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Abstract:

This paper presents the results of an exgetal investigation of the effects of rapid
solidification on the general properties of two dgpof copper aluminum, (Cu-Al), alloys
during the process of their manufacture. The twloyal were prepared by melting their
constituents, at the same proportions recommendedhé international standards, in a
graphitic furnace in an oil fired furnace. The dhgplidification unit and metal moulds were
designed and fabricated in order to allow the ogstin the mould to be cooled and solidified
quickly. Strips of various thicknesses ranging fr@mm to 6mm have been subjected to
different cooling media including air, ordinary watand iced water. Examinations of the
fabricated castings included optical microstructobservations, Vickers hardness and tensile
strength testing as well as their corrosion ratgsirst sea water. The results showed an
improvement in some of the mechanical propertieshsas hardness, tensile strength and
corrosion resistance of the Cu-Al alloys.

Keywords: solidification; Cu-Al alloys; corrosion rate; t&te strength
Symbols and Abbreviations

Symbol Description

A Exposure area (cin

Al Aluminum

ASTM American Standards for Tests and Measures
BS BritiskeSdards

Cu Copper

F.C.C. Face CesdeCube

Dav Average Diameter of indentation (mm)
Fe Iron

HCI HydrochloAcid

HoSOu Sulfuric Acid

Icorr CorrosiGurrent (nA)

K2COy Potassium Chromates

Li Lithium

mpy Corrosion Rate (mils per year)
Ni Nickel

P Applied Load (kg)

RS Rapid Solidification

w Weight (gm)

We Equivalent Weight (g/gmol)

p Density (g/cn)
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I ntroduction:

Rapid solidification is a means of
developing new alloys that offer
advantages not easily provided by
conventional ingot casting practices or
methods. Copper alloys have been widely
used in a variety of environments,
especially, in the marine applications due
to their excellent corrosion resistance and
good ductility, [1].

Nucleation of structures depends on the
cooling rate, for example at very fast
cooling rates unstable amorphous or non-
crystalline phases form. This technique
has enabled the development of
engineering materials with desirable
properties. The increased cooling rates
would; therefore, directly affect the
castings microstructure with a large
number of nuclei. This is due to the little
time available for the grains to form at the
sites, hence the very small grain size
formed in these castings, which may reach
~ 0.1 micron. Also, the small distance
between the dedritic arms decides the
differences between normal alloys and
rapid solidification alloys, which is 0.25
micron, [2].

Higher temperatures than 125 are
required for thicker sections than (12.5
mm) or less. However, for casting sections
of (38 mm) or greater, lower temperatures
are recommended, [3, 4]. Rapid
solidification processing rates of about
100 times more than those used in
conventional casting have enabled the
formation of very fine grain structures
with small segregation regions. This is
due to the solid solubilty and the
complete prevention of segregation in
some alloys, [5, 6].

Cu-Al alloys are well known for their
application in the marine service due to
their high tensile strength, especially for
the thin propeller blade sections, and their
good castability, and good resistance to
corrosion. For example, marine propellers
castings for blades and bosses require to
be free from any surface or internal
defects, and these castings are to heat
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treatable, where necessary, [7]. Therefore,
segregation in the microstructure may
result due to the differences in thickness
between various sections of the blades,
which would lead to poor mechanical

properties leading to rupture or failure of

blade sections.

The Cu-Al phase diagram shows that solid
solubility of Al in Cu exists up to (7.4 %)
in the solidus and then increases to (9.4
%) at 565°C. This means that high Al
content alloys can be heat treated in a
manner similar to steel. This can be
quenched after holding at about 343 to
677 °C, in order to give optimum
combination of strength, hardness and
ductility. These aluminum bronzes are
divided into cold and hot working alloys.
Those alloys containing about (5 % Al)
are ductile and malleable, they are
completely solid solution in structure, and
therefore, they have good capacity for
cold-working processes. They also, have
good corrosion resistance. But, the hot-
working alloys contain about (10 % Al)
and if allowed to cool slowly, the structure
becomes brittle due to the precipitation of
a hard compound of (GAls). If this
structure is allowed to cool to about 800
°C, it transforms to a completely solid
solution, and hence becomes malleable
and can be successfully hot-worked, [8].
To prevent precipitation of the above
mentioned brittle compound, castings are
usually ejected from the moulds as
quickly as possible so that they cool
rapidly.

The two grades AB1 and AB2 both have
the same specified range of aluminum
content  (8.5-10.5 %), but AB2 contains
higher levels of iron and nickel. The
properties of AB2 alloy can be further
modified by suitable heat treatments.
Rapid Solidification (RS) has, for
example, been employed for the trapping
of impurities in the laser melting and re-
solidification of semi-conductors, [9], and
(RS) has resulted in the production of high
conductivity copper alloys, [10]. Some
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rapidly solidified aluminum alloys were
designed to compete with the (Al — Li)
alloys in the structural aerospace
applications which require light loads,
[11]. Tests were also carried out in the air
craft industry on rapidly solidified (Cu —
Ni) alloys, [12], which have resulted in
refined grain size, elimination of
segregation and improvement in hardness
and increase of strength. RS has enabled
the development of high silicon content

wear and high temperature resistant
materials with low coefficient of thermal
expansion which gave  profitable

applications in the aircraft and automobile
industries, [13].

This shows that (RS) involves cooling the
metallic melts at a high rate and results in
significant microstructural modifications
including grain refinement and formation
of saturated solid solutions and
amorphous phases, [14]. (RS) is, also,
vital in order to achieve uniform
distribution of the alloying elements in the
copper metal.

Experimental Work :

The materials which compose each alloy,
were prepared from a selection of
available raw materials, and melted,
poured and cast in four carbon steel
moulds designed and made for this
purpose. Rapid solidification  was
accomplished through the proper design
and manufacture of the unit which
allowed the castings in the moulds to be
cooled and quenched very quickly. Strips
of 3,4,5,6 mm thicknesses were then
produced and made ready for further
testing and inspection.

The tests covered: (1) hardness
measurements, (2) tensile strength
estimation, and (3) optical microscopic

inspection, as well as, (4) corrosion
resistance  evaluation in seawater
environment.

The equipment consists of a melting unit
situated in one of the local workshops of
the Basrah industrial district. The melting
unit is in the form of a crucible furnace,

and alloying elements including copper,
aluminum, iron and nickel were exactly
weighed to the correct percentages,
according to (BS 1400), [1].

Due to the differences in melting
temperatures  between the various
constituent alloying elements, (153€
and 565°C), iron was melted first and
after its complete melting, copper was
added and finally aluminum while waiting
for a few minutes.

These elements were chopped into small
pieces before melting. Carbon steel
moulds of a trapezoidal shape and
dimensions of {155« 48 x 13 mm} have
been used. These moulds were designed
such that thin ribbons of different
thicknesses could be produced. The
ribbons have enabled the process of rapid
solidification to be achieved by obtaining
high cooling rates through the use of
different cooling media, including natural
air, ordinary water and iced water. A time-
temperature measurement unit was
employed to enable the recording of
temperatures at various time periods
during the melting and solidification
stages. The samples, dog-bone shaped
each of dimensions 12mm gauge length x
(6 mm x 3 mm) cross section, were
prepared and cast using the crucible oil-
fired furnace of a local workshop in the
industrial district of Basrah. These
samples were cut into the proper
dimensions, ground, polished, washed,
dried, and etched with an etching solution
of 39 mg (KCrOy), 8 ml (HSQy), 4
drops (HCI) and 100 ml (#®@) for about
(15 — 30 seconds).

The corrosion test samples were of round
shapes, each with a diameter of 15 mm
and thickness of not more than 3 mm.

The four tests carried out included the
following:

(1) Metallographic Testing:
After the preparation of the samples, a
microstructure examination was

conducted for each sample, using an
Opton type computerized microscope, and
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observations were recorded and saved on
a computer disc. These tests were carried
out at the inspection department of one of
the local state companies. See Figures (1),
(2) and (3) as typical examples for these
tests

(2) Hardness Testing:

Many samples of Cu-Al alloys have been
subjected to hardness tests using a
Japanese made Vickers hardness tester,
type VHK-1. Vickers hardness numbers
(VH) were then calculated from the
formula:

HN = 1.85437 P/4f, [15], where
See Table (1) for the hardness numbers of
both AB1 and AB2 alloys.

(3) Tensile Testing:

The tensile testing was carried out on an
Instron (1195) Tester at the strength of
materials laboratory, University of
Technology, Baghdad. Rectangular and

round section bars were dog-bone or
dumb-bell shaped, according to BS 18,
and ASTM-ES, [16]. See Table (2) for the
tensile strengths of the two alloys AB1
and AB2.

(4) Corrosion Resistance Testing:

This test was performed at the College of
Science, University of Basrah, using the
corrosion measurement console mode
350A (USA), when the samples were
placed in seawater environment. The
corroded weight of each sample was
calculated using the formula, [17]:

_ 0.13 Icorr We
mpy = —Ap
The corrosion rates for the 3 mm diameter
samples using the three different cooling
media are shown in Table (3) for both
AB1 and AB2 alloys.

Results and Discussion:

Two types of aluminum bronze alloys
(AB1 and AB2) have been produced
employing the simple rapid solidification
equipment available at a local workshop
located in the Basrah industrial district.
The components (by weight) of these two
alloys are as listed in Table (4) below:The
discussion covers the comments made on
the results obtained from carrying out the
manufacture of four different thickness
Cu-Al castings and to reflect the following
effects on the properties outlined earlier in
this paper.

(1) Effect of cooling rates on the

microstructure: Three different

cooling media, i.e. air, water at room
temperature or (ordinary water), and
iced water were used. See Figures (1 —

3) for the effect of the three above

mentioned cooling media on the

microstructure of alloy AB1.

(2) Corrosion Effect: Samples, each of

3 mm thickness at different rates of

cooling were tested against seawater.
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The results showed a decrease in
corrosion rates due to the increase in
the cooling rates, see Tables (5) and
(6) for the effect of the three different
cooling media on the corrosion rates
of both AB1 and AB2 alloys.
(3) General properties effects: This
included the results of cooling rates
effect on tensile strength and alloying
elements for both alloys, as shown in
Tables (3) and (4).
These effects can be justified by the
causes of the microstructure which
consists of a wuniform dispersion of
intermetallic particles in both-phase and
B-phase. Thea-phase represents a face
centered cube (F.C.C.) copper-rich solid
solution with Al and Fe while thp-phase
consists of a martensitic crystal structure
with a proportion of Al more than in the
a-phase. The intermetallic precipitations
were identified as the compound ;Ak
[8]. This structure compares well with the
previous research results by [18] and [19]
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The fast cooling rates have effects on the
grain refinement compared with air
cooling rates. This is because the
increasing cooling rates cause a decrease
in the nucleation barrier and the required
free energy for nucleation increases, [20].
The reason for this is due to the
microstructure consisting of only thg
phase at temperatures exceeding (1000
°C). This is similar to the formation of
austenite (oiy-phase) in steel, and thfis
phase transforms to martensite when
quenched. Then, the (#d) particles
nucleate, both inside thg-grains and at
the grain boundaries, as temperature falls
to around (9006C).

Precipitation of a-phase starts forming
when quenching from (860 °C).
Nucleation ofa-phase takes place §t
phase grain boundaries or at the ;e
particles located in the-phase. From
(560 °C) and below, the microstructure is
similar to the as cast case, which implies
that the alloy does not undergo any
appreciable change below this
temperature.

Low cooling rates lead to the formation of
coarse grains due to the decrease in the
nucleation free energy. Dendritic arms

have a chance to extend and give enough
time for grains to grow. On the other
hand, as cooling rates increase, free
energy and more nucleation sites exist,
allowing more grains to nucleate.
Moreover, these rates allow the dedritic
arms to interact quickly leading to the
suppression of grains growth, hence
resulting in grain refinement, [2]. This is
justified by the increase in Vickers
hardness numbers as proportionate with
the increase of cooling rates, i.e. there is
an improvement in hardness. It shows that
hardness has increased from a minimum
value of (133 HV) in the air cooled
specimen to a maximum value of (192
HV) for the iced water quenched
specimen of the alloy (AB1); see Figure
(4). Also, Vickers hardness has changed
from 179.5 in the 3mm thick specimen
which was rapidly quenched in ordinary
water, reaching a value of 202 in the same
thickness specimen that was rapidly
qguenched in iced water. This improvement
was due to the grain refinement that took
place and because of increasing the
solubility of Al in Cu during the rapid
qguenching operation.

Table (1) Hardness values (VH) for four thicknessesf the AB1 and AB2 alloys

Casting AB1 AB2
ST
o 3 4 5 6 3 4 5 6
Ar | —— 133 | — | — - 138
Ordinary 170 143 142 173 1795 e 179 173
Water
iced Water 192 199 | 176 175 202 199 157 175

Note: ST = Sample Thickness in (mm)
CM = Cooling Medium

Table (2) Tensile strength of the AB1 and AB2 allay (in N/mnv)

Casting AB1 AB2
ST 3 4 5 3 4 5 6

CM

Alr 491 225

Ordinary 551.9 313 400 234 117

Water

{X/ed 436 548 492 129.8 217 300
ater

Note: ST = Sample Thickness in (mm)
CM = Cooling Medium
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Table (3) Corrosion rates for the 15 mm diameter, @m thickness samples using
different cooling media

Casting ABl AB2
Cooling Medium Corrosion Corrosion Corrosion Corrosion
Current (x18 nA) | Rate (mpy) | Current (x1&nA) | Rate (mpy)
Air Y 1.916 10.26 0.470 2.639
Ordinary 1.07 6.003 0.427 2.396
Water
Iced Water 0.5005 5.052 0.452 2.538
Table 4 Chemical Compositions (%) of the two Cu-Ahllloys
I 1t 0,
Casting Chemical Composition (_/o)
Al Fe Ni Cu
AB1 10 2.5 Balance Remaining
AB2 10 5.0 5 Balance Remaining

The seawater analysis, Table (5), has
shown that the presence of chlorine ions
has strongly affected the corrosion
mechanism of the Al-bronze alloys. The
chemical activites of metals in
collaboration with these ions destroy the
strong protection layer forming on the
surfaces of the corrosion resistant metals.
The corrosion results show a maximum
corrosion rate of (10.25 mils/year) for the
air cooled specimens and 6.003 and 5.052
mils/year for those specimens rapidly
cooled in ordinary water and iced water,
respectively. This indicates that the
increase in cooling rates has affected a
decrease in corrosion rate.

The classifications of corrosion rate are
good when the alloy corrodes by less than
(5 mils/year) and satisfactory when the
rates are less than (50 mils/year), [17].
These alloys contain about (5% by
weight) of aluminum.

The Figures (5 — 8) show the stress-strain
curves for the tensile test of various alloys

Table (5) Sea Water Chemical Analysis

Type of analysis Result Unit
Acidity index 7.1
Chlorine 42850 Mg/L
Magnesium 972 Mg/L
Calcium 4800 Mg/L
Phosphoric acid 52.3 Mg/L
Sulphate 1212.9 Mg/L

PDF Created with deskPDF PDF Writer - Trial :: http:

32

at different cooling rates and different
structure compositions. They all show an
improvement in tensile strength as cooling
rates increased. These improvements were
due to the forming of a fine microstructure
with small grain sizes and more grain
boundaries which make the slips and
dislocation movements more difficult for
those cases tested.

Iron Additions:

Iron acted as a grain refiner and prevented
self-annealing when added at a percentage
of (2.5%). This condition resulted in the
dissolution of p-phase into the a-6
eutectoid. By suppression, the iron has
improved the mechanical properties of Al-
Cu alloys, when more than (0.75% of
iron) is present. In such cases, the liquid
temperature is raised and freezing begins
with the solidification of 6-iron which
serves as a nucleation point for the fine
grain sizes and thus preventing the grain
growth, [20].

Figure (1) Microstructure of 4 mm thick
castiW from AB1 allqy, cooled in air ( x
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Figure (2) Microstructure of 5 mm thick casting

Figure (3) Microstructure of 6 mm thick casting
from AB2 alloy, cooled in iced water ( x 150)

from AB1 alloy, cooled in ordinary water ( x 150)
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Fig. 4 Relationship between Hardness Numbers and Gling Rates
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Fig. 5 Stress-Strain Curves for the 3mm Thick Castigs of Cu-Al
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Fig. 6 Stress-Strain Curves for the 4mm Thick Castigs of
Cu-Al Alloy Cooled in both Air and Water
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Fig. 7 Stress-Strain Curves for the 5mm Thick Castig of Cu-Al
Alloy Cooled in Ordinary water and Iced Water.
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Fig. 8 Stress-Strain Curves for the 6mm Thick Castigs of Cu-Al Alloy
Cooled in Ordinary Water and Iced Water

Rapid quenching of alloy (or
solidification) both in ordinary water and

iced water lead to a grain refinement effect

in Cu-Al alloys. This in turn, lead to

strength of the alloys as well as an
improvement in the corrosion resistance of
these materials, as the cooling rates have
increased during the rapid solidification

increases in the hardness and tensile processes.
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