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Analiza napetosti zavornega bobna tezkih tovornih vozil
in njihov vpliv na dobo trajanja bobna

Heavy Duty Vehicle Brake Drum Service Stress
and Service Life Expectation

BLAZO VUKSANOVIC — MARJAN JERKIC

Zaradi mehanskih in toplotnih obremenitev, ki jim je zavorni boben izpostavljen med
delovanjem, se na njem pojavljajo razpoke, zaradi tega ga je treba pogosto predcasno
zamenjati. Ta pojav v praksi ni dovolj raziskan in je v literaturi v glavnem oznacden kot
posledica t.im. toplotnih razpok. S tako razlago se ne moremo strinjati. Poznamo primere z
dolgo dobo trajanja, kljub toplotnim razpokam. V celotnem procesu moramo razlikovati dve
fazi. V prvi nastajajo zacetne razpoke; v drugi gre za njihovo Sirjenje do kritiéne vrednosti.
Zacetne razpoke se pojavljajo zaradi toplotnih obremenitev; druga faza procesa pa ima lahko
usodne razseZnosti, saj se pojavi v glavnem zaradi delovnih in zaostalih napetosti. Analiza
teh napetosti pomeni koristen prispevek k razresitvi problema in omogoca moZnost za oceno
pricakovane dobe trajanja zavornega bobna.

As a result of complex mechanical and thermal load that a brake drum is exposed to
during use, early failures occur due to cracks. The occurence has not been duly clarified in
practice yet and it is treated in literature as a consequence of thermal cracks. Such a defi-
nition should be rechecked, since cases are known in which the brake drum has lasted
throughout the expected service life in spite of thermal cracks being present. Two stages
should be distinguished in the whole process separately. In the first stage, initial thermal
cracks occur; in the second stage, propagation of the initial cracks takes place as a conse-
quence of mechanical service load and residual stresses. The analysis presented in this paper
is a contribution to a clarification of the problem, since it enables an estimation of the brake

drum service life.
1. MATERIAL

Pri izbiri materiala, ki bl ustrezal zapletenim
razmeram delovanja, se je perlitna siva litina po-
kazala kot sprejemljiv kompromis. 7Z metalograf-
sko analizo novih in rabljenih zavornih bobnov
smo ugotovili naslednje:

— struktura je preteZno perlitna z lamelarno
izloéenim grafitom,

— velikost listicev 3—4 oblike A,

— dolZina lamel | : 0,12 do 0,5 mm in

— velikost zrna d: 0,102 do 144 mm.

Na rabljenih bobnih je bila opaZzena marten-
zitna struktura, ki sega v globino 0,1 do 0,2 mm.
To dokazuje, da je na torni povrsini temperatura
dosegala vrednosti nad 720 °C.

2. ZAOSTALE NAPETOSTI

Razpoke, ki povzroé¢ajo zlom zavornih bobnov,
so v glavnem usmerjene vzdolZ bobna. Zaradi tega
smo se pri analizi napetosti usmerili na tiste kom-
ponente, ki najve¢ vplivajo na &irjenje teh razpok.

1. MATERIAL ANALYSIS

To satisfy the complex load during use, gray
cast iron was chosen as the acceptable compro-
mise. Metalographic analyses of new and the used
brake drums gave results as follows:

- structure: mostly perlitic with lamelar

graphite,

- lamellae size: 3-4, A shape,

- lamellae length: 0.12 mm to .5 mm and

- grain size d: 0.102 mm to 0.144 mm.

Martensite was noticed to the depth of
0.1 mm to 0.2 mm on some of the worn out
drums which proves that temperature peaks over

720°C were reached in the brake drum during
service life.

2. RESIDUAL STRESSES

Brake drum inner surface cracks causing
drum failure are longitudinally oriented. So the
research was focused on the identification of the
factors leading to brake drum inner surface cracks
propagation. One of those factors, the residual
stress, is caused by an inadequate cooling procedure
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Zaostale napetosti nastajajo pri ohlajevanju odlitka.
Merili smo zaostale napetosti na zunanji in notra-
nji strani bobnov treh izdelovalcev. Uporabili smo
metodo izrezovanja trakov Sirine 15 do 20 mm, na
katerih so bili nalepljeni merni listki v obroéni
smeri (sl. 1). Izmerki so pokazali, da so na notra-
nji strani bobna (zavorna povrsina) natezne nape-
tosti ter tlaéne na zunanji strani. Izmerjene nape-
tosti (MPa) so navedene v preglednici 1.

after casting. Residual stress on the inner and
outer surface of the 3 available brand marks of
brake drums was checked by cutting a slice of
15 to 20 mm width from a specimen with strain
gauges tangentially fixed (fig. 1). It must be stres-
sed that tension was noticed on the inner surface
of the brake drum (area coming into contact with
the brake lining) and compression on the outer
surface. Results are shown in table 1.
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Sl. 1. Ugotavljanje zaostalih napetosti
a — razporeditev merilnih mest, b — smeri zaostalih napetosti, ¢ — izrezani trak z merilnimi listi¢i

Fig. 1. Measurement of the residual stress.
a — measuring spots layout, b — residual stress direction, C — brake drum cut out part with fixed strain gages

Preglednica 1

Table 1

Merna mesta
Measuring spot No.

Izdelovalec

Manufacturer 1 2 3 4 3 6 s
A -70 -3l -45 -53 ®72L 9258 +31
B 29 #93 +12
@ =22 -54 -56  -56 +10 +15 +9

3. DELOVNE NAPETOSTI

Zavorni boben je med delovanjem izpostavljen
mehanskim in toplotnim obremenitvam. Mehanske
obremenitve so shematsko prikazane na sliki 2.
Odprte zavorne ¢eljusti deformirajo zavorni boben
iz okrogle v neko elipti¢no obliko. Tako deformi-
ran boben se pod vplivom zavornega momenta
obraca in drsi prek aktiviranih zavornih &eljusti.
Pri tem nastajajo upogibne napetosti v pre¢nem
in vzdolZnem prerezu ter torzija. S tenzometrijo
smo v laboratoriju ugotavljali napetosti na zuna-
nji strani zavornega bobna v stati¢nih razmerah
(odprte ¢eljusti — mirujo¢ boben) in pri dina-
miénem stanju (obradanje zavrtega bobna s hi-
trostjo, ki ustreza hitrosti voznje okoli 0,5 km/h).

3. SERVICE LOAD

The brake drum is exposed to complex me-
chanical and thermal load during the service life.
Mechanical load is shown in fig. 2. The activated
brake shoes deform the basic brake drum round
shape into a kind of elliptical shape. The deformed
brake drum is forced to slide over the activated
brake shoes and is thus subjected to bending
stress in longitudinal and transverse directions.
The service load was simulated in the laboratory
and stress measured with strain gauges. Strain
gauges were fixed onto the outer and inner drum
surfaces and measurements taken for static
conditions (activated brake shoes; brake drum
nonrotating) and dynamic (activated brake shoes
and brake drum rotating at a speed correspon-
ding to approx. 0.5 km/h). Strain gauges were
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Sl. 2. Mehanske obremenitve zavornega bobna
Fig. 2. Brake drum's mechanical load
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Sl. 3. Razporeditev merilnih mest za zunanji strani zavornega bobna
Fig. 3. Outer drum’s surface measuring spots layout

Razvrstitev mernih mest je bila usklajena z vrsto
obremenitve in je prikazana na sliki 3.

Pri stati¢nih meritvah smo razbirali napetosti
v 24 legah bobna pri eni zavrtitvi in dolo¢enem
tlaku zraka v zavornem valju. Merili smo pri tla-
kih 2, 4 in 6 bar. Pri dinamiénih meritvah smo
obracall zavrt boben pri tlakih 1, 2, 3 bar. Hkrati
smo merili silo, s katero smo obracali zavrt bo-
ben, kar je omogocilo, da smo lahko spremljali
zavorni moment. Za ponazoritev izmerkov so na
sliki 4 prikazane stati¢ne in dinamiéne napetosti

|

positioned according to the presumed stress (fi-
gure 3).

Static conditions: measurements were taken
in 24 positions of a 360 brake drum turn and re-
peated for 2, 4 and 6 bar in the brake chamber acti-
vating the brake shoes. Dynamic conditions: the
brake drum rotates over the brake shoes activated
by the brake chamber at 1, 2 and 3 bar pressure.
Braking force (and thus the torque) was also
measured. Stress values as measured at measu-
ring spot No. 7 for static and dynamic conditions
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Sl. 4. Napetosti na

b)

merilnem mestu 7

a — stati€no stanje, b — dinami¢no stanje

Fig. 4. Measuring spot No.7 measured stress
a — static condition. b — dynamic condition
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na mernem mestu 7 pri tlaku p. = 2 bar v zavor-
nem valju. Na cikliénem diagramu so pozitivne
napetosti, nanesene na zunanjo stran od delitvene
kroZnice, ter negativne napetosti na notranjo
stran. S slike 4b je razvidno, da imajo dinami&ne
napetosti cikli¢ni znacaj. Pri vsaki zavrtitvi za-
vrtega bobna dobimo dva obremenilna cikla. Pri-
merjava stati¢nih in dinami¢nih napetosti na me-
rilnem mestu 6 je prikazana v preglednici 2.

at 2 bar brake chamber pressure are shown on
figure 4. Compression is marked on the outer side
of the drum circular shape and tension on inner
side. The cyclic character of the stress may be
clearly seen from figure 4b, with two cycles per
turn. The static stress diagram confirms this.
Static and dynamic measuring spot No. 6 stress
values are compared in table 2.

Preglednica 2 Table 2

Obremenitev stati¢na dinami¢na
Load static dynamic
Lega

Position 11 23 11 22
o (MPa) : 15 17 13 14

To potrjuje tudi diagram stati¢nih napetosti. Ob-
mocje kritiénih napetosti je na podro¢ju bobna med
zavornimi oblogami, kjer so registrirane tlacne
napetosti na zunanji strani. Tam je plas¢ bobna
brez opore in ga obremenitev sili na upogib na-
vznoter. Iz usmerjenosti razpok je mogote nedvo-
umno ugotoviti, da pomeni ta upogib kriti¢éno obre-
menitev. Zaradi tega je bilo treba ugotoviti raz-
merje med napetostmi na notranji in na zunanji
strani v tem podrocju. Zato smo merilne listke
nalepili na notranji strani zavornega bobna ter
zavrt boben zavrteli za okoli 90 °C (pozic. 9—15).
Tako smo hkrati na dolotenem prerezu merili
napetosti na notranji in na zunanji strani bobna
pri tlaku p. = 2 bar. Rezultati so pokazali, da so
natezne napetosti na notranji strani vecje v pri-
merjavi s tlaénimi napetostmi na zunanji strani
stene bobna. To razmerje se po 8irini bobna spre-
minja in v povprec¢ju zna3a 1 : 1,54. Pod vplivom
toplotne in mehanskih obremenitev se na tornih
povrdinah zavornega bobna pojavljajo razpoke
(sl. 5). Meritve kaZejo, da so torzijske in upogibne
napetosti v vzdolZnem prerezu razmeroma majhne
in nimajo bistvenega vpliva na rast razpok.

4. PRERACUN DOBE TRAJANJA
ZAVORNEGA BOBNA

Zaradi poman jkanja podatkov o obnaSanju sive
litine pri vi§jih temperaturah smo predpostavili,
da je ta vpliv omejen na nastajanje toplotnih raz-
pok, ki so izhodi&¢e za Sirjenje zloma pod vplivom
delovnih in zaostalih napetosti. Pri tem je najprej
treba dolo¢iti kriti¢no obremenitev ter najbolj po-
gost reZzim zaviranja, pri katerem bomo nadzoro-
vali dobo trajanja zavornega bobna. Kriti¢na obre-
menitev vzorca v Kriti€nem prerezu je prikazana

The area of the drum critical stress is to
be found between the brake linings, where
compression was detected on the outer surface.
Between the brake linings, the drum has no
support and the service load bends the drum wall
towards the center. The direction of the inner
drum surface fatal cracks confirms this and
proves that the above mentioned load is the
critical one. It was necessary to determine the
inner to outer drum surface stress ratio. Strain
gauges were fixed to the inner surface of the
drum and the drum turned over an angle of
90 (positions 9-15) with brake shoes activated.
Signals from both sides of the drum wall were
taken simultaneously at p. = 2 bar. The results
show that the inner surface tension stress
values are higher than the compression stress
on the outer side. The ratio changes along the
drum depth and averages 1:1.54. Thermal and
mechanical loads thus create the initial cracks
(fig. 5). The results show that torsion and
bending stress may be neglected.

4. CALCULATION OF THE BRAKE DRUM
SERVICE LIFE

It has been assumed, due to the lack of data
on gray cast iron behaviour at higher temperatu-
res, that the service drum temperature effect is
limited to the creation of the initial cracks. It was
necessary to define the critical load and the most
frequent service braking parameters as the basis
for the brake drum service life calculation. The
critical load and its position is shown in fig. 6.
Based on tests published in the literature [91, [10]
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Sl. 5. Razpoke zavornega bobna
a — pogled na razpoten boben, b — pogled na razpoke,
1 — toplotne razpoke, 2 — vzdolZne razpoke, 3 — preéne razpoke

Fig. 5. Drum’s cracks
a — cracked inner drum’s surface, b — closer view
1 - thermal cracks, 2 — longitudinal cracks, 3 — transverse cracks
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Sl. 6. Kriticna obremenitev pri p,. = 2 bar
a — prikaz napetosti v preénem prerezu: /, = 0.2 mm — zagetna razpoka, b = 20 mm — debelina stene bobna
b — dinami¢na obremenitev: da — amplituda obratovalnih napetosti, &, — zaostale napetosti (izmer jene),
R — koeficient asimetrije cikla, Ao — obmoé&je obremenilnega cikla

Fig. 6. Critical load at p,. = 2 bar
a — values of the stress in transverse section I, = 0,2 mm — initial crack, b = 20 mm — drum's wall thickness,

b — dynamic load: ga — service stress amplitude, 0, — residual stress (measured in our case),
R — asymmetry of cycle coefficient, A — range of service load stress

na sliki 6. Po preizkusih, objavljenih v literaturi
[91, [10] in [11]1, lahko za medkrajevno cestisce
povzamemo naslednje povpreéne parametre proce-
sa zaviranja:

— tlak v zavornem valju P = 2 bar,

— hitrost voznje Vgp = 49 km/h
— ¢as trajanja zaviranja t, = 8ie

— Stevilo zaviranj na 1 km n, =035

Kakor je bilo Ze poudarjeno, se zgodita dva
obremenilna cikla pri eni zavrtitvi kolesa (sl. 4).

and [11], the following average parameters may be
assumed for braking of a commercial vehicle on
an intercity road:

— brake chamber pressure P = 2 bar

— driving speed Vgr = 49 kmph

— duration of a single braking ¢, =3 s

— number of brakings per km n, =0.35

As stated earlier, the brake drum is subjec-
ted to two load cycles per turn of the wheel during
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Ce upostevamo, da je premer kolesa D, ~ 1 m,
lahko iz teh podatkov dolo¢imo povpre¢no &tevilo
ciklov pri enem zaviranju: n. = 24.

Izhodi&¢e za dolotanje dobe trajanja, oziroma
stevila ciklov do zloma, je Parisov zakon, ki dolo¢a
hitrost Zirjenja razpoke:

dlZdN = C * (AK)"

C, n — parametra materiala, AKX — obmocje ko-
eficienta intenzivnosti obremenitve:

AK = Ao

pri tem pomenijo: / — dolzino razpoke, f(1/b) —
funkcijo, ki je odvisna od geometrijskega razmerja
detajla in na¢ina obremenitve; dolo¢ena je po stan-
dardih ASTM in zna3a za zaCetno stanje v nalem
primeru (/, = 0,2 mm; b = 20 mm):

nl * f(1/b)

braking (fig. 4). Assuming that the wheel diameter
is cca 1 m, an average number of drum load cycles
per braking can be estimated from the above data:
n. = 24.

¥ Paris’s law, describing the growth of a crack,
was taken as the basis for estimation of the service

life:

mm/cikel
mm/cycle (1),
C, n - gray cast iron parameters, AK - range of
load intensity coefficient:

N/mm®”? (2),

I — crack length, f(1/b) — function describing ge-
ometry and load type. According to ASTM stan-
dards it may be stated for our case (initial state
I, = 0.2 mm; b =20 mm):

f, = F(I,/b) = 1,1

Po Carlssonu [7] veljajo za sivo litino s
3,7% C, 2,7% Si in 0,453% Mn pri temperaturi

okolice naslednji parametri:

C=851%10"
n==06,7

Z integriranjem enacbe (1) in upodtevanjem
enatbe (2) ter vpliva koeficienta asimetrije R je
mogoce po Radaju [2] dologiti 3tevilo ciklov do lo-
ma z naslednjim izrazom:

2(1-R)

MN "m

According to Carlson [7] the following gray
cast iron (3.7% C, 2.7% Si and 0.45% Mn at the
ambient temperature) coefficients may be stated:

(an+2)/2

m

Integrating equation (1), taking into conside-
ration equation (2) and asymmetry coefficient R,
it is possible to calculate number of service life
cycles (according to Radaj):

(A0)"

s (n-2)C=

Ce upostevamo znane vrednosti za: n, C, I,
fy,, n. in n,, lahko pridemo do poenostavljenega
izraza za Stevilo prevoZenih kilometrov do zloma
v odvisnosti od zaostalih napetosti in amplitude
obratovalnih napetosti:

g,
Nkm = 572 * 10" ———

Grafi¢na razlaga tega razmerja je prikazana
na slikah 7 in 8.

Slika 7 kaZe odvisnost dobe trajanja zavornega
bobna od zaostalih napetosti pri konstantni ampli-
tudi obratovalnih napetosti o, = 19 MPa. Zazna-
movane vrednosti dobe trajanja pri dolo¢enih stop-
njah zaostalih napetosti ustrezajo dogajanjem v
praksi.

n/2

(n-2)/2 (3).

Iy

n
o

Taking into consideration the values for n,
C, I, f,, n., and n,, a simplified formula for the
service life as a function of the residual stress
and service load amplitude may be rewritten:

S

o (4).

a

Figure 7 and 8 show a graphic interpreta-
tion of the above formula.

Figure 7 shows the expected service life as a
function of the drum: s residual stress at constant
service load amplitude o, = 19 MPa. It should be
stressed that the values as stated above corre-
spond to practical experience.
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Sl. 7. Vpliv zaostalih napetosti na dobo trajanja zavornega bobna
Fig. 7. Expected service life as a function of drum residual stress
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Sl. 8. Vpliv zaostalih in obratovalnih napetosti na dobo trajanja zavornega bobna
Fig. 8. Expected service life as a function of drum residual stress and service load

Slika 8 kaZze kompleksen vpliv delovnih in za-
ostalih napetosti na dobo trajanja zavornega bobna.
Pri zaostali napetosti 55 MPa se pri poveé¢anju de-
lovnih napetosti s 15 na 25 MPa skrajsa doba tra-
janja zavornega bobna s 160 na 25 tiso¢ kilometrov.
Ce je raven zaostalih napetosti 15 MPa, se pri po-
vetanju delovnih napetosti s 15 na 25 MPa skrajsa
doba trajanja zavornega bobna s 380 na 70 tiso¢ ki-
lometrov. Take spremembe obratovalnih napetosti
so mogoce zaradi na¢ina voZnje ali neustrezne na-
stavitve zavornega sistema. Voznik uravnava moc
zaviranja po ob&utku pojemka, ki ga ustvarjata dva

Figure 8 shows the complex influence of re-
sidual stress and service load on the expected
service life. At an assumed residual stress of
55 MPa an increase of load stress from 15 to
25 MPa would decrease the service life from
160 000 to 25000 km. At assumed residual stress
of 15 MPa an increase of load stress from
15 to 25 MPa would decrease the service life
from 380000 to 70000 km. Different values of
service load as assumed above may exist due to
the condition of the brakes (adjusted - not ad-
justed) and driving style. A driver adjusts the
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zavorna sistema: zavorni sistem vlacilnika in za-
vorni sistem priklopnega vozila. Ce ni pravilnega
uravnavanja, lahko velik del zaviranja prevzame
priklopno vozilo oziroma posamezne osi, zaradi
¢esar so zavorni bobni precbremenjeni. Grob in
sunkovit naéin voZnje ima velik vpliv na dobo tra-
janja zavornega bobna. Vecje zaostale napetosti
stopnjujejo vpliv delovnih napetosti.

5. SKLEP

Zaostale napetosti na tornih povr$inah zavor-
nega bobna se pojavljajo zaradl nepravilnega ohla-
jevanja po litju in naj ne bi presegale 15 MPa.

Posebno pozornost je treba posvetiti sloZnosti
kompozicije (vle¢no vozilo — priklopno vozilo) ter
vzdrZevanju zavor med uporabo, da se izognemo
precbremenitvam. Preobremenitve zavornega si-
stema ob&utno skrajSujejo dobo trajanja zavornega
bobna posebo 3e, ¢e so v zavornem bobnu opazne
vi§je zaostale napetosti.

Nadaljevati je treba raziskavo vpliva zavorne
obloge in reZima zaviranja na toplotne obremenitve
zavornega bobna.

Oznadbe

parameter materiala, ki ocenjuje

n (an+2)/2

deceleration of a vehicle according to his feeling.
When the braking systems of the hauling and
hauled vehicle are not properly tuned, a larger
part of the deceleration may be experienced by
only one vehicle, a condition that leads to braking
system overload and the above mentioned high
values of service load. Rough driving will sub-
stantially decrease the expected drum service life.
High residual stress will significantly enhance
the influence of service stress.

5. CONCLUSION

The following may be concluded from the
research completed so far:

Residual stress as found on the inner surface
of a brake drum is caused by inadequate cooling
of the drum after casting and should be kept
below 15 MPa.

Special attention should be given to the
compatibility of the hauling and hauled vehicle
braking systems to avoid brake drum overload.
Overloading, especially if residual stress is
present, will substantially reduce the brake
drum service life.

Research should be continued further to
clarify the influence of service load and brake
lining properties on brake drum thermal load.

List of symbols

material property parameter that de-

hitrost 3irjenja razpoke — C MN mm = fines crack growth speed
zavorni moment =M Nm = braking torque
stevilo ciklov do loma pestoNg = number of cycles until rupture
Stevilo prevoZenih kilometrov do
loma ol km —  number of kilometers driven
koeficient asimetrije cikla o —  coefficient of cycle asymmetry
povprec¢na hitrost voZnje med
zaviranjem ol km/h —  average speed during braking
debelina stene zavornega bobna e mm —  brake drum wall thickness
vrednost funkcije geometrijskega geometic functional value for the
razmerja za zacetno stanje o AT — initial state
dolzina (globina) razpoke e il mm —  crack length (depth)
eksponent koeficienta intenzivnosti exponent of load intensity coeffi-
obremenitve EOn A - cient
povpreéno Stevilo ciklov pri enem average number of cycles at each
zaviranju U = braking
povpre¢no Stevilo zaviranj na average number of braking per each
1 km vozZnje G L1 = driven kilomet.(intercity route)
tlak v zavornem valju brake chamber pressure
(zavorni valj tip 30; roéica (brake chamber tip 30, S-cam
odmikala 155 mm) = ol bar R arm length 155 mm)
povpreéni ¢as trajanja zaviranja a1 s —  duration of an average braking
obmoéje koeficienta intenzivnosti
obremenitve AR N/mm*/*— range of load intensity coefficient
obmo¢je nihanja obratovalne
napetosti it Ko MPa —  service load stress range
tlaéna napetost na zunanji povrsini drum wall outer surface compression
stene zavornega bobna =0 MPa 5h stress
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natezna napetost na torni povrsini drum wall inner surface tensile
zavornega bobna ==t MPa - stress

amplituda obratovalne napetosti v service load peak stress in the criti-
kri ticnem prerezu — v MPa 5 cal section

najmanj$e obratovalne napetosti =i ¥4+ EMPa — minimum service stress

najvecje obratovalne napetosti e B S -0 8 MPa — service stress peak

zaostale napetosti =i, MPa — residual stress
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