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Abstract  

The study presents the design, manufacture and evaluation of a plain bearing 

(bushing) intended for the restoration of critical auxiliary equipment used in 

the nickel mining and metallurgical operations. Reliability and durability of 

the component was prioritized through a tribological and metallurgical 

analysis, focusing on the operation regime characterized by radial                   

load of 374,011 N, rotation speed of 2 800 r/min) and service temperature              

of 60°C. The worn bronze material originally used (CuAl10Ni) was 

characterized, and phosphorous tin bronze (CuSn14) was selected as a 

replacement due to its superior hardness (232 HB), ensuring enhanced wear 

resistance. The design process included clearance and specific load 

calculations, applying the Sommerfeld number to confirm operation under an 

elastohydrodynamic (EHL) lubrication regime with ISO VG 460 oil at 60 °C. 

Manufacturing was carried out on a 16k20 lathe, achieving the required 

surface roughness with a relative error of 10 %. Technical evaluation 

indicates that the design guarantees stable EHL lubrication and projects an 

estimated service life of 1,348,000 hours. This optimized bushing improves 

the reliability of essential equipment, reducing costly downtime and 

supporting continuity in key processes of the nickel value chain. 

Keywords: tribological analysis, phosphorous bronze, sliding bearing, 

elastohydrodynamic lubrication 
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412 Resumen   

El estudio abordó el diseño, fabricación y evaluación de un cojinete de 

deslizamiento (buje) destinado a la restauración de equipos auxiliares críticos 

utilizados en las tareas de mantenimiento de la industria minero-metalúrgica 

del níquel. Se priorizó la fiabilidad y durabilidad del componente mediante un 

análisis tribológico y metalúrgico, enfocándose en el régimen                             

de operación caracterizado por la carga radial (374,011 N), la velocidad de 

rotación (2 800 r/min) y la temperatura de servicio (60 0C). Tras la 

caracterización del material de bronce desgastado original (CuAl10Ni), se 

seleccionó el bronce al estaño fosforoso (CuSn14), verificando su dureza 

superior (232 HB) para garantizar una mayor resistencia al desgaste. El 

diseño incluyó cálculos de holgura y carga específica, empleando el número 

de Sommerfeld para asegurar la operación bajo un régimen de lubricación 

elastohidrodinámica (EHL) con aceite ISO VG 460 a 60 °C. La fabricación se 

ejecutó en un torno 16k20, logrando una rugosidad superficial que se ajustó 

a las especificaciones de diseño con un error relativo del 10 %. Los resultados 

técnicos son prometedores: el diseño garantiza el régimen EHL, proyectando 

una vida útil estimada de 1 348 000 horas. Este buje optimizado asegura la 

operatividad de equipos imprescindibles, mitigando costosos tiempos de 

inactividad en procesos clave de la cadena de valor del níquel. 

Palabras clave: análisis tribológico, bronce fosforoso, cojinete de 

deslizamiento, lubricación elastohidrodinámica 

1. INTRODUCTION 

The application of sliding bearings is not limited to tools or auxiliary devices; 

they are fundamental components in the sector's heavy and critical 

machinery. These elements are vital in systems operating under extreme load 

and temperature conditions, finding application in: slurry pumps, ore 

conveyors, speed reducers, rotary dryers, ball mills, and in the alignment and 

support mechanisms of processing furnaces. 

The unavailability of any equipment that depends on a bushing can 

significantly halt or delay production. Therefore, bearing reliability is a 

determining factor in operational continuity. 

Although the sliding bearing is a widely used solution, the working 

environment in nickel metallurgy—characterized by high corrosion, humidity, 

abrasion, and dynamic loads—demands a specific and rigorous analysis. A 

generic design is insufficient and can lead to catastrophic failures. 

Consequently, the selection of materials (specific bronzes) and the 
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parameters (load, speed, temperature, and chemical environment). 

These bearings ideally operate through hydrodynamic or hydrostatic 

lubrication, where a lubricant film separates the surfaces, offering low friction, 

high precision, and stability (Michalec et al., 2021; Harishkumar et al., 2023). 

However, their effectiveness requires high manufacturing precision and 

design optimization (Michalec et al., 2021; Wang et al., 2025). Wear is a 

common and costly cause of failure, representing a significant fraction of the 

total production cost (Ramírez, 2023; Jacobs and Baszenski, 2024). 

The manufacture and optimized design of a specialized bushing ensure the 

availability of key equipment, whether main or auxiliary. The development of 

a specialized sliding bearing, applied to the restoration of any critical asset, 

resolves the unavailability of essential components for mining-metallurgical 

processes, fully justifying the investment in its design and manufacture. 

Precise manufacturing and rigorous quality control are indispensable for 

critical components like bushings to meet specifications (García et al., 2022; 

Wang et al., 2025). A systematic approach is required, including the 

appropriate selection of materials and lubricants, rigorous dimensional 

control, and the application of validated wear models (Lehmann et al., 2023; 

García et al., 2023; Dimitri et al., 2025). Manufacturing benefits from Lean 

principles (Kofi et al., 2023; Santos, 2025), although machining advanced 

materials presents challenges such as tool wear and impact on surface 

integrity (Kumar, 2022; Prasad et al., 2022). Additionally, additive 

manufacturing (SLA) offers a solution for custom parts, but its hardness and 

wear properties must be evaluated (Muñoz et al., 2024). 

In the context of critical equipment restoration, the manufacture, control, and 

evaluation of a replacement bushing are of vital importance (García                  

et al., 2022; Wang et al., 2025). A well-designed bushing restores original 

performance, minimizes wear, and prolongs service life (Harishkumar et        

al., 2023; Wang et al., 2025). This work seeks to promote local solutions and 

technological self-sufficiency (García et al., 2024), since the quality of the 

sliding bearing is decisive for the long-term durability of the equipment 

(García et al., 2023; Jacobs and Baszenski, 2024). 

The objective of this article is to characterize the manufacturing process, the 

implemented quality control, and the evaluation of a sliding bearing 

manufactured for the restoration of critical equipment, ensuring reliability and 

durability. 
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414 2. MATERIALS AND METHODS  

2.1. Characteristics of the sliding bearing 

The sliding bearing under study (Figure 1) is a cylindrical component 

manufactured from a high-performance bronze alloy, specifically selected for 

its superior wear resistance, surface fatigue resistance, and ability to operate 

under high loads. Its geometric design and rigorous control of surface finish 

were optimized to guarantee operation under an elastohydrodynamic 

lubrication (EHL) regime, maximizing reliability and significantly prolonging 

the equipment's service life. 

 

 

Figure 1. Sliding bearing. 

 

2.2. Measuring instruments used 

The following instruments were used for the development of measurements: 

universal caliper with an accuracy of 0.02 mm (range 0-150 mm); TH170 

portable hardness tester, measuring on the Rockwell B and C, Vickers, Brinell, 

Shore, and Leeb scales, with an accuracy of ± 8 %, used to measure the 

surface hardness of the bushing and shaft; external micrometer with an 

accuracy of 0.01 mm (range 0-25 mm), used to measure diameters; TR200 

roughness tester, to evaluate surface roughness Ra (range 0.01 µm - 40 µm) 

with an accuracy of ≤ ± 10 %; and an Spectrolab 230, to determine the 

chemical composition of the sliding bearing material, with relative standard 

deviations below 5 % for major elements and between 5 % and 10 % for 

trace elements. 

2.3. Lathe and tools used 

A 16k20 lathe was used, with a speed range from 12.5 r/min to 1,600 r/min; 

longitudinal feed 0.05 mm/r to 2.8 mm/r and transverse feed 0.025 mm/r     
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415 to 1.4 mm/r. The specific tools were: for external turning, CCMT 09 T3 -- 04 

WF 3005 insert with SCLCR/L 1212F09 -- M holder; drilling, 7 mm drill, 

R415.5 -- 0690 -- 30.8C0 1040; parting off, N123F2 -- 0250 -- 0001 --          

CF 4025 insert with LF123F10 -- 1616B holder (Sandvik, 2000). 

2.4. Operating parameters of the sliding bearing 

The revolutions, load, and operating temperature were determined. The 

radial force (Ay) acting on the bearing (Figure 2) is calculated using      

equation 1, applying the equilibrium of bending moments at point B 

(Rodríguez, 2025). 

 

Figure 2.  Diagram of the forces acting on the system (beam). 

 

𝐴𝑦 =
𝑃∙𝐿3+𝐹𝑒𝑦∙𝐿2

𝐿1+𝐿2
                                                                      (1) 

 

Where: Ay is the radial force acting on the bushing (N); P is the total weight, 

including the shaft, sprocket, and mandrel (N); L3, distance from point B to 

the center of mass (mm); Fey, radial force of the helical cylindrical 

transmission (N); L2, distance from the point of application of the radial force 

(Fey) to point B in mm; L1, distance from point A to the point of application 

of force Fey (mm). 

The weight P is determined by multiplying the mass of the shaft, mandrel, 

and gear assembly by the acceleration due to gravity; L3 in AutoCAD by 

geometric procedure (3D horizontal drawing of the shaft, gear, and mandrel 

assembly, and calculation of the center of mass coordinate); Fey by 

multiplying the driving tangential force by the tangent of the transverse 

pressure angle; L1 and L2 by measurement. The radial force Fey is 

determined from the fundamental principles of force relationships and 

standard helical gear geometry (Budynas and Keith-Nisbett, 2012), as shown 

in the following equation 2. 

 

𝐹𝑒𝑦 =
60∙𝑁𝑝∙(𝑍+2∙cos(𝜓))

𝜋∙𝑛∙𝐷𝑒∙𝑍
∙
tan⁡(∝)

cos⁡(𝜓)
                                                           (2) 
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416 Where: Np is the transmitted power (W); α is the normal pressure angle 

(degrees); Z, number of teeth of the gear; ψ, helix angle (degrees); *n*, 

rotational speed (r/min); De, outside diameter of the gear wheel (m). 

The precise determination of these operating parameters (load and rotational 

speed) is fundamental for tribological design. 

The ideal operating temperature of a bearing is 50 °C, although high 

revolutions allow operation at higher temperatures. Elevated temperatures 

can reduce lubricant effectiveness, but if induced or by radiation, service is 

maintained by selecting an oil with appropriate viscosity (Rodríguez, 2025). 

2.5. Sliding bearing design 

The bearing material was identified through inspection, chemical analysis, 

and hardness testing, establishing that the shaft surface hardness should be 

in the range of 165 to 400 HB (SKF 2025). The configuration and size were 

based on the original bushing and SKF recommendations (2025), calculating 

the sliding speed and specific load, using equations 3 and 4, respectively. 

                                                                                                                          

𝑉𝑑 =
𝜋∙𝐷∙𝑛

60∙1000
                                                                             (3)                                                                                                                                                                                   

Where, Vd is the sliding speed, m/s; D shaft diameter, mm.                                                                                        

𝑃𝑒 =
𝐴𝑦

𝐿∙𝐷
                                                                                (4)  

                                                                    

Where, Pe is the specific load acting on the bearing, N/mm²; L is the length 

of the bushing in mm. 

The friction coefficient (f) was determined using the methodology of 

Dobrovolski and Mott (Leyva, 2016), with slight adaptations to the specific 

case of the sliding bearing under study (Rodríguez, 2025). Interface 

specifications followed the F7/e8 fit (SKF 2025). Diametral and radial 

clearance were calculated according to Leyva (2022), depending on the 

diameter, temperature, fit precision, and material property. Surface finish 

was defined using Hernández's tables (2010). 

The minimum lubricant film thickness, film thickness ratio, Sommerfeld 

number, and friction coefficient were calculated, all based on Budynas and 

Keith-Nisbett (2012), Leyva (2016), and Rodríguez (2025). 
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The lubrication regime is defined by calculating the lubricant film thickness 

ratio (equation 5) and comparing it with the parameters in Table 1 (Del 

Castillo, 2007).                

                                                                                           

 =
ℎ𝑜

(𝑅𝑧12+𝑅𝑧22)0,5
                                                                      (5)   

                                                                      

Where, λ is the film thickness ratio (dimensionless); h₀ is the minimum 

lubricant film thickness (mm); Rz₁, roughness of the hole (μm); Rz₂, 

roughness of the shaft (μm). 

Table 1. Parameters of lubrication regimes 

Lubrication Regime h0 (m) () (f) 

Boundary 0.005 – 0.1  1 0.03 – 0.4 

Mixed 0.01 – 1.0 1 - 3 0.02 – 0.2 

Elastohydrodynamic 0.01 – 10 3 - 10 0.01 – 0.1 

Hydrodynamic 1 - 100 > 6 0.001 – 0.01 

 

The dynamic viscosity of the lubricant is determined using equation 6        

(Mott, 2006). The required dynamic viscosity at the operating temperature is 

established using a graph based on ISO 7902-2, 1995 (Leyva, 2016).   

                                                                         

 𝑒 =
𝑆∙𝑃𝑒

𝑤∙(
𝐷𝑚

2∙𝐶𝑟
)
2                                                                               (6)  

                                                                                                                                                           

Where, e is the effective dynamic viscosity of the lubricant MPa·s; S is the 

Sommerfeld number; Pe is the specific load on the sliding bearing, N/mm²; 

ω is the sliding angular velocity at the bearing and journal interface, rad/s; 

Dm is the journal diameter, mm; Cr is the radial clearance, mm.  

2.7. Service life of the sliding bearing 

The determination of the sliding bearing service life is carried out using 

equation 7 (GMBH, 2015). 

𝐿ℎ =
𝐾𝑎

𝑃𝑒∙(𝑉𝑑)1,2
∙ 𝐹𝑝 ∙ 𝐹𝑐 ∙ 𝐹𝑑 ∙ 𝐹𝑚                                                         (7)                                                            

Where Lh is the bearing life in hours; Ka is a constant dependent on the field 

of application; Fp is the load correction factor; Fc is the temperature 

correction factor; Fd is the size correction factor; Fm is the material correction 
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to the GMBH table (2015); speed and specific load are determined through 

equations 3 and 4, respectively. 

2.8. Bushing manufacturing regimes 

The definition of the bushing manufacturing regimes, which include rotational 

speed, feed, depth of cut, number of passes, and machining time, is carried 

out applying the calculation equations proposed by Sandvik (2000). 

2.9. Elaboration of measurement results 

It was based on ensuring representativeness, normality, and comparison of 

results. This involved replicating measurements, establishing tolerance limits, 

and determining the relative error (Hernández, 2010; Miller and              

Freund, 2021). 

3. RESULTS 

3.1. Operating parameters of the sliding bearing 

The evaluation of operational parameters (speed, load, and temperature) is 

essential for bearing durability. 

Rotational speed: the kinematic analysis of the mechanism (electric motor 

and worm/helical gear reducer) determined that the shaft rotates                             

at 2,800 r/min. 

Loads: the total load on the bearing is a combination of the weight of            

the rotating assembly (shaft, wheel, mandrel) and the radial force of the        

gear (Figure 2); the assembly weight is 6.282 N (with *m* = 0.641 kg; *g* 

= 9.8 m/s²); and the radial force determined by equation 2 is 644.782 N 

(with  Np = 1,000 W; Z = 38; ψ = 15°; α = 20°; *n* = 2,800 r/min;                 

De = 0.04 m). Applying equation 1 (with L1 = 15 mm, L2 = 20 mm,                

L3 = 31 mm) for moment equilibrium, the total radial force on the bearing                           

is 374.011 N. 

Temperature: although 50 °C is ideal (Rodríguez, 2025), the high operating 

speed and ambient heat suggest a design temperature of 60 °C; this condition 

requires choosing a lubricant with adequate viscosity to avoid premature 

wear. 

3.2. Analysis of the bearing design  

Material characterization (Table 2) and Vulcanometals standards                      

(Cáseres, 2019) allowed identifying the worn bushing as aluminum bronze 
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419 CuAl10Ni (163 HB with standard deviation 7.23 HB) and the new one as 

phosphorous tin bronze CuSn14 (232 HB with standard deviation 7.47 HB). 

Table 2. Chemical composition of the bushing material 

Material Cu Sn Pb Zn Fe Ni Mn Al Si 

Bronze CuAl10Ni 79 … 0.03 … 3.5  

4.5 

4 

5 

0.8 

1.5 

8.5 

9.5 

0.1 

Worn bushing 78 … 0.025 … 3.2 4.4 1.1 9.2 0.08 

Bronze CuSn14 86 

89 

12 

14 

0.25 0.25 0.15 0.5 … … … 

New bushing 88 12.5 0.24 0.23 0.16 0.45 … … … 

 

The hardness of the shaft (278 HB) was 1.71 times higher than that of the 

worn bushing and 1.2 times higher than that of the new bushing.                    

The 42.33 % increase in hardness is the cornerstone of the recovery strategy, 

as it provides significantly superior wear resistance. It is confirmed that the 

bushing acts as a sacrificial element (SKF 2025). The geometric configuration 

(Figure 3) and design temperature (60 °C) were analyzed. 

 

Figure 3. Tolerances for solid bronze plain friction bearings (SKF, 2025). 

It was verified that the sliding speed (Vd) calculated using equation 3                

is 0.00011 m/s, less than 0.01 m/s, and the specific load (Pe) calculated by 

equation 4 is 6.68 N/mm², less than 50 N/mm²; both values are below the 

limits recommended by SKF (2025). This geometric and load validation 

indicates that the bearing is oversized for nominal conditions, which 

minimizes the risk of damage or premature wear and contributes to ensuring 
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environment. 

To determine the coefficient of friction, methodologies from Dobrovolski and 

Mott were applied (Rodríguez, 2025). For a radial clearance (Cr)                       

of 0.020 mm, safety factor (k) of 2.5, and solid particle size in the               

lubricant (ha) of 2.5 μm, the minimum film thickness (h₀) was 0.01 mm, 

resulting in a Sommerfeld number (S) of 0.18 and a friction coefficient (*f*) 

of 0.023.     Since 0.01 < *f* < 0.1, it is determined that the bearing operates 

(Table 1) under an elastohydrodynamic lubrication regime (Del                          

Castillo, 2007). 

3.3. Bearing lubrication 

Additionally, for greater precision, the lubrication regime was determined by 

calculating the film thickness ratio (λ), using equation 5 and Table 1. With    

a minimum film thickness (h₀) of 0.01 mm and roughnesses *Rz1 =            

Rz2* = 0.8 μm, λ = 9.06 was obtained. This result, being in the range of 3 

to 10, indicates an elastohydrodynamic lubrication regime                                             

(Del Castillo, 2007), ensuring the protection of the kinematic pair. Achieving 

this regime is the technical proof that the design guarantees total separation 

of the surfaces, which is essential for the durability and reliability of the 

bushing. 

The required effective dynamic viscosity was determined using equation 6, 

considering the Sommerfeld number (S = 0.18), specific load                           

(Pe = 6.68 N/mm²), angular velocity (ω = 293.07 rad/s), mean diameter 

(Dm = 7.003 mm), and radial clearance (Cr = 0.02 mm), resulting                    

in 132 MPa·s. Considering that petroleum-derived oils should be limited          

to 70 °C to retard oxidation (Mott 2006), and using ISO 7902-2 (1995) for 

the operating temperature of 60 °C, it is concluded that the appropriate 

lubricant is an ISO VG 460. 

The selection of this high-viscosity lubricant is a specific and preventive 

engineering measure to counteract the adverse effects of high speed and 

design temperature, ensuring that the lubricant film maintains its integrity 

and effectiveness in the demanding mining-metallurgical environment. 

3.4. Estimation of bearing service life  

The estimated service life of the bearing (Lh), in hours, was performed by 

applying equation 7 proposed by GMBH (2015), which incorporates specific 

correction factors. The factors used were: Ka = 400 (local load), Fp = 1 (since 

Pe = 6.68 N/mm² < 10 N/mm²), Fc = 1.6 (intermittent operation), Fd = 1 
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421 (shaft less than 20 mm), and Fm = 0.4 (bronze). Substituting these values, 

together with the specific radial load (Pe = 6.68 N/mm²) and sliding speed 

(Vd = 0.00011 m/s), an estimated service life of 1,348,000 hours was 

obtained. 

This contributes to ensuring the long-term operational reliability of the 

equipment, which directly translates into reduced maintenance costs and 

increased availability. 

3.5. Bushing manufacturing regimes 

The definition of the manufacturing regimes was crucial to transfer the design 

specifications (material and surface finish) to the production reality, despite 

the limitations of the available machinery. 

The determination of the manufacturing regimes was based on the analysis 

of the phosphor bronze bushing (CuSn14) design, the required dimensions 

according to the worn bushing, and SKF recommendations (2025), detailed 

in Figure 4. The manufacturing process is carried out on a 16k20 lathe from 

a semi-finished product 30 mm long by 20 mm in diameter, and includes 

sequential operations of facing, turning, drilling, and parting off. 

 

Figure 4. Sketch of the sliding bearing. 

The cutting speed (Vc), calculated according to Sandvik (2000), revealed a 

limitation: the maximum speed of the 16k20 lathe (1,600 r/min) prevents 

reaching the recommended minimum Vc (e.g., 240 m/min, adjusted               

by Kv = 1.09 for the CCMT 09 T3 -- 04 WF 3005 insert). This restriction 

causes underutilization of the tools in all operations, including drilling (R415.5 
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422 -- 0690 -- 30.8C0 1040 drill) and parting off (N123F2 -- 0250 -- 0001 --        

CF 4025 insert). To compensate for the low cutting speed and ensure the 

surface finish, a compensation strategy was implemented: the feed (fn)        

was selected at the machine's minimum (0.025 mm/r for facing/parting; 0.05 

mm/r for drilling/turning), based on the machine specifications and 

manufacturer's tables (Sandvik, 2000). The depth of cut (*t*) was set              

at 3 mm, requiring one pass for facing and two passes for turning. 

The machining time (Tm), calculated using Sandvik's equation (2000),    

totaled 1.125 min (facing: 0.4 min; turning: 0.35 min; drilling: 0.175 min; 

parting: 0.2 min). Although the total time is short, the underutilization of 

tools due to the speed limitations of the 16k20 lathe suggests that selecting 

equipment with higher capacity would optimize process efficiency; however, 

at the time of manufacturing the sliding bearing, no other lathe was available. 

This manufacturing process, based on the part drawing and described in the 

technological chart (Rodríguez 2025), is proof of engineering's ability to solve 

the shortage of spare parts by adapting existing resources, a key factor for 

technological self-sufficiency in the mining-metallurgical industry. 

3.6. Control of the bushing construction parameters  

Quality control is the stage that links theoretical design with practical 

functionality, ensuring that the manufactured bearing meets the critical 

dimensional and surface specifications required to operate under the EHL 

lubrication regime. 

Quality control focused on verifying the dimensions and surface properties of 

the bushing to ensure correspondence with the design specifications. For 

surface finish, a process control chart was used based on surface roughness 

(Ra) measurements, as illustrated in Figure 5, LST(R) and LIT(R) are the 

tolerance limits determined according to Hernández (2010); Miller and     

Freund (2021). This chart, with a 95 % confidence level, confirmed that the 

process remained under statistical control. 
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Figure 5. Control chart for surface roughness measurements in Ra. 

The average roughness obtained on the inner surface of the bushing             

was 0.88 μm. To compare this value with the roughness specified in the 

design (0.8 μm), a relative error of 10 % was calculated. This result is 

fundamental, as it validates the compensatory machining strategy applied 

given the limitations of the 16k20 lathe. A low relative error guarantees the 

quality of the surface finish required for the proper development of the 

lubricant film. 

Confirmation that the surface roughness conforms to the design is crucial for 

the effective activation of the elastohydrodynamic lubrication regime. This 

control of construction parameters ensures that the bushing not only has the 

correct hardness and material but also the necessary surface finish to 

guarantee the high durability and reliability of the equipment in the mining-

metallurgical industry. Additionally, it was verified that the inner and outer 

diameters, together with the bushing length, complied with the established 

dimensional limits. 

4. CONCLUSIONS 

• The study of the design, manufacture, and evaluation of the sliding 

bearing allows the effective recovery of equipment for the continuity 

of processes in the nickel mining-metallurgical industry. 

• It is identified that the worn bushing was composed of aluminum 

bronze (CuAl10Ni), while the replacement bushing was manufactured 

with phosphorous tin bronze (CuSn14). The average hardness of the 

new sliding bearing (232 HB) is 42.33 % higher than that of the worn 

component (163 HB), which confers greater wear resistance. 
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424 • The selection of ISO VG 460 lubricant for a design temperature              

of 60 °C, radial load of 374.011 N, and rotational speed of 2,800 r/min 

in the bearing is crucial for maintaining the hydrodynamic film, which 

translates into an estimated service life of 1,348,000 hours. 

• The surface roughness obtained on the inner surface of the bushing 

conforms to the design specification with a relative error of only 10 %, 

demonstrating the capacity of local engineering to solve the shortage 

of spare parts and maintain the operability of critical equipment in the 

mining-metallurgical sector. 
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