the
entire surface, or localized (cracks, fissures, pitting corrosion).

The polarization resistance method was used to evaluate the
corrosion rate. This method is used to determine the corrosion
current at the corrosion potential of the metal or alloy, from the
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Fig. 4. Electrochemical variations a) Tafel and b) cyclic voltamograms

linear polarization curve obtained for relatively small overvolt-
age. The corrosion current determined using this method there-
fore represents the current that appears at the metal/corrosive
environment interface when the metal is immersed in the solution
and represents the instantaneous corrosion current. In Fig. 4a)
Tafel interpretation of linear potentiometry is presented and in
Fig. 4b) the cyclic polarization curves are plotted.

The density of the corrosion current was calculated using
the relation [24]:

b,-b,

oo = mA/cm? 1
" 2303(b, +b.)R, ( ) M

For the evaluation of the instantaneous corrosion current,
the linear polarization curves recorded at the low potential rate
(0.5 mV/s), obtained over the potential range (£, + 150 mV)
were used. The results obtained for the three alloys are presented
in TABLE 2.

TABLE 2
Electro-corrosion resistance test parameters
AllOy ocr EO ba bc Rp "corr ch’r
mV mV mV mV | kohm.cm? | pA/em? | pm/Year
1 | -340|-342.9|168.5|-337.8 1.25 26.07 | 365.0
-304 | -298.8 | 117.7 | 256.2 0.954 28.77 | 4029
3 | -230(-260.8|112.1| 103.5 1.45 10.83 151.6

Based on the data presented in table 2, the following conclu-
sions can be highlighted: all three alloys have open circuit po-
tential, respectively, corrosion potential, negative values, which
highlights the fact that, from a thermodynamic perspective, the
natural tendency of these alloys is spontaneous corrosion. It is
observed that increasing the percentage of Al [25,26], in the
case of Alloy 2 up to 10%, does not significantly influence the
corrosion resistance. Instead, increasing the percentage of Be,
up to 5%, in the case of Alloy 3 decreases the corrosion current
density from 28.77 to 10.83 pA/cm?.

The analysis of the cyclic corrosion diagram, Fig. 4b),
shows the general character of corrosion. There are no variations
in the current density with potential. There were short periods of
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passivation after the formation of Cu oxides. Third alloy present
the smaller corrosion rate per year less than half comparison to
the first alloy. This alloy presents the highest Be percentage and
around ten percentages of aluminum.

After eletro-corrosion tests in salt electrolyte solution, a red-
dish layer was observed on the surface of the alloys. Chemical
composition determination identifies beside based elements: Cu,
Al and Be also few new elements from the salt electrolyte solu-
tion, especially oxides —red and salts like NaCl that passes from
the solution to the alloy surface during the electro-corrosion tests,
their qualitative presence was determined through EDS analyze
and observed in the energy spectrum from Fig. 5a). In all cases,
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the surface was covered with a red oxide, copper oxide, with
different morphologies, Fig. 5b)-d).

In the first alloy case the layer that covers the surface fol-
lows the grains positioning with differences in the boundaries.
For the other two alloys, 2 respectively 3, the layer is formed
from many small oxides with round and rectangular shapes.

In TABLE 3 the average values of the chemical composition
of the alloy surface after five determinations in different areas.
The oxygen, chlorine and natrium presence was observed after
the electro-corosion test. Normally a composed oxide layer form
on top of the surface based on CuO and Al,O5 that will protect the
alloy from further and continuous corrosion [27,28]. Be element
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Fig. 5. Surface statement of the alloys after electro-chemical corrosion test a) energy spectrum b) alloy 1, c¢) alloy 2 and d) alloy 3

TABLE 3
Chemical composition of the alloys surface after the electro-corrosion test (average of the results from five different areas)
Allo Cu Al Be (6] Cl Na
Y wt% at% wt% at% wt% at% wt% at% wt% at% wt% at%
Alloy 1 92.96 73.59 1.62 3.03 2.86 15.98 2.15 6.75 0.31 0.43 0.1 0.23
Alloy 2 91.22 66.24 1.05 1.8 491 25.16 1.72 4.97 0.51 0.67 0.58 1.17
Alloy 3 85.29 52.65 1.71 2.49 7.72 33.59 3.32 8.13 0.33 0.37 1.63 2.79
EDS error 0.9 0.2 0.1 0.25 0.1 0.1
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appears in a higher percentage than in the initial state based on
the oxidation of the other two elements Cu and Al. The copper
oxidases further in the third alloy case [29,30].

Part of the chlorine is from NaCl salt that passes from the

salt solution to surface the other part from Cl ions that interact
with the metallic material. Compared with the initial state a much
smaller percentage of aluminium is observed in all cases. Most
of the aluminum from the alloy interacts with oxygen forming
alumina type layer and is most of him under or combined with
the copper oxide.

(1]

(2]

(3]

(4]

(3]

(6]

5. Conclusions

Few conclusions can be structured from the research results:
a new copper-based material alloyed with Al and Be was
obtained through the classical induction furnace.

three alloys with different chemical compositions were
obtained through CuBe master alloy adding in an induc-
tion furnace (). Phosforescent penetrant liquids (NDT)
present a homogeneous matrix formed after melting with-
out voids, microcracks or micropores. The microstructure
presents a structure with big grains, few hundreds of
micrometers, with precipitates CuAl; at the grain limits
and a depletion of precipitates near the boundaries inside
the grains. The distribution of precipitates influences the
electro-corrosion resistance of the alloy by creating electro-
corrosion micro-piles. The differences in the corrosion rate
can also be attributed to the chemical differences between
the alloys (higher Be wt% content for a smaller corrosion
per year).
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