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Abstract: The purpose of this study is to investigate the fractural behavior of lead (Pb)-free material 

containing bismuth (Bi) that was developed to replace the Pb included in sintered copper (Cu)-based 

alloy for plain bearings. Mechanical properties and microstructure of two different sintered Cu-

based alloys (CuSn10Pb10 and CuSn10Bi7) were compared and analyzed. Under tensile load, a 

CuSn10Pb10 layer is decomposed into powder and changed to form pores leading to an expansion. 

Therefore, even after tensile elongation, the matrix itself did not stretch, with no work hardening. 

However, in the case of CuSn10Bi7, a Bi kept its original shape, resulting in it being the same length 

as the steel plate, where the hardness and strength increased due to the effect of work hardening. 

These results suggested that the performance of the alloys was different under a high tensile load, 

where plain bearings usually undergo tensile deformation. 
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1. Introduction 

A plain bearing is the simplest type of bearing, consisting of a bearing surface with 

no rolling elements, where the journal slides over the bearing surface. Plain bearings must 

be manufactured from durable material with low friction and high wear and corrosion 

resistance. The bushing is an independent plain bearing inserted into a housing to provide 

a bearing surface for rotary application. When Cu- or Al-base alloys operate under oil-

lubricated conditions, they can be problematic when the material is used as inserted 

bushes or shells without a steel backing. Temperature changes cause the loss of interfer-

ence fit in ferrous housing or significant changes in operating clearance when in non-fer-

rous housing. The goal is to prevent the loss of interference with ferrous housing and 

bimetal manufactured by sintering bronze powder on the steel plate [1,2]. 

Bearing materials containing Pb (lead) are widely used in automotive parts, earth-

moving equipment parts, and heavy equipment industries. The chemical composition of 

C93700 wrought alloy is 80% Cu, 10% Sn, and 10% Pb. Steel-backed Cu or Cu–Pb–Sn ma-

terials manufactured by powder metallurgy (P/M) are also used to replace solid bronze 

bearings [3–5]. Hardness, tensile strength, elongation, etc. have been evaluated for me-

chanical properties. However, it is known that evaluating the microstructure and mechan-

ical properties in conjunction helps us to understand the wear process. The coefficient of 

friction (COF) measurement during the wear test is also a critical property [6–10]. 

The tribological function of a Pb-containing plain bearing reduces the wear by form-

ing an oxidized Pb-enriched layer. The wear was more severe than in the case of unleaded 

bronze when no such film was developed. Pb particles are oxidized and solidified after 

melting by friction heat, and the spreading of lead over the contact surface may rely on 

selective wear of the bronze phase. During sliding, bronze and Pb particles are detached 

from the base material. Pb-enriched flakes can further oxidize due to frictional heating, 

Citation: Song, S.-H.; Lee, C.-S.;  

Lim, T.-H.; Amanov, A.; Cho, I.-S. 

Tensile and Fracture Behavior of  

Bi-Containing Alloy Sintered on SAE 

1010 Steel Sheet. Metals 2022, 12, 

1806. https://doi.org/10.3390/ 

met12111806 

Academic Editors: Irena Paulin and 

Crtomir Donik 

Received: 16 September 2022 

Accepted: 20 October 2022 

Published: 25 October 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: ©  2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Metals 2022, 12, 1806 2 of 17 
 

 

leading to the mixed Cu–Pb oxide layer. In addition, since a certain percentage of oxygen 

formed in the sintering process is included in the sintering layer, it can be seen that form-

ing an oxidized Pb-enriched layer is promoted when frictional heat is generated. Oxida-

tive wear is also known as the main wear mechanism in a sliding wear test conducted on 

a material in which soft materials, such as Sn, Pb, Bi, and Sb, are dispersed in an intrinsic 

high entropy alloy (HEA) matrix [11–13]. 

To develop Pb-free materials, many studies have been conducted on the reinforce-

ment of bearing materials [14–20]. It has been previously reported that the COF and the 

wear amount of Cu-based sintered bearing material were reduced by ultrasonic nanocrys-

talline surface modification (UNSM) technology [21,22]. The Al–Sn matrix product is an-

other type of sliding bearing which contains Pb. In the Al–Sn matrix, when Bi is added, it 

forms a solid solution with Sn, causing the solid solution to strengthen and increase in 

hardness. However, in the case of Pb, there is no increase in hardness in the mixed phase 

with Sn. Therefore, additional research is needed to maintain the soft phase when Bi is 

added [23,24]. In this study, the tensile fracture mechanisms were compared and analyzed 

for sliding bearing materials containing Pb and Bi to understand the role of Pb in the alloy 

in order to improve the performance of Pb-free alloys. 

2. Materials and Methods 

Two types of Cu-based bimetals (CuSn10Pb10 and CuSn10Bi7) manufactured by the 

sintering process were prepared. After spreading bronze powder on the cold-rolled steel 

plate made of SAE 1010, the material that went through the sintering process was tested. 

The sintering process was performed at 800–900 °C. Bi was selected as the alloy composi-

tion of the Pb-free material because it is known as an element with similar properties to 

Pb and is also harmless to the human body. The specimens were machined from the sin-

tered strips. The dynamic Young’s modulus of the specimens with precise dimensions 

shown in Figure 1 was measured in accordance with ASTM E 1876-01 standard, which 

measures the velocity of longitudinal and transverse waves to measure the Young’s mod-

ulus, shear modulus, and Poisson’s ratio. The elastic wave velocity was measured using 

an impulse excitation technology (IET) method. In order to accurately find the natural 

frequency denominator of the material, a general specimen with a square shape is placed 

on the node line wire and the impulse point is hit using the impulse tool. The signal is 

received through a non-contact microphone to measure the flexural frequency, and the 

dynamic elastic modulus can be easily calculated by substituting it into the related expres-

sion [25]. 

 

Figure 1. Schematic view of the dynamic Young’s modulus specimens. 

Tensile test specimens were fabricated with the dimensions shown in Figure 2. The 

tensile test was performed using a universal test machine (QM100T, QMESYS, 

Komachine, Yongin, Korea) at 1 mm/min. The fracture surface and cross-sections were 

observed using a scanning electron microscope (SEM: JSM-7500F, JEOL, Akishima, Ja-

pan). The internal changes that occurred during the tensile process in the sintered layer 

were also observed by SEM. The chemical composition of the fractured surface was ana-

lyzed using energy-dispersive X-ray spectroscopy (EDS). In addition, the cross-sections of 

the sintered strip and sintered layer were observed using an optical microscope (OM: MF-

A1010, Mitutoyo, Kawasaki, Japan). The micro-hardness was measured using a Vickers 

hardness tester at a load of 100 gf (Micromet3, Buehler, IL, USA). The Young’s modulus, 
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shear modulus, and Poisson’s ratio of the specimens were measured using a dynamic 

measurement device, shown in Figure 3. The following Equation (1) is the relationship 

between the Young’s modulus and the natural frequency, density, and length of the spec-

imen. 

2
E

fl


=  (1) 

where f is the natural frequency of the material, l is the length of the specimen, ρ is the 

density, and E is the Young’s modulus. 

 

Figure 2. Schematic view of the tensile test specimens. 

 

Figure 3. Dynamic Young’s modulus tester. 

3. Results 

3.1. Microstructure 

Cross-Sectional OM and Top Surface SEM Images 

The cross-sectional OM images of the sintered strips are shown in Figure 4. The struc-

ture of the steel part consists of fine ferrite and pearlite. The grain size of ferrite is very 

fine, due to the rolling process, and some grain growth has occurred during the sintering 

process. The top sintered layer consists of a yellow matrix and black areas visible as pores. 

Although the sintered layers showed similar structures, there is a difference in the number 

of pores. The distribution of pores is quite dense in the Pb sintered layer, and the Bi sin-

tered layer is distributed at relatively wide intervals. The sintered layer comprises a ma-

trix structure, pores, and an alloy component of the second phase, as confirmed by SEM 

images shown in Figure 5. The pore and the alloy composition zone of the Bi sintered layer 

are wider than the Pb sintered layer. It is believed that the growth of Bi occurred more 

during the sintering process due to the sintering temperature and time. The red arrow A 
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indicates the pore, and the blue arrow B indicates the alloy composition zone. The ratio of 

the porosity and alloy components was calculated using a digital image analyzer to pho-

tograph the SEM images, and the results are listed in Table 1. The small amount of pores 

is more densified in the sintering process, and the result is consistent with the measure-

ment of higher density of the Bi sintered strip. This is related to the temperature and time 

of the sintering process. In general, the longer the sintering time, the more densification 

occurs. 

  

(a) (b) 

Figure 4. Cross-sectional OM images of Pb and Bi sintered strips (×100). (a) Pb, (b) Bi. 

  

(a) (b) 

Figure 5. SEM Microstructures of the sintered layer. The red arrow A indicates the pore, and the 

blue arrow B indicates the alloy composition zone. (a) Pb sintered strip, (b) Bi sintered strip. 

Table 1. Ratio of pores, alloy components, and matrix of the sintered layers in wt.%. 

 Pb Sintered Layer Bi Sintered Layer 

Matrix 91.61 94.32 

Porosity 6.08 1.35 

Alloy 2.31 4.32 

The chemical composition of the alloy zone is listed in Table 2. In the alloy zone of 

the Pb sintered layer, only the Pb was detected, as shown in Figure 6a. In the case of the 

Bi sintered layer, a small amount of Cu peak was observed in the alloy zone, where the 

main composition was Bi (see Figure 6b). It is thought that both Pb and Bi exist as a single 

phase in the alloy zone within the matrix. However, slight peaks of Cu and Sn, shown in 

Table 3, appeared due to the influence of the matrix around the Bi region during electron 

beam irradiation. Pb and Bi elements were not detected in the matrix for both Pb and Bi 

sintered layers (see Figure 7). This may be attributed to the fact that Cu and Pb have lim-

Sintered layer 

Sintered layer  

A 

B 

A 
B 
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ited solubility limits with each other. Pb and Sn become entirely liquid at a sintering tem-

perature of 800–900 °C, where the liquid phase sintering is performed with Cu powder. It 

is challenging for Cu to form a solid solution with Pb, so it is considered that a Cu–Sn 

compound is formed during the solidification process, and Pb is precipitated as a single 

phase. Similarly, Cu and Sn were mainly detected in the matrix structure of the Bi sintered 

layer, but Bi was not detected. A small amount of Zn was detected. It has been earlier 

reported that the presence of Zn can reduce the COF and increase the matrix hardness 

[26]. OM, SEM, and EDS analyses confirmed that the Pb and Bi sintered layers consist of 

matrix and alloy element regions and pores. The matrix was composed of Cu and Sn, 

confirming that Pb and Bi alloy compositions did not form a compound and existed as a 

single phase. In other words, the functions of Pb and Bi in the sintered alloy for sliding 

bearings are performed as a single phase. It is important to confirm the function of this 

single phase in the lubrication process. The slight differences in the Pb and Bi sintered 

layers are the amount, distribution, and size of pore and alloy elements. It can be assumed 

that this is due to the difference in sintering process conditions. It is known that the longer 

the sintering time and the higher the sintering temperature, the faster the pore growth 

occurs and the higher the density. Accordingly, the sintering process temperature of the 

Bi sintered layer was increased, and the sintering time was long [20]. 

 

(a) 

 

(b) 

Figure 6. SEM-EDS results of Pb and Bi areas on sintered layers. (a) Pb-sintered layer, (b) Bi-sin-

tered layer. 

 

(a) 
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(b) 

Figure 7. SEM-EDS results of matrix areas of Pb and Bi sintered layers. (a) Pb sintered layer, (b) Bi 

sintered layer. 

Table 2. Chemical composition of alloy zone in wt.%. 

 Pb Bi O Cu 

Pb-sintered layer 89.87 Not detected 10.13 Not detected 

Bi-sintered layer Not detected 93.70 2.78 3.52 

Table 3. Chemical compositions of the matrix in wt.%. 

 Cu Sn O Others 

Pb-sintered layer 73.86 7.10 1.50 Balanced: C 

Bi-sintered layer 85.97 9.77 1.60 Balanced: Zn (2.67) 

3.2. Dynamic Young’s Modulus 

As the length of the specimens is the same, the Young’s modulus increases with in-

creasing density and natural frequency. The density of the specimens is reported in Table 

4. As a result of the dynamic elasticity test, the Young’s and shear moduli of the Bi sintered 

layer were found to be higher than those of the Pb sintered layer by about 17.6% and 9.8%, 

respectively. The Poisson’s ratio was also obtained by the dynamic elasticity test method. 

The relationship between the Young’s modulus, the shear modulus, and Poisson’s ratio 

follows the equation below: 

E = 2G(1 + μ) (2) 

where E is the Young’s modulus, G is the shear modulus, and μ is the Poisson’s ratio. 

The Young’s modulus measurement test results are listed in Table 4. The high 

Young’s and shear moduli mean that the stress is required to increase the strain in the 

region below the proportional limit. However, a high Poisson’s ratio implies that the ratio 

of transverse strain to axial strain is high. A material with a high Poisson’s ratio has a 

higher transverse strain for the same amount of axial strain as a material with a low Pois-

son’s ratio. Hence, the dimensional reduction rate in the transverse direction of the Bi sin-

tered layer is higher than that of the Pb sintered layer. Due to the difference in Poisson’s 

ratio, the thickness reduction rate of the Bi sintered layer is considered to be higher even 

when the tensile strain increases and enters into the plastic region. This thickness reduc-

tion amount was verified by measuring the thickness of the sintered layer before and after 

the tensile test [27]. The Poisson’s ratio shows the ratio of vertical deformation to horizon-

tal deformation within elasticity, and it is believed that there will be more deformation in 

the thickness direction when the same amount of stretching occurs compared to the Pb 

sintered layer. When moving from an elastic region to a plastic region, the deformation in 

the thickness direction that occurred in the elastic region is changed to permanent defor-

mation, and it is estimated that the work hardening rate would be high depending on the 

high deformation rate. As a result, the Young’s modulus, shear modulus, and Poisson’s 

ratio of the Bi sintered strip were higher than that of the Pb sintered strip. Higher Young’s 

and shear moduli mean less strain under the same stress. However, in the Bi sintered strip, 
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the Poisson’s ratio was measured to be very high compared to the Pb sintered strip due to 

the fact that the rate of decrease in the opposite direction from the tensile direction is 

higher when tensile elongation occurs. 

Table 4. Dynamic Young’s modulus test results. 

 Density (g/cm3) Edy (GPa) Gdy (GPa) Poisson’s Ratio 

Pb sintered layer 7.761 138.97 56.67 0.226 

Bi sintered layer 8.101 163.55 62.23 0.314 

Ratio (Pb/Bi) 4.3% (Bi is high) 17.6% (Bi is high) 9.8% (Bi is high) 38% (Bi is high) 

3.3. Tension Test Results 

3.3.1. Sintered Surface 

Figure 8 shows the fractured specimens after the tensile test. Wide cracks were ob-

served across the entire surface of the Pb sintered layer of the fractured specimen. How-

ever, on the surface of the Bi sintered layer, relatively small cracks were observed only 

around the fracture site. It can be seen that the luster of the surface of the sintered layer 

was significantly lost, and a lot of fine scratches were generated in the tensile direction. 

Considering that many wide cracks are generated in the Pb sintered layer, it is thought 

that the major fracture mechanism is that many cracks are enlarged in the stretching pro-

cess. The Pb-sintered layer seems to be stretched as the crack expands, while the Bi-sin-

tered layer was estimated to be stretched as the sintered layer itself expands. After the 

tensile test, the fracture of the sintered layer was observed by SEM, as indicated by a red 

circle in Figures 9 and 10. The observation position of the surface was as far as possible 

from the fractured surface, with relatively wide cracks due to the relatively lower amount 

of deformation. It was confirmed that it can be divided into pore, matrix, and Pb and Bi 

elements. The fractural behavior of the pores was similar to the Pb and Bi elements, but it 

differed from the matrix. 

 

Figure 8. Photography of the specimens after tensile test. (a) Pb sintered strip, (b) Bi sintered strip, 

(a-1) Surface of Pb sintered layer, (b-1) Surface of Bi sintered layer. 
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Figure 9. SEM images of Pb sintered material surface before and after tensile test. (a) Before tensile 

test, (b) Pore expansion after tensile test. 

 

Figure 10. SEM images of Bi sintered material surface before and after tensile test. (a) Pore before 

tensile test, (b) Pore extension after tensile test. 

3.3.2. Pore Behavior 

The extension of pores begins when the specimen is stretched in the tensile direction, 

leading to a formation of interconnected pores with other adjacent ones. According to the 

notch and shape of the pores, cracks are formed in both horizontal and vertical directions. 

After the tensile test, the matrix that appears in the form of grains on the surface is con-

sidered a crack progressed from the pores. This pore behavior can be observed more 

clearly by the cross-sectional images shown in Figure 11. Tensile stress is concentrated on 

large-sized pores, which are enlarged first and, subsequently, form a wide crack. In small-

sized pores, the cracks are observed to be propagated inward. In general, sintered mate-

rials tend to have pores. In this study, both Pb and Bi-sintered materials showed identical 

pore growth mechanisms, as illustrated in Figure 12, where the size of the pores in the Pb-

sintered layer (approximately 35 µm) was smaller than the Bi-sintered layer (approxi-

mately 7 µm). When the sintered layer undergoes the tension stress, the pore extends first. 

However, after the tensile test, the pores extended and interconnected with small pores 

having a mean pore length of approximately 120 µm. It can be explained that when the 

sintering layer bears a load in a tensional direction, the pores receive it first and then sub-

sequently expand. 
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Figure 11. Cross-sectional SEM images of Bi sintering material before and after tensile test. (a) Pore 

before tensile test, (b) Pore extension after tensile test. 

 

Figure 12. Schematic diagram of pore growth and growth direction (↑) during the tensile elonga-

tion. (a) Pore before tensile test, (b) Pore extension after tensile test. 

3.4. Alloy Behavior 

3.4.1. Pb Sintered Layer 

The tensile behavior of Pb and Bi elements in the sintered layer showed a clear dif-

ference. It was observed that the Pb component, existing as a single phase inside the sin-

tered layer, was decomposed in the form of powder as the strip was stretched. Here, the 

matrix of the sintered layer was not stretched, but the Pb element inside the sintered layer 

was decomposed in the form of powder, and the decomposed Pb area was elongated. This 

behavior can be confirmed more clearly by high-magnification SEM images, as shown in 

Figure 13. It can be seen that the matrix is in the form of circular grains, and the powder 

forms concaves around it. This can be explained by the schematic diagram shown in Fig-

ure 14. The behavior of the Pb decomposition form can be confirmed more clearly, as 

shown in Figure 15. It can be observed that a large number of new pores appeared inside 

the sintered layer after the tensile test. These pores are much larger than the pores in the 

original sintered state due to the expansion of the pores as the Pb area is decomposed into 

powder form. Decomposed Pb powder was attached to the interface of the newly formed 

pores, and it was presumed that the decomposed Pb powder acted as an adhesive for the 

sintered layer. 
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Figure 13. SEM image of the elongated Pb sintered layer. (a) Extended matrix, (b) Matrix and de-

composed Pb particle. 

 

Figure 14. Schematic diagram of the Pb decomposition behavior. (a) Before tensile test, (b) After 

tensile test. 

 

Figure 15. Cross-sectional SEM images of the elongated Pb sintered layer. (a) New pores, (b) De-

composed Pb particle. 

3.4.2. Bi-Sintered Layer 

Figure 16 confirmed that the Bi-sintered layer did not decompose after the tensile test 

and remained as a single phase. For this reason, when the upper surface of the sintered 

layer after the tensile test was observed, the grain shape generated by crack propagation 

from the pores and the elongated Cu–Sn matrix can be seen. Hence, in the Bi-sintered 

layer, unlike the Pb-sintered layer, sinking around the matrix was not observed. In the 

case of the Pb-sintered layer, when tensile elongation occurs, the Pb or pores are expanded 

as the main elongation mechanism. In the case of the Bi-sintered layer, the entire sintered 

layer is stretched evenly during the tensile test, as the Bi is not decomposed. Figure 17 

shows the cross-sections of the Bi sintered layer. The crack proceeded in the same way 

with the pore, and the extension of the pore occurred due to tensile elongation, as shown 

in Figure 18. 

 

Figure 16. SEM images of the elongated Bi sintered layer. (a) Extended CU-Sn matrix, (b) Un-

decomposed Bi. 
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Figure 17. Cross-sectional SEM images of the elongated Bi-sintered layer. (a) Undecomposed Bi, 

(b) Pore expansion and generated crack. 

 

Figure 18. Schematic view of the elongated Bi-sintered layer. (a) Before tensile test, (b) After ten-

sile test. 

3.4.3. Tension Fracture Surface 

Figure 19 shows the photography of the fractured surface of the Pb- and Bi-sintered 

layers. It was confirmed that the fracture surface of the steel back of the Pb is bent in a C-

shape. This bending phenomenon is not a decrease in thickness, and it occurred due to 

the different elongation rates between the sintered layer and the steel plate. Figures 20 

and 21 show the steel back and the sintered layer simultaneously at low and high magni-

fications, respectively. It can be seen from Figure 21a that many circular particles are ob-

served, while very fine point-shaped particles are attached around the circular particles. 

Based on the high-magnification SEM image shown in Figure 21b, the fractured surface 

mechanisms were three types: (1) the spherical particle surface remains as it is (arrow A); 

(2) the spherical particle surface is torn—outward form (arrow B); (3) the formation of 

very fine powder particles (arrow C). The shape in which the spherical particle shape in-

dicated in (A) remained on the surface is presumed to keep the original shape due to the 

surrounding pores. The torn form (B) is estimated to be the final fractured form as the 

sintered matrix is stretched. The shape of (C), with fine powder particles attached, is not 

torn and maintains a circular shape similar to that of (A). (C) Fine powder particles at-

tached to the shape were analyzed by EDS. The decomposition of the Pb particles during 

the tensile stretching process played an important role in protecting the shape of the Cu–

Sn matrix from being torn. 
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Figure 19. Photography of the fracture surface of Pb- and Bi-sintered layers. (a) Pb sintered strip, 

(b) Bi sintered strip. 

 

Figure 20. SEM images of the fractured surface of Pb- and Bi-sintered layers. (a) Fractured surface 

of the Pb-sintered layer, (b) Fractured surface of the Bi-sintered layer. 

 

Figure 21. SEM images of the fractured surface of the Pb-sintering layer. Spherical particle surface 

(arrow A); outward form (arrow B); very fine powder particles (arrow C). (a) Fractured specimen, 

(b) High-magnification SEM image. 

The fractured surface of the Bi-sintered strip differed from that of the Pb-sintered 

strip. As shown in Figure 22, the circular particle shape is hardly visible on the fracture 

surface of the Bi-sintered layer. The area indicated by the blue arrow shows a fractured 

surface in the form of being torn due to tensile elongation. In the Pb-sintered layer, it was 

confirmed that most of the fracture fronts maintain a spherical shape, but in the Bi-sin-

tered layer, most of the fractures appeared as a torn fracture surface due to the stretching 

of the sintered layer. The difference in fractured surfaces is the functional difference be-

tween Pb and Bi inside the sintered layer. Pb is decomposed during the tensile stretching 

and remains on the Cu–Sn surface. It is believed that the decomposed Pb protects the Cu–

Sn matrix from stretching during the tensile stretching. However, Bi maintains its original 

shape without deformation inside the matrix during tensile stretching. Therefore, the Cu–



Metals 2022, 12, 1806 13 of 17 
 

 

Sn Matrix was also elongated in the same amount as the tensile elongation of the steel 

back. Figures 23 and 24 show the schematic diagrams of the Pb- and Bi-sintered layers 

under tensile stretching. In the case of the Pb-sintered layer, new pores were formed due 

to the stretching of the steel back, and they were interconnected to form many wide cracks 

and pores. In the case of the Bi-sintered layer, the presence of Bi maintains its original 

shape in tensile behavior, which led to similar behavior and length to the steel back. 

 

Figure 22. SEM images of the fractured Bi-sintered layer. Blue arrows indicate the fractured surface. 

(a) Fractured Bi sintered layer, (b) High-magnification SEM image. 

 

Figure 23. Schematic diagram of the behavior of Pb during tensile elongation. (a) Before tensile 

test, (b) After tensile test. 

 

Figure 24. Schematic diagram of the behavior of Bi during tensile elongation. (a) Before tensile 

test, (b) After tensile test. 

3.4.4. Hardness of the Pb-Sintered Layer 

It is a challenge to accurately measure the hardness of the sintered materials due to 

the presence of pores and elements of other phases. Several points were measured in order 

to obtain reliable hardness data of the Cu–Sn matrix. Figure 25 shows the SEM image of 

the accurate Vickers indenter mark on the Cu–Sn matrix with the pores and alloying ele-

ments. Figure 26 shows the Vickers indenter mark on the Cu–Sn matrix without pores and 

alloying elements. The surface hardness of the Pb and Bi sintered layers was about 85±13 

and 102 ± 18 HV, respectively. Actually, the hardness of these types of sintered layers is 
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in the range of 80–100 HV. For example, it has been earlier reported that the hardness of 

the Pb sintered layer was about 103 HV [28]. 

 

Figure 25. SEM images of the Vickers hardness indentation marks. (a) Indentation mark at poros-

ity, (b) Indentation mark at porosity and Bi. 

 

Figure 26. SEM images of the Vickers indentation mark on the surface of the Cu–Sn matrix. 

3.4.5. Stress–Strain Curve 

Figure 27 shows the tensile test results of the Pb- and Bi-sintered strips. It can be seen 

that in the Pb-sintered strip, the yield point drop appears as in mild steel. There are two 

possible reasons for the yield point descent phenomenon: (1) as the steel back is mild steel, 

it can be assumed that the phenomenon is typically produced by mild steel; (2) the effect 

of pores in the sintered layer. As plastic deformation begins past the upper yield point, 

cracks occur at the sharp notch of the pores inside the sintered layer and progress, so it 

can be estimated that elongation occurs even at a stress much lower than the upper yield 

point. However, as the thickness of the steel plate is much thicker than the thickness of 

the sintering layer, the yield point drop of mild steel is considered to be the main reason, 

where the presence of pores accelerated the process. In the Bi-sintered strip, the yield point 

drop does not occur. It can be seen that the stress rises with a low slope as the yield point 

passes and then goes to the typical plastic deformation region, and the stress rises to the 

ultimate tensile strength (UTS). However, the stress gradually rises without the yield 

point drop phenomenon, as the plastic deformation of the sintered layer as it passes 

through the elastic region plays a large role. The stress is gradually increased due to the 

sum of the stress reduction in the yield point drop, and the stress increases due to work 

hardening, as work hardening occurs a lot as soon as the yield point drop starts. For this 

reason, the Bi-sintered strip enters the plastic region without the yield point phenomenon. 

In contrast, the Pb-sintered strip does not enter the plastic region under the lower yield 

point stress up to about a 1 mm section along with the yield point phenomenon. Tensile 
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test results of the Pb- and Bi-sintered strips are listed in Table 5. The UTS of the Bi-sintered 

strip was 397 MPa, which was about 9% higher than the 365 MPa of the Pb-sintered strip. 

This difference is due to the work hardening rate of the sintered layer. 

 

Figure 27. Stress–strain curves of the Pb- and Bi-sintered strips. 

Table 5. Tensile test results of the Pb- and Bi-sintered strips. 

 
Yield Strength 

(MPa) 

Ultimate Tensile Strength 

(MPa) 

Elongation 

(%) 

Toughness 

(J/mm3) 

Pb sintered layer 268 365 14.1 106.5 

Bi sintered layer 251 397 16.5 132.9 

It is evaluated that the difference in the behavior of Pb and Bi components in the 

sintered layer affects the operating environment of the bearing. There are various envi-

ronments in the operating environment of bearings. For example, there are applications 

to reduce friction and wear on shafts in very low-load environments, and there are bear-

ings that are mounted on heavy-duty equipment, such as construction equipment and 

earthmoving equipment. A shaft that handles such a heavy weight is subjected to a high 

load, and deformation occurs according to its operation. When the shaft is deformed, the 

bearing is also deformed, and, according to this deformation, tensile elongation occurs in 

the bearing. In such an environment, as the sintered layer is stretched, performance changes 

occur according to the behavior of Pb and Bi. It is generally known that as the strength and 

hardness of a material increase, both ductility and toughness decrease. In the Bi-sintered 

layer, the increase in strength and hardness according to tensile elongation is higher than 

that of the Pb-sintered layer, so it is considered that the decrease in ductility and toughness 

of the Bi-sintered layer is high under the tensioned condition. When the ductility and tough-

ness are lowered, the material can be easily damaged by an impact load. 

4. Conclusions 

In this study, the tensile and fracture behavior of the Pb and Bi sintered layers were 

comparatively analyzed. It was confirmed that the Young’s modulus, shear modulus, and 

surface hardness were higher in the Bi sintered strip than in the Pb sintered strip. Higher 

properties of the Bi sintered strip have the potential to improve performance during fric-
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tion and wear compared to the Pb sintered strips. However, based on the tensile proper-

ties, the two Pb and Bi sintered layers showed markedly different behavior. Therefore, in 

order to develop a Pb-free material that completely replaces the Pb, the friction and wear 

characteristics of the bearings under stretching need to be comprehensively evaluated. 
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