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ABSTRACT

This study presents an analytical model to evaluate the impact of
turning-induced surface roughness on the mechanical response of
shaft-hub interference fits. Surface topography is modeled using a
sinusoidal function linked to machining parameters, enabling the
prediction of real contact area, contact pressure, and extraction force.
Analyzing three profile conditions, results show that peak-dominated
surfaces significantly reduce joint strength, while valley-dominated
profiles drastically increase extraction capacity due to mechanical
interlocking. Validated against experimental data, this model offers a
fast and reliable alternative to Finite Element Analysis (FEA) for
designing interference fits under realistic surface conditions.

© 2026 Published by Faculty of Engineering

1. INTRODUCTION

Shaft-hub

interference fits are fundamental

has relied on the analytical solutions provided by
Lamé’s equations for thick-walled cylinders, often
assuming perfectly smooth contact surfaces.

components in mechanical power transmission,
widely used in industries ranging from automotive
to aerospace due to their ability to transmit torque
through friction without the need for additional
fasteners. Traditionally, the design of these joints

However, modern engineering demands a more
precise understanding of the interface, as classical
theories frequently neglect the significant
influence of micro-topography on the joint's
mechanical integrity.
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The complexity of contact between rough
surfaces is a cornerstone of modern tribology.
Modern secondary sources, such as those by
Barber [1] and Johnson [2], have superseded
classical primary models by providing a more
comprehensive framework for understanding
how real contact area often only a fraction of the
nominal area dictates pressure distribution.
Williams [3] further emphasizes that surface
finish is not merely a geometric attribute but a
critical factor in frictional performance. Recent
studies have expanded these concepts; for
instance, Izard et al. [4] utilized Finite Element
Analysis (FEA) to demonstrate that the friction
coefficient and stress distributions are highly
sensitive to surface finish variations. Similarly,
Au-Yeung et al. [5] highlighted the importance of
surface conditions in the non-destructive
disassembly and sustainable remanufacturing of
interference fits.

The mechanical strength of these joints is deeply
rooted in the manufacturing process. Previous
research by Salgado-Cruz et al. [6,7] has shown
through experimental and numerical methods
that the setting and extraction efforts are directly
tied to the roughness generated during CNC
turning. This is supported by Yang and Tarng [8],
who investigated how turning parameters
specifically alter surface integrity and roughness
profiles. Furthermore, the evolution of the static
friction coefficient under varying initial contact
pressures remains a key variable in predicting
joint failure [9].

In addition to geometry, advanced physical
phenomena such as elasto-plasticity and thermal
effects play a vital role. Abdo et al. [10] recently
conducted elasto-plastic contact analyses
showing that asperity deformation often exceeds
the elastic limit, a factor that influences the
overall interference. Thermomechanical effects
may also influence the performance of
interference fits, particularly under elevated-
temperature  operation, where  thermal
expansion and temperature-dependent material
behavior can modify the interference and contact
pressure [11].

Modern multiscale modeling approaches [12]
and studies on micro-scale roughness [13] have
paved the way for more sophisticated analytical
tools. One of the most critical phenomena
identified in high-roughness fits is the mechanical

"interlocking" effect, where micro-topographical
indentations create a physical barrier against
sliding, significantly raising the extraction
capacity [14]. Additionally, emerging research
suggests that thin-film coatings may further
optimize these connections by modifying the
joining process [15].

This paper proposes a mathematical model based
on a sinusoidal representation of surface
roughness to evaluate its effect on the mechanical
response of shaft-hub fits. By categorizing the
roughness distribution into three distinct cases
(Peaks, Mean line, and Valleys), this study
provides a robust analytical framework to
predict the real contact area and effective
extraction force, incorporating the complex
interactions described in modern literature.

2. MATHEMATICAL FORMULATION

The contact pressure in an interference fit is
obtained from Lamé’s equations, considering the
radial deformations of the shaft and the hub [16].
This approach allows analyzing how geometry,
elastic properties, and interference affect the
stress distribution and, consequently, the
performance of the joint. The contact pressure
equation for the shaft-hub assembly is:

1)

2, 42 2.4.2
Gt evo) i )
where d is the nominal diameter of the shaft, d;
is the internal diameter (if any) of the shaft, d,
is the external diameter of the hub, E'is Young’s
modulus, and v is Poisson’s ratio, with
subscripts o and i referring to the outer element
(hub) and the inner element (shaft),
respectively. Meanwhile, § represents the
diametral interference between the shaft and
the hub, that is, the difference between the
outer diameter of the shaft and the inner
diameter of the hub [16]. In the case of a solid
shaft (di = 0), the contact pressure equation
simplifies.

p= (1)

é

(2)

P=7 (d02+d2

d
— +v )+— 1-v;
do?-az ° A

Eo
These Lamé equations assume that the contact
surfaces are smooth; however, surface roughness
modifies the effective interference and the
pressure distribution at the contact interface.
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2.1 Characterization of surface roughness

The turning process produces a periodic surface
roughness that depends on two fundamental
parameters:

o Depth of cut: This affects the amplitude of
the roughness. The greater the depth of cut,
the more pronounced the generated
roughness will be.

o Feed rate: This influences the wavelength of
the roughness. A higher feed rate increases
the distance between the roughness peaks,
while a lower feed rate produces a more
compact surface texture.

Figure 1 shows a graphical representation of the
depth of cut and feed rate parameters in relation
to the type of insert and the theoretical surface
roughness generated [17].

Figure 2 shows the characterization of the surface
roughness in the shaft-hub joint. It is important to

(a)
Hub

e A
Roughness profi
§ ML e

e "R =

note that, in this model, the hub is considered
smooth while the shaft presents surface roughness.
On the left side (Figure 2a), a roughness profile is
shown, which depends on the depth of cut
measured with a profilometer using the parameter
Rz (the peak-to-valley height of the roughness). On
the right side, this corresponds to twice the
amplitude A of the sinusoidal profile (Figure 2b).
Similarly, the feed rate shown on the left represents
the wavelength of the sinusoidal profile.

Theoretical surfaces
roughness
Fig. 1. Graphical representation of the depth of cutand

feed rate parameters in relation to the type of insert
and the theoretical surface roughness generated.

()
Hub

Sinusoidal profile
Shaft P

Fig. 2. Characterization of the surface roughness in the shaft-hub joint, where: (a) Roughness profile of the shaft
with a smooth hub, (b) Sinusoidal profile of the shaft with a smooth hub.

2.2 Modeling of surface roughness

The periodic surface roughness generated can
be mathematically modeled using a sinusoidal
function, where the amplitude A is proportional
to the depth of cut, and the wavelength A is
related to the feed rate of the turning process:

6,(x)=A- sinz%x (3)

where:

e §,(x): Variation of the interference due to
surface roughness.

e 1:Wavelength of the roughness, which
depends on the feed rate (1 = 4,)

e x:Position along the contact surface.
e A: Amplitude of the roughness, related to the
parameter R,, by A = RZ/Z

e R, :Empirically linked to the cutting
parameters (according to ISO 4287 [18]) by:

R, =L @

T 8re

where fis the feed rate and r: is the tool nose radius.
This formulation is based on previous studies that
model surface roughness as a series of periodic
undulations, as detailed in [19] and [20].

The tool nose radius r. directly influences the
surface finish and the resulting roughness.
Common nose radius values are:

e 0.2 - 0.4 mm: Fine finishing
e 0.4 - 0.8 mm: Semi-finishing

e 0.8 - 1.6 mm: Roughing and deeper cuts
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The insert used in the experimental tests from the
previous chapter was DCMT 3-552, which is
standardized according to ISO 1832 [21]. Each
letter and number specifies the insert’s geometry,
clamping type, and dimensions.

For the DCMT 3-552 insert:
D — Rhombic shape (552)
C — Positive clearance angle (79)
M — Medium tolerance
T — Clamping with hole and slot
3 - Insert size

552 - Included angle

Available nose radii (r¢): 0.2, 0.4, 0.8 mm
(finishing and semi-finishing)

2.3 Total interference in the shaft-hub joint

The total interference dwrai(x) between the shaft
and the hub is the result of the nominal
interference &, (designed to ensure the proper fit
between both parts) and the additional
interference 6.(x) caused by surface roughness:

(Stotal(x) = 60 + A - sin ( ZTHX) (5)

This interference varies along the contact length
due to the sinusoidal nature of the surface
roughness, resulting in a non-uniform
distribution of contact pressure between the two
surfaces. This follows the approach of the
variable interference theory applied to surface
contact, as described by Johnson (1985) [2].

The total interference Oweai(x) in the shaft-hub
joint depends on the positioning of the roughness
profiles relative to the nominal dimension
(peaks, mean line, or valleys). This positioning is
directly related to the machining process and the
measurement of the part. Figure 3 shows three
roughness configurations with respect to the
nominal diameter of the shaft.

Peaks:  8;prqi(x) = 8p1 + (%)
where: §p; = 6y — %

e (Case 1.

e Case 2. Mean line: §;,¢q(x) = 8y + 6, (x)
where: 8y, = &,

e (Case 3. Valleys:

where: §p3 = & + %

Ototat(x) = 8p3 + 8, (x)

+ Tolerance

Nominal dimension
Zero -
e /\/\/\/

CASE 1. Peaks

CASE 2. Mean line CASE 3. Valleys

- Tolerance

Fig. 3. Consideration of the position of roughness
profiles in relation to the nominal dimension.

The first case assumes that the roughness peaks
coincide with the nominal dimension; therefore,
half of the Rz parameter is subtracted from the
nominal value. This consideration is more
common in machining operations performed on
conventional lathes.

The second case assumes that the roughness
profile is centered on the nominal dimension,
maintaining the same value. This consideration is
most frequently used in theoretical analyses.

The third cae assumes that the valleys of the
roughness profile lie above the nominal
dimension, requiring the addition of half of the Rz
parameter. This case is more common in
machining processes performed on CNC lathes.

2.4 Number of roughness peaks along the
contact length

Since the roughness is periodic, the number of
crests within the contact length L. is:

Le
N = 7 (6)

This parameter determines the number of
roughness features, and for each roughness
element, there is a variation in contact pressure
and friction within the joint.

2.5 Contact pressure with a sinusoidal profile

The contact pressure p(x) along the interface is
obtained using Equation 7, where the total
interference Swrtai(x) is considered as the sum of
the nominal interference &, and the sinusoidal
roughness interference 6;(x).

Stotat(x)

p(x) =
EO(Z 2+Zz+ O>+Eii(1_vi)

(7)

2.6 Effective contact area

To determine the effective contact area, or real
contact area, the following equation is used:

Areal = nch * Fc (8)
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The contact factor F. represents the fraction of
the nominal contact area that effectively supports
the load. In the present model, it is calculated
from the ratio between the mean contact
pressure P, and the material hardness H,
according to Eq. (9), following the real contact
area approach of Bowden and Tabor [22].

A P,
F. = Lreal _ ’m 9)
Ageam H

2.7 Local friction coefficient

The friction coefficient varies locally due to
changes in the amplitude and wavelength of the
roughness profile. A nominal friction coefficient
is used, and a correction factor is added as a
function of the variation in roughness and the
material properties (see equation).

u(x) = o + k, - sin ( 2T’Tx) (10)

where:

e 1y Nominal friction coefficient obtained from
tables for smooth material pairs. Table 1
presents the values of pg for medium-
interference fits.

e k.. Factor that describes the influence of
surface roughness on the friction coefficient
and is determined through tribological tests.
Table 2 shows typical k. values according to
roughness and material.

Table 1. Nominal friction coefficient y, for interference
fits (medium interference, dry condition) [2, 22].

Material Typical Range | Calculated
pair Uo value yo
Steel - Steel 0.20-0.28 0.22
Steel - Bronze 0.12-0.18 0.15
Steel - Aluminum 0.20-0.30 0.25
Aluminum - Aluminum 0.35-0.50 0.40

Table 2. Values of the roughness influence factor k. on
the nominal friction coefficient u, for different materials.

k.

Roughness Steel - Steel Steel - Steel -
Ra (um) Aluminum Bronze
0.2-04 |0.005-0.010| 0.004 -0.008 | 0.003 —-0.007
0.5-0.8 [0.010-0.020| 0.008-0.015 | 0.007 -0.013
09-15 |0.020-0.035| 0.015-0.030 | 0.013-0.025
1.6-3.2 |0.035-0.050| 0.030-0.045 | 0.025-0.040
3.3-63 |0.050-0.070| 0.045-0.065 | 0.040-0.060

This equation captures the influence of surface
roughness on the variation of the friction
coefficient, which can affect the sliding resistance
between the two contacting surfaces, following
an approach similar to that presented by Bowden
and Tabor [22].

2.8 Extraction force

The extraction force Fex required to slide the
shaft out of the hub is directly related to the
contact pressure and the friction coefficient. It
can be calculated by integrating the contact
pressure multiplied by the friction coefficient
along the contact length.

For = m-d [p() u(x)dx (1)

This integral provides an estimate of the
extraction force of the shaft-hub joint,
considering the combined effects of interference,
surface roughness, and friction. It is influenced by
the depth of cut (through the amplitude A) and
the feed rate (through the wavelength 7).

2.9 Calculation Procedure

To enhance the readability of the mathematical
framework, Figure 4 presents a flowchart of the
proposed analytical model. It details the
sequential calculation steps, from defining the
initial geometry and machining parameters,
through the evaluation of surface topography and
contact mechanics, to the final computation of the
extraction force. This visual guide facilitates the
implementation of the model as a
computationally efficient tool.

Flowchart of Analytical Model Calculation Steps

(" START

1. Input Parameters
Geometry & Material: d,D,L,E,v
Machining: Feed rate (f), Tool radius (r¢)
Friction: Nominal coefficient (u)

v

« Calculate roughness amplitude (R) and wavelength (1).

‘ 2. Surface Roughness Modeling
« Select Profile Case: Case 1: Peaks, Case 2: Mean line, or Case 3: Valleys.

3. Interference & Contact Mechanics

4. Final Contact Parameters
« Compute Mean Contact Pressure (P,,).
+ Determine effective friction coefficient (1) using friction correction factor (k...

OUTPUT
Calculate Extraction Force (F,.)
o )
Fig. 4. Flowchart of the proposed analytical model,

illustrating the calculation steps from input
parameters to the final extraction force.
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3. RESULTS AND DISCUSSION
3.1 Parametric study

After obtaining the mathematical model of
surface roughness in relation to the shaft-hub
joint, a parametric study was carried out by
varying the feed rate f from 0.1 to 0.5 mm/rev
to determine the roughness parameter Rz, the
number of crests n within the contact length L,
the mean pressure Pn, the real contact area
Areal, the effective friction coefficient per, and
the extraction force Fex for each case study
(peaks, mean line, and valleys). The input
parameters used in the parametric study are
shown in Table 3.

Table 3. Input parameters for the parametric study.

Input parameters
d 18.880 mm Ei 210 000 MPa
do 25.05 mm Eo 210 000 MPa
bo 20 um Vi 0.30
Lc 15 mm Vo 0.30
f 0.1 - 0.5 mm/rev H 2000 MPa
Ho 0.22 re 0.40 mm

3.2 Results tables

The results obtained from the parametric study
of the shaft-hub interference fit as the feed rate
increases under three phase scenarios between
the surfaces. Table 4 presents the results of the
shaft-hub joint by varying the feed rate f for
Case 1: peaks. It is observed that:

e Rz vsf: Rz increases sharply with f

e N /(crests): decreases approximately as N = L.
/ f (for example, with L. # 15 mm: 15/0.05 =
300, 15/0.10 = 150...), meaning fewer crests
at higher feed rates, resulting in more widely
spaced and taller crests.

e Py decreases monotonically from 48.045 to
10.60 MPa (-78 %). A rougher surface
reduces the effective interference due to
higher local deformation—contact stiffness
drops and so does mean pressure.

e  Arca also decreases in the same proportion as
Pn (-78 %, from 21.37 to 4.72 mm?),
indicating increasingly partial contact
(patches at crests) rather than continuous
contact.

e Ut increases slightly (0.22 to 0.27). Higher
roughness promotes plowing/interlocking
components that raise friction.

o Fex: despite the slight increase in y, it drops
significantly from 9404 N to 2582 N (-72.5
%). The dominant effect is the loss of Py, and
Area: the u increment is insufficient to
compensate.

Table 5 presents the results of the shaft-hub joint
by varying the feed rate ffor Case 2: mid-shaft. It
is observed that:

e Pu: Remains practically constant in the range
f =0 - 0.30 (around 48 MPa) and then
increases slightly from f = 0.35 to 0.50 (by
about 20%).

e Area: Maintains a value of 21.37 mm? up to
f=0.30 and then rises to 25.75 mm? at f =
0.50 (an increase of 20%). More loaded
asperities flatten/interlock, increasing the
bearing area.

e et Increases from 0.220 to 0.259 (18%).

e Fex: Rises from 9404 N (smooth surface) to
13,364 N at f=0.50 (a 42% increase).

Table 6 presents the results of the shaft-hub joint
by varying the feed rate ffor Case 3: valleys. It is
observed that:

e Py Increases sharply and convexly from 48
to 142 MPa (+196%).

e Area: Also rises significantly from 21.37 to
63.12 mm? (+195%).

e Hert Increases slightly from 0.220 to 0.240
(+9%).

e  Fex: Shoots up from 9404 N (smooth surface)
to 30,276 N at f= 0.50 (+222%).
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f Rz N Pm Areal Fext %
(mm/rev) (nm) (crests) (MPa) (mm?) peft (N) smooth
0 0 0 48.045 21.3728 0.2200 9404.03 0.00
0.05 0.78 300 47.1066 20.9553 0.2201 9223.48 -1.92
0.10 3.12 150 44.2915 19.7030 0.2206 8694.38 -7.55
0.15 7.03 100 39.5996 17.6158 0.2245 7910.64 -15.88
0.20 12.5 75 33.0309 14.6938 0.2297 6749.12 -28.23
0.25 19.53 60 24.5855 10.9368 0.2486 5438.37 -42.17
0.30 28.12 50 18.8560 8.3880 0.2609 4376.98 -53.46
0.35 38.28 42.86 15.7277 6.9964 0.2665 3730.74 -60.33
0.40 50 375 13.6672 6.0798 0.2699 3283.21 -65.09
0.45 63.28 33.33 12.0433 5.3574 0.2721 2915.21 -69.00
0.50 78.12 30 10.6006 4.7156 0.2737 2582.23 -72.54
Table 5. Results of the shaft-hub joint by varying the feed rate f for Case 2 (mid-shaft).
f Rz N Pm Areal Fext %
(mm/rev) (um) (crests) (MPa) (mm?) ad (N) smooth
0 0 0 48.045 21.3728 0.22 9404.03 0.00
0.05 0.78 300 48.045 21.3728 0.2201 9407.16 0.03
0.10 3.12 150 48.045 21.3728 0.2206 9429.07 0.27
0.15 7.03 100 48.045 21.3728 0.2237 9563.70 1.70
0.20 12.5 75 48.045 21.3728 0.2266 9687.88 3.02
0.25 19.53 60 48.045 21.3728 0.2346 10030.19 6.66
0.30 28.12 50 48.045 21.3728 0.2411 10305.70 9.59
0.35 38.28 42.86 48.10018 21.3973 0.2488 10649.65 13.25
0.40 50 37.5 50.16032 22.3138 0.2546 11360.66 20.81
0.45 63.28 33.33 53.7404 23.9064 0.2576 12313.79 30.94
0.50 78.12 30 57.89533 25.7547 0.2594 13364.51 42.11
Table 6. Results of the shaft-hub joint by varying the feed rate ffor Case 3 (valleys).
f Rz N P Areal Fext %
(mm/rev) (nm) (crests) (MPa) (mm?) peft (N) smooth
0 0 0 48.045 21.3728 0.22 9404.03 0.00
0.05 0.78 300 48.9834 21.7902 0.2201 9590.83 1.99
0.10 3.12 150 51.7985 23.0425 0.2205 10163.77 8.08
0.15 7.03 100 56.4904 25.1297 0.2232 11216.75 19.28
0.20 12.5 75 63.0591 28.0518 0.2251 12626.65 34.27
0.25 19.53 60 71.5045 31.8087 0.2298 14622.00 55.49
0.30 28.12 50 81.8266 36.4005 0.2324 16917.90 79.90
0.35 38.28 42.86 94.0807 41.8518 0.2348 19653.03 108.99
0.40 50 37.5 108.6102 48.3152 0.2371 22910.62 143.63
0.45 63.28 33.33 124.6138 55.4344 0.2388 26468.26 181.46
0.50 78.12 30 141.8829 63.1165 0.2398 30275.90 221.95
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3.3 Roughness Rz vs. Feed rate

Figure 5 shows the graph of the roughness
parameter R, as a function of feed rate (f = 0-0.5
mm/rev). The curve exhibits a convex, increasing
trend: as fincreases, R, rises progressively faster.

R; vs Feed rate
80 T T

Theoretical R, [um]
N w S [$)] » ~l
o o o o o o

-
o
T

0 0.1 0.2 0.3 0.4 0.5
f [mm/rev]

Fig. 5. Graph of the roughness parameter Rz as a
function of feed rate (f= 0-0.5 mm/rev).

3.4 Number of crests vs. Feed rate

Figure 6 illustrates a rapid hyperbolic decrease in
the number of crests (N) along L. as feed rate (f)
increases.

R Number of crests vs Feed rate
300 T T

250

n

o

o
T

Number of crests along L.
- -
o (92
o o
;

50 1

0 0.1 0.2 0.3 0.4 05
f [mmirev]

Fig. 6. Graph of the number of crests N along the
contact length Lc as the feed rate f increases during
turning.

With fewer crests (small N) and higher R, (typical
of high f), the dispersion among the cases
increases, as confirmed by the results tables:

e Case 1 - Peaks: Mean pressure and real
contact area decrease, leading to a reduction
in extraction force.

e Case 2 - Mean line: Mean pressure remains
stable, while real contact area and extraction
force increase moderately.

e Case 3 - Valleys: Additional interference
occurs, causing a sharp rise in mean pressure,
real contact area, and extraction force.

3.5 Roughness profiles

Five sinusoidal profiles were plotted for f= 0.10,
0.20, 0.30, 0.40, and 0.50 mm/rev over L. = 15
mm, where the wavelength A = f and the wave
amplitude A ~ R,/2. It is observed that as f
increases, the waves become taller and more
widely spaced (Figure 7).

f =010 mm/rev R, =313 pm A =010 mm

N

y(x) [g#m]
N o

f =020 mmirev R,=1250pm A =020 mm

E 5}

5

g

5

f =030 mmirev. R,=2812pym A= 0.30 mm

T 20 T T

=2
X
53
=.20 . .

f =040 mmirev. R, = 5000 pm A =040 mm

n

y(x) [#m]
‘8 o o

R, = 7812 pm A = 0.50 mm

o
=)

f = 0.50 mm/rev
L L _

y(x) [gm]
o

&
S
of
o
of
|
2

x along L; [mm]

Fig. 7. Roughness profiles for each feed rate along the
contact length.

3.6 Contact pressure

Figure 8 shows the variation of mean pressure as
a function of feed rate for each case (peaks, mid-
shaft, valleys), where the following trends are
observed:

e Case 1 - Peaks (blue): starts at 48 MPa and
decreases almost monotonically to 10.60 MPa
atf=0.5 mm/rev.

e Case 2 -Meanline (red): remains nearly flat
at 48 MPa up to f=0.35 and then rises slightly
to 57.89 MPa at f= 0.5 mm/rev.

e Case 3 - Valleys (green): shows a convex
growth from 48 MPa to 141.88 MPa between
f=0and 0.5 mm/rev (alarge increase).
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150 Mean pressure vs. Feed rate

—©— Case 1: Peaks
—+#&— Case 2: Mean line
—&— Case 3: Valleys

Mean pressure [MPa]
8

o
(=]
P

0 0.1 0.2 03 0.4 05
f [mm/rev]
Fig. 8. Graph of the variation of mean pressure with
feed rate for each case (peaks, mid-shaft, valleys).

Local pressure profiles p(x) were also obtained
along the contactlength L. (Figure 9) for different
feed rates f in each case (peaks, mean line,
valleys). The pressure is periodic, and its
wavelength coincides with the surface roughness
(A = f), while the amplitude of the oscillations
increases with R,. In particular, the following
behavior is observed:

= Peaks (blue): the baseline decreases with f,
and the valleys approach very low-pressure
values.

= Mean line (red): remains almost constant up
to f = 0.30, after which the contact pressure
increases slightly.

= Valleys (green): the baseline rises sharply,
and at high fvalues, very high-pressure peaks
appear.

f=010 mmirev R, =313 pm A =0.10 mm

p(x) [MPa]

p(x) [MPa]

f=0.30 mmirev R,=2812pm A =030 mm
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f

S 1000 ARA Af‘ AAHlAAAAAAAAAAAAAAAAlAAHtl
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Fig. 9. Contact pressure profiles p(x) for each feed rate
along the contact length.

3.7 Effective contact area vs. Feed rate

Figure 10 shows how the effective contact area
Aectteciive Changes with feed rate f for each case
(peaks, mean line, valleys), where:

e Case 1 - Peaks (blue): Ar.a decreases from
21.37 to 4.72 mm? as fincreases from 0 to 0.5
mm/rev (-78%).

e (Case 2 - Mid-shaft (red): Area remains
constantat 21.37 mm? up to f= 0.30 and then
increases slightly to 25.75 mm? at f = 0.50
(+20%).

e Case 3 - Valleys (green): increases convexly
from 21.37 to 63.12 mm? (+195%).

Effective contact area vs Feed rate

—©— Case 1: Peaks
=——f— Case 2: Mean line
60 i Case 3: Valleys

70

Areal [m m 2]

0 0.1 0.2 0.3 0.4 0.5
f [mm/rev]

Fig. 10. Graph of the variation of effective contact area
(Area) with feed rate (f) for each case (peaks, mean line,
valleys).

3.8 Friction coefficient

Figure 11 summarizes how the effective
friction coefficient y_eff changes with feed rate
f for the three surface phase cases, showing
that:

e Case 1 - Peaks (blue): y_eff increases from
0.220t0 0.273 (A= +0.053). The rise becomes
steeper from f= 0.22-0.25.

e Case 2 - Mean line (red): increases from
0.220 to 0.259 (A = +0.039), showing an
almost linear growth from f= 0.25.

e Case 3 - Valleys (green): increases from
0.220 to 0.240 (A = +0.020), the smallest and
smoothest increment.
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Effective friction coefficient vs Feed rate

—=—= Case 1: Peaks
—&— Case 2: Mean line
—d— Case 3: Valleys

0.28 -

Y 02 03 04 05
f [mm/rev]
Fig. 11. Graph of the variation of the effective friction
coefficient (ueg) with feed rate (f) for the three surface
roughness phases

Figure 12 shows the local profiles of the friction
coefficient u(x) along the contact length L. for
different feed rates f (with the corresponding Rz
and wavelength A values indicated). Two main
characteristics can be observed:

e Periodicity: pu(x) is periodic, and its
wavelength A % f. As f increases, the waves
become more widely spaced (fewer crests
along Lc).

e Amplitude: The local variation of u increases
with R, (and thus with f). At f = 0.10, the
profile is nearly uniform, while at f = 0.50
pronounced oscillations appear.
Furthermore, the effective friction coefficient
Ueincreases with feed rate f.

f=010 mmirev R, =3.13 A =010 mm
0.24 z Hm

0.22

#(x) [

02 L
=020 mmirev. R; =125 ym A =020 mm

= A

f =030 mmirev R;=2813 ym A= 0.30 mm

_ 03

& s AR

03 f =040 mmirev R; = 50.00 ym A = 0.40 mm

= 0.25
02

#(x)

03 f =050 mmirev R,=7812ym A =050 mm

0.25
0.2

#0x) [

0 5 10 15

Fig. 12. Variation of the friction coefficient u(x) for
each feed rate
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3.9 Extraction force

Figure 13 summarizes the extraction force Fex as
a function of the feed rate f for the three
roughness consideration cases (peaks, mean line,
valleys), where:

= (Case 1 - Peaks (blue): Fex decreases from
9.4 kN (smooth) to 2.6 kN at f= 0.50 (-72%).
The drop is almost monotonic and becomes
steeper beyond f= 0.20.

= (Case 2 - Mean line (red): Fex increases
slightly from 9.4 kN (smooth) to 13.4 kN at f
= 0.50 (+42%), showing a slightly convex
curve from f= 0.30.

= Case 3 - Valleys (green): exhibits a
pronounced convex growth from 9.4 kN to
30.3 kN (+222%). At f = 0.35, it already
exceeds twice the smooth-surface value.

315 f104 Extraction force vs Feed rate
. —Q— Case 1: Peaks
—&— Case 2: Mean line
sl —#— Case 3: Valleys

Fex [N]

0 0.1 0.2 0.3 0.4 0.5
f [mm/rev]

Fig. 13. Graph of the extraction force Fextas a function of
feed rate ffor the three roughness consideration cases.

3.10 Discussion

The parametric study demonstrates that
increasing the feed rate significantly alters the
contact mechanics within the interference fit,
producing distinct behaviors depending on the
surface phase (peaks, mean line, or valleys).

For Case 1 (Peaks), both mean pressure and
effective contact area decreased notably
(-78%), resulting in a sharp drop in extraction
force (-72%). This trend aligns with the elastic-
plastic contact analyses by Kogut and Etsion
[23], who reported that reduced real contact
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area due to asperity-dominated contact lowers
load capacity. These results also coincide with
the finite-element simulations of Salgado-Cruz
et al. [6], which showed that rougher surfaces
weaken press-fit resistance due to diminished
contact stiffness.

In Case 2 (Mean line), pressure remained stable
while area and friction coefficient increased
slightly, producing a moderate 42% rise in
extraction force. This correlates with the
observations of Woo and Thomas [20], who
identified an optimal surface roughness where
adhesion and plowing effects are balanced.
Additionally, Salgado-Cruz et al. [7] found
experimentally that moderate feed rates in CNC
turning increased the assembly/disassembly
force, behavior analogous to our mean-line case.

For Case 3 (Valleys), pressure and real contact
area rose dramatically (+195%), leading to a
222% increase in extraction force. Similar
effects were described by Bowden and Tabor
[22], who showed that valley-dominated
topographies sustain higher pressures and
frictional interlocking. The results are also
consistent with those reported by Salgado-Cruz
et al. [7], who observed increased resistance in
joints machined with higher feed rates that
generate valley-type profiles.

Overall, the developed mathematical model
successfully captures the combined geometric
and tribological effects of surface roughness on
interference-fit performance, reproducing
trends found experimentally [6,7] and in
classical tribological theory [1-3]. This
analytical approach thus bridges machining
parameters and mechanical behavior, providing
a predictive tool for design and optimization of
press-fit assemblies.

3.11 Influence of surface profile assumptions
on contact parameters

As summarized in Table 7, the valley dominated
surface profile exhibits a drastic increase in
extraction force (Fex) compared to the smooth
and peak dominated cases. When the roughness
valleys are geometrically distributed above the
nominal dimension, the effective interference
increases significantly. The rigid asperities of
the shaft penetrate deeper into the hub material,

generating severe local elastic deformation. This
micro-topographical indentation creates a
mechanical 'interlocking' effect between the
mating surfaces. Consequently, the real contact
area (Areal) and the mean contact pressure (Pm)
expand by nearly 195%, acting as a robust
physical barrier against axial sliding and
ultimately raising the joint's extraction capacity
by up to 222%.

Table 7. Percentage variations of contact parameters
at maximum feed rate (f = 0.50 mm/rev) compared to
a smooth surface.

Surface Profile A P A Areal A et | A Fext
Case (%) (%) (%) (%)

Case 1 (Peaks) -78.0 -78.0 24.1 -725

Case 2 (Mean line) 20.5 20.5 17.9 42.1

Case 3 (Valleys) 195.3 195.3 9.0 2219

3.12 Validation of the Analytical Model

To verify the accuracy and reliability of the
proposed mathematical model, the analytically
predicted extraction forces (Fex) Were
compared against previously published
experimental and numerical data by Salgado-
Cruz et al. [7]. In those previous studies, shaft-
hub assemblies were manufactured using CNC
turning under controlled feed rates (f), and the
required setting/extraction efforts were
evaluated both experimentally and via Finite
Element Analysis (FEA).

Figure 14 shows the overlay plot comparing the
analytical extraction forces derived from our
current theoretical model with the experimental
data points extracted from the literature [7]. As
observed, the classical smooth-surface
assumption (f = 0) significantly underestimates
the actual mechanical strength of the joint.
However, as the feed rate increases, the
experimental data aligns closely with the
analytical predictions of the roughness-
modified models.

Specifically, the experimental trend falls within
the boundaries established by the "Valleys"
profile assumptions. This demonstrates that
the  physical phenomenon of micro
topographical interlocking which significantly
increases the real contact area and contact
pressure is accurately captured by the

11
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proposed mathematical formulation. The slight
deviations at higher feed rates can be
attributed to localized plastic deformations of
the asperities, an effect that is partially
idealized in this purely elastic mathematical
model, but overall, the correlation validates the
analytical approach for engineering design
purposes.

= «xio¢ Experimental Validation of the Parametric Model
=
| Case 1: Peaks
w Sk Case 2: Mean °
] Case 3: Valleys
4+ ¥
g § Experimental Data ®
w3
c
2
2 ° —
S 1
s
"3 1 . 1 1 1 1 1 I T
w 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Feed Rate, f [mm/rev]

Fig. 14. Overlay plot of extraction force (Fex) versus
feed rate (f), comparing the proposed mathematical
models for different surface profile assumptions
(Peaks, Mean line, Valleys) with experimental
measurements [7].

4. CONCLUSIONS

The developed analytical model successfully
incorporates surface roughness effects into the
mechanical behavior of shaft-hub interference
fits. By coupling turning parameters with
contact mechanics, the model predicts the
influence of amplitude and wavelength on
contact pressure, real contact area, friction
coefficient, and extraction force. The results
demonstrate that surface topography has a
decisive impact on joint performance: peak-
dominated profiles reduce load capacity, while
valley-dominated profiles enhance pressure
transmission and extraction strength.

The proposed formulation provides a rapid and
reliable analytical alternative to finite element
simulations, reducing computational -effort
while preserving physical accuracy.
Furthermore, it establishes a direct link
between machining parameters and
mechanical functionality, offering a practical
tool for optimizing feed rate and surface finish
to improve reliability, torque capacity, and
tribological efficiency of interference-fit
assemblies. Future work may extend the model
to include thermal effects and material
plasticity for a more comprehensive analysis.
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