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ABSTRACT

The objective of this work was to formulate an analytical solution using generalized hypergeometric series to
capture the thermo-mechanical response of a viscoelastic interface in contact with a rigid half-space across a
nominally flat rough surface. The considered model sought to investigate the thermal creep of the rough surface
as varied with the load applied and time. It is expected that the rough surface of the punch behaves like a Max-
well viscoelastic material. Given that real surface roughness was demonstrated to possess fractal characteristics,
a deterministic Cantor structure representation was used to approximate such roughness. When the punch deflects
throughout the size range of the roughness, an asymptotic power low in this model was found that links both the
load and temperature of the punch to the creep of the asperity. Arrhenius’ equation was used for establishing the
connection between temperature and creep tendency. In the case of linear thermo-viscoelastic deformation, the
suggested model allows for an analytical solution. The model’s output closely matched the experimental findings
that are publicly accessible through the literature.

Keywords: rough contact, creep, fractal, Maxwell viscoelastic model, confluent hypergeometric function, Arrhe-

nius’s equation.

INTRODUCTION

The tribological effectiveness of interfaces
in contact may be improved by applying micro-
layers of compliant materials on them in many
contact mechanics applications. Because such
layers are finding more and more uses in indus-
try, it is especially interesting to examine how
their elastic characteristics differ from those of
the substrate. Examples of this include visco-
elastic load-bearing parts and sealing rubbers,
and covering soft lubricants to hard surfaces in
the automotive sector. The mechanical interac-
tion among viscoelastic surfaces can be ana-
lyzed in a variety of ways, as suggested by the
available literature. In [1], the authors applied
Radok’s method, which substitutes in the linear

elastic model the congruent operators that show
up in the constitutive viscoelastic materials, in
an attempt to extend the effect of viscoelasticity
to hertzian contact. The case of a rigid spherical
indentation on a Maxwell and Voigt solid was
studied in [2]. Since the stress-strain relations
of the soft layer are rate dependent, it should be
regarded as a viscoelastic material [3]. The con-
ventional assumption in applied mathematics
is that interacting viscoelastic bodies have to-
pographically flat surfaces. Consequently, their
interaction is nonexistent outside of the assigned
contact area and continuous within it. Since the
actual contact area is just a small portion of the
actual contact zone as the contact is not continu-
ous, this assumption excludes any real solids.
No matter how smooth the surface is finished,
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genuine viscoelastic solids always have some
degree of waviness and roughness [4]. As a re-
sult, analyzing tribological issues, such as resis-
tance to thermal and electrical contact, sealing,
wear, and friction requires a precise description
of the interaction among rough interfaces [5].
Some of the earliest theoretical models were
stochastic [4, 6-8]. In these models, the surface
topography appears to be random and statistical
metrics are used to characterize surface rough-
ness. Actually, the dimensionless statistical fea-
tures of the rough interface used are not intrinsic
characteristics of the surface; rather, they heav-
ily rely on the measurement method, especially
the surface finish, resolution of the measure-
ment device and sample size [9]. One intriguing
aspect of surface topography is that it exhibits
irregularities across all scales, at least on the
mesoscopic scale (a scale that sits between the
microscopic and macroscopic levels).

Several studies [10—18] focus on developing
or improving fractal-based models to describe the
contact behavior of rough surfaces under normal
loading. These works aim to capture elastic, plas-
tic, or elastoplastic deformation by incorporating
fractal geometry, asperity interactions, and mul-
tiscale effects to enhance predictions of contact
area, load, stiffness, and deformation. In par-
ticular, [17] and [18] present fractal models for
rigid-perfectly plastic and elastic-perfectly plastic
contact, using Cantor set-based formulations to
represent rough surfaces with greater mathemati-
cal rigor. References [19-21] explored the role of
asperity size distributions and compared different
modeling approaches — statistical vs. fractal—in
predicting surface contact mechanics. Studies
such as [22-24] examined broader implications
of fractal characteristics: [22] highlighted the
foundational importance of fractals in tribology;
[23] analyzed the electrical response of fractal
interfaces; and [24] investigates how fractal di-
mension and domain scaling affect contact mod-
els. Lastly, the study in [25] focused on modeling
fractal contact spots and applied these concepts to
improve the accuracy of isotropic rough surface
contact predictions.

The relevance of surface fractality in deter-
mining mechanical response has been further em-
phasized in [26], where the fractal dimension was
employed as a robust indicator of hardness in low
carbon steels. This supports the adoption of frac-
tal geometry to represent surface roughness in the
current study, reinforcing the role of microscale
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topography in influencing creep and contact be-
havior at nominally flat interfaces.

Later investigations into the punch problem
employed a range of linear viscoelastic constitu-
tive laws to capture time-dependent material be-
havior. These encompassed creep responses of
Maxwell [27], Kelvin-Voigt [28, 29], Jeffrey-type
[30], and standard linear solid models [31], as
well as relaxation phenomena described by Max-
well formulations [32] and thermally-influenced
linear viscoelastic models [33]. In a recent study
[34], a hereditary framework was developed to
model the frictionless creep-contact behavior in
a fractional viscoelastic material interfacing with
arigid substrate. The time-dependent constitutive
response of the medium is described using the
fractional-order Maxwell model, while the sur-
face topography is characterized through fractal
geometry to incorporate the influence of asperity-
scale roughness. Recent studies have investigated
the contact behavior between viscoelastic rough
surfaces considering diverse loading scenarios
and constraint conditions. The impact of friction
when a rigid half space interacts with non-deter-
ministic affine rough interface of a viscoelastic
body was examined by [35], whereas [36] stud-
ied the sliding contact of rough viscoelastic sol-
ids. [37] investigated the rough surface contacts
in elastic and viscoelastic thin layers. In [38], the
rebound indentation response of a viscoelastic
half-space indented by an axisymmetric punch
was analyzed using the method of dimensional-
ity reduction (MDR). A thorough investigation
of the dampening of viscoelasticity in alternating
contacts was presented by [39]. To examine the
rough interaction between sliding layers of vis-
coelastic material, both theoretical and numerical
investigations were carried out [40]. The work
presented in reference [41] developed a model to
analyze how viscoelasticity leads to anisotropic
behavior in the contact of rough solids. Reference
[42] focused on numerical simulations to evaluate
the impact of creep on the relaxation of preload
in composite joints fastened with bolts. A mathe-
matical model for adhesive contact among visco-
elastic stamps in printing processes was proposed
in reference [43], offering insight into material
behavior during stamping. The role of surface
roughness in the indentation response of visco-
elastic solids was further investigated by the au-
thors in reference [44], highlighting its influence
on deformation mechanics. Additionally, refer-
ence [45] introduced a novel incremental contact
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model for viscoelastic rough surfaces, contribut-
ing to the understanding of time-dependent con-
tact interactions. A data-driven hysteresis model-
ing approach using artificial neural networks was
presented in [46], aimed at capturing the nonlin-
ear, path-dependent response of viscoelastic ma-
terials under impact dynamics. While differing in
methodology, this work shares common ground
with the present study in addressing viscoelastic
dissipation mechanisms, offering complementary
insights into time-dependent contact behavior. A
hereditary model for frictionless creep contact in
a fractional viscoelastic medium was proposed in
[47]. The constitutive behavior of a material is
described by the fractional Maxwell model, cap-
turing time-dependent and memory effects. Sur-
face roughness is modeled using fractal geometry
to reflect asperity interactions. This approach of-
fers a more realistic representation of contact with
rigid foundations.

Thermally induced creep is a critical consid-
eration in engineering applications, particularly in
the sectors where components are subjected to sus-
tained mechanical stress at elevated temperatures.
This time-dependent, thermally activated deforma-
tion mechanism can lead to dimensional instability
and mechanical degradation in structural compo-
nents, such as gears, frames, and support assem-
blies—ultimately compromising system efficiency
and increasing maintenance demands.

In the aerospace industry, components like
turbine blades and engine housings operate un-
der extreme thermal and mechanical loads, mak-
ing them highly susceptible to thermally induced
creep, which can adversely impact performance,
operational safety, and service life. Similarly, in
the power generation sector, key components
such as boiler tubes, steam turbine rotors, and
high-temperature piping systems experience sig-
nificant creep deformation over time, leading to
reduced reliability and premature failure.

Automotive applications, especially the en-
gines and transmissions operating under high load
and thermal cycling conditions, also exhibit deg-
radation due to creep phenomena. Moreover, in
polymer-based systems such as seals and gaskets,
thermally induced creep can result in relaxation,
leakage, and mechanical failure under prolonged
exposure to elevated temperatures and pressures.

Accounting for thermally induced creep
during the design phase is essential to ensure
the structural integrity, reliability, and longev-
ity of engineering systems. A comprehensive

understanding of time-dependent deformation
behavior enables carrying out informed material
selection, optimized component design, and ac-
curate prediction of long-term performance.

In this work, an analytical model was devel-
oped to characterize the thermally induced creep
behavior of a rough viscoelastic Maxwell body in
contact with a rigid half-space under combined
thermal and mechanical loading. Conceptually,
the model introduced a fractal-based representa-
tion of surface roughness, allowing for a more
realistic and scale-sensitive analysis of contact
interactions. Methodologically, the formulation
extends classical elastic contact solutions to the
viscoelastic regime via the Radok correspon-
dence principle, while incorporating thermo-vis-
coelastic coupling through the Arrhenius equa-
tion to relate creep behavior to activation energy.
The resulting time-dependent solution, derived
using Laplace transforms, reveals an asymptotic
power-law relationship between punch displace-
ment, applied load, and temperature. Parametric
studies confirm the model’s consistency with the
experimental observations reported in the litera-
ture, thereby validating its predictive capability.
These innovations distinguish the present frame-
work from existing approaches and provide new
insights into time-dependent contact behavior at
nominally flat rough interfaces. The remainder of
this paper details the model development, solu-
tion methodology, validation, and implications of
the proposed framework.

FRACTAL CONTACT MODEL

The surface geometry considered in this study
is based on the middle-third Cantor set, a clas-
sic example of a deterministic fractal structure.
The surface topography is constructed under the
assumption that the derived results are generaliz-
able to all surfaces sharing the same fractal di-
mension. The contact mechanics of the interface
are examined using this fractal configuration. The
Cantor structure is generated by sequentially re-
moving the central portion of each line segment
at every iteration. The segments created at suc-
cessive iterations are connected to form a multi-
scale, self-similar profile, as illustrated in Figure
1. At each construction stage, the total remaining
segment length is equal to the original segment
length multiplied by 1/a, where a is a constant
greater than 1.
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In the (i+1)™" iteration, the depth of the surface
recesses is reduced by a factor of b, compared to
the recess depth at the /™ stage, with » > 1. Using
basic geometric relations, the horizontal length
and recess depth for the (i+1)" iteration can be
analytically determined based on the chosen val-
ues of @ and b:

L,=a'L=a""L, (1)

i+1 i
h,=b"h=b"" h 2)

where: L and 4, are shown in Figure 1 and
the surface profile is assumed to exhibit smooth-
ness in the direction normal to the plane of the
page. However, this assumption does not impose
a significant constraint, as a surface profile ori-
ented transversely to the page plane can also be
constructed without loss of generality [10].

A practical method for determining whether
the generated surface texture exhibits fractal
characteristics is to evaluate its total length. The
surface can be classified as fractal if the measured
profile length satisfies the following condition:

Ly =Ly+2h, (2677 -1)/(267 -1)  (3)
when: through i successive iterations.

The surface profile exhibits fractal character-
istics only when the scaling parameter b < 2, as in

Monotone Loading
(Radock Assumption)

this case, the total contour length diverges toward
infinity. It is well established that most engineering
rough surfaces display self-affine scaling, meaning
their geometric features scale differently along dif-
ferent directions [48]. This behavior is exemplified
by the Cantor structure shown in Figure 1.

The surface trace in Figure 1 can be viewed
as a discrete step-function representation. Anal-
ysis shows that the vertical fluctuation between
successive iterations follows the scaling law
Az, =(ab)'Az,, where Az(x) represents
the trace of a fractional Brownian motion. The
corresponding horizontal scaling is given by
Ax,, = (2a) "' Ax,, with each step representing
a stage in the recursive surface construction. The
probability of obtaining a surface height Z; at
the ith iteration is expressed as Az, z.P(z,),
where z,=hy /b and the associated probability
distribution is P(z,)=(1—a')a™". The well-
known Hurst exponent H defines the scaling re-
lationship between the standard fluctuation in
surface height Az(x) and the change in spatial
coordinate A x, such that A z(x) oc A x” [49].

Applying this scaling yields the relationship
(2a)"=ab, which corresponds to the result ob-
tained by [10], from which

b _In(ab)
In(2a)

4)

F
Normal Load direction

{

Lo ;Eo—

Ll ’El—
L2,E2_

Lz'E3_

L, —
L, = — =——

Frictionless-Rigid Smooth Half Space Fz

bh,

—_ — —_ h,

b,

Figure 1. The fractal Cantor punch structure generated using (a=3/2), together with a schematic of the loading
configuration. A rigid smooth half-space is indented by the fractal punch under normal loading, assuming
frictionless contact and monotonic loading in accordance with Radok’s correspondence principle
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The self-affine fractal dimension characteriz-
ing the contour geometry of the Cantor-type struc-
ture is determined using the following relation

D=2-H (5)

In this context, D denotes the fractal di-
mension of the surface-treated profile, provid-
ing a quantitative measure of its roughness or
complexity.

VISCOELASTIC MODEL IN CONTINUOUS
FORM

According to the classical contact mechanics
framework [50], the contact problem can be qual-
itatively described by two distinct length scales.
The first corresponds to the macroscopic (nomi-
nal) contact dimensions, where the stress dis-
tribution and deformation can be approximated
using Hertzian contact theory. The second scale
pertains to the microscale distribution of surface
asperities. At each point within the nominal con-
tact region, the theoretical contact pressure in-
creases with applied load, while the real contact
area evolves proportionally due to the progressive
engagement of asperities. Assuming the contact-
ing surface behaves as a viscoelastic foundation,
the asperities act as a compliant interfacial layer,
effectively extending the range of actual contact,
compared to an idealized smooth interface. As
a result, deformation is localized within a finite
surface zone, denoted by b/, in Figure 1, repre-
senting the effective height or influence zone of
individual asperities. The most direct approach
to addressing this problem involves the applica-
tion of Radok’s method [49], which provides a
framework for evaluating stress and deformation
in viscoelastic materials by utilizing known solu-
tions from linear elasticity. As stated in [2], Ra-
dok’s method is valid for contact problems under
monotonically increasing contact area, i.e., when
the loading history is such that the contact region
expands without reduction.

Referring to Figure 1, a discrete system com-
posed of an array of independent, linearly elastic
columns was considered. The vertical displace-
ment steps are defined as follows: the distance
between step £ and E|is h, between E| to E, is
h, , between E, to Eis h,, and so on [10].

By sequentially applying compressive forc-
es, the corresponding contact forces required to
bring successive steps into engagement are: F; to

compress E, to the level of E,, F, to bring E, and

E to E, and F| to compress all elements down

to E,. Thus
AF,

i+l

=ELy(b-1)b"""a™  (6)

The force F;,, is expected to correspond to
the upper limit of the load required to form the
(i+1)" protrusion in the current forming sequence.
Typically, the punch advances by a displacement
Au,,, , which reflects the difference in protrusion
heights between the i and (i+1)" stages, once the
optimal forming load has been reached.

Assuming the elastic deflections of the form-
ing stages—denoted as £, £, and £, — are repre-
sented by the respective punch displacements u,
=h,, u, = h, and u, = bh, the incremental punch
displacements between successive stages can be
expressed as: Au, =u, —u, = h(b=1), Au, = u ~u,
= h,b™'(b—1). Accordingly:

Au,, =h,(b-1)b" (7)

The previously stated assumptions are suf-
ficient to determine the influence of the punch
displacement u on the limit forming load F. Spe-
cifically, the fact that the punch advances by a
defined increment Au,  as the forming load in-
creases from F to F, will be utilized to evaluate
the remote or distant-load effect:

AF, EL, _
i+l _ 0 a (8)
Au,,  bh

The following asymptotic behavior will be
approached in the limit as the stage index i—oo,
representing the steady-state condition of the
forming process

1
u (xb F | )
h, E L,

where: ¥ =Ina/Inb | It should be noted that
these models are also constrained by a
limiting load condition, defined as F =
o, L, where o is the material yield stress
and L is a characteristic length parameter.

EFFECT OF TEMPERATURE

The relationship between temperature and time
in certain viscoelastic materials can be explained
by correspondingly straightforward models. These
materials are referred to as “thermorheologically
simple.” When the temperature is lowered for these
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simple materials, the viscoelastic behavior simply
shifts rightward (leftward) keeping the shape and
the creep modulus reserved, while the creep time ¢
is increased (decreased).

The term time-temperature shift factor (a,)
refers to the horizontal offset needed to transfer
the response curve recorded at whatever tempera-
ture 7"to the curve obtained at reference value T, o
As demonstrated by [50], the shift factor can be
determined via Arrhenius relation as:

loga, = ¢ (1_1 (10)
2303R\T T,

where: T'is the temperature (Kelvin), R is the uni-
versal gas constant (J/molK), and Q is the
activation energy (kJ), independent of the
temperature.

ARRHENIUS’S FORMULA

Usually, one may utilize the creep depen-
dency on applied load, time, and temperature to
characterize the creep properties of materials as:

e=f(o,t,T) (11

According to [53], the division of this for-
mula into three separate functions as shown helps
simplify it:

e=f(o)f,(t)f3(T) (12)

The creep of materials is significantly influ-
enced by temperature. According to [54], temper-
ature has a more noticeable impact on some steels
than strain rate.

A heated body may experience thermal forces
and deflections due to external constraints or an
uneven temperature distribution. It is assumed
that the issue is one of steady state, meaning
there is no internal heat. According to [51], the
Arrhenius law provides a straightforward, yet re-
markably accurate formula for the temperature
dependence:

Q9
RT
which denotes the ideal gas constant (R), the acti-

vation energy (Q), and a constant (B). f,(0) f,(¢)
will be revealed afterwards.

S3(T)=Bexp(—) (13)

In the experiment conducted in [55], the
authors employed 0.45% carbon steel, which
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is classified as medium carbon steel. The study
in [53] examined the influence of temperature,
strain, and carbon content on the mechanical be-
havior of steels. Their findings indicate that acti-
vation energy varies with temperature and strain
rate but remains largely unaffected by the carbon
content. For this work, an activation energy value
of Q=7 klJ/mol is adopted. According to the re-
sults reported in [53], this activation energy is
valid for medium carbon steel within the temper-
ature range of 298 to 1073 K. It can be directly
demonstrated from Equation 13 that the value of
the constant B at the reference temperature T, is:

B = exp(ﬁ) (14)
0

ELASTIC-VISCOELASTIC CORRELATION

Creep or relaxation functions are used to
characterise the viscoelastic material properties,
which account for the time-dependent behavior of
the material. This method works in circumstances
where the strain is minimal. To explain the vis-
coelastic behavior of the material, Maxwell me-
dium is utilized. As it can be seen in Figure 2,
the linear spring (storing energy element) and
the dashpot (dissipating energy element) in this
model are grouped in series, in which E repre-
sents the Young’s modulus and n represents the
Newtonian viscosity. Applying the linear differ-
ential time operator, the following form might be
used to describe the time, force, and displacement
relation [56]:

{0,/E+1/n}F={0,}u (15)

where: 0, =0/0t is the linear differential time
operator.

Fundamentally, the preceding expression
constitutes the one-dimensional form of the con-
stitutive relation of the material. It is important
to note that this relation no longer describes a
simple linear proportionality between load and
displacement, as it now includes time-dependent
(temporal) derivatives. As discussed in [55], the
viscoelastic modifier associated with the elastic
modulus £ in Equation 8 can be represented as
follows:

o,+1/7

11
— 16
E "E 8 (16

t
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u

Figure 2. Maxwell model with linear viscoelastic
properties

In this context, the retardation time, 7 =71/ E
, 1s a characteristic time-dependent parameter that
quantifies the delay in strain response under loading.

The present formulation employs Radok’s cor-
respondence principle to generalize elastic contact
solutions to viscoelastic materials. Its validity is
restricted to the cases of monotonically increasing
contact area, as shown by Radok [51], since the
convolution-based hereditary operators break down
under unloading or contact reduction. Accordingly,
the analysis assumes continuous, non-reversing
loading with a growing contact region. The situa-
tions involving unloading, cyclic, or non-mono-
tonic loading require alternative approaches (e.g.,
Ting’s extension [58]) and are not considered here.

Linear viscoelastic behavior can typically
be characterized using either a creep compli-
ance model or a stress relaxation model. In the
present analysis, a creep-based formulation was
employed. To evaluate the time-dependent dis-
placement (or indentation depth), a creep test was
considered, in which a constant load F, was in-
stantaneously applied to the viscoelastic material
and maintained thereafter.

F=F,[U(0)] (7)

where: [U(?)] denotes the unit step function, ap-
plied at time ¢ = 0 to represent the instan-
taneous application of load.

By utilizing standard Laplace transform ta-
bles [59], and substituting Equations 15, 16, and
17 into the constitutive relation given by Equa-
tion 9, the following expression was obtained:

(2O _(bx B\ ey p| 2420
rgr-{10) (BB g g 21

(18)

where: | F{[2+ y/1+ y;1;¢t/7]is the conflu-
ent hypergeometric function called Kum-

mer’s equation, can be stated as follows
[60]:

Fle;d; x]:1+§x+

clc+1)x’
d(d+1)2!

clc+)(c+2)x° N
d(d+1)(d+2)3!

(19)

or lF{[c;d;x]zz%% (20)
n=0 n .

Finally, the creep behavior was estimated to
be after rearranging the value of constant B using
Equation 14 in Equation 13, as well as shifts in
Equations 9 and 13 into Equation 12:

t
£ u;: L= fi(o) (0 fo(T )7 OF

0
u(t): bli ﬁe*’/’x F 2+Z.1~£ X exp Q i_i
hy E L, ey e R\T T,

21

The hypergeometric series in Equation 21 was
truncated after N = 500 terms; truncation error was
estimated from the ratio of successive terms and
found to be <107 over the plotted parameter range.

RESULTS AND DISCUSSION

This study focused on the analytical solution
derived in Equation 21, which constitutes a novel
closed-form expression describing the time-depen-
dent creep behavior of a thermo-viscoelastic con-
tact system. The surface roughness was modeled
using a Cantor-type fractal geometry to capture the
multiscale characteristics of real material interfac-
es. To facilitate the implementation of this model,
the following assumptions were adopted:

1. A Winkler foundation is used to model the can-
tor surface of Figure 1.

2. The two contacting interfaces are represented
as a single, identical rough surface contacting a
rigid, smooth interface.

3. Radok’s method, which substitutes in the linear
elastic model the congruent operators that show
up in the constitutive viscoelastic materials,

4. 1t is considered that the activation energy re-
mains constant throughout the entire tempera-
ture range.
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This model requires four different types of
numerical values to be used:

1) Geometric parameters of the surface topogra-
phy: The fractal characteristics of the rough
surface are defined by the fractal dimension D
and scaling parameters a and b. The geometry
is based on the middle-third Cantor set. Fixing
a = 1.5 yields a dimension D = 0.63093 as de-
rived by [48]. Two distinct surface profiles are
considered by varying parameter b, resulting in
fractal dimensions D = 1.5 for b= 1.155 and D
= 1.24 for b = 1.54, respectively.

2) Material parameters, specifically the dynamic
viscosity # (MPa-s) and the elastic modulus £
(MPa), play a critical role in the characteriza-
tion of viscoelastic behavior. For a Maxwell
material to appropriately represent a solid-like
response—as opposed to fluid-like behav-
ior—the viscosity # must be sufficiently large
relative to the elastic modulus £, such that the
characteristic relaxation time 7=n/E=1
(in units of time) reflects delayed deformation
under load. To ensure the model provides an
accurate fit to experimental data for various
viscoelastic materials, these parameters must
be selected judiciously. As the Maxwell model
is an idealized construct — comprising a linear
spring and dashpot connected in series — the
values of # and E should be tuned to reflect the
material response relevant to the specific ap-
plication, rather than treated as intrinsic, fixed
material constants.

3) Experimentally determined quantities, such
as h,and Q. Experimental validation of the
Greenwood and Williamson contact model
was accomplished by [55]. Carbon steel speci-
mens (0.45 percent carbon) that had been face-
turned, ground, and bead-blasted were used in
the experiments. These specimens came into
touch with a stiff, smooth ones. It was estab-
lished that the displacement and load experi-
mental measurements had an approximation
error. According to [53], twice the r.m.s height
corresponds to 9.7 um, which was chosen as
the depth 7. The ideal gas constant, R, will be
8.314(107%) kJ/K.mol, and the activation ener-
gy, O, will be 7 kJ/mol. The model was vali-
dated using a range of temperature values.

4) Emperical variable. The quantity assigned to n
in Equation 20 needs to be sufficiently large for
the outcome to approach a steady value; this
implies that n > 500 numerically.
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The resulting model incorporates the previ-
ously defined material and system parameters.
Subsequently, its predictions were compared
against the experimental results reported in [53]
for medium carbon steel specimens exhibiting
different surface roughness levels due to various
machining and finishing processes. The subse-
quent figures provide graphical representations of
the analytical creep response for a range of system
parameters. The thermo-viscoelastic creep strain,
u/ h, , represented by Equation 21, is graphed in
opposition to the normalized time values, ¢/ 7, in
Figure 3. To evaluate the performance of the pro-
posed model, two distinct fractal dimensions-1.24
and 1.5- were considered, along with two exter-
nally applied uniaxial stresses of 100 MPa and
150 MPa. The temperature in this figure is isother-
mal, or AT=0.

As expected from classical creep behavior,
higher applied stresses result in increased strain
rates. Selected analytical results related to ther-
mally activated creep are presented graphically
in the following figures, illustrating the influence
of various system parameters. The plot clearly
demonstrates that increasing the fractal dimension
leads to elevated creep strain rates. This observa-
tion reflects the effect of surface roughness: lower
fractal dimensions (e.g., D = 1.24) correspond to
smoother surfaces, where bulk material deforma-
tion governs the creep response; conversely, higher
fractal dimensions (e.g., D = 1.5) represent rough-
er contact surfaces, where localized deformation
at surface asperities becomes more pronounced.
Figures 4 and 5 illustrate the strain—time behav-
ior of the material under a constant external creep
load, considering variations in fractal dimension
and temperature. Consistent with the established
creep theory, an increase in temperature leads to
a higher creep strain, indicating enhanced ther-
mally activated deformation mechanisms.

The structural response under loading, in terms
of load versus deflection, is shown in Figures 6 and
7 for various normalized time ratio ¢/ 7, also re-
ferred to as isochronous curves when compared to
the experimental findings. This kind of representa-
tion can be thought of as a fairly useful tool for
predicting the behaviour of the material at various
ambient temperatures. The load validity is limited
to the situations where the contact area increases
monotonically; as demonstrated by Radok [51],
the analysis presumes continuous, non-reversing
loading with an expanding contact region.
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To ensure accurate correlation between the
model predictions and experimental results, the
normalized time period, ¢/7 (r=n/E), must
vary between 10 and 40 for D = 1.5 and between
100 and 200 for D = 1.24 in order to achieve a rea-
sonable agreement among the experimental results
as compared with the isochronous curves. Such val-
ues only serve the goal of the modeling process and
are purely nominal. It is well established that me-
tallic creep behavior typically progresses through
three stages — primary (transient), secondary

(steady-state), and tertiary (accelerating). The pres-
ent study focused primarily on capturing the pri-
mary and secondary stages of creep deformation.
To evaluate the robustness of the proposed model
and understand the role of thermal effects, a sen-
sitivity analysis with respect to temperature was
performed. This approach assesses how changes
in temperature influence the viscoelastic creep
response, particularly through the Arrhenius-type
dependence of the relaxation time. The analy-
sis provides insights into the model’s physical
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Figure 6. Isochronous load—displacement curves for fractal dimension D = 1.24 at various temperature
differences, together with experimental data for carbon steel specimens (0.45% C) prepared by face-turning,
grinding, and bead-blasting. The dataset, with twice the r.m.s. surface roughness of 9.7 um, was obtained by

Handzel-Powierza et al. at room temperature

consistency and its predictive behavior across a
range of realistic thermal conditions.

Sensitivity analysis with respect to
temperature

To evaluate the influence of temperature on
the proposed viscoelastic contact model, a sys-
tematic sensitivity analysis was conducted. The
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analysis focused on how variations in tempera-
ture T affect key aspects of the model, including
creep behavior, thermal activation mechanisms,
and load—displacement—time relationships.

Temperature-dependent mechanisms

The model accounts for thermal effects through
thermo-viscoelastic coupling, implemented via



Advances in Science and Technology Research Journal 2026, 20(2) 137-152

Displacement u pm
[=2]

-
-
‘——-- i
-

—-_._..-‘

----------- tir=10 AT=00K (1)
----- tir=20 AT=00K(2)
== =t =30 AT=0.0K(3)
—t =40 AT=0.0K(4) E
----- ti+=10 AT=75 K(5)
—t =10 A T=100 K (8)
1 «Experimental A T=0.0 K

0 50 100 150 200
F/L, MPa

250 300 350 400 450 500

Figure 7. Isochronous load—displacement curves for fractal dimension D = 1.5 at various temperature
differences, together with experimental data for carbon steel specimens (0.45% C) prepared by face-turning,
grinding, and bead-blasting. The dataset, with twice the r.m.s. surface roughness of 9.7 um, was obtained by

Handzel-Powierza et al. at room temperature

a temperature-dependent relaxation time. This is

governed by the Arrhenius-type relation:
Q

(T) = tgex (—)

(1) = Toexp(zr (22)

where: 7, is the reference relaxation time, Q is the

activation energy, R is the ideal gas con-

stant, and 7 is the absolute temperature in

kelvins.

This relation reflects the fact that as tempera-
ture increases, the relaxation time 7(7) decreases
exponentially. In the context of viscoelasticity,
this means that the material creeps more quickly
at higher temperatures under constant load. Conse-
quently, the time scale of creep is temperature-de-
pendent: higher temperatures lead to faster defor-
mation rates. The effective stiffness and damping
of the viscoelastic response (modeled via Maxwell
elements) are also affected, since they depend on
the relaxation dynamics governed by (7).

Simulation setup

To study the impact of temperature variations,
the model was simulated at three temperature lev-
els: 7, T,+75K, T, +100K, at two stress levels:
o = 100MPa, and o = 150 MPa, and two fractal
dimensions: D =1.24, and D= 1.5.

Results and interpretation

The creep response is characterized by the
normalized displacement u / 4, as a function of
normalized time ¢/ 7 . The key findings are sum-
marized as follows:

e Temperature accelerates creep: At higher tem-
peratures, the material deforms more rapidly
and reaches greater displacements.

e Fractal roughness amplifies thermal effects:
Larger fractal dimensions (e.g., D = 1.5) result
in greater sensitivity to temperature changes.

e Stress scales the response: Higher applied
stress increases the magnitude of creep de-
formation, though the qualitative temperature
trends remain consistent.

The Power-law behavior is preserved: The
strain-time relationship follows:

1

)
@: b_Zﬂ g e_t/rx
n | E L

repeated (21)
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Figures 4 and 5 illustrate these behaviors
clearly, showing how increasing temperature
shifts the curves upward and to the left, indicating
faster and larger creep deformation. For example,
under the same load:

e At T = 400K, the predicted displacement is
approximately 2.5% greater than at 7= 250K.

e This highlights the significant role of tempera-
ture in accelerating viscoelastic creep, consis-
tent with the exponential dependence of (7).

These results confirm that the model reliably
captures thermally activated viscoelastic creep,
and is capable of describing coupled effects in-
volving temperature, surface roughness, and
loading history.

Parameter identification protocol

The temperature-dependent parameters used
in the model were identified as follows:
e activation energy Q=7kJ/mol and
e reference relaxation time 7,

were selected based on available literature values
typical for viscoelastic materials. In the absence of
specific experimental data for the material system
in question, physically reasonable estimates were
adopted. Their influence was explored through the
sensitivity analysis presented here, confirming the
model’s robustness to variations in these param-
eters. To situate the present framework within the
broader literature, it is useful to compare it with
representative contact models. Classical viscoelas-
tic formulations, pioneered by Lee and Radok [2]
and Hunter [61], extended elastic contact theory
to linear viscoelastic solids but are valid only un-
der isothermal, monotonic loading. Later thermo-
viscoelastic approaches, such as those of He et al.
[62] for polymeric interfaces and Zhang et al. [63]
for layered materials, incorporated temperature de-
pendence, yet often assumed simplified geometries
and did not fully capture rough-surface effects. In
parallel, fractal and rough-surface models—in-
cluding Majumdar and Bhushan [15], Persson
[64], and Ciavarella et al. [65] — successfully de-
scribed multiscale morphology as well as its role
in stiffness and real contact area, but were largely

Table 1. Comparison between the proposed model and representative categories of existing approaches in contact
mechanics, highlighting the novelty and scope of the present work

Classical Viscoelastic Thermo-Viscoelastic Contact l\ljll;)a;;?; I(:{'\(j:%r:ni:fz;f‘z
Feature Contact Models (Lee and | Models (He et al. [62]; Zhang ,J . Present work
Radok [2]; Hunter [61]) et al. [63]) Bhushan [15]; Persson [64];
’ ) Ciavarella et al. [65])
. . . . Thermo-dependent Elastic / elastic—plastic / Thermo-
) Linear viscoelastic (spring— . . . S . )
Material model dashpot, SLS, fractional) viscoelastic (polymers, viscoelastic with fractal viscoelastic
poL, ’ TVEHL) statistics Maxwell-type
. . Explicitly
Thermal Not considered (isothermal) Explicitly included Considered only partially included and
effects (e.g., Persson)
coupled
Surface None (smooth contact None (smooth contact Fractal or spect‘ral. Fractal,
. o . - representation (statistical, .
roughness idealization) idealization) - nominally flat
Weierstrass)
Time- Considered
dependent Considered (under Considered (thermo- Considered (rough-surface (thermo-
Eree monotonic loading) viscoelastic creep) viscoelastic and hysteresis) viscoelastic
P creep)
. . Closed-form
) . Semi-analytical, )
Analytical Closed-form convolution . . . : . expressions
. . Semi-analytical or numerical series expansions, or .
solution integrals o (e.g., Equation
approximations 21)
Coupling load— I
temperature— Not coupled Fully coupled Not coupled (partial in Fully coupled
S Persson)
deformation
Validation
Experimental Indentation and impact Polymeric contact and Friction and roughness with Handzel-
validation experiments TVEHL tests measurements Powierza et al.
[55]

Note: * “Load-Temperature-Deformation coupling” denotes whether the model explicitly accounts for the
interaction between applied load, temperature effects (heating, temperature-dependent modulus), and the resulting

deformation/creep response.

148



Advances in Science and Technology Research Journal 2026, 20(2) 137-152

Table 2. Comparison of classical and proposed viscoelastic models for contact creep analysis

Parameters Analytic tractability Domain of validit
Model : (creep/contact y Accuracy / suitability Remarks
(complexity) . (contact)
solutions)
Poor for long-
Very high (simple Valid under monotonic term creep; only Overly stiff at
Kelvin—Voigt 2 (E, n) yhig P contact but cannot instantaneous short times, no
algebra) . oy . A
capture relaxation elasticity + linear stress relaxation
creep
Moderate (.C losed . . Good for long-term No
forms available, Monotonic loading .
Maxwell 2 (E,n) ) s creep, poor short-term | instantaneous
diverges under (Radok admissible) .
. response elasticity
sustained creep)
Standard Linear . . . . Captures both creep |Balance between
Solid (SLS / 3 (E1, Ez, n) High (Laplace domain Monotonic I(_)a(_jlng and relaxation, but simplicity and
algebra manageable) (Radok admissible) - s .
Zener) limited flexibility realism
Moderate (involves Same monotonic . FIexane‘but
. ) . High accuracy across | less physically
Fractional Mittag—Leffler contact constraint, L
3(E,n, a) S : : wide time scales transparent,
Maxwell functions; analytic but harder in closed o
. (power-law creep) calibration can
less transparent) [66] solutions s
be difficult
Retains analytic
Proposed 2.3 High (epr|C|t Extended beyond Radok clarity V\{hlle
Maxwell- . expressions, e.g., . ) Accurate under broad extending
(depending . ) monotonic requirement . ) S
based thermo- Equation 21; contact . thermo-viscoelastic applicability
: . on thermal : . (generalized creep . o
viscoelastic coupling) integrals remain kernel) loading histories to thermo-
framework pling tractable) mechanical
contact problems

confined to elastic or elastic—plastic material laws,
neglecting long-term creep. Experimental studies,
for example by Handzel-Powierza et al. [55], high-
lighted the combined influence of surface rough-
ness and time-dependent deformation in steels. Ta-
ble 1 consolidates these perspectives, contrasting
the assumptions, strengths, and limitations of the
major modeling paradigms. Within this landscape,
the present Maxwell-based thermo-viscoelastic
framework offers a distinctive contribution by
explicitly coupling load, temperature, and defor-
mation, while retaining analytical tractability and
enabling comparison with experimental creep data
on rough surfaces.

To further clarify the scope and novelty of the
present formulation, a comparative summary is
provided in Table 2. This table contrasts the pro-
posed Maxwell-based thermo-viscoelastic frame-
work with commonly used viscoelastic models,
including the Kelvin-Voigt, standard linear solid
(SLS), and fractional Maxwell formulations. The
comparison highlights the differences in accuracy
relative to parameter complexity, analytic tracta-
bility (e.g., the availability of closed-form solu-
tions such as Eq. 21), and the domain of validity,
particularly with respect to Radok’s monotonic
contact restriction. As it was shown, the present
framework achieves a favorable balance by ex-
plicitly capturing creep and thermo-mechanical

coupling while maintaining analytical manageabil-
ity, thereby offering the predictive capability that
complements and extends the existing approaches.

CONCLUSIONS

In this research work, a novel fractal micro-
contact model was presented to predict the as-
perity flattening under creep resulting from the
temperature-dependent contact between a rough
viscoelastic surface and a rigid flat surface. In or-
der to realize the aforementioned objective, the
constitutive equation was approximated using the
Maxwell model and the interface topography in
that model was simulated using fractal geometry.
Moreover, the impact of temperature on creep has
been investigated using Arrhenius’ equation and
the activation energy idea. Geometrically, the ac-
curacy with which this model will simulate the
creep deformation of a non-deterministic rough
surface is debatable. This can be attributed to the
Cantor set model’s periodicity, resulting in geo-
metrically uniform contact regions at each level
of the structural hierarchy through the application
of the same construction technique. Waviness and
tortuosity at various scales are present in the real
contact region of viscoelastic solid surfaces, ac-
cording to tests; therefore, despite being utilized
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to conduct an accurate analytical analysis of con-
tact problem solutions, this model might not be
overly detached from reality, i.e., the model does,
however, admit an analytical solution.

In addition, the research demonstrated that a
small and steady strain rate is often present during
the secondary stage of creep. Since the traditional
Maxwell model highlights the creep of a viscoelas-
tic material to a first approximation and assumes
linearity, it is predicted that it will not reflect the
constant strain rate of the secondary stage, there-
fore a more sophisticated model is to be suggested
In conclusion, the experimental data sourced from
publicly available testing campaigns indicate that
both the Cantor-based structural model and the
Maxwell thermo-viscoelastic constitutive frame-
work provide a robust and reliable representation
of time-dependent material response under thermal
and mechanical loading. The proposed model of-
fers valuable insights into the influence of micro-
structural surface characteristics and constitutive
behavior on creep deformation, and highlights the
significance of various surface engineering tech-
niques in governing subsequent deformation be-
havior. Furthermore, the field of contact mechanics
and thermally driven creep continues to advance,
reinforcing its critical role in the broader study of
surface and interface phenomena. Future research
in this area holds substantial potential to influence
the related domains such as adhesive contact me-
chanics, the onset of sliding motion, and strain
hardening mechanisms in tribological interfaces.
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