Thakur Pankaj” ®, Pawan Kumar, Priya Gulial

THERMAL AND MECHANICAL LOAD RESPONSE OF BRAKE DISCS WITH RIGID
SHAFTS: A COMPARATIVE ANALYSIS OF CAST IRON AND STAINLESS STEEL

ODZIV TERMICKOG I MEHANICKOG OPTERECENJA KOCIONIH DISKOVA NA KRUTIM
OSOVINAMA: UPOREDNA ANALIZA LIVENOG GVOZDPA I NERDAJUCEG CELIKA

Originalni naucni rad / Original scientific paper
Rad primljen / Paper received: 17.04.2025
https://doi.org/10.69644/ivk-2026-01-0131
Adresa autora / Author's address:

Department of Mathematics, Faculty of Science & Technology,
ICFAI University, Himachal Pradesh, India

*email: pankaj_thakurl5@yahoo.co.in
P. Thakur https://orcid.org/0000-0001-8119-2697

P. Gulial https://orcid.org/0009-0009-0266-2298

Keywords

« thermal load

« rigid shaft

« brake disc

+ material comparison
» mechanical load

Abstract

This study examines the performance of cast iron and
stainless steel brake discs under varying loads and temper-
atures, with a focus on angular speed, radial stress, and
circumferential stress. The results show that angular speed
decreases with higher radii ratios and loads for both mate-
rials, with cast iron outperforming stainless steel due to its
lower density and higher stiffness. Stainless steel exhibits
higher radial stress and greater sensitivity to temperature
changes. Circumferential stress decreases with the radii
ratio, with stainless steel consistently showing higher stress
levels, particularly at higher loads. Overall, cast iron is more
efficient in maintaining angular speed, while stainless steel
is more sensitive to stress and temperature variations.

INTRODUCTION

Brake discs are essential components in various mechan-
ical systems, especially in high-performance applications
such as railway and automotive braking systems. The discs,
mounted on sturdy shafts, are subjected to both heat and
mechanical forces during braking. Zenkour et al. /1/ investi-
gate elastic deformation in rotating functionally graded mate-
rial (FGM) discs. Zenkour focuses on radially graded discs
with rigid casing, while Chen et al. /2/ extend to three-di-
mensional, transversely isotropic FGMs. Both studies provide
analytical solutions crucial for optimising high-speed rotat-
ing machinery designs. Chen et al. /2/ present a three-di-
mensional analytical solution for stress and deformation in
rotating FGM discs with transverse isotropy. Their study
considers radial material gradation and anisotropy, offering
critical insights for optimising high-performance mechanical
systems like aerospace and rotating machinery components.
Bayat et al. /3/ analyse functionally graded rotating discs
with variable thickness, focusing on stress distribution and
deformation. Using analytical and numerical methods, the
study highlights the effects of material gradation and disc
geometry on performance, offering valuable insights for opti-
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Izvod

U ovom radu istrazujemo performanse kocionih diskova
od livenog gvozda i nerdajuceg celika u uslovima promen-
ljivog opterecenja i temperature, sa fokusom na ugaonu brzi-
nu, radijalni napon i obimski napon. Rezultati pokazuju da
ugaona brzina opada sa povecanjem odnosa poluprecnika i
sa opterecenjem kod oba materijala, gde liveno gvozde poka-
zuje bolje osobine u odnosu na nerdajuci celik, usled njego-
ve manje gustine i vece krutosti. Nerdajuli celik ispoljava
veci radijalni napon i vecéu osetljivost na promenu tempera-
ture. Obimski napon opada sa odnosom poluprecnika, gde
nerdajuci Celik pokazuje vecée vrednosti napona, posebno kod
vecih opterecenja. U opStem slucaju, liveno gvozde je efikas-
nije u odrzavanju ugaone brzine, dok je nerdajuci celik oset-

mising designs in high-speed applications like turbines and
flywheels. Additionally, Bayat et al. /4/ investigate mechan-
ical and thermal stresses in functionally graded rotating discs
with variable thickness under radially symmetric loads. Their
study combines analytical and numerical approaches to
examine the interplay of material gradation, thermal effects,
and geometry, providing critical insights for enhancing the
reliability of high-speed rotating systems. Callioglu et al.
/5/ analyse stress in functionally graded rotating discs using
both analytical and numerical solutions. Their work exam-
ines material gradation effects on stress distribution, offering
valuable insights for designing efficient and durable high-
speed rotating components in engineering applications such
as turbines and flywheels. Damircheli et al. /6/ study the
impact of temperature and thickness variations on thermal
and mechanical stresses in rotating functionally graded discs.
Their analysis highlights how material gradation, thermal
conditions, and geometry influence stress distribution, provid-
ing key insights for optimising the design of high-perfor-
mance rotating systems in diverse environments. Hassani et
al. /7/ present semi-exact elastic solutions for the thermo-
mechanical analysis of functionally graded rotating discs.
Their study considers material gradation and coupled ther-
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mal-mechanical effects, providing accurate stress and defor-
mation predictions. The findings contribute to the design of
efficient, high-performance rotating components under com-
plex thermal and mechanical loading conditions. Meanwhile,
Dai et al. /8/ examine the mechanical behaviour of a rotating
FGM circular disc under variable angular speed. Their study
analyses stress and deformation effects influenced by angu-
lar acceleration and material gradation, offering insights for
optimising dynamic performance in advanced rotating sys-
tems like turbines and flywheels. Lin et al. /9/ perform an
elastic analysis of rotating functionally graded annular discs
with an exponentially varying material profile. Their study
investigates the effects of material gradation on stress and
deformation, providing valuable insights for the design of
high-performance rotating components under complex load-
ing conditions. Farukoglu et al. /10/ investigate the elastic
limit stresses and failure of rotating fibre-reinforced compo-
site discs with variable thickness. Their study examines how
material properties, thickness variation, and rotational speed
affect the failure criteria, providing critical insights for design-
ing reliable composite components in rotating machinery.
Bagheri et al. /11/ present a small-scale oriented elasticity
model for functionally graded rotating micro-discs with vary-
ing angular velocity, using strain gradient theory. Their study
explores the impact of microstructural effects on stress and
deformation, providing valuable insights into the behaviour
of FG micro-discs in advanced mechanical systems. Babaei
et al. /12/ explore the dynamic behaviour of functionally
graded truncated cones under rotational motion. The study
incorporates the effects of porous material saturation, provid-
ing insights into their mechanical properties and stability
under rotational loading conditions. Liu et al. /13/ investigate
a rare hyperluminous rotating disc galaxy observed through
an Einstein ring. The study, based on data from advanced
telescopes, sheds light on the galaxy's properties and its role
in the early universe, offering new insights into the for-
mation and evolution of massive galaxies 10 billion years
ago. Alfredsson et al. /14/ undertook a comprehensive review
of the fluid dynamics associated with rotating discs and
cones. The study covers the underlying physical mecha-
nisms, mathematical modelling, and experimental observa-
tions related to flow behaviour in these configurations, with
applications ranging from industrial processes to fundamen-
tal fluid dynamics research. Furthermore, Aziz et al. /15/
explore the enhancement of the load-bearing capabilities of
hollow rotating discs. The authors investigate the effects of
rotational autofrettage, a process that involves inducing com-
pressive residual stresses, on the structural integrity and
strength of these discs under rotational loading. The study
provides valuable insights for engineering applications requir-
ing high-performance rotating components. The study by
Afzal and Abdul /16/ reviews the thermo-mechanical and
structural performance of automobile disc brakes, highlight-
ing both numerical and experimental studies. It discusses
various materials' thermal conductivity, mechanical proper-
ties, wear resistance, and fatigue behaviour under braking
conditions, providing insights for optimising brake disc
design and performance. Borawski's /17/ review explores
both conventional and unconventional materials used in the
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production of brake pads. It examines the advantages and
limitations of various materials, including their thermal and
mechanical properties, wear resistance, and performance
under different braking conditions. The study provides valua-
ble insights for selecting optimal materials for brake pad
manufacturing. Chen et al. /18/ discuss the structural design
of a high-performance WBD (Water-Cooled Brake Disc).
Their study focuses on optimising thermal and mechanical
performance, material selection, and thermal management.
The research provides valuable insights for enhancing the
efficiency, durability, and overall performance of high-per-
formance brake discs. Moreover, Deressa and Ambie /19/
provide a systematic review of thermal load simulations in
railway disc brakes. Their study focuses on modelling tem-
perature, stress, and fatigue in braking systems. The review
highlights various simulation methods used to predict ther-
mal and mechanical performance, offering insights into opti-
mising brake disc design and improving durability under
operational conditions. Additionally, Sumit et al. /20/ con-
duct a comparative study on the thermal and dynamic anal-
ysis of a disc brake using ANSYS® software. The study
focuses on evaluating the thermal distribution, stress, and
deformation of disc brakes under dynamic loading condi-
tions, providing insights into improving brake performance
and design optimisation. Furthermore, Kaur et al. /21/ inves-
tigate heat-driven stress in solid discs with varying densi-
ties, analysing thermal dynamics to enhance the under-
standing of material behaviour under thermal loads. Xia et
al. /22/ investigate the natural mode behaviour of rotating
discs submerged in water at varying wall distances. The
study models the dynamics of high-head Francis turbines,
focusing on mode splitting and its implications for turbine
performance and stability under different operating condi-
tions. Moreover, Gulial et al. /23/ explore how variations in
material density influence the strain rates in pressurised rotat-
ing cylinders. The study provides critical insights into the
mechanical behaviour of such systems, offering implica-
tions for engineering applications where material properties
and rotational stress are significant factors in design and
performance analysis.

Objective of the study

This study examines the thermal and mechanical load
responses of rigid shaft brake discs made from cast iron and
stainless steel. It analyses heat dissipation, temperature distri-
bution, and mechanical stress under operational conditions,
comparing the durability and performance of both materials.
The research provides insights into the interaction between
the brake disc and shaft, helping optimise material selection
and design for improved reliability in high-performance brak-
ing systems.

Novelty of this research

The novelty of this research lies in its comprehensive
comparison of cast iron and stainless steel brake discs, focus-
ing on their thermal and mechanical load responses in rigid
shaft systems. While both materials are widely used in brak-
ing applications, this study provides a detailed analysis of
their behaviour under dynamic thermal and mechanical
stresses, which is crucial for optimising braking performance.
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By exploring the interaction between the disc and shaft, the
research offers new insights into material efficiency, wear
resistance, and system-level performance. The findings aim
to enhance the design and longevity of brake discs in high-
demand industrial applications.

METHODOLOGY

Seth's /24-25/ and Thakur et al. /26-41/ transition theory
is a framework for understanding material behaviour under
varying thermal and mechanical conditions. Key points of
the methodology include:

« material state transitions: it models the transition between
different material states, influenced by temperature and
mechanical loading;

« thermal and mechanical interactions: the theory examines
how heat and external loads affect material properties like
stiffness, strength, and thermal expansion;

- application to rotating systems: it is used to analyse rotat-
ing systems, such as discs, to assess performance under
changing conditions;

« predictive modelling: the theory predicts the impact of
temperature and load variations on angular speed, stress,
and overall system performance.

CONVERGENCE CRITERIA

The convergence criteria for Seth's transition theory can
be summarised as follows:

« material property stabilisation: transition between material
states (stiffness, strength) stabilises after iterations;

- residual error: difference between successive iterations
of key variables (stress, angular speed) falls below a set
threshold;

« thermo-mechanical consistency: predicted stress, angular
speed, and thermal responses become consistent;

« steady-state condition: key variables reach stable values,
indicating a converged solution;

« physical validity: results adhere to known material prop-
erties and thermodynamics.

ILLUSTRATION OF THE DOMAIN

Geometry of the disc: a thin annular disc composed of cast
iron (CI) and stainless steel (SS), with uniform density, is
considered for analysis. The disc has a central bore radius
a, and an outer radius b, as depicted in Fig. 1. It rotates at a
constant angular velocity around an axis perpendicular to its
plane while experiencing edge loading. The disc's constant
and small thickness ensures a plane stress condition, effec-
tively neglecting axial stress (z:). The temperature at the
central bore of the disc is denoted by ®y.
Boundary conditions: the given boundary conditions describe
a system with specific constraints at two radial locations,
r=a and r = b. At the inner radius (» = a): the displacement
u is zero, indicating that the point at this radial position is
fixed, and the temperature (or scalar field) ® is set to a
constant value ®. At the outer radius (» = b): the radial stress
7 18 equal to /o, representing an applied load at this bound-
ary, while the temperature ® is set to zero.

The temperature distribution between » = a and » = b fol-
lows a logarithmic relation given by ® = Ooln(r/b)/In(a/b),
ensuring that ® =@ atr=agand ® =0 at r=b.
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In(r/b)
O In(a/b)

Figure 1. Geometry of the disc.

CONSTITUTIVE EQUATIONS

The stress equation, as described by Gupta et al. /26/, is
given by:

T, :Z—ﬂ{3—2c—ﬂ” {1—c+(2—c)(P+1)” +@H )
2up"

n

2
rop =22 3220 "L 2—cw(1=cy 1y + 1O |
n 2# n
T, =79; =T =7, =0> M
where: ¢ = 2u/A+ 2u. Here, all equilibrium conditions are
satisfied except:

d
;(rr,,)—rgg +pw’r? =0. 2

By substituting Eq.(1) and the boundary condition in the
previous section into Eq.(2), a nonlinear differential equa-
tion is derived as follows:

n_ld_P: npm2r2 3 ncf(:)() N
2u 2u
=p" [1=(P+1) —nP-c+Q-c)P+1)"}]. ()
where: @0= ®/In(a/b). In this equation, the turning points
of fare identified as P =—1 and Foo.
INNOVATION

It has been shown /21, 24-41/ that the asymptotic solution
for the principal stress undergoes a transition from elastic
state to plastic state at transition point P. The transition
function y is defined as follows:

2= [egg—cEO1= (20~ f" 2-c+(1-o)P+1)}-"E2. @)
2u P

Q=B P(P+1)

By logarithmically differentiating Eq.(4) with respect to
r and substituting the value of dP/df from Eq.(3), we get:
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2=k, 6)
where: v= (1 —c¢)/(2 — ¢). From Eqgs.(4) and (6), we derive:
00 Z(z—ﬂjKﬂ"V—l+c§®0 ln(r/b) ) (7)
n log(a/b)
By substituting Eq.(7) into Eq.(2) and performing the inte-
gration, we obtain:

By substituting Egs.(7) and (8) into the relation 1 — g% =
(2/E)[ 10— vzr] + a®, provided by Gupta et al. /26/, we get:

ﬁ:\/l_Z_v{paﬂrZ_k_er cE@, {Hzln(r/b)ﬂ
E 3 r In(a/b) (1-¢)

Substituting the value of finto u = #(1 — f) as given by Gupta et al. /26/, we get:

2.2
u=r|l- 1_2_v peT —ﬁ-f-
E 3 r

aEQ2-¢)9, [ L 21n(r/b)D

)

In(a/b) (1-¢)

where: ¢£ = aE(2 — ¢). Using boundary condition (section Illustration of the domain) in Egs.(8) and (9), we get:
233 3 _ N 23 _ A
oy = nv {blo P b —a )}L aFEOg | (1-c)(b—a)—2naln(a/b) and f, = poa” aEO®y(2—c)| 1-c)-2In(r/b) .
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Substituting the values of constants ki and k&, from Eqs.(17), (18), and (20), we derive the following:

—(1_p3 VQ_i2 v1, O | RV(A-Ry)v InR _apv-l 10
oy =v(1-Ry)R 3R+VL0R +(1—v) R R +lnR0 2Ry(1-v)R } (10)
Qz v 3 v-l 2R0®1(1_RV) ®1(1_Rv)[ (A-Ry) v &_:| 11
o, = 3R[R (-R)-R® + R} |+ LyR K mR R R (11)
2
U=R—R[l—2vH]{&[R3 ~R31+ 201(R=Ry) | 26, [ InR —&}}, (12)
3R RInRy(l1-v) v |InR;, R

where: 1 —c=(1—W/v; Lo=1/Y; R=1/b; Ry = a/b; o, =

7, /Y, o0= t00/Y; O1 =

aE®q/Yy; H=Y/E; and O = pya’b¥/Y.

Initial yielding: from Eqs.(10) and (11), it is evident that the value 7. — 7¢s is maximal at the internal surface (i.e., at R = Ro).
Hence, yielding will occur at the internal surface of the disc. The angular velocity required for the onset of yielding is

expressed as:

3 R 36 1 RO 2 1-v

Q? = 0 54— ! Ry —(1-vRy} | - (13)
initial yielding surface | (] — RS)LI_V) %0 |(1_ RS)(I—V)LH Ro V{ (1-v) o}}
For the fully plastic state, Eqs.(10)-(13) become:
_QP-RONR 1, J_(l Ry IR Ry "
6R 2J_ JnRyR R, YR
=—[\/—(1 R3)—R* +R3 1+ Lo 3RO \/_) s */_)[1 g+ RO)J—+ } (15)
\/_ R InR,

3 40, (R-Ry) InR R s
U=R-R[l- H]{ [R RO] RinR, + @L oRg R:|} (16)
and o2 | 60, (17)

fully plastic surface

3 { 2
(1-RJ) VRo
VERIFICATION OF RESULTS

Results derived from Eqgs.(10)-(13) for initial yielding and
from Eqs.(14)-(17) for the fully plastic state under thermo-
mechanical load are consistent with those reported by Gupta
et al. /26/, although their study did not account for load
parameters. This alignment reinforces the validity of the
obtained outcomes in relation to existing literature.
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=R MRy | JRy 2
NUMERICAL SIMULATION

To calculate thermal stress distribution, angular speed, and
displacement, we consider the properties of the materials
and their conditions. For cast iron (CI), the Poisson's ratio
v=0.25 and stainless steel (SS) v=0.31; E/Y =2, 1/2; load
Lo=0, 1, 2; temperature ®; = 0 and 0.35, which affects the
thermal expansion of the material. By applying these values
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to appropriate Egs.(10)-(13) for thermal stress, angular speed,
and displacement, we can assess the materials' behaviour
under different loads, temperatures, and deformations. This
method allows us to better understand how these factors
interact and affect the material's performance. Curves illus-
trating the relationship between angular speed required for
initial yielding and various radius ratios (Ro) for disc brakes
made of cast iron (CI) and stainless steel (SS) under vary-
ing loads (Lo =1 and 2) at temperatures (®; = 0 and 0.35)
are presented in Fig. 2. It has been observed that angular
speed consistently decreases with increasing radius ratio and
load for both materials. At a temperature of ®; = 0, the angu-
lar speed is higher across all conditions, while at ®; = 0.35,
there is a noticeable reduction in angular speed, particularly
at higher radius ratios and loads. This reduction can be
attributed to the combined effects of increased frictional
forces, thermal expansion, and potential softening of mate-
rials at elevated temperatures. The cast iron disc brake demon-
strates better angular speed performance compared to the
stainless steel disc brake under the same conditions, likely
due to its lower density and higher stiffness, which enable it
to sustain rotational motion more effectively. The influence
of load is significant, with angular speed dropping sharply
as the load increases from 0 to 2, especially for the stainless
steel disc brake. At higher radius ratios, both materials
exhibit a convergence toward a minimum angular speed,
suggesting a natural limit to rotational efficiency as the dis-
tance from the axis of rotation increases. This is particularly
evident at @ = 0.35, where the decline in angular speed is
steeper, indicating a greater loss of rotational energy at high-
er temperatures. Overall, the results emphasise the intricate
20 =0
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Figure 2. Dimensionless angular speed vs. radii ratio (Ro).
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interplay between temperature, load, material properties, and
radius ratio on rotational dynamics. The cast iron disc brake
emerges as the more efficient material for maintaining angu-
lar speed under increasing load and temperature, while the
stainless steel disc brake exhibits greater sensitivity to these
factors.

14 —=— CL Temp.={
—=&— 55, Temp=0
--a-- CLTemp=023
12

) --o-- 5§ Temp =025
s e - CL, Temp =0.33
R @ 55, Temp=033

Dimensionless angular speed
= (=31 (=]

[

0 02305073 1 12515173

Load (Lg)
Figure 3. Dimensionless angular speed vs. load (Lo).

(=)

Figure 3 demonstrates the relationship between dimen-
sionless angular speed and load (Lo) for disc brakes of CI
and SS at temperatures (®; =0, 0.25, and 0.35). As the load
increases, angular speed decreases for both materials, follow-
ing a linear pattern. Interestingly, SS disc brakes consistently
maintain higher angular speeds than CI disc brakes, sug-
gesting that SS offers superior rotational performance. How-
ever, as temperature increases, angular speed also increases
for both materials, indicating that heat influences perfor-
mance, likely due to reduced friction or material softening.
The reduction in angular speed is more pronounced in SS,
highlighting its greater sensitivity to both temperature and
load variations.
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Figure 4. Dimensionless angular speed vs. temperature (©1).
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Figure 4 illustrates the variation in dimensionless angular
speed with temperature (®,) for disc brakes made of CI and
SS under loads (Lo =0, 1, and 2). The dimensionless angular
speed increases with temperature for both materials, but the
SS disc brake consistently achieves higher angular speeds
than the CI disc brake across all loads. Higher loads result
in lower angular speeds, with the gap between SS and CI
widening as the load increases. This trend suggests that SS
is more efficient at maintaining rotational performance under
both thermal effects and load. The linear increase in angular
speed with temperature indicates improved system dynamics
despite the added thermal influence.
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Figure 5. Dimensionless radial stress vs. radii ratio (R).

Figure 5 depicts the behaviour of dimensionless radial
stress distribution as a function of radius ratio (R) for disc
brakes made of CI and SS under different loading conditions
(Lo= 0 and 2) and temperatures (®; = 0 and 0.35). As the
radius ratio (R) increases, radial stress clearly decreases for
both materials. However, SS disc brake consistently shows
higher stress compared to the CI one, mainly because of its
stronger elastic modulus. Mechanical loading plays a key
role in radial stress, with a load of Lo = 2 causing more stress
than Lo = 0, especially at smaller radius ratios. As tempera-
ture increases to ®; = 0.35, radial stress rises for both mate-
rials, but the increase is more noticeable in SS, suggesting it
is more affected by temperature changes than CI. The CI
disc brake, having a higher thermal expansion coefficient,
experiences lower stress under the same loading conditions
but undergoes more deformation as the temperature changes.
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On the other hand, the SS disc brake, due to its lower thermal
expansion and higher modulus, experiences higher stress,
making it more sensitive to temperature variations. These
results highlight how mechanical loading and temperature
work together to affect radial stress distribution in rotating
discs, with SS showing both higher stress and greater tem-
perature sensitivity than CI.

Figure 6 illustrates the dimensionless circumferential
stress distribution as a function of radius ratio (R) for disc
brakes of CI and SS under loading conditions (Lo = 0 and 2)
and temperature conditions (®; = 0 and 0.35). In both cases,
circumferential stress decreases as radius ratio increases,
irrespective of the material, load, or temperature. At ®; =0,
SS exhibits higher stress levels than CI, while the elevated
temperature (®; = 0.35) leads to a noticeable reduction in
stress for both materials, indicating a thermal softening
effect. The application of Ly = 2 results in higher circumfer-
ential stress compared to Lo = 0 across all conditions, empha-
sising the influence of mechanical loading. Despite variations
in stress levels due to load and temperature, the trends remain
consistent, with SS consistently exhibiting higher stresses
than CI under identical conditions.
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T —=— 58, Temp. =0

14 --+-- CI, Temp. =033

--&-- 85, Temp.=0.33

Dimensionless circumferential Stress
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I
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I
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Figure 6. Dimensionless circumferential stress vs. radii ratio (R).

CONCLUSIONS

Comparative analysis of cast iron (CI) and stainless steel
(SS) discs under varying thermal and mechanical loads
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demonstrates that CI sustains higher angular velocities due
to its lower density and superior stiffness properties. Both
materials exhibit a decrease in angular speed and an increase
in radial and circumferential stresses with rising temperature;
however, SS shows greater thermal sensitivity, resulting in
more pronounced stress responses. Similarly, increasing
mechanical loads lead to a reduction in angular speed and
elevated stress levels in both materials, with SS again dis-
playing higher sensitivity to load variations. Under combined
thermal and mechanical loading conditions, CI exhibits en-
hanced performance efficiency and structural stability,
whereas SS is characterised by increased stress magnitudes
and reduced resistance to thermal effects. This investigation
provides a comprehensive comparison of angular velocity,
radial stress, and circumferential stress behaviour in CI and
SS discs, emphasising the influence of material properties
on their dynamic and structural performance.
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