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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.

Keywords: interference fit; press-fit pin-hub; automated disassembly; remanufacturing; finite
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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 Baks™ys 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.



Initial Data Two Case Studies Propose Individual Solutions Evaluation
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.

e
() @20 i i
S L o)
4
=
- 2
28.022
<
N—
220

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 u = 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.

C: Transient Thermal
Transient Thermal
Time:1.s

19/08/2022 12:22

Temperature: 22, °C
Heat Flwe 1, W/mm?
Convection: 22, °C, 1. W/mm?2°C

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, 11 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 ~

04L — 0.321Eq? o)

a2

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.
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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 ANSY'S 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.
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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 5¢c. 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.

@ 10,000 [ 8590
8,000
6,000
4,000
2,000

16

Force Reaction [N]

-2,000
4,000

-6,000

-8,000 Displacement [mm)]

Model ~———Literature

(b)

]

\/

GBS %
VI
JNAYAVAY >
AVAY A

(©

1,600

1,400

1,200 |

1,000

800 Chosen Mesh size

600

400

200

05 4 3 2 1 0
MESH ELEMENT SIZE (MM)

EQUIVALENT STRESS MAXIMUM (MPA)
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sure after assembly, and (c) mesh convergence graph.



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.
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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/mm?, 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/mm?).
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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/mm?). 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.
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Figure 8. (a) Variation of disassembly force with displacement at different heat fluxes and (b)
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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/mm?, respectively, compared to direct disassembly (without heating). However,
the maximum plastic strain remained constant with an increasing heat flux up to 1 W/mm? and
then experienced a significant surge of about 140% when the heat flux was increased to 2
W/mm?. 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/mm?, 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 x 107*. 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 Maximum  Average Plastic Maximum Ther- Average Thermal

(W/mm?) Plastic Strain Strain mal Strain Strain
0 4.21x 103 1.42x 10* - -
0.5 4.21x 103 1.32x 10* 3.60x10° 2.47x10°
1 4.21x 1073 1.38x 10* 3.36x10* 2.31x10*
2 1.00x 102 1.37x 10* 9.35x10* 6.43x10*

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.
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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.
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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



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 x 1072 to 1.83 x
1073, 1.72 x 1074, and 1.56 x 107, 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.
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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 x 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 Average Plastic Max. Thermal Avg. Thermal
V'brat'OAan;fi?lljggc(ﬁ;Hz) and Thg/:/Tne:llﬂFz;ux Strain Strain Strain Strain
Baseline 1.57x 107 1.42x10°®
f =700, A =1000 - 1.83x 10°® 8.98x 10°°
f =700, A =5000 - 1.72x 10°® 6.33x 10°
f = 1500, A = 5000 - 1.56x 10* 8.30x 10°° - -
f=700, A =1000 1 1.59x 10* 3.01x 107 3.39x 10* 2.33x 10
f = 1500, A = 5000 1 1.42x 10* 2.57x 107 3.39x 10* 2.33x 10

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. Ata2 W/mm?2 heat flux, the maximum temperature reached 2200C, 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.
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