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Abstract 

 

 Powder metallurgy was used to generate samples of an alloy consists of tin-bronze with a chemical composition of 90% Cu 

and 10% Sn in the current study. To generate the samples in addition to the base alloy, zirconia (3 percent, 6 percent, and 

9 wt. percent) was added to the original alloy to evaluate the additives influence on corrosion, mechanical, physical, and 

sliding wear behavior. The powders were blended for 6 hours before being pressed at 600 MPa. The prepared samples 

were sintered at 200°C for one hour, then increased to 600°C for three hours at a rate of 10°C/min in a vacuum 

atmosphere (10-4 torr), then allowed to cool inside the furnace until room temperature while maintaining continuous air 

discharge. Using the Tafel extrapolation technique, all samples were evaluated to investigate corrosion behavior. Further 

wear behavior was investigated utilizing the Ball-on-Disc approach, with several constants of wear factors such as applied 

force and rotational speed, during a 25-minute period. The influence of ZrO2 micro particles on the topography of surfaces 

was investigated using a scanning electron microscope. The reinforced alloy microstructure is constituted of a fine 

dendritic structure of Cu phase and Cu3Sn as an intermetallic compound, according to the findings. In a 3.5 percent NaCl 

solution at ambient temperature, the samples reinforced with 9wt% ZrO2 have a lower corrosion rate (11.573 mpy) than 

other composite materials. When 9 wt. ZrO2 micro-particles are added to the alloy, the wear rate drops to (0.3987x10-8 

g/mm) at the optimum conditions of 20 N, 300 rpm, and 25 minutes. The microstructure of the worm surface revealed that 

delamination is reduced as a result of improving alloy wear resistance and hardness through micro particle reinforcement. 

 

 

Keywords: Powder metallurgy, Tin bronze alloy, Porous structures, wet sliding wear Behavior, Corrosion behavior. 

 

I. Introduction 

 

Copper and copper alloys are one of the main groups of commercial metals. Fine art products cast from copper alloys always be 

interested from the past until now. Right from the bronze age, humans started to know manipulated labor tools, weapons, 

currency, jewelry, musical instruments, and then to the monument carries historical significance for daily activities service and 

traditional culture needs to resume, remind people to remember the thanks of generations go-ahead has been achieved in the 

development process society. Copper and copper alloys have been minted since 2000 BC. The archaeologists estimate that from 

7000 BCE bronze has been wrought and rolled, and from 5000 BC bronze was melted and poured into molds made of stone and 

pottery. From there, the ancient people have discovered that if copper is mixed with arsenic metals then alloys became more rigid 

and more ductile. After that, arsenic was replaced with tin, and bronze was discovered; bronze consists of about 80% copper, 1 ~ 

2% tin, and zinc, the rest consists of many small amounts with elements, including lead [1]. 

Because of their outstanding thermal and electrical conductivity, as well as their ease of fabrication and corrosion resistance, Cu-

based alloys, such as bronzes sought after for industry such as railway application, contact wires, connectors, lead frames, pipes, 

radiators, heat exchangers, and valves [2, 3]. The corrosion of copper is usually an electrochemical reaction in which the metal 

melts as ions at anodic sites and hydrogen from the electrolyte is deposited at the cathodic area. Copper, as a noble metal, does not 

generally displace hydrogen ions from a solution containing them [4]. Copper corrosion is thought to involve a concurrent 

dissolution of anodic and cathodic oxygen reduction process [5], as well as a chemical reaction involving an oxygen molecule [6]. 

Anderson et al [7] reported an increase in copper corrosion rate due to increased chemical interaction between cuprous ions and 
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oxygen, i.e.: 

Cu+ + H+ + 1/2 O2 →1/2 H2O2 + Cu+2 ………….1 

A chemical redox between cuprous intermediate Cu (I) ads and oxygen reduction reaction intermediate (HOx) ads synergistically, 

rather than an oxygen molecule, was previously attributed to a cathodic electrochemical oxygen reduction reaction acceleration at 

the corrosion potential [8]. Milan et.al describes the anodic breakdown of copper in acidic media [9]: 

2 Cu + H2O →Cu2O + 2H+ + 2e         ……………2  

Cu2O + 2 H+ → 2 Cu+2 + H2O +2 e    ……………3 

The corrosion reaction at the cathode in an aerated acidic solution is a process of oxygen reduction expressed in the following 

[10]: 

 O2 + 4 H+ + 4 e ↔2 H2O                      ..………..   4 

 

Due to its good ability for casting, high resistance against corrosion, high aesthetic value, and  low porosity, bronze (a Cu–Sn 

alloy) is frequently employed in manufacturing of some materials used for electrical applications,[11] lion battery 

industries,[12,13], archeological artifacts and casting [14,15]. Patina, a passivation layer, accumulates on the bronze alloys surface 

over time. Patina on artworks and archeological items is frequently thought to have an aesthetic value. It also serves as a 

protective layer and is relatively stable. Robbiola et al. established two kinds of patina development methods (Type I and Type II), 

used to clarify corrosion layers that formed on alloys of Cu–Sn. [16, 17]. In the introduction of sulfate ions, Type I typically forms 

a two layer structure. It involves the growth of a thin Sn-rich layer immediately on the basic alloy surface, as well as selective 

dissolution of Cu. Cu ions move from the surface of the alloy to the outer surface via the corrosion layer rich by Sn, where they 

either form insoluble Cu complexes with the anions or dissolve in the corrosive media. In the case of the Type II mechanism, its 

structure is characterized by a characteristic 3-layer thick patina that resembles to environments comprising chlorides or the 

existence of heterogeneities in the alloy. Corrosion can be localized or widespread, and it develops at the bulk alloy expense, 

perhaps leading to the alloy's full breakdown. 

Many studies have studied the wear properties of copper-based self-lubricated composites [18-24]. The wear resistance and 

friction coefficient of MMCs are affected by load, material composition, hardness, lubrication surface, treatments, according to 

research on Al-40Zn-3Cu2Si alloy and SAE 65 bronze [25]. Dhokey and Paretkar [26] investigated the wear mechanism of 

copper-based SiC composites in terms of t mechanical and thermal characteristics for various speeds and loads, and used a 

dimensional technique to show the mild and severe wear regimes. To improve the wear and friction properties of sintered 

materials, many solid lubricants were added. The sliding properties of Cu-Sn-based composite materials comprising WS2 and 

graphite at high speeds were outstanding [23]. The inclusion of graphite to C-SiC composites was investigated to improve their 

wear properties [22, 27].The goal of this study is to use a potentiostat polarization at dry sliding condition on a Ball-on-Disc 

tribometer (BODT) to evaluate the corrosion resistance of Tin bronze alloy (Cu-10 wt. percent Sn) strengthened by ZrO2 micro 

particles in 3.5 percent NaCl solution. 

 

2. Experimental Work 

 

2.1. Sample Preparation 
 The powder metallurgy method (PMM) was utilized to manufacture the samples in this investigation, and the metal powders 

employed (Cupper, Tin, and Zirconia) are listed in Table 1 along with their purity, particle size, and provenance. 

 

Table 1: Average Size of the particle and purity of the Powder. 

powder Purity% Average particle size(μm) Company or supplier 

Cu 99.99 19.90 BDH Chemicals Ltd / England 

Sn 99.87 15.64 BDH Chemicals Ltd / England 

ZrO2 99.95 10.90 BDH Chemicals Ltd / England 

 

2.1.1 Preparation of powder 

To decrease oxidation and friction in the powder particles caused by the mixing process, wet mixing was performed in the 

introduction of (2 wt.%) Ethyl alcohol. As indicated in Table 2, a base alloy (B) was made using a mixture of (90 wt. percent Cu-

10 wt. percent Sn) with varied quantities of ZrO2 (3, 6, and 9 wt. percent) to prepare composite alloys (B1, B2, B3). To produce 

the correct and homogenous dispersion of powder particles, the mixing procedure was carried out for 5 hours in a ball mill type 

(STGQM-15/-2). The mixture was dried for 30 minutes at 60 degrees Celsius. 

 

2.1.2.Compaction of Powder 

Cylindrical one-direction action dies were utilized to prepare the samples. The disk-shaped samples were manufactured with 13 

mm and 8 mm for diameter and height, respectively.  A stress of 600 MPa is applied  on the metallic powders in order to obtain 

green compacting samples using a one-channel electrical-hydraulic press of type CT340-CT440. All compacting processes lasted 

8 minutes and were carried out at a constant rate of loading (0.3) KN/sec. To obtain the desired pressure, graphite was used to 

grease the interior walls of the steel die. 

 

Table 2: Prepared Samples. 
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Samples code Sn wt.% ZrO2 wt.% Cu wt.% 

Base alloy (B) 10 0 Bal. 

B 1 10 3 Bal. 

B 2 10 6 Bal. 

B 3 10 9 Bal. 

 

2.3.Sintering Process 

The green compacts sintering was done in a vacuum tube furnace (MTI-1) under vacuum conditions (GSL1600X). The 

pressure was set at 10-4 torr. As illustrated in Figure 1, the sintering procedure for the samples involved the following steps: 

• Heat to (200°C) from room temperature and soak for (60) minutes within a rate of (10°C/min). 

• Heat from 200°C to 600°C and soak for 180 minutes at a rate of 10°C/min. 

• Slowly cool the furnace to ambient temperature while maintaining the suction. 

 

 
Figure 1: The Green Samples Sintering Program. 

 

3.Testes of Samples  

 

3.1. Scanning Electron Microscopy (SEM) and (EDS) Analysis  

Sintered samples were ground to 400, 800, 1200, and 2000 grits on SiC paper before being polished with diamond solution. 

The samples were etched at room temperature using (5g FeCl3 + 3 ml HCl + 92 ml distilled water) [28]. Following etching, the 

samples were rinsed with distilled water and dried with an electric drier. SEM images were taken in order to examine the 

microstructure with high precision, define the surface form, porosity, and pore size along with the examination of the chemical 

composition (EDS). 

 

3.2. Density and Porosity Testing 

Sintered samples were tested for density and porosity according to ASTM B-328 [29]: 

 The sample was weighted after drying for 5 hours at 100°C in a vacuumed furnace under (10-4 torr), and the weight 

represented mass (A). 

 The sample is totally immersed in dense oil of (0.8 g/cm3) for 30 minutes at room temperature. 

 To get the mass B, weigh the totally saturated sample in air. To get the mass C, weigh the fully resulted sample in water. 

The following equations [30] were used to compute density and porosity: 

P = [
𝑩−𝑪 

𝐃˳(𝐁−𝐜) 
 

D = [ 𝑨 

 

X 100] Dw .................................................................... 5 

 

] Dw .............................................................................. 6 

𝐃˳(𝐁−𝐜) 

 

Where: 

D˳   = oil density (0.8 g/cm3) 

Dw =water density (1 g/cm3) 

 

3.3. Micro-Hardness Examination 

This test was performed according to ASTM E384 using a Vickers micro hardness device (digital micro Vickers hardness 

tester TH 717) and a load of (300g) lasting for (10sec). The results were recorded as an average of six readings for each prepared 
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sample. 

 

3.4. Polarization Experiments 

The cathodic and  anodic behaviors, or corrosion reactions monitoring  on desired metal samples, are observed using the 

polarization approach for corrosion behavior. According to the ASTM, electrochemical tests were conducted using a potentiostatic 

type (winking M lab 200, Germany) (ASTM). The corrosion test samples are machinated to a 13 mm in diameter and  4 mm in 

thickness. The electrochemical cell is made up of a 1000 ml container filled with a 3.5 percent NaCl solution that is used to 

submerge the three electrodes. A reference, working, and counters (auxiliary) electrodes make up the electrochemical cell. The 

reference electrode is the Calomel Standard Electrode (saturated calomel electrode) [30]. The materials that need to be evaluated 

are related to the working electrode. As a counter electrode, a platinum rod (100 mm x 10 mm) is employed. The electrode is 

responsible for carrying the current in the circuit. As indicated in Figure 2, the counter electrode that used for measuring the 

voltage between the W.E. and the electrolyte is respected by the reference electrode. The electrodes were connected using a 

potentiostat (M Lab 200, Germany), and the experiments were conducted at room temperature with a 2 mV/s scanning rate within 

the prepared solution. Equation 7 is used to determine the corrosion rate during the electrochemical reaction with respect to the 

current density in the solution [31]: - 

   CR (mpy) =0.13× icorr e/ρ ………………7
 

 

Where:  CR: Corrosion rate (mpy) ,  

       icorr: current density of corrosion (µA/cm2 ).  

       e : Equivalent weight (atomic weight / valance).  

       ρ: Metal density (g/cm3 ). 

 

 
Figure 2. A Computer-controlled potentiostatic/galvanostat with a standard three-electrode system connected to an 

electrochemical cell [32] 

 

3.4. Sliding Wear Test 

In compliance with ASTM G99, dry sliding wear was tested utilizing (BOD) Micro Test Wear-Madrid Spain using steel balls 

made of 100 Cr6 martensitic bearing of steel with a constant value of the radius of (5mm). The test lasted 25 minutes and covered 

a distance of 100 meters, as illustrated in Figure 3. These tests were carried out at constant speed and load of 400 rpm and 20 N, 

respectively. The wear resistance have been determined. The following equation [34] calculates the wear rate: 

Wear Rate (WR )= ΔW / 𝔫 D N t ………………………….8 

 

Where :∆W: Weight loss for the test (g) ,  

D: sliding circle diameter (0.5 cm),  

 t: time of the wear test (20min)  

N: Disc rotational speed (rpm) 

 

 
Figure 3. Schematic diagram of a pin-on-disk wear test set-up [33]. 
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4. Results and Discussion. 

 

4.1. Microscope and X-Ray Diffraction Analysis 

The microstructure has a substantial impact on all properties of the tin-bronze alloy. So, after examining the microstructure of 

four alloys (B, B1, B2, and B3) with  (SEM), it was discovered that alloy (B) had a dark region microstructure representing α (Cu, 

Sn)-phase as the alloy matrix and bright region of (Cu3Sn) as intermetallic resulted compound, whereas samples B1, B2, and B3 

had a dark microstructural region representing α (Cu, Sn) phase, bright region of (ε- Cu3Sn). The particles of ZrO2 depicted in 

Figures 4 are denoted by red arrows. The (XRD) pattern for a base alloy is shown in Figure 5. The results of XRD of the alloys 

show the existence of two phases: α (Cu, Sn)-phase as the alloy's matrix and ε- (Cu3Sn) as the intermetallic phase, which agrees 

with [35]. 

 

 
Figure 4: SEM-Image represents Morphology of  (a) Base alloy (B) , (b) B 1 . (c) B 2 ,and (d) B 3 alloys 
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Diffraction Angle, 2Ɵ (degree) 

Figure 5: XRD Pattern Analysis for Base Alloy (B). 

 

4.2. Density and Porosity Results 

 

The experimental porosity and density values for alloys are shown in Figures 6 and 7, respectively for the alloys (B, B 1, B 2 

and B3). As can be observed, the densities of the alloys (B1, B2, and B3) are lower than those of the base alloy (B), while the 

porosity is higher. This is due to the addition of Zirconium oxide, which has a lower density value than copper and tin, reduced the 

amount of copper and tin. Zirconium oxide has a density of 5.68 g/cm3, whereas copper and tin have densities of (8.9 g/cm3) and 

(7.3 g/cm3), respectively. In contrast, the particle size of zirconium oxide is (10.90 µm) which tend to reduce the pores between 

the copper and tin particles during the compacting process, as the particle size of the copper and tin are 19.9 µm, 15.64 µm, 

respectively, which led to a decrease in the porosity with an increase in the content of zirconium oxide [36]. 

 

 

 
Figure 6: Density of Prepared Alloys vs. ZrO2 content (wt.%) 

 

 
Figure 7: Porosity of Prepared Alloys vs. ZrO2 content (wt.%) 

 

4.3. Hardness Results 

 

Figure 8 depicts the hardness of the investigated materials. The microstructure, kind of material, and alloying components all 

influence a material's hardness. Because dislocation motion causes plastic deformation in crystals, any impediment to dislocation 
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motion will prevent deformation, resulting in grain strengthening [37]. As can be seen, the addition of (ZrO2) particles results in 

an increase in hardness because of the strengthening, which  induced by (ZrO2) particles. The matrix passes part of the particles 

induced applied stress, which stand a percentage of the load, and these particles try to constrain matrix phase movement in the 

region of each particle. The involvement of these particles as impediment dislocation motion causes the strengthening effect. 

These particles establish an incoherent contact with the matrix, causing a large dislocations number to develop at the interface, 

strengthening the material [38]. 

 

 
Figure 8: Vickers Hardness of Prepared Alloys vs. ZrO2 content (wt.%) 

 

4.4. Corrosion Test  

 

In the test of the electro-chemical corrosion of all samples with a pH of 7.4, the Tafel extrapolation method was applied. 

Using this method, the parameters of corrosion, Ecorr and icorr were calculated. icorr and Ecorr represent the interaction of these 

two curves of polarization. As shown in Figure 9a, the icorr and Ecorr values for Cu-10 wt% Sn alloy without micro particles are 

73.21 A/cm2 and - 313 mV, respectively. As shown in Figure 9d, the corrosion resistance characteristics, icorr (17.82 A/cm2) and 

Ecorr ( - 97 mV), improve when the sample is manufactured and reinforced with micro particles (9 wt. percent ZrO2). Table 3 

demonstrates that with the addition of micro particles of ZrO2, the corrosion rate of samples dropped from 40.448 mpy to 11.573 

mpy, owing to increased passive behavior of micro particles added at 9 wt. percent ZrO2. 

 

Table 3. Shows that corrosion parameters of the Cu-Sn reinforced by ZrO2 micro particles. 

Samples code Icorr µA/cm2 E mV Corrosion rate mpy Improvement Percentage 

Base alloy (B) 73.21 - 313 40.448 …….. 

B 1 39.80 - 306 27.255 32.61 

B 2 30.98 -318 17.331 57.15 

B 3 17.82 - 97 11.573 71.38 

 

The presence of micro particles ZrO2 in the matrix caused a decrease in corrosion current density. This is because micro 

particles strengthen the durability of coatings oxide of surface generated on the surface of the material. The behavior of 

polarization of Cu alloys in solutions of the chloride appears to be dominated by copper dissolution to cuprous solubility as 

complex chloride ion CuCl. The diffusion rate of CuCl ions from the surface of the electrode through the diffusion layer controls 

it. Corrosion behavior varies due to differences in microstructure. 

 

4.5. Wear Rate 

 

The effect of various ZrO2 micro particle additions on the rate of wear under dry sliding conditions has been examined. The 

rotational speed, load, and time were all set at 300 rpm, 20 N, and 25 minutes, respectively. Due to microscopic nature of Cu-Sn 

being containing single phase (α) [39] and soft nature,  it has a high wear rate of 1.393310-8 g/mm when compared to other alloys 

(Figure 10). When 9 wt% ZrO2 micro particles are added to the alloy, the wear rate drops to (0.396710-8 g/mm). This means that 

adding the tiny particles improves the alloy's wear resistance significantly. 
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Figure 9. Shows the polarization curves of  (a) Base alloy (B) , (b) B 1 . (c) B 2 ,and (d) B 3 alloys 

 
Figure 10: Wear rate for all samples at load 20 N. 

 

This is thought to be owing to the tiny particles that cause the hardness to rise. As a result, the plastic deformation between the 

surfaces of contact is reduced, and the contact surfaces operate as a load-bearing element [40]. It has been shown that when the 

micro particles percentage increases, the wear rate of alloys decreases. Cu-Sn with micro ZrO2 particles has a lower wear rate than 

matrix. This is because the tiny particles that increases the hardness of these alloys. 

The Optical Microscope (OM) was used to examine the effect of micro particles of  ZrO2 on the topography of samples worn 

surfaces . This research was carried out under ideal conditions of 20 N, 300 rpm, and 25 min for force, rotating speed, and a time, 

respectively, with varying weight percentages on micro particles. The Cu-Sn alloy matrix worn surface is found to be more 

damaged on the worm surface, representing that the Cu-Sn alloy has undergone extensive plastic deformation and high disruption. 

Furthermore, among the strengthened alloys, there is a high wear rate and weight loss. The major wear mechanism of Cu-Sn alloy 

is adhesive wear generated by sliding surfaces. As seen in Figure 11, this causes substantial plastic deformation of subsurface and 

surface alloys under stress (a, b and c). Work hardening for unreinforced alloy of Cu-Sn happened after deformation, resulting in 

the emergence of microcracks. Figure 11 (a) shows how delamination happens in a Cu-Sn alloy with 3 wt% ZrO2 when a small 

void forms, expands, and converges micro-cracks on the surface and subsurface. 

Furthermore, it was discovered that tiny grooves constructed along the sliding direction, resulting in abrasive wear. Under 

wear circumstances, the phases reinforcement are characterized by the delamination mechanism, in which the hard reinforced 

particles break, fragment, and are partially or completely removed from the matrix phase [41]. The number of delamination layers 

and the depth of the grooves in the matrix are significantly higher in the matrix than in the reinforced alloy. Figure 11 (b to d) 

depicts the surface morphologies of samples after adding 3, 6, and 9 wt% ZrO2 micro particles separately and collectively. Micro 

particles generate abrasive grooves, which prevent matrix delamination and chips separation the from the surface, as noticed in 

Figure 11. (b to d). As seen in Figure 11, the surface has some evident of the abrasive grooves in the longitudinal direction owing 

to the effects of hardness (b and d). Abrasion and plastic deformation are prevented by these hard particles, as seen in Figure 11. 

(b to d). This is owing to concentration of the stress on the contact surface and matrix-reinforcement bonding. The use of micro 

particles to strengthen alloys improves their wear resistance and increases their hardness, resulting in a reduction in delamination 

a a b b 

c c d d 

a b 

c d 
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[42]. 

 
Figure 11. Shows the worn surface morphologies at load of 20 N and 300 rpm for all samples 

 

5. Conclusions 

 

1. The microstructure of the sample (A) (90 percent Cu, 10% Sn) obtained under the conditions of [ (600) MPa, (600 °C), and 

(180) min for compacting pressure, sinter temperature, and period, respectively] consists of two phases: α  (Cu, Sn) phase as the 

alloy matrix and (ε-Cu3Sn) phase as the intermetallic phase. 

2. The density of samples (B2, B3, and B4) is (7.92, 7.13, and 6.76 g/cm3, respectively, which is smaller than the base alloy (B) 

(8.06 g/cm3), and the samples porosity (B2, B3, and B4) is (21.62, 20.43, and 19.86 percent, respectively, which is lower than the 

base alloy (B) (23.12 percent ) 

3. It was discovered that the reinforced alloys corrode at a lesser rate in a 3.5 percent of the NaCl solution at room temperature 

with a pH of 7.4 than the unreinforced alloys. 

4. When associated to the Cu Sn matrix, reinforced alloys with 3, 6, and 9 wt% ZrO2 had a lower corrosion rate. 

5. When ZrO2 micro particles are added to Cu-Sn alloy, the Vickers microhardness value rises to 78.24 HV, compared to Cu Sn 

alloy's 49.23 HV. 

6. Under the best conditions of 20 N, 300 rpm, and 25 min, the Cu-Sn alloy reinforced with 9wt% ZrO2 has a lower wear rate 

(0.3987 X 10-8 g/ mm) than the matrix(1.3933 X 10-8 g/ mm) .  

7. Abrasive and Adhesive mechanisms have been experiential in all alloys of Cu-Sn that treated by micro particles in the dry  

sliding wear. 
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