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Abstract 

Remanufacturing has been gaining increasing attention in the last few years as a part of green 

engineering. It is the process of restoring the original specifications of a given product utilizing 

a combination of new, repaired, and old parts. The present study investigates non-destructive 

disassembly of an interference fit pin-hub joint to enable the reuse of worn parts with the same 

loading capacity. The aim is to reduce the disassembly force while preventing plastic 

deformation and frictional damage on the contact surface to avoid fretting failure and enable 

further coating. A finite element model of a shaft/hub interference fit was developed, taking 

into account two cases of damage to the mating parts: deformation and corrosion. The results 

indicate that thermal disassembly is effective in reducing breaking force by 50% in deformed 

joints, whereas vibration waves are more suitable for corroded parts with increased friction. In 

addition, applying a low-frequency oscillation force to the axis of disassembly reduces the 

pulling out force by 5% and plastic deformation by 99% due to acoustic softening effects. 

Furthermore, using a heat flux simultaneously with vibration decreases the breaking force by 

85%, indicating the higher effectiveness of thermal-aided disassembly and vibration-assisted 

disassembly in reducing the breaking force of corroded parts with increased friction. This study 

provides remanufacturing designers with efficient tools to weaken the interference fit and 

decrease the disconnecting force, ultimately reducing the cost and time required for the 

disassembly process. 
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1. Introduction 

In recent years, there has been growing interest in remanufacturing as a research topic, espe-

cially in the context of sustainability and green engineering. Remanufacturing is the process of 

restoring used products to a condition that is equal to or better than their original state, thereby 

minimizing waste and reducing carbon footprints. The process involves various steps, such as 

sorting, disassembly, cleaning, inspection, and rebuilding [1-2]. Disassembly of fitted compo-

nents, particularly interference-fitted ones, is a critical step in the remanufacturing process. 

Disassembly is essential for product recovery and is the primary source of data related to re-

manufacturing operations. Interference fits, also referred to as friction fits or press-fits, are 

commonly employed in mechanical joints due to their cost-effectiveness and simple design. 

These joints are particularly useful for cylindrical components in various mechanical systems 

because of their precise radial alignment [3]. Torque-transmitting bearings, which are widely 

used in heavy machinery, locomotives, and electrical hardware systems [4], are some of the 

applications of press-fit joints. Disassembly of interference joints is a crucial stage in the dis-

assembly process. However, due to the complexity of the mating parts, it can be challenging to 

remove them without causing plastic deformation, scratches, and adhesion. These types of fric-

tion damage can adversely affect the success of the remanufacturing process. 

Remanufacturing, a process aimed at maintaining the original shape and/or output of a compo-

nent, is in contrast to recycling. Successful remanufacturing depends on the integrity of the 

parts during disassembly, which is a crucial step. Unfortunately, disassembly is mostly per-

formed manually with hand tools, as automated tools are expensive [5], leading to increased 

labor costs and limiting the applicability for complex products [6]. For example, disassembling 

shaft-and-hub joints often requires applying torque and axial loading, which can cause defor-

mations and increase separation difficulty. Additionally, the loss of contact between the shaft 

and hub increases susceptibility to fretting wear [7]. Earlier research by Radi et al. developed 

a mathematical model validated by finite element analysis (FEA) to investigate the bending 

moment of the detachment of shaft-hub press-fits [8]. Hammond et al. demonstrated in another 

study that disassembly was a significant concern for remanufacturers, with corrosion being the 

most serious concern during disassembly [9]. Corrosion can cause sticking or bonding of the 

parts, making disassembly difficult, particularly after prolonged storage of up to 30 years, 

which can initiate adhesive and corrosion bonds. This increases the extraction force needed, as 

the coefficient of friction (COF) increases [10]. The required disassembly power for rusted 

joints could be twice that of non-corroded ones [11]. 

Permanent fastening is considered a significant challenge during disassembly processes, sec-

ond only to corrosion. Breaking up interference fits can be a difficult process that often results 

in frictional damage and plastic deformation. The amount of force required for removal is di-

rectly related to the extent of the damage caused [2]. To overcome this problem, non-destruc-

tive disassembly (ND) methods have been proposed to prevent damage to components [9]. A 

study by Mok et al. showed that minimal extraction force was one of the most critical charac-

teristics for easy disassembly of mechanical parts [12]. Reducing the extraction force is crucial 

as it allows the application of simple tools and techniques and minimizes frictional damage, 

thereby reducing refurbishing costs. However, interference fits, also known as permanent or 



 

semi-permanent fittings, are often considered impossible-to-disassemble [13]. When conduct-

ing non-destructive disassembly (ND), it is crucial to maintain the loading capacity of interfer-

ence fits while avoiding surface damage, such as bulges or furrows. Disassembly should be 

carried out in a manner that avoids plastic and thermal strains, as plastic strain can result in 

permanent deformation of the structure, which can ultimately affect the strength and ductility 

of the part [14]. When a part is subjected to plastic strain, it becomes more susceptible to neck-

ing, which significantly reduces the life cycle of the remanufactured part [7]. Zhou et al. [2] 

analyzed plastic strains and found a strong correlation between surface damages and extraction 

force. Consequently, significant efforts have been made to reduce extraction forces during dis-

assembly processes. 

Currently, various methods are used to ease the extraction of interference fits, such as cold 

contraction, thermal expansion, and injection of pressurized oil [14]. The primary goal of these 

methods is to minimize contact pressure and reduce the force required for disassembly. Two 

primary approaches have been studied: thermal disassembly and vibration-assisted disassem-

bly. Thermal disassembly has several advantages, including reducing surface damage, being 

highly effective for coatings in post-processing and refurbishing, and being suitable for auto-

mated disassembly. Wang et al. [15] explored the use of liquid nitrogen to weaken a sleeved 

interference fit. The sleeved joints allowed the liquid nitrogen to pass through and create radial 

shrinkage. Their findings showed that this technique significantly reduced the radial and hoop 

stresses, which, in turn, reduced the disassembly force required. However, the study did not 

investigate thermal strains and plastic deformation. 

Shaheen et al. [16] conducted a study to investigate the thermal behavior of high-strength stain-

less steel bolt assemblies at elevated temperatures. They observed that the tensile strength of 

the assemblies gradually decreased with increasing temperature up to 300 ̊C, followed by a 

much sharper drop. Beyond 300 ̊C, the assemblies could not retain much of their original 

strength even after cooling. It is crucial to maintain the original strength of the parts after ther-

mal expansion to ensure acceptable performance after remanufacturing. Sun et al. [17] also 

studied the behavior of S235 steel under an elevated temperature and suggested that thermal 

plastic strains significantly increased at temperatures above 200 ̊C. In another study, Bengeri 

et al. [18] investigated the thermal assembly of a shrink fit and concluded that the residual 

stresses, particularly the interface pressures, were not significantly affected by the drop in yield 

stress at high temperatures, and hence could be considered approximately isothermal. How-

ever, this study cannot be directly applied to thermal disassembly as it did not take into con-

sideration the contact area between the shaft and hub prior to assembly, where pretension and 

pressure at the contact surfaces had not yet occurred. The changes in pressure might be weak-

ened due to the heat transfer between the contact zones. 

By contrast, vibration-assisted disassembly, specifically using ultrasonic micro-vibrations, has 

been utilized to aid in the disassembly of press-fit assemblies by employing low-frequency 

oscillations. These vibration waves can decrease friction and extend the elastic–plastic range, 

potentially avoiding damage during the disassembly process [15]. Studies have demonstrated 

that vibration waves can reduce the force required to break up an interference fit by up to 60% 

while preserving the properties of the parts. Furthermore, low-frequency oscillation waves can 

improve and refine the surface texture by altering the microstructure and removing weaker dirt, 

which can be further enhanced by combining vibration with chemical fluids and abrasive tools, 



 

ultimately reducing the time and effort necessary for refurbishing parts after disassembly [19]. 

Thus, this type of wave is well-suited for corroded surfaces with a higher coefficient of friction 

and loss of materials. Fridman et al. observed a significant decrease in friction between sliding 

surfaces as a result of the application of vibration, resulting in a significant weakening of the 

connection between assembled parts [20]. The impact of vibration waves is highly dependent 

on tangential stiffness, stresses, and surface roughness, as reported by Gutowski et al. [21]. 

Mikolainis and Baksˇys used an electromagnetic vibrator to apply vibration waves to an inter-

ference-fit assembly and found that the force and duration required for disassembly could be 

reduced by adjusting oscillation parameters, namely the amplitude (A) and frequency (f) of 

vibration [22]. The exposure and duration of oscillation waves were also found to impact the 

weakening of connections. Several researchers have demonstrated an inverse effect of ultra-

sonic vibration on the force required for disassembly [23]. The three widely recognized expla-

nations for the influence of ultrasonic vibration on metal plasticity are stress superposition, 

acoustic softening, and reduced friction. Nonetheless, the underlying mechanism responsible 

for this phenomenon is still unclear and remains a topic of debate to date [24]. 

While there has been extensive research on interference fit disassembly, particularly in ideal 

conditions, limited attention has been given to the disassembly force of an interference fit under 

normal wear conditions. The presence of corrosion, bonding, and deformation between the 

mating parts can significantly increase the disassembly force required. The identified 

knowledge gap served as the motivation for the current study, in which a finite element analysis 

was utilized to model a press-fit shaft and hub. The study aimed to investigate potential meth-

ods for facilitating disassembly during remanufacturing, with a focus on friction as a significant 

factor influencing the disassembly force. Our approach involved comparing the forces required 

for disassembly before and after applying thermal expansion and vibration techniques, with a 

focus on examining plastic strains. This study adds a novel contribution to the existing litera-

ture on interference fit disassembly by exploring ways to address the practical challenges faced 

in real-world disassembly scenarios. 

 

2. Methodology 

This study focused on investigating two common problems that arise during the disassembly 

process: deformation and corrosion of the mating components. To address these issues, thermal 

expansion and vibration-assisted disassembly techniques were examined. The research team 

developed a baseline model of an interference fit and validated it using literature data. The 

model accounted for normal wear of the joint and considered two scenarios: deformation 

caused by bending of the connected parts and an increase in COF due to corrosion. The study 

explored various approaches to reduce the pull-out force, minimize plastic strain in the parts, 

and prevent damage during and after disassembly. Figure 1 provides a block diagram of the 

modelling sequence used in this study. 

 

 



 

 

Figure 1. Workflow of the current study. 

 

 

 

This study used a finite element model developed by Madej et al. [25], which simulated the 

press-fit process of a simple pin-tube mechanical joint with different tolerances between the 

mating shaft and hole. Madej et al. analyzed both pressing and withdrawal modes and validated 

the model using experimental data from the same study and by comparing the assembly force 

graphs with those from another study conducted by Croccolo et al. [26]. Based on the similar 

trends observed in the results, this model was selected as the baseline model for the current 

study. 

The finite element model for the press-fit joint was created using Ansys 2021, with the dimen-

sions and shape of the shaft/hub fit shown in Figure 2a. This fit corresponds to the J10 (O = 

0.022 mm) specification as per the reference literature [27]. The joint in this study follows the 

H7/s6 standard, which is a medium drive fit used for permanent assembly, commonly found in 

drive gears and sleeve bearings. Due to the difficulty in disassembling this type of joint without 

causing damage, it was selected for the current study. The material chosen for this study was 

S235 structural steel, which is a low-carbon manganese steel. S235 steel was selected for its 

common use in manufacturing, particularly in the automotive industry where remanufacturing 

is important. It has good weldability and machinability and is relatively inexpensive, making 

it a cost-effective choice for remanufacturing processes. Using this material allowed for a re-

alistic and relevant analysis of the challenges associated with disassembling parts for remanu-

facturing. 

 

 

 

Figure 2. (a) A sketch of the shaft/hub interference fit and (b) the CAD model. Dimensions 

are in mm. 



 

 

 

 

To model the pressing assembly process, finite element analysis (FEA) was utilized as depicted 

in Figure 3, replicating the model developed by Madej et al. [25]. The shaft was displaced by 

15 mm in the Z-axis direction, with a step size of 0.5 mm. The material properties and plasticity 

data of the S235 steel alloy presented in Table 1 were applied to the mating parts (shaft and 

hub) in the model. The contact surface was modelled using the augmented Lagrange function 

with a COF of µ = 0.1. A support was fixed at the front outer surface of the hub, as shown in 

green (see Figure 2b), following the method described in the literature [25]. The maximum 

force over time was considered as the force required to assemble the joint, whereas the force 

required to displace the shaft from the hub by 0.1 mm was taken as the breaking force value. 

The baseline model was validated by comparing the obtained results with those from the liter-

ature, as described below. Subsequently, it was used to further analyze the interference fit dis-

assembly. Section 2.1 considered a bending couple to study deformed interference fits, while 

Section 2.2 investigated corrosion, which is classified as the most significant problem in ND. 
 
 
 
 

 
Figure 3. Case 1 transient thermal model setup. 

 

Table 1. Chemical composition of S235 alloy. 

Element C Mn P S N Cu Fe 

% 0.17 1.4 0.035 0.035 0.12 0.55 Bal. 

 

 

 

Table 2. S235 steel alloy mechanical properties. 

Young’s Modulus (GPa) 200 

Yield Strength (MPa) 235 

Ultimate Tensile Strength (MPa) 360 



 

2.1. Thermal Expansion-Assisted Disassembly 

Interference fits can lead to bending and torsion of the mating components, which increases 

their susceptibility to fretting and fatigue [13]. Peaking stress occurs when the shaft and hub 

are subjected to bending loads, resulting in relative motion between them. Torsion only in-

creases shear motion but may cause plastic deformation under high-stress conditions when 

slipping is prevented. According to Radi et al. [8], the mating parts experience increasing pres-

sure at the concave side and vice versa. The detachment bending couple is the moment needed 

to detach a hub from a shaft due to frictional forces at the interface. A mathematical model has 

been derived to calculate the detachment couple C of a shaft-hub interface fit as shown in 

Equation (1), where E is the Young’s modulus, I is the diametrical interference, I1 is the mo-

ment of inertia, and a is the shaft radius. The detachment couple is then applied to the shaft, as 

shown in Figure 3, while the other end of the hub is fixed. The primary objective of this study 

is to prevent the increase in plastic deformation at the shaft/hub interface during disassembly, 

which is crucial for ND. 

𝐶 ≈
0.4𝐼𝐸𝐼1

𝑎2
= 0.32𝐼𝐸𝑎2  (1) 

To facilitate disassembly through thermal expansion and reduce contact stress, an even heating 

process was applied to the hub. This approach is similar to shrink fitting, where a transient heat 

is applied to the hub during assembly, causing it to shrink while cooling after assembly [28]. 

Since the hub has a significantly larger surface area than the pin, the expansion of the hub 

would have a greater effect. To simulate actual heat transfer during disassembly, a transient 

thermal analysis was performed using Ansys Workbench 2021, as illustrated in Figure 4. A 

heat flux was applied to the exterior of the hub, and both ends were assumed to be at room 

temperature, with convection taken into account. The initial temperature was maintained at 22 

°C, and a displacement of 4.5 mm was applied to the shaft. The Ansys model implemented the 

mechanical and thermal properties of S235 steel at different temperatures, obtained from the 

literature [29], and these are presented in Figure 4. The study investigated the effect of thermal 

heating within a temperature range of less than 300 °C, as both the yield strength and Young’s 

modulus of the alloy decreased with increasing temperature. The elasticity was determined by 

Young’s modulus (E) and the tangent modulus, with the model keeping the latter constant. 

Young’s modulus is a measure of a material’s stiffness under axial tension or compression and 

is calculated as the ratio of stress to strain within the proportional limit. It is a constant value 

for a given material and is independent of the magnitude of the stress applied. By contrast, the 

tangent modulus is a measure of the local stiffness of a material at a specific point on its stress–

strain curve and is calculated as the slope of the curve at that point. Unlike Young’s modulus, 

the tangent modulus is not a constant value but varies depending on the level of stress applied. 

It is worth noting from Figure 4 that the thermal conductivity decreased by more than 13% 

after 300 °C, leading to less efficient heat transfer. Additionally, the tensile strength also expe-

rienced a drastic decline after 300 °C. Therefore, a heat flux in the range of 0.5 to 2 W/mm2 

was applied to avoid violating this constraint and keeping the part’s temperature below 300 °C, 

as shown in Figure 4. The study determined the plastic strain, contact pressure, and disassembly 

force resulting from the transient thermal analysis. 



 

 
Figure 4. Physical and mechanical properties of S235 alloy vs. temperature (a) The coeffi-

cient of thermal expansion, (b) thermal conductivity, (c) specific heat capacity, [30] (d) yield 

strength, (e) tensile strength, and (f) Young’s modulus. Reprinted/adapted with permission 

from [18] 2023, Elsevier 

 

2.2. Vibration-Assisted Disassembly 

The S235 alloy, being a mild steel, is vulnerable to uniform corrosion when exposed to humid 

air. Previous studies by Gassama et al. and Kocanda et al. have shown that the coefficient of 

friction (COF) increases significantly when wear occurs in seawater [31,32]. These studies 

assumed that no anti-corrosion coatings were applied to the contact surfaces of the joint. In line 

with these findings, a COF of 0.6 was used in the current study for ANSYS static structural 

analysis. The selection of the coefficient of friction (COF) value of 0.6 was carefully consid-

ered and based on a thorough literature review and common industrial practices for similar 

applications. This value falls within the typical range for metal-on-metal contacts, such as those 

found in automotive components, and has been widely used in simulations and experiments 

related to remanufacturing processes. The wear effect was considered a combination of me-

chanical, abrasive, and corrosive factors, while the effects of time-dependent corrosion and loss 

of material were neglected. Previous studies by Dieudonné et al. and Gutowski et al. investi-

gated the impact of longitudinal vibrations on friction forces in sliding motions [15,21]. Both 

studies applied oscillations of different frequencies to the support to simulate the acceleration 



 

force exerted on the hub in the same axis of sliding motion (i.e., the z-axis in this FEM). In this 

study, vibration waves were applied as sinusoidal forces described by two functions presented 

in Equations (2) and (3). The force F varied with time t, and two different vibration amplitudes 

(1000 N and 5000 N) were considered while the frequency remained constant. 

𝐹 = −𝐴 𝑠𝑖𝑛2 (
2𝜋𝑡

0.0002
) 𝑓 ≈ 700𝐻𝑧 (2) 

𝐹 = −𝐴 𝑠𝑖𝑛2 (
2𝜋𝑡

0.0007
) 𝑓 ≈ 1500𝐻𝑧 (3) 

To examine the impact of higher frequencies on the disassembly process, a threshold of 1500 

Hz was selected as a relatively high frequency [33]. This was performed to bridge the gap 

between previous research conducted by Gutowski et al. [21], who studied high frequency 

(4000 Hz), and Dieudonne’ et al. [3], who examined low frequency (4–60 Hz). To further ex-

plore the impact of lower frequency, a frequency of 700 Hz was also included. During the 

disassembly process, vibration waves were applied simultaneously, while an extraction of 2 

mm with a step of 0.2 mm was carried out. The breaking force was determined as the total 

force required to move 0.1 mm of the shaft. All other settings remained consistent with the 

baseline model described earlier. 

 

3. Results and Discussion 

In this section, the results of the study on the disassembly force using developed FEA model 

are presented. The accuracy of the model is evaluated by comparing its results to those reported 

in the literature. The disassembly force predicted by the model and those reported in the liter-

ature [26] are compared in Figure 5a. The model estimates the breaking and assembly forces 

to be 8986 N and 6002 N, respectively, which is slightly higher than the literature-reported 

values of 8590 N and 5469 N. The model’s ability to accurately predict the disassembly force 

under different conditions indicates its usefulness in optimizing the design of bolted joints for 

specific applications. Additionally, the model predicts a maximum surface pressure of 267 

MPa, as shown in Figure 5b, which is slightly lower than the literature-reported value of 277 

MPa. The difference may be due to the assumptions made in the model, such as the assumption 

of a perfectly flat contact surface between the bolt and the nut, which may not hold in real-

world scenarios. However, the margin of error of approximately 5% indicates an acceptable 

level of accuracy in predicting the disassembly force under different conditions in the current 

study. Figure 5b also shows that the inlet experiences a significant stress concentration, con-

sistent with the findings of Pedersen [13]. This stress concentration may be attributed to the 

geometric features of the inlet, such as its sharp edges and corners, which can act as stress 

concentrators. The identification of these stress concentrations can aid in the optimization of 

the bolted joint design to prevent failure. As discussed, the predicted assembly force was ini-

tially higher than that in the literature [25]. This discrepancy may be due to the relatively larger 

overlapping areas of the shaft and hub in the current study. The model assumed an overlapping 

of 0.1 mm to set up the contact area roughness, which may have resulted in a higher predicted 

assembly force. However, this difference is not significant for the current study, as the primary 

objective was to reduce the breaking forces of the joint. 



 

To further validate the results of the FEA model, a convergence analysis of the maximum 

equivalent stress was conducted, as shown in Figure 5c. A mesh element size of 1 mm was 

selected, as the difference in the results was within 5%. This mesh element size was applied to 

the two cases considered in this study. 

 

Figure 5. (a) Assembly force with marked breaking force comparisons [25], (b) surface pres-

sure after assembly, and (c) mesh convergence graph. 
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3.1. Thermal-Assisted Disassembly 

The results of the study on the decoupling process of a shaft-hub joint using numerical simu-

lation are presented in this section. Equation (1) was used to determine the decouple moment, 

which was found to be approximately 25 kN mm. This value was then applied to the shaft, as 

shown in Figure 6a. It is worth noting that the model used in this study had a protruding shaft. 

Therefore, the shaft-hub contact force was not directly loaded, and the shaft was only deformed 

compared to non-protruded ones [8]. Figure 6b shows that plastic strain had developed around 

the edges of both the shaft and the hub. The goal of the numerical decoupling (ND) process 

was to avoid increasing such deformation and maintain the plastic strain as before disassembly. 

Figure 6b illustrates that the plastic strain was confined to the edges of the shaft and hub, indi-

cating that the elastic deformation was mainly responsible for transmitting the load. The model 

predicted that the maximum plastic strain was around 0.019, which is within the acceptable 

range for many engineering applications. The results of this study demonstrate that ND can 

effectively reduce the deformation and maintain the plastic strain of a shaft-hub joint during 

disassembly. This approach can potentially reduce the risk of joint failure and increase the 

lifespan of the joint. The model’s ability to accurately predict the plastic strain and deformation 

can help optimize the design of shaft-hub joints for specific applications. 

 

Figure 6. (a) Maximum stress at a moment of 25 kN mm and (b) plastic strain after defor-

mation in the shaft and the hub. 



 

The change in contact pressure with increasing applied heat flux is analyzed using Figure 7a. 

The maximum and average pressures are observed to decrease significantly as the heat flux is 

increased. Initially, with no heat applied, the maximum and average pressures are approxi-

mately 680 MPa and 230 MPa, respectively. However, at a heat flux of 2 W/mm2, these values 

drop to approximately 250 MPa and 30 MPa, respectively. These results are consistent with 

those reported by Sen et al. [29], who observed similar trends in both radial and hoop stress 

under the application of thermal energy. The reduction in contact pressure can be attributed to 

the thermal expansion of the hub and shaft, which reduces the compressive forces between the 

two components. Additionally, the local increase in temperature causes a decrease in the mod-

ulus of elasticity and an increase in the coefficient of thermal expansion, which further contrib-

utes to the reduction in contact pressure. It is important to note that the reduction in contact 

pressure can have significant implications for the structural integrity of the joint. In particular, 

it can increase the risk of fatigue failure and reduce the lifespan of the joint. Therefore, it is 

essential to carefully consider the effects of thermal loading when designing and analyzing 

mechanical joints. 

The results showed that the applied heat flux had a significant effect on the temperature, contact 

pressure, and disassembly force of interference shaft-hub connections. As shown in Figure 7b, 

the temperature along the external surface increased consistently with an increase in the stance 

from the contact surface, with the highest occurring at a heat input of (1 W/mm2). 

 

Figure 7. (a) Change in contact pressure with heat flux and (b) temperature change along ra-

dial distance from shaft surface to hub exterior at different heat fluxes. 



 

The temperature rise shown in Figure 7b was found to be associated with a reduction in the 

disassembly force. Figure 8a shows the lowest force required for disassembly was shown the 

least for the highest heat input (1 W/mm2). Figure 8b illustrates the temperature gradient 

through the joint at an applied heat flux of 2 W/mm2. Notably, the effect of the applied heat 

flux is reduced at the interface between the shaft and hub, compared to the external heating 

surface. This is because the Z-axis contact line, which is the most important zone affecting heat 

transfer in an interference shaft-hub connection, experiences a reduction in contact pressure 

due to the thermal expansion of the hub and shaft. 

Comparing the results to the baseline model, the disassembly force was found to be reduced 

by approximately 18% and 50% at applied heat fluxes of 1 W/mm2 and 2 W/mm2, respec-

tively. This reduction in the disassembly force can be explained by the decrease in contact 

pressure along the Z-axis contact line, which is consistent with the findings of Sen et al. [29]. 

These results have practical implications for the design and analysis of interference shaft-hub 

connections subjected to thermal loading, particularly in high-temperature applications. The 

reduction in the disassembly force observed in this study suggests that applying heat to the 

connection before disassembly could be an effective means of reducing the force required for 

disassembly. Additionally, the results highlight the importance of considering the effect of 

thermal loading on interference shaft-hub connections in the design and analysis process. 

 

 
Figure 8. (a) Variation of disassembly force with displacement at different heat fluxes and (b) 

temperature gradient at heat flux of 1 W/mm2. 



 

The values (both maximum and average) of plastic and thermal strains after disassembly, at 

different amounts of the heat flux applied, are given in Table 3. The application of heat flux 

resulted in a reduction of approximately 7% and 3% in average plastic strain for heat fluxes of 

0.5 and 1 W/mm2, respectively, compared to direct disassembly (without heating). However, 

the maximum plastic strain remained constant with an increasing heat flux up to 1 W/mm2 and 

then experienced a significant surge of about 140% when the heat flux was increased to 2 

W/mm2. This increase in the maximum plastic strain can be attributed to the induced thermal 

strain. The observed thermal strain increased by approximately 2500% as the heat flux was 

increased from 0.5 to 2 W/mm2, as shown in Table 3. These results are consistent with previous 

experimental findings by Sun et al. [17], who reported a substantial rise in thermal plastic 

strains with increasing temperature above 200 °C for alloy S235. The study also found that 

temperature effects may induce solid plasticity and mechanical loads [34]. As the ultimate ten-

sile strength and the Young’s modulus of the alloy decreased after reaching 200 °C, as shown 

in Figure 4, strains developed at lower stress values, which could explain the increase in the 

overall average plastic deformation to reach 1.73 × 10−4. It should be noted that the current 

work did not study the cooling after thermal disassembly and the thermal strain-hardening ef-

fect. Further experimental studies would be required to allow more accurate determination of 

the actual plastic deformations and disassembly forces considering such influencers. 

 

Table 3. Plastic and thermal strains after disassembly at different heat fluxes. 

Heat Flux 

(W/mm2) 

Maximum 

Plastic Strain 

Average Plastic 

Strain  

Maximum Ther-

mal Strain  

Average Thermal 

Strain  

0 4.21× 10-3 1.42× 10-4 - - 

0.5 4.21× 10-3 1.32× 10-4 3.60×10-5 2.47×10-5 

1 4.21× 10-3 1.38× 10-4 3.36×10-4 2.31×10-4 

2 1.00× 10-2 1.37× 10-4 9.35×10-4 6.43×10-4 

 

 

3.2. Vibration-Assisted Disassembly 

Figure 9 displays the baseline disassembly force versus displacement for both the deformation 

and corrosion cases. The vibration waves were applied as sinusoidal forces using Equations (2) 

and (3) as described earlier. From the figure, it is evident that increasing the coefficient of 

friction (COF) to 0.6 resulted in a significant increase in the required breaking force. Specifi-

cally, the breaking force increased by a factor of about 2.5, which indicates an increase in the 

difficulty of disassembly. The use of vibration waves for disassembling interference-fit assem-

blies can be further considered for future studies. In particular, the contact response with cyclic 

micro-slips and frictional dissipation in the joint to fully understand its feasibility and safety. 

The force amplitudes presented only refer to excitation. Finite element analysis with a contact 

algorithm can simulate the interaction between the shaft and hub, including friction and micro-

slips, to determine the potential for joint damage or failure during disassembly. 

  



 

 

Figure 9. Baseline disassembly force for the deformed and corroded joints; labelled breaking 

force at 0.1 mm displacement. 

 

In this study, the motion graphs of different force amplitudes at frequencies of 700 and 1500 

Hz were analyzed and presented in Figure 10a,b, respectively. The harmonic response analysis 

was performed using Ansys to determine the natural frequency of the joint. It was found that 

the natural frequency of the joint was significantly higher than that of the applied vibrations. 

Therefore, the joint was not expected to achieve resonance, which could cause irreversible 

damage. This indicates the feasibility and safety of the proposed method for the disassembly 

of interference-fit assemblies through vibration waves. 



 

 
Figure 10. Oscillation force applied at (a) 700 Hz and (b) 1500 Hz. 

 

Figure 11 presents the effect of oscillation waves with various amplitudes and frequencies, as 

well as an increase in joint temperature, on the disassembly force. The results related to the 

thermal effect are plotted with respect to a secondary axis to the right. The baseline model 

required a disassembly force of approximately 25.4 kN. The application of a vibration wave 

with an amplitude of 1000 N and a frequency of 700 Hz did not have a significant effect. 

However, when either the amplitude or frequency was increased, the driving force was shown 

 

Force=-5000xSin(1/0.0014x12x3.14xR2)2 Force=-1000xSin(1/0.0014x12x3.14xR2)2 

Force=-5000xSin(1/0.0014x4x3.14xtime)2 
Force=-1000xSin(1/0.0014x4x3.14xtime)2 



 

to decrease, particularly with increased displacement. For example, when a vibration wave with 

an amplitude of 5000 N and a frequency of 1500 Hz was applied, the breaking force at a dis-

placement of 2 mm was about 24.6 kN. These findings are consistent with previous experi-

mental studies that suggest that the driving force level can be controlled by changing the vibra-

tion amplitude or frequency [3,21]. Higher frequencies are thought to have a greater impact on 

elastoplastic deformation and surface roughness, resulting in a reduced friction force and thus 

a decrease in the required disassembly force. 

It should be noted that the maximum achieved reduction in the disassembly force due to appli-

cation of vibration was about 5%, which was significantly smaller than that reported in the 

literature, which was about 60% [3]. This difference could be attributed to variations in geom-

etry, interference, and vibration parameters. For example, the diameter of the cylindrical pin 

used in the current study was 8 mm, while in the literature, it was less than 1 mm. Additionally, 

the contact area between the shaft and the hub was much larger in the current study, which 

increased the force exerted due to friction and decreased the effect of the applied oscillation 

waves. 

Further research could investigate the effect of higher frequency and an amplitude of oscillation 

waves, which would exert a higher impact of energy. Additionally, researchers could consider 

the thermal effect of oscillation waves, which could activate internal particles of the mating 

parts, enhance their relative motion, increase the temperature of the joint, and result in thermal 

softening, thereby decreasing the entire dynamic deformation resistance [24]. With the reduc-

tion in contact stress, the reduction in the disassembly force would be more drastic. 

Regarding plastic strain, the maximum plastic strain was decreased from 1.57 × 10−2 to 1.83 × 

10−3, 1.72 × 10−4, and 1.56 × 10−4, respectively, when vibration waves of (frequency 700 Hz 

and amplitude 1000 N), (frequency 700 Hz and amplitude 5000 N), and (frequency 1500 Hz 

and amplitude 5000 N) were applied, which was equivalent to about an 88%, an 89%, and a 

99% reduction in the maximum plastic strain. The average plastic stain also exhibited compa-

rable lessening due to the application of the vibration waves. This softening effect of oscillation 

waves on plastic strain was previously suggested in the literature [24]. Moreover, the study 

showed that increasing both the amplitude and/or the frequency of the vibrations applied had a 

positive effect on the softening effect, which was confirmed by the current results. 



 

 
Figure 11. Disassembly force comparisons with low-frequency oscillations. 

 

 

Table 4 shows the plastic and thermal strains after disassembly at different amplitudes and 

frequencies of the oscillation waves applied. The table shows that applying vibration only does 

not reduce the plastic strain. The current study noted that the strain hardening effect was not 

taken into account in the model, which could lead to an overestimation of the reduction in the 

plastic strain after applying the vibration waves. Additionally, the plastic deformation at the 

micro-surfaces requires further investigation. Nevertheless, the results indicated that ND could 

still be implemented effectively with the aid of oscillation waves, even though the force reduc-

tion due to vibration was not significant. The effect of different vibration parameters needs to 

be investigated further. 

Figure 11 and Table 4 showed that applying a heat flux of 1 W/mm2 simultaneously with the 

oscillation waves resulted in a higher reduction in both plastic strain and breaking up force. 

This was suggested to be due to the decreased contact pressure. For instance, when a 1 W/mm2 

heat flux was applied concurrently with an oscillation wave of an amplitude of 5000 N and a 

frequency of 1500 Hz, the average plastic deformation and disassembly force (at a 2 mm dis-

placement) were reduced to 2.57 × 10−7 and 3700 N, respectively. This reduction was equiv-

alent to about 99% and 85%, respectively, compared to the case when the vibration wave of 

the same amplitude and frequency was applied alone (without thermal heating). These findings 

indicate that thermal disassembly could be more efficient than low-frequency oscillations with 

a suitable temperature increase. 

 

 

 



 

Table 4. Plastic and thermal strains after disassembly at different amplitudes and frequencies 

of the oscillation waves applied. 

Condition 
Max. Plastic 

Strain 

Average Plastic 

Strain 

Max. Thermal 

Strain 

Avg. Thermal 

Strain 
Vibration Frequency (Hz) and 

Amplitude (N) 

Thermal Flux 

(W/mm2) 

Baseline 1.57× 10-2 1.42× 10-3 - - 

f = 700, A = 1000 - 1.83× 10-3 8.98× 10-6 - - 

f = 700, A = 5000 - 1.72× 10-3 6.33× 10-6 - - 

f = 1500, A = 5000 - 1.56× 10-4 8.30× 10-6 - - 

f = 700, A = 1000 1 1.59× 10-4 3.01× 10-7 3.39× 10-4 2.33× 10-4 

f = 1500, A = 5000 1 1.42× 10-4 2.57× 10-7 3.39× 10-4 2.33× 10-4 

 

 

4. Conclusions 

This study aimed to explore strategies for improving the disassembly of parts for remanufac-

turing, with a focus on reducing disassembly force and frictional damage. An FEM model of 

an interference fit shaft-hub joint made from S235 steel was developed and validated, and po-

tential solutions were investigated for dealing with deformation and corrosion wear. Thermal 

disassembly and vibration waves were identified as promising strategies for addressing these 

challenges. The key findings of the study are: 

1. Plastic strain was found around the edges of the mating parts after applying a decou-

pling moment to the FEM. An application of a 1 W/mm2 heat flux caused an 18% 

reduction in the breaking force, alongside a 3% decrease in plastic strain. 

2. At a 2 W/mm2 heat flux, the maximum temperature reached 220○C, the breaking force 

reduced by 50%, but the plastic strain experienced a drastic boost as a result of the 

thermal strain. 

3. Increasing the COF of S235 steel to 0.6 caused the disassembly force to increase by 

more than 250%. 

4. An application of oscillation waves to the joint did not significantly affect the disas-

sembly force, especially at the early stages of application. The maximum reduction ob-

tained was about 5% with a vibration wave of 5000 N amplitude and 1500 Hz fre-

quency. 

5. The maximum plastic strain decreased by 99% when a vibration force of 1500 Hz and 

5000 N amplitude was applied to the joint, possibly due to the softening effect of oscil-

lation waves. 

6. Simultaneously applying a heat flux of 1 W/mm2 and vibration waves of 1500 Hz and 

5000 N amplitude further decreased the breaking force by 85%, indicating the greater 

effectiveness of thermal-aided disassembly compared to vibration-assisted disassem-

bly. 

These findings provide valuable insights and tools for remanufacturing designers to facilitate 

disassembly, decrease disconnecting force, and ultimately reduce costs and the time required 

for the process. The results suggest that a combination of thermal disassembly and vibration 

waves can effectively reduce disassembly force and plastic strain, making it a promising ap-

proach for the remanufacturing industry. Further research is needed to explore the feasibility 

and safety of these methods on a larger scale and with different materials. 

 



 

References 

1. Yicong, G.; Shanhe, L.; Hao, Z.; Jianrong, T. A data-driven method of selective disassem-
bly planning at end-of-life under uncertainty. J. Intell. Manuf. 2022, 34, 565–585. 

2. Dan, Z.; Sen, L.; Xin, G.; Haihong, H. Nondestructive Surface Threshold Definition for 
Remanufacturing Disassembly of Interference Fit. Int. J. Precis. Eng. Manuf. 2022, 19, 
1735–1743. 

3. Dieudonné, E.; Offole, F.A.; Nkongho, A.J.A.; Ngayihi, A.C.V.A.; Njomoue, P.A.A.; 
Zanga, C.N. A study on the experimental investigation of low frequency vibration wave 
assisted disassembly of press-fit joints. J. Manuf. Process. 2020, 49, 70–81. 

4. Hu, J.; Zhang, K.; Cheng, H.; Qi, Z. An experimental investigation on interfacial behavior 
and preload response of composite bolted interference-fit joints under assembly and ther-
mal conditions. Aerosp. Sci. Technol. 2022, 103, 105917. 

5. Abuzied, H.; Senbel, H.; Awad, M.; Abbas, A. A review of advances in design for disas-
sembly with active disassembly applications. Eng. Sci. Technol. Int. J. 2021, 23, 618–624. 

6. Zhu, J.; He, M. Product sustainable design information model for remanufacturing: a case 
study in the construction equipment industry. Int. J. Adv. Manuf. Technol. 2022, 
doi.org/10.1007/s00170-022-10002-y 

7. Taghizadeh, H.; Chakherlou, T.N. Fatigue behavior of interference fitted Al-alloy 7075-
T651 specimens subjected to bolt tightening. Proc. Inst. Mech. Eng. Part J. Mater. Des. 
Appl. 2019, 233, 1879–1893. 

8. Radi, E.; Lanzoni, L.; Strozzi, A.; Bertocchi, E.J.A.M.M. Shaft-hub press fit subjected to 
bending couples: analytical evaluation of the shaft-hub detachment couple. Appl. Math. 
Model. 2017, 50, 135–160. 

9. Hammond, R.; Amezquita, T.; Bras, B. Issues in the automotive parts remanufacturing 
industry: a discussion of results from surveys performed among remanufacturers. Int. J. 
Eng. Des. Autom. 1998, 4, 27–46. 

10. Liu, Y.; Mol, J.; Janssen, G.J.S.M. Corrosion reduces wet abrasive wear of structural steel. 
Scr. Mater. 2015, 107, 92–95. 

11. Soh, S.; Ong, S.; Nee, A.J.A.A. Design for assembly and disassembly for remanufacturing. 
Assem. Autom. 2016, 36, 12–24. 

12. Mok, H.; Kim, H.; Moon, K.J.C. Disassemblability of mechanical parts in automobile for 
recycling. Comput. Ind. Eng. 1997, 33, 621–624. 

13. Pedersen, N.L. Optimization of contact stress distribution in interference fit. In Proceed-
ings of the 11th World Congress of Structural and Multidisciplinary Optimization, Sydney, 
Australia, 7–12 June 2015. 

14. Zhou, D.; Xu, Y.; Gao, X.; Huang, H.-H. Experimental study on the reduction effect of pit 
texture on disassembly damage for interference fit. Res. Sq. 2020, 49, 70–81. 

15. Wang, F.; Zhang, S.; Hao, S.; Shu, H. The Nondestructive Disassembly Method of Inter-
ference Fit of Sleeve-Base Structure in the Case of Cooling Excitation. In Proceedings of 
the 6th International Conference on Sustainable Design and Manufacturing (KES-SDM 
19), Budapest, Hungary, 4–5 June 2019. 

16. Shaheen, M.A.; Foster, A.S.; Cunningham, L.S.; Afshan, S. Behaviour of stainless and 
high strength steel bolt assemblies at elevated temperatures—A review. Fire Saf. J. 2020, 
113, 102975. 

17. Sun, J.; Nitschke-Pagel, T.; Dilger, K. Influence of strain-hardening models and slopes on 
the predicted residual stresses in structural steel S235 weldments. J. Mater. Res. Technol. 
2022, 19, 4044–4062. 

18. Bengeri, M.; Mack, W. The influence of the temperature dependence of the yield stress on 
the stress distribution in a thermally assembled elastic-plastic shrink fit. Acta Mech. 1994, 
103, 243–257. 

19. Essola, D.; Amba, J.C.; Ngayihi Abbe, C.V.; Nkongho Anyi, J.I. Enhancement of metallic 
machine parts mechanical properties by the use of vibratory processing for oxide coated 



 

films formation and MoS2 solid lubricant coating deposit. Int. J. Mech. Mater. Eng. 2019, 
14, 1–12. 

20. Fridman, H.D.; Levesque, P. Reduction of static friction by sonic vibrations. J. Appl. Phys. 
1959, 30, 1572–1575. 

21. Gutowski, P.; Leus, M. The effect of longitudinal tangential vibrations on friction and 
driving forces in sliding motion. Tribol. Int. 2012, 55, 108–118. 

22. Mikolainis, J.; Bakšys, B. Experimental investigation of interference fit connection of me-
chanical components. J. Vibroeng. 2012, 14, 73–78. 

23. Langenecker, B. Effects of ultrasound on deformation characteristics of metals. Ultrason-
ics 1966, 13, 1–8. 

24. Wang, C.; Liu, Y.; Guo, B.; Shan, D.; Zhang, B.J.M. Acoustic softening and stress super-
position in ultrasonic vibration assisted uniaxial tension of copper foil: Experiments and 
modeling. J. Mater. Des. 2016, 112, 246–253. 

25. Madej, J.; Śliwka, M. Analysis of interference-fit joints. Mater. Today Proc. 2021, 11, 
11428. 

26. Croccolo, D.; De Agostinis, M.; Vincenzi, N. Design of hybrid steel-composite interfer-
ence fitted and adhesively bonded connections. J. Adhes. 2012, 88, 19–25. 

27. ISO 286-1:1988; Specification for ISO System of Limits and Fits, Part 1, Bases of Toler-
ances, Deviations and Fits. 1993. 

28. İrsel, G. Study of the microstructure and mechanical property relationships of shielded 
metal arc and TIG welded S235JR steel joints. Mater. Sci. Eng. 2022, 830, 142320. 

29. Sen, S.; Aksakal, B. Stress analysis of interference fitted shaft–hub system under transient 
heat transfer conditions. J. Strain Anal. Eng. Des. 2004, 39, 407–417. 

30. En 10025-2 Grade S235JR As-Rolled Condition (+ar)- Low Carbon Steel. Available 
online: https://matmatch.com/materials/minfm33118-en-10025-2-grade-s235jr-as-rolled-
condition-ar- (accessed on 11 August 2022). 

31. Gassama, D.; Diagne, A.A.; Yade, I.; Fall, M.; Faty, S. Investigations on the corrosion of 
constructional steels in different aqueous and simulated atmospheric environments. Bull. 
Chem. Soc. Ethiop. 2015, 1, 99–109. 

32. Kocanda, D.; Jurczak, W.; Lunarska, E.; Swiatek, K. Effect of frictional-mechanical treat-
ment of the low alloy steels on some exploitation properties in sea water simulated solu-
tion. Solid State Phenom. Trans. Tech. Publ. 2016, 250, 56–60. 

33. Chu, N.; Ning, Y.; Yu, L.; Huang, Q.; Wu, D. A high-resolution and low-frequency acous-
tic beamforming based on Bayesian inference and non-synchronous measurements. IEEE 
Access 2020, 8, 82500–82513. 

34. Antoni, N. Contact separation and failure analysis of a rotating thermo-elastoplastic 
shrink-fit assembly. Appl. Math. Model. 2013, 37, 2352–2363. 

 


