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Abstract:

The porous (tin-bronze) alloy has many engineering applications, especially in filtration
systems, self-lubricating loading chairs and heat exchangers. Because of its unique mechanical and
physical properties, it combines light weight, good durability with permeability, thermal and electrical
conductivity. In the present study, samples of tin-bronze alloy with chemical composition (90 % Cu, 10
% Sn) have been prepared by using powder metallurgy,(35 wt. %) high purity (99.6 wt. %) NaCl
powder was used as a pore-forming agent for the generation of pores, which was subsequently removed
by dissolved with water at (100°C) followed by ultrasonic cleaning (Ultrasonic cleaner device).
Aluminum (3%) and alumina (3%, 5%, and 7%) were added to the base alloy to prepare composite
samples in addition to the base alloy and study the effect of these additives on physical ,mechanical,
corrosion, and erosion -corrosion properties.

The powders were mixed for 5 hours and pressed under 40 MPa. Samples were sintered
at(200°C) for one hour and then the temperature was raised to (600°C) for period of (180 min) with
heating rate (10 °C/min) in a vacuum atmosphere (10 Torr) Then let it cool inside the furnace to
room temperature while ensuring continued air discharge. The results showed that the sample of the
addition of (3% Al and 7% Al,O3,) failed in the sintering process while the rest of the samples
succeeded in sintering process under the same conditions.

Several tests were carried out including: microstructure test (light optical microscopy),
scanning electron microscopy test (SEM), X-ray diffraction test (XRD), Energy dispersion
spectrometer test (EDS), Vickers micro-hardness test ,porosity, density, corrosion behavior (Tafel),
and erosion corrosion test. The results of the SEM showed the presence of particle (Al;Os) in the
matrix of the samples containing the addition of alumina particles. While the results of the X-ray
diffraction examination showed that the prepared samples consist of two phases o (Cu, Sn) which
represents the alloy matrix and the second phase (¢-CusSn) as an intermetallic compound. The results
of the density and porosity tests showed a decrease in the density value after the addition of aluminum
and alumina. This decreasing increases with the increase of the percentage of the addition of alumina,
while the porosity increases slightly with the increase of this addition. Through the test of micro-
hardness, the results showed that the addition of alumina and aluminum led to an increase in the
hardness value, where it was observed to increase the hardness value from (44.41) Hv of the alloy
without addition to (83.30Hv) When the percentage of addition was (3% Al+5% Al;Os). In corrosion
tests, the results of the electrochemical corrosion test (Tafel) in the solution (3.5% NacCl) significantly
improved the corrosion resistance as the current density value decreased from (1.76112 pA / mm?) for
base alloy to (0.00326 pA / mm?) for composite sample of (3%Al) and (5% Al.O3). While in the
erosion- corrosion test in (3.5% NaCl solution), the rate of erosion corrosion in alloy( 90% Cu- 10%
Sn) was (11.5*10*g/hr) and the rate of erosion corrosion for alloy with addition of (3%AIl+5%Al,0s)
was (5.8*10* g/hr) at steady state condition.

Key words: Tin bronze alloy, Powder metallurgy, Porous structures, Erosion corrosion, Corrosion
behavior.
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1.0.Introduction

Today porous metallic products are being mass produced for a multitude of applications. A
large variety of metals is used, including titanium or super alloys, although bronze and stainless steel
meet for most market applications. In general, the production of porous structures consists of various
steps: powder fractioning and preparation, compaction or molding, and sintering [1]. Powder
metallurgy is the most common method to produce porous metallic products, where the level of
porosity, distribution and the size of pores are controlled. Three groups of porous materials produced
commercially differ primarily in their porosity style and percentage, these include; metallic filters, self-
lubricating equipment’s bearings and porous electrodes for batteries and fuel cell [2]. A rigid,
permeable structure can be created using powder metallurgy by forming a network of sintered powder
particles and interconnected pore channels. Using similar manufacturing equipment and technology as
structural powder metallurgy components, porous powder metallurgy materials are normally sintered to
densities between 25% and 85% of theoretical mean density [3]. The porosity can be controlled by
variation of manufacturing variables such as compaction pressure, sintering temperature and sintering
time. It can also be controlled by variation of powder properties such as particle shape, particle size,
size distribution, surface texture and other powder characteristics that depend on the material
processing method [4]. Materials can be selected from wide varieties depending on the combination of
application requirements and economics. The four most common porous metallic materials are bronze,
stainless steel, nickel, and nickel-base alloys [5]. In 2011, Igbal et al, [6]fabricated porous bronze (10%
tin-90% Copper)by powder metallurgy technique, the study was focused on the effects of porosity on
the mechanical properties, the results showed porosity ranging from 20% to 40%, density (g/cm3) 5.35
— 6.89, compressive strength (MPa) 63 — 150 , an average pore size of 50 — 500 um , the porosity has
significant effects the yield stress and Young’s modulus. In 2017, Endah and Sumardiyanto [7]
investigate the effect of sintering temperature on the porosity and mechanical properties for a tin
bronze product by powder metallurgy ,the study showed that, for 700 °C, 750 °C and 800 °C sintering
temperature, porosity values and the rate of wear decreased, but hardness, density and yield strength
values increased, while, at temperatures 825 °C, 850 °C and 900 °C, the rate of wear and porosity
increased, but hardness, density and yield strength decreased, the density had increased up to 7.08
g/cm3 until a temperature of 800 “C while it decreased from 6.80 g/cm3 to 6.27 g/cm3 at temperature
of 825-900 °C. In 2017 Osama Ihsan, [8] fabricated a porous structure by adding (NaCl) as a pore-
forming to tin bronze alloy prepared by powder metallurgy and investigate the physical and mechanical
properties of porous sintered tin bronze alloy, the study focused on investigating and optimizing the
effect of different parameters of manufacturing condition such as: pore-forming agent (NaCl wt. %),
compacting pressure, temperature and sintering duration on the porosity, coefficient of permeability
and micro- hardness, the obtain results showed that, an increasing NaCl wt. % and decreasing of
compacting pressure, sintering temperature and sintering time leads to increase the ratio of porosity and
permeability coefficient but decrease micro-hardness and according to response surface methodology
analysis a multi —optimization method based on desirability function used to obtain the optimum
process conditions that can be used to manufacturing of porous sintered tin-bronze structure ,these
optimum condition were : (35.36 wt.% NaCl),(40 MPa)compacting pressure ,sintering temperature of
(193.5C)and sintering time of (180min) to get maximum porosity of (66.32 %),permeability coefficient
of (2.96*10-3 cm/min)and micro-hardness of (57.12 Hv). The present study aimed at fabricating a
porous structure as filter by adding (NaCl) as a pore-forming to tin-bronze alloy prepared by powder
metallurgy and investigate the effect of this addition(3% Al) and different percentage of alumina (3 wt.
%, 5 wt. %, and 7 wt. %) on the corrosion behavior and Erosion- corrosion properties.”

2.0 Experimental Work:

The samples used in this study were prepared using powder metallurgy method in which the
metal powders used (Aluminum, Cupper, Tin, and Alumina), Table (1) shows the purity, Particle size
and origin of the used powders.””

2.1. Powder preparation

A wet mixing was carried out in the presence of (2 wt. %) of Ethyl alcohol to reduce the friction
and oxidation in the powder particles which results from mixing process. A mixture of (90 wt. %Cu-10
wt. %Sn) was prepared and then it was added 35 wt. % NaCl (pore-forming agent) to prepared base
alloy (A) followed by adding 3% of (Al) and different percentages of Al203 (3%, 5%, 7%) to prepared
composite alloys (B, C, D) as shown in the table (2). The mixing process was achieved by ball mill,
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type (STGQM-15/-2) for 5 hours in order to get the perfect and homogeneous distribution of powder
particle. The mixture was dried at 60 °C for 30 min.””

2.2 Compaction of Powder

The steel die used in samples preparation process was cylindrical one direction action dies with
diameters (13) mm. The samples were prepared as disk shape with (13 mm) in diameter and (8 mm) in
height as shown in the figure (1).The applied stress is (40MPa) on the metallic powders in order to get
green compacting samples by using electrical-hydraulic press one channel device, type CT340-CT440.
A constant loading rate of (0.3) KN/sec was used for all compacting processes with a duration of 8 min.
for the achieved pressure, the inside walls of the steel die were lubricated by graphite.”

2.3 Sintering Process

The sintering process of the green compacts was achieved under vacuum conditions by using
vacuum tube furnace type MTI-(GSL1600X). A pressure of (10 torr) was used. The samples sintering
process included the following as shown in the figure (2):

e Heating from room temperature to (200 °C) and soaking for (60) min with heat rate (10 "C/min).
e Heating from (200 °C) to (600 °C) and soaking for 180 min with heat rate (10 °C/min).
¢ Slow cooling in the furnace with continuing vacuum to room temperature.

It was observed after sintering process that the sample (D) with addition of (3% Al and 7%
Al,03) had failed after the sintering process. The reason of the failure may be because of increasing in
the proportion of (Al>O3) to (7%) lead to obstacles the sintering process and prevent the interaction
between copper and tin to form solid solution (o) or intermetallic compound (CusSn) and increase in
space between copper and tin.

2.4 Removing of the Space Holder

The sintered samples were immersed in a distilled water by electro-magnetic stirrer type [STR-
700 MD] for (7 hrs.) at (100°C) and also complete the process by using Ultrasonic-cleaner, type VGT-
1860QTD-42 KHz) for removing and dissolving particle of NaCl. Figure (3) shows some samples
prepared after this process.”

2.5 Testes of Samples:
2.5.1 Microstructure Characterizer and Chemical Analysis
2.5.1.1. Optical Microscope test

"Sintered samples were ground by using SiC paper grits as (400, 800, 1200 and 2000) then
polished by using diamond solution. The samples were etched by (59 FeCI3 + 3 ml HCL + 92 ml
distilled water) at room temperature [8]. After etching, the samples were washed with distilled water
and dried by using an electric drier. An optical microscope type Olympus microscope manufactured by
Japan with suitable magnification was used to capture the microstructure of the samples.”

2.5.1.2 Scanning Electron Microscopy (SEM) and (EDS) Analysis

In this study, SEM images were captured in order to investigate the microstructure clearly
with high accuracy, characterize the morphology of the surface, porosity, and size of pores. While
chemical composition was analyzed by (ESD). The samples were ground with appropriate grinding
papers, and then etched as the same followed procedure in optical microscopy test. This test was
achieved at university of Babylon /pharmacy college labs. Using scanning electron microscope devise
type (FEL, Quanta 450)."”

2.5.2 Characterization Test
2.5.2.1 X-Ray Diffraction Analysis (XRD)

Two samples were prepared after sintering and removing pore-forming agent to the XRD testing
first sample was the base alloy (A) with 90 wt.% Cu and 10 wt.% Sn .and the second sample was (C)
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that have the addition of 3 wt.% (Al) and 5 wt.% ( Al>O3). The X ray diffracting was used in order to
determine the phases produced after sintering and compare it with standard charts.

2.5.3 Physical Tests
2.5.3.1 Porosity and Density Test

The density and porosity of sintered samples were measured according to ASTM B-328 as
follows [9]:

e After drying at 100°C for 5 hours in vacuum furnace at a pressure of (10 torr) the sample was
weighted, and the weight represent mass (A).

e At room temperature, the sample is completely immersed in oil with a density of (0.8 g/cm?) for 30
min.

e Weighting the fully impregnated sample in air, to get the mass B.

e Weighting the fully impregnated sample in water, to get the mass C.

The density and porosity have been calculated by the following equations [7]:

_ ¢ B—C
P= [DD(B_C) X L00] Dieeeereneerenreesessnsescaseasesansessessnsessessnses 3.1)
_ A
= [DD(B_C)] e eeseeneneenseeesnsesensessscssnssessasssssessscnnnsnsnnnns 3.2)
Where:

D, = density of oil (0.8 g/cm?®)
Dw =density of water (1 g/cm?®)

2.5.4 Mechanical Test
2.5.4.1 Micro-Hardness Test

Appropriate polishing was achieved before subjecting the samples to the test. The test was
achieved to the sintered samples (13mm) in diameter and (8mm) in height. The test was conducted at
micro Vickers hardness devise type (digital micro Vickers hardness tester TH 717) according to ASTM
E384 using a load of (300g) for (10sec) the hardness was recorded as an average of six reading for each
sample.”

2.5.5 Corrosion Tests:
2.5.5.1 Electrochemical test

Polarization technique for corrosion behavior used to observe the anodic and cathodic behaviors
in another word monitoring the corrosion reactions on samples of desired metal. Electrochemical tests
were performed by Potentiostatic type (winking M lab 200, Germany) according to the American
society for testing and materials (ASTM). The counter electrode was Pt electrode, the reference
electrode was SCE and working electrode (sample) according to the American society for testing and
materials (ASTM).The corrosion resistance of the samples (A, B, and C) were studied in a solution of
3.5% NaCl and distilled water at room temperature.. Corrosion current density measurement is
obtained by using the following equation (1) [10]:

Where:
i = corrosion current density, pA/cm?,
Icor = total corrosion current, pA, and

A = exposed SAMPLE area, cm?.
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2.5.5.2 Erosion/Corrosion Test

Erosion is a mechanical wear process in other words, loss of materials from solid surfaces by the
impingement or impacting of liquid, gases or solids. The erosion-corrosion testing device was designed
and manufactured according to (G 73) ASTM. The erosion-corrosion device consists of glass tank,
motor, tubes to project a solution of 3.5% NaCl at room temperature on the sample through nozzle. A
solution of 3.5% NaCl at room temperature which caused erosion - corrosion is projected to fall at 90°,
from the nozzle and with speed of (1.12 m/s). The nozzle is (1 mm) in diameter and positioned at a
fixed distance of (10 mm) from the sample.”

3.0. Results and discussion:

Optical microscope was used to obtain the microstructure of the etched alloys (A, B, C). It is
observed that the alloys after sintering process have a microstructure of bright regions which represent
a-phase network matrix of the microstructure, and the other region is dark which refers to as fine
g(Cu3Sn)-phase (intermetallic compound) for base alloy and these results are in agreement with
[8],while particles of (Al203) in the matrix of alloys (B) and (C) as showed in figures (4) to (6).

The mechanical and physical properties of tin-bronze alloy are significantly affected by the
microstructure. So, through using scanning electron microscope (SEM) in order to examine the
microstructure of two alloys (A, C), it was noted that alloy (A) had a microstructure of dark region
represent a (Cu, Sn)-phase as the matrix of the alloy and bright region of (¢-Cu3Sn) as intermetallic
compound, while the sample (C) had a microstructure of dark region represent o (Cu, Sn)-phase, bright
region of (g-Cu3Sn) as intermetallic compound and particles of AI203 in the matrix of alloy. Red
arrows refer to the particles of AlI203. as shown in figure (7) and figure (8).These results confirmed by
the chemical composition analysis (EDS) Where the appearance of oxygen and aluminum are observed
in sample (C) with additions of (Al and Al203) and not observed in sample (A) without this additions
as shown in figures (9) and (10).

Figure (11) shows (XRD) pattern for a base metal (A). Figure (12) shows (XRD) pattern for
sample (C) that has addition of (3% Al and 5% AI203). The XRD results of the alloys insure the
presence of two phases, o (Cu, Sn)-phase as a matrix of the alloy, and ¢ — (Cu3Sn) as intermetallic
phase and these results are in agreement with [8]. There was no indication that aluminum oxide
particles were present because they were outside the X-ray detection limits

Table (3) shows the values of the experimental porosity and density measured for alloys (A, B,
C). As can be seen, the density of alloys (B, C) is lower than base alloy (A), while the porosity is larger
than base metal. This is because the addition of aluminum oxide and aluminum, which have a density
less than the density of copper and tin was at the expense of the proportion of copper and tin, the
density of aluminum oxide and aluminum is (3.69 g/cm3), (2.7 g/cm3) respectively, while the density
of copper and tin is (8.9 g/cm3), (7.3 g/cm3) respectively [9]. On the other hand, increasing in the
proportion of the addition of Al203 in samples (B, C) acting as barrier between copper and tin from
interaction through the sintering process and this leads to an increase in the porosity and decrease in
density.

Hardness of the examined samples is shown in Table (4). Hardness of a material depends on
many factors such as microstructure, type of material and alloying elements. Since plastic deformation
in crystals is caused by the motion of dislocations, any obstacle to dislocation motion will hinder
deformation as the result the grain strengthened [11]. As can be seen that the added particles of
(Al203) lead to increase hardness, due to strengthening which is a mechanism caused by (Al203)
particles. These particles tend to restraint movement of the matrix phase in the vicinity of each particle;
the matrix transfers some of the applied stress to the particles, which bear a fraction of the load [12].
The strengthening effect results from the role of these particles as obstacle dislocation motion. These
particles form incoherent interface with the matrix, a wide number of dislocations are created at the
interface, so material becomes strengthened [13, 14].

Polarization curves for alloys (A, B, and C) are illustrated in figures (13) to (15) respectively.
Test was conducted with solution of 3.5% NaCl to understand the corrosion behavior in such
environments. Corrosion parameters observed from these curves (E cor, | cor) and current density are
listed in Table (5). However, the corrosion currents of all samples were determined by electrochemical
method. As can be seen the corrosion current of the base alloy (A) in the solution of 3.5% NaCl was
(233.64 pA), while the corrosion current of sample (B) and (C) is (0.94311 pA) and (0.43356 pA)
respectively in the same solution. As we noted the addition of (Al) and (Al203) improve the corrosion
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resistance. Table (4.5) shows the current density of samples decreased from (1.76112 pA/mm2)for base
alloy (A) to (0.00326 pA /mm2) with addition of (3%Al) and (5%AI1203) in (Cu-Sn) matrix due to
increase passive behavior of this addition. Thus related to role of Al to form a passive film on the
surface of the alloys, the Passive film increase the corrosion resistance of the alloy compare with base
alloy (A).

Figure (16) shows the results erosion-corrosion rates in quiescent 3.5% NaCl solution with time
of alloys (A, B, and C) after exposure times for (10 hrs.) at 0.5 hr cycle using impact angle 90°. At first
time of expose to corrosive solution, the erosion corrosion rate is expected to be higher because of easy
removal of corrosion product and occurrence of fresh metal surface to contact of corrosive media [15].
In the first stage (incubation period) the surface of the sample was subjected to (deformation) due to
impingements of water jet. The second period represents the acceleration part due to cracking and
spalling of the hardened surface by fatigue mechanism, because of strain hardening. These two stages
were followed by slowing region. The cause of reducing of erosion corrosion rate is due to the
formation of grooves on the surface of the sample which then filled with water. Hence, water in these
grooves absorbs the impact energy of the water jet [16]. As can be seen in figure (16) the erosion-
corrosion rate decreased when the base alloy was alloyed and strengthen with (Al) and (AI203). This
addition decreased the corrosion current, and increased the hardness which resists the wearing of the
surface. The presence of sites of large pits at the surface of base alloy exposed to 3.5%NaCl solution is
higher than that of alloys (B, C) .This is attributed to high chloride ion contents and low pH inside the
pit tend to accelerate the anodic dissolution reaction within the pits which leads to growing pits and
increasing the corrosion rate of alloy. This is consistent with results of the researcher Zahair et al [17].
It can be seen that the corrosion rates of all samples increased as the expose time increased and then
attained stable values. This is attributed to the patina film which was formed on the surface of the Tin-
bronze alloy. The addition of (Al) to Tin-bronze reduced the selective leaching behavior and helps
building a protective oxide rich in A1203.”

4.0 Conclusions

1. The sample (A) (90 % Cu, 10 % Sn) prepared with condition of [compacting pressure (40) MPa,
Sinter temperature (600 °C) for period (180) min], have a microstructure consisting of two phases o
(Cu, Sn) phase as the matrix of the alloy and (e-CusSn) as intermetallic phase.

2. The samples (B, C) with the addition of (3% Al, 3% Al,O3) and (3% Al, 5% Al,Os3) respectively. At
the same condition of sample (A), have a microstructure consisting of phases a (Cu, Sn) phase as
the matrix of the alloy, &-(CusSn) as intermetallic phase and particles of Al,O3 in the matrix of
alloy.

3. The sample (D) that had the addition of (3% Al, 7% Al.Os) failed in sintering conditions.

4. Addition of (3% and 5% Al.O; particle) to base alloy improves mechanical properties as micro
hardness was increased from (44.41) HV for base alloy to (66.34) HV and (83.3) HV for samples B,
C respectively.

5. Addition of (3%Al) and (5% Al,O3) reduced the current density from (1.76112 pA/mm?) for sample
A to (0.00711 pA/mm?) and (0.00326 pA/mm?) for samples B and C respectively.

6. The erosion corrosion rate for alloy (B, C) are (7.94*10 g/hr) and (5.83*10*g/hr) respectively, is
lower than base alloy A with erosion corrosion rate (11.54*10° g/hr) at the steady state conditions.

7. The density of samples (B, C) are (4.79 g/cm?®) and (4.68 g/cm?®) respectively, is lower than of base
alloy (A) (4.91 g/cm®), while the porosity of samples (A, B) is (60.12%)and (64.54%) respectively,
which is more than of base alloy (A) (57.33%).
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Table (1): The purity and the Average Particle Size of the Powder Used.

powder Purity% Average Company or supplier
particle
size(nm)
Cu 99.9 22.93 Central Drug House (p) Ltd/ India
Sn 99.6 22.56 Central Drug House (p) Ltd/ India
Al>O3 99.7 12.90 Central Drug House (p) Ltd/ India
Al 99.6 21.14 Central Drug House (p) Ltd/ India

Table (2): Prepared Samples.

Samples code The mixed powder of Al % Al>,O3 % NaCl %
(90% Cu-10% Sn)%
Base alloy (A) 65 _— _— 35
B 59 3 3 35
C 57 3 5 35
D 55 3 7 35
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Figure (1): Some of Prepared Samples.
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Figure (2): The Sintering Program of the Green Samples.

Figure (3): The Samples Prepared After Removing NacCl.
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Figure (6): Optical Microscope Image of Alloy (C) (600X).
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Figure (8): SEM-Image represents Morphology of Alloy(C).
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Figure (9): EDS Analysis results for Base alloy (A).
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Figure (10): %)S Analysis results for Alloy (C).
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Figure (11): XRD Pattern Analysis for Base Alloy (A). 28
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Figure (12): XRD Pattern Analysis for Alloy(C).
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Table (3): The Values of Densities and Porosity of Prepared Alloys.

Alloy Code Density(g/cm?®) Porosity %
Base alloy (A) 4.91 57.33
B 4.79 60.12
C 4.68 64.54
Table (4): The Hardness of the Examined Samples.
Alloy code Vickers Hardness(HV) g/mm?
A( Base alloy) 44.41
B 66.34
C 83.3
Table (5): Corrosion Parameters (E cor, | cor and Current Density).
Alloys Code E cor.(mV) I cor. (nA) Current density pA/mm?
A -266.9 233.64 1.76112
B -380 0.94311 0.00711
C -356.3 0.43356 0.00326
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Figure (13) Potentiostatic Polarization curve of alloy (A). | cor=233.64 pA
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Figure (14): Potentiostatic Polarization curve of alloy (B). lear=0-2011.u8
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Figure (15): Potentiostatic P(ﬁg;"i%lgtiltl)‘ﬁ‘ )curve of sample(C). | cor = 0.43356 pA
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Figure (16): Erosion —corrosion rate versus time when using 3.5%0NaCl
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