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Abstract

Under understanding the necessity of the weight reduction without decrease in strength properties of a construction
part the authors have tried to declare the methodology of the parts' construction on the example of the brake calliper pis-
ton. Taking commonly used high strength aluminium wrought alloy of the 6xxx-serie the behaviour of the piston under
plain compression load was investigated separately for elastic and plastic deformation. After that it was compared with
the results for carbon steel C10. Under definition of the maximal allowed parameter’s value for elastic and minimal al-
lowed parameter’s value for plastic deformations, represented by factor of safety (FoS) and yield stress respectively, the
sensitivity maps of the proposed piston constructions were calculated. Opposite to the total topology optimization the out-
er geometry of the original piston was unchanged. The results of the study have shown that the changing of the inner ge-
ometry can be done in a certain range without any significant strength decrease of the construction part but not arbitrary.

Key words: aluminium wrought alloys 6061, carbon steel C10, brake calliper piston, construction optimisation, numerical

simulation, FEM, QFORM 3D, T-Flex Analysis

1. INTRODUCTION

Braking systems is permanent developing sys-
tem, which is responsible for the vehicle stop after
human reaction and pushing the brake pedal or but-
ton. For different vehicle types it represented by
different constructions. But only two main types of
the breaks are widely exist, namely drum and disc
brakes. Due to low weight, better heat dissipation
and more durability under severe usage the disc
brakes superior to drum brakes, that generally the
state of art and described in many engineering books
on the problem, e.g. by Heissing and Ersoy (2011),
Gilles (2005). To protect the pressure fluid against
overheating the calliper pistons have to be done re-
garding the material and geometry. Used in disc
brake calliper pistons driven by fluid push the fric-
tion pads to clamp the rotor or brake disc during the
movement of the brake pedal (figure 1). The gener-
ated heat will be dissipated inside the rotor and part-
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ly will be transmitted through the piston into the
fluid. It causes the increase of the temperature inside
the fluid volume and building the gas bubbles that
prevent the movement of the brake pedal.

Today’s market is overflowed with the pistons of
different constructions, verified experimentally.
There is no unique technique for construction of the
optimal pistons due to distinguished driving mode of
each car driver. And commonly there are only three
main construction material groups with just a few
representative materials per group, which are widely
used through the numerous geometries of the pis-
tons. These groups are grey cast iron, steel and alu-
minium. For flexible production more information
about material properties regarding the application
case is required. For example, the correlation be-
tween the geometry and density or weight of the
piston is needed to calculate the generated and
transmitted heat through the piston.
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Fig. 1. Fixed calliper: 1 — brake disc, 2 — brake pistons, 3 —
calliper (hydraulic connections, bleed screws and friction pads
are not presented). 3D view (a), cross-section (b).

1.1. Fundamental ways of weight reduction of
technical constructions

There are several methods in the optimization
practice for making new construction parts. Among
them the methods like topology optimization and
lightweight materials’ application. Topology optimi-
sation means that non-relevant material volume will
be selected and neglected during the production
stage. It means that the pistons with thin walls,
smaller radiuses and complex surfaces can be creat-
ed. Lighter materials can be also used but without
decrease in strength of the end product. The most
popular materials stay carbon steels and aluminium
wrought alloys of the 5xxx, 6xxx and 7xxx-series
thanks their good till excellent strength properties
and high corrosion resistance against aggressive
brake fluids.

The application of new material needs to be
technically feasible that can be achieved by devel-
opment of new technological processes, for instance
processes based on the cold bulk metal forming.
Philippov et al. (2011, 2013), Gnevashev et al.
(2003), Philippov and Molodov (2012) have shown
the practicable realisation of the numerical simula-
tion of the developed cold bulk metal forming opera-
tions and good agreement of the simulation results
with the experiments for many part produced by
cold bulk forming operations.

1.2. Construction for brake calliper pistons
under study

In the ideal case the new optimized piston
should have the reduced weight and the same or
higher strength values. The authors tried to couple in
one theoretical function two main influence parame-
ters (arguments), i.e. geometry and material. Each
argument was considered commonly and designated
as a criterion in the following equation:

F=F(G,M), (1)

where G — geometry criterion (G-criterion), M —
material criterion (M-criterion).

Taking into account this fact and based on the
two mentioned above methods the geometry and
consequently the weight of the original mass pro-
duced pistons (figure 2, case A-1 and B-1) was
changed. For the cases A-2 and B-2 the thick wall of
the initial pistons was replaced by two thin walls.
For the cases A-3 and B-3 the volume of the inner
free space was increased. In both investigated modi-
fications the replaced material volume was approxi-
mately the same (table 1). From the physical point of
view two thin walls represented one connected shell
and the induced during the brake operation stresses
are closed inside it (compare A-1 vs. A-2). Stress
distribution in one thin wall is comparable to one
thick wall but with the correction on the ultimate
material properties (compare A-1 and A-3). In prin-
ciple the case A-2 can be converted into case A-3
then there is no gap between two thin walls of the
piston in case A-2.

The number of investigated materials was re-
stricted to two (one per main material group), name-
ly aluminium alloy (EN AW-6061) and steel (carbon
steel C10) with the chemical composition and me-
chanical properties presented in tables 2 and 3, re-
spectively.
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Type \ Group 1

3

Fig. 2. Classification of the brake calliper pistons incl. weight-reduced examples (A-1 and B-1 represent initial geometries of the real

pistons).

Table 1. Comparison of the weight characteristics of the pistons.

the construction reliability of each case, presented in
figure 2 the maximal (in elastic area) and the mini-

Weight, kg mal (in plastic area) values of deformation stresses
Variant Volume, mm’ ;
C10 AW-6061 or for.ces have to be c.ietermmed.. '
Firstly the material of the piston has to withstand
A-1 42.050,8 0,328 0,118 . .
the middle force value of 10.000 N under uniaxial
A2 26.800,2 0,209 0,075 compression stresses, which are normally exists on
A-3 274112 0,214 0,077 the working surface rotor-friction pad with piston
B-1 35.003,9 0,273 0,098 (figure 3) and are necessary boundary condition for
B-2 21.412,3 0,167 0,060 elastic problem formulation.
B3 213211 0.166 0.060 The stress-strain state of the piston’s material

during the brake pedal activation is quit the same as

Table 2. Chemical composition of the materials (GOST 4784-97, DIN EN 573-3).

carbon steel C10
C Si Mn Ni S P Cr Cu As
0,07-0,14 0,17-0,37 0,35-0,65 max. 0,3 max. 0,04 | max. 0,035 | max. 0,15 max. 0,3 max. 0,08
aluminium wrought alloy EN AW-6061
Fe Si Mn Cr Ti Cu Mg Zn Al
max. 0,7 0,4-0,8 max. 0,15 0,04-0,35 max. 0,15 0,15-0,4 0,8-1,2 max. 0,25 rest
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1.3. Loading schemes

Two loading schemes were applied separately to
the top surface: one to perform the static simulation
in T-Flex Analysis (the problem is solved only in
scope of Hooke’s law by the system of linear alge-
braic equations) and one to perform the simulation
of the plastic deformation in QForm 3D. To check

for the classical compression test except the temper-
ature fields, which are induces by severe friction
between the rotor represented by brake disk and
pads, and small friction on the contact surfaces,
which can be neglected. Secondly, if the material of
the investigated piston obtains plastic deformation or
stays close to that transient point, i.e. near to the
yield stress point, the stresses increase inside the
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material rapidly. As a result the factor of safety
(FoS) against equivalent stresses tends to zero, fol-
lows from the equation (2) and (3). Additionally the
authors specified a construction coefficient through
equation (4), which should obviously correctly de-
scribe the dependency between critical deformation
force and FoS.

i (2)

Fig. 3. Loading schemes with restrains. loading in T-Flex Anal-
ysis (a) and loading in QForm 3D (b).

Table 3. Mechanical properties of the materials (databases of the QForm and T-Flex).

EN AW-6061 Cl10
Parameter
T-Flex QForm 3D T-Flex QForm 3D

Young module, GPa 69 - 210 -
Poisson ratio 0,33 - 0,28 -

Thermal conductivity, W/(m K) 170 250 43 28
Linear thermal expansion coefficient, 107 1/K 2.4 - 1,3 -

Density, kg/m’ 2.700 2.800 7.800 7.550
Flow stress, MPa 55,15 table function 220,6 table function

Ultimate stress, MPa 124,1 - 399,8 -

Heat capacity, J/(kg K) 1.000 1.230 440 649

o, =%J(0x GV +(0, -0+

(0.-0) +6(t} +7,. +7.) (3)

K, = Kfs -F, “4)

where K, — factor of safety against equivalent stress-
es; 0., — equivalent stress value, which is calculated
from the stress tensor components; [o] — allowed
stress value, which was equal to the flow stress of
the material during the calculation, K. — construction
coefficient, F; — deformation force.

If the same factor is equal to minimal (recom-
mended) allowed value of 1 — 1.5 and is more higher
the material works properly in elastic area and the
construction is robust. For ultimate deformation, i.e.
the situation, which can occur during the staff
clamping of the friction pads, each piston was load-
ed according to the material’s flow law and the max-
imal obtained force, which resolves stresses to per-
form plastic deformation, was determined on the
first calculation steps.

2. NUMERICAL SIMULATION

Firstly, the elastic problem was numerically
solved in finite element (FE) code T-Flex Analysis.
It deals with the isotropic material with a specified
in program’s database mechanical properties. Under
isotropic material the material with an invariant with
respect to orientation of the body in the space, i.e.
identical properties in all directions, has to be under-
stood. According to the loading schemes showed in
the figure 3a full restraints were assigned to the bot-
tom and side surfaces of the piston.

Following the stress-strain diagram the simula-
tion runs were continued by the solving of the plastic
problem, which was done with the help of the FE
commercial code QForm v.7. It is based on flow
formulation, with independent variables, represented
by velocity vector and mean stress. In rigid-visco-
plastic model the material is considered as incom-
pressible, isotropic continua, whereby elastic defor-
mations are neglected. The restrains were applied
only to the top and bottom surfaces and represent the
piston contacts with both tools (figure 3b).

— 247 -

58]
O
Z
=
O
%]
%]
-
<
&2
=
<
=
Z
%)
[a)
)
I
5
=
o
28]
=
2
<=
=
o}
&)




28]
@)
Z
=
O
%)
%]
-
<
4
=
<
=
Z
%]
[a)
Q
I
5
=
-4
wl
=
2
[
3
v

INFORMATYKA W TECHNOLOGI MATERIALOW

2.1. Process setup

The simulation runs were done for normal envi-
ronmental conditions, presented in the table 4. For
investigation the material behaviour near yield stress
point the hydraulic press was chosen. To eliminate
the influence of the friction during the simulation the
friction factor was set to zero.

Table 4. Process parameters (for QForm 3D and T-Flex Analy-
Sis).

Parameter Value
Tools’ temperature, °C 20
Environmental temperature, °C 20
Workpiece temperature, °C 20
Friction factor 0
Press nominal capacity, MN 1
Nominal ram velocity, m/s 0,001

Table 5. Information about the number of finite elements/nodes.

in T-Flex Analysis has not increased the calculation
time.

3. RESULTS

As it was expected, the obtained simulation re-
sults have shown the dependency between the level
of deformation force and geometry-material criteria.
From the figure 4 it could be noticed that the pistons
made from aluminium alloy did not reach the FoS of
1 — 1.5 and due to the construction recommendations
such pistons could not be applied for real loaded
brake systems. But also two representatives made
from steel (A-2 and A-3) do not correspond this
criterion.

Cases with the designations B-1 and B-3 are the
most robust and trusted. They show that the piston
with one thin wall (B-3) is much better than the pis-
ton with hollow area created by two thin walls (B-2),
whereby the summarized wall thickness stays the
same. Now analysing the maximal deformation forc-
es, that can follow to the plastic deformation of the
piston it is obviously that cases A-2 and B-2 cannot

be applied due to high
possibility of its plastic

deformation during

clamping stage and the

Case T-Flex Analysis QForm 3D Case T-Flex Analysis QForm 3D

A-1 90.457/139.372 5.872/11.746 B-1 61.906/95.774 5.426/10.854
A-2 143.532/224.750 |11.922/23.846| B-2 73.950/120.335 9.316/18.634
A-3 97.460/152.737 7.954/15910 | B-3 190.549/288.182 12.462/24.926

A-3 case with low FoS

2.2. Mesh preparation

All models were discretised by finite-clements
generated automatically, whereby meshes based on
the 4-node tetrahedral elements in QForm and on the
10-node tetrahedral elements with curved sides in T-
Flex Analysis were prepared. Moreover finite-
elements in T-Flex were generated automatically
with global size propagation factor, which refers to
the speed control of the mesh variation from re-
duced-size mesh cells to large cells of the general
size. Its default value of 1 was accepted. This num-
ber means that the size of the element will double
with each next calculation step until its size reaches
the largest allowed mesh size. The generated mesh is
not homogeneous and has clearly determined stack-
ing places. During simulation this problem was cor-
rected automatically just in QForm by a self-
consistency algorithm of the program, that allows to
increase mesh density locally for small materials
volumes. Thanks to the internal algorithm of the
program the number of the finite elements generated

can be applied condi-
tionally because the construction is more rigid (fig-
ure 5). All investigated pistons’ constructions made
from aluminium alloy could not be recommended
for application due to too low total elastic ability.
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Fig. 4. Minimal allowed value of the FoS (dashed horizontal
line) against equivalent stresses show the fracture possibility of
the piston (calculated in T-Flex Analysis).

There were two sensitivity maps calculated (fig-
ure 6), that had shown two separate areas for corre-
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spondent material, whereby the first map (a) include
only single function based on the elastic solution,
since the second map (b) deals with both elastic and
plastic solutions. It was found out that the same
point of the diagram (e.g. B-2 for C10) changes its
position and can move within the geometrical figure
(circle or ellipse) of the certain radius.

0,25
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Fig. 5. Maximal allowed values of the deformation force (Fy)
before the plastic deformation take place (dashed horizontal
line); reference value of 0,1 MN corresponds the loading force
value of 10.000 N applied during the elastic problem simulation
(calculated in QForm v.7).

4. SUMMARY

In the carried out investigation the authors tried
to complete the fundamental task on the coupling of
the deformation force with geometry and material.
Numerical simulation was performed in two pro-
grams to solve different tasks from one hand — on
searching of the maximal allowed elastic stresses
represented by the FoS against equivalent stresses
and from the other hand — the minimal resolved
stresses follows to the undesirable plastic defor-
mation of the piston. Both results had shown quit
similar results and strongly cut the aluminium alloy
as not desirable at least for the investigated geome-
try. This tendency can be changed if the wall thick-
nesses of the aluminium piston will be increased.
Moreover the small gaps between the correspondent
points from the figures 4 and 5 for the A-2 and B-2
cases confirm such assumption although the investi-
gated cases are outside of the allowed ranges. The
proposed construction coefficient K. is included into
the M-criterion in equation (1) and can be the inter-
face parameter between the elastic and plastic prob-
lem solution and also be used as a criterion for real
constructions of the pistons for disc brakes in sense
of the used materials.
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Fig. 6. Sensitivity maps of the piston’s construction: one criteri-
on (a), two criteria (b).
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WYKORZYSTANIE MODELOWANIA
NUMERYCZNEGO DO BADAN NAD REDUKCJA WAGI
TLOKA W ZACISKU HAMULCA

Streszczenie

Rozumiejac koniecznos¢ redukowania masy elementéw cze-
$ci samochodu przy jednoczesnym zachowaniu ich wiasnosci
wytrzymato$ciowych, autorzy pracy podjeli probe opracowania
metodologii konstrukcji tego typu elementéw na przykladzie ttoku
w zacisku hamulca. Do produkcji ttoka powszechnie stosowane sa
stopy aluminium z serii 6xxx, charakteryzujace si¢ wysoka wy-
trzymatoscig. Stad dla tego materialu przeprowadzono badania
w plaskim stanie odksztalcenia w zakresie odksztalcen sprezys-
tych oraz plastycznych. Nastgpnie wyniki dos§wiadczen poréwna-
no z wynikami otrzymanymi dla stali wegglowej C10. Na podsta-
wie wspotczynnika bezpieczenstwa (FoS), definiowanego z wy-
korzystaniem maksymalnej dopuszczalnej wartosci dla odksztat-
cenia sprezystego 1 minimalnej dozwolonej wartosci dla odksztat-
cenia plastycznego, oraz granicy plastycznosci, obliczono mapy
wrazliwosci dla zaproponowanych wariantow konstrukcji ttokow.
W przeciwienstwie do zastosowania globalnej optymalizacji,
zewnetrzny ksztalt oryginalnego tloka pozostal niezmieniony.
Wiyniki przeprowadzonych badan pokazaty, ze zmiana wewngetrz-
nego ksztaltu tloka jest mozliwa w pewnym zakresie bez znacza-
cego obnizenia wlasnosci wytrzymatosciowych konstrukeji.
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Accepted.: November 12, 2014
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