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Merjenje tofke poroznosti v gumi
Measurement of the Point of Porosity in Rubber

UROS ILIC - IVAN BAJSIC

Vulkanizacija surovca v stiskalnici zahteva poznavanje temperaturnih in tlacnih polj v surovcu
in v okolici ogrevanega surovca aviomobilske pnevmatike. Ker je surovec sestavijen iz razlicnih
gumenih zmesi z razlicnimi vulkanizacijskimi lastnostmi, je treba vedeti, kdaj je surovec na najbolj
kriticnem mestu dovolj vulkaniziran, da ga lahko vzamemo iz stiskalnice in da sestavni deli iz razlicnih
zmesi kljub zmanjSanju tiaka ostanejo homogeni. Prispevek prinasa prikaz nove metode za dolocitev
najmanjie vulkaniziranosti zmesi in dolocitev vpliva najpomembnejsih fizikalnih velicin, ki bodo pri
meritvi najmanjse vulkaniziranosti zmesi povzrocale najvedje sistemske in nakljucne merilne pogreske.
Prispevek za obravnavani primer izracuna prikazuje povezavo med izmerjeno najmanjio
vulkaniziranostjo in izmerjenimi reoloskimi lastnostmi zmesi.

Kljutne besede; guma, meritve temperature, poroznost, metode numericne

The vulcanization of a green tyre in a press requires knowledge of temperature and pressure
fields in the heated up green tyre itself and its surroundings as well. Due to the fact that each green
tyre is composed of different rubber compounds with different vulcanization properties one should
know when the most critical spot of a green tyre is vulcanized enough so that the tyre can be removed
from a press and the components of different compounds remain homogenous despite the reduced
pressure. The paper describes the new method for determination of the minimum level of compound
vulcanization and defines the influence of the most important physical values which will cause the
greatest systematic and random measurement errors when measuring the minimum of vulcanization.
The example presented shows the connection between the measured minimum vulcanization level and
the measured rheologic properties of a compound.

Key words: rubber, temperature measurement, porosity, numerical method

0 INTRODUCTION
0 UVOD
The vulcanization process begins in a vulcani-

Postopek vulkanizacije se priéne v vulka-
nizacijski stiskalniei, kjer v suroveu s spremembo tem-
perature in tlaka sproZimo proces vulkanizacije.
Uspe&no je surovec vulkaniziran takrat, ko je na najbolj
kritiénem mestu dovolj vulkaniziran, na najmanj
kritiénem delu pa ni preve¢ vulkaniziran. Stopnjo
pravinje vulkaniziranosti dela zmesi surovca, ki poteka
pod tlakom v stiskalnici, ocenimo z merjenjem toke
poroznosti. S predstavljeno metodo doloéitve todke
poroznosti dolodimo najmanj3o stopnjo vulkaniziranosti
zmesi, ki se uporablja za potni3ke in tovorne
avtomobilske pnevmatike.

1 VULKANIZACISKI UCINEK

Koncentracija kemiénih vezi v zmesi se
spreminja glede na ¢as izpostavljanja doloéeni
temperaturi in s temperaturo zmesi. Predpostavimo,
da popise spreminjanje koncentracij kemiénih vezi v
zmesi kemiéna reakcija prvega reda. S spremenljivko
x zapidimo razmerje med trenutno in najvedjo
koncentracijo kemiénih vezi v zmesi:

_ )
S0 c(maks.)

zation press where by a change of temperature and
pressure in a green tyre a vulcanization process is
induced. The green tyre is sufficiently vulcanized when
its most critical spot is adequately vulcanized and its
least critical spot not undervulcanized. The
appropriatte vulcanization degree of the part of a green
tyre compound, which is performed under pressure
in the press, is estimated by measuring the point of
porosity. With the presented method for determina-
tion of the point of porosity the minimum degree of
vulcanization of a compound being used for passen-
ger car tyres and truck tyres is determined.

1 VULCANIZATION EFFECT

The change of the concentration of chemical
bonds in a compound is conditioned both by the time
of exposure to a certain temperature and by the tem-
perature of acompound. Itis assumed that the change
of the concentration of chemical bonds in acompound
is a chemical reaction of the first order. The variable
x is used to describe the relation between the mo-
mentary and the maximum concentration of chemi-
cal bonds in a compound:

& ki -x)

dt (L)
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Hitrost kemiéne reakcije v zmesi popifemo z
Arrheniussovo diferencialno enalbo v naslednji obliki:

d(Ink)

dT

Z reditvijo enadbe (2) z obicajno integracijsko
metodo in vstavitvijo v enaébo (1) dobimo:

EM(f) = .&:j’

(1-x)

2 DOLOCITEV NASTALE TOPLOTE
V ZMESI

Do nastajanja toplote v zmesi, Ki jo segrevamo,
prihaja zaradi faznih prehodov (taljenje, kristalizacija
itn.) ali kemi&nih reakeij (vulkanizacija, oksidacija,
degradacija). Z diferencialnim kalorimetrom smo
razli¢nim zmesem z razliénimi spremembami
(dinamiéno segrevanje, izotermno segrevanje pri
160 °C in 210 °C) dologili celotno nastalo toploto med
preizkusi. Pri tem smo predpostavili, da tudi med
vulkanizacijo surovca v stiskalnici nastaja v zmesi
surovca podoben del toplotne energije [10], [11].

Vzorec mase 50 mg smo pri dinamifnem
preizkusu zaprli v jeklen lonéek v dudikovi atmosferi
(N,) in ga segrevali v toku dudika (N.) s hitrostjo
20 °C/min v temperaturnem obmoé&ju od 30 °C do
300 °C. Komponenta dinami¢nega merilnega pogres-
ka je zaradi majhne Easovne konstante vzorca v
primerjavi s tasom trajanja preizkusa minimalna.

Za izotermni preizkus na 160 °C in 210 °C smo
vzorce pripravili enako kakor v primeru dinamiénega
preizkusa, le da smo v tem primeru segrevali dva
vzorca. En vzorec je bil Ze vulkaniziran, drugi pa ne.
Razlika med dovedenimi toplotami prikazuje
endotermne in eksotermne procese v vzorcu, Hitrost
segrevanja vzorcev je bila 80 °C/min za izotermni
preizkus pri 160 °C in 500 °C/min za izotermni
preizkus pri 210 °C.

Vrednotenje izmerkov dinaminih preizkusov
je tezavno, ker je tetko oceniti zaletek in konec
eksotermnih in endotermnih procesov ter lego bazne
¢rte (Erta preizkusa brez nastajanja toplote zaradi
kemiénih reakeij). V vseh preizkusih smo ugotovili,
da so endotermni procesi zanemarljivi v primerjavi z
eksotermnimi.

~K[e o o K [VE@)dr
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The speed of chemical reaction in a compound
is noted by the Arrheniuss differential equation:

A
RT?

(2).

By solving the equation (2) by means of the
common integration method and inserting into the
equation (1), the following result is-obtained:

(3).

Iy

2 DETERMINATION OF GENERATED HEAT
IN A COMPOUND

The heat in a compound being heated is gen-
erated by a phase change (melting, crystallization,
etc.) or by chemical reactions (vulcanization, oxida-
tion, degradation). By means of a differential calo-
rimeter we determined the entire heat generated dur-
ing the experiments for different compounds with dif-
ferent changes (dynamic heating, isothermic heating
at 160 °C and 210 °C). We presumed that also dur-
ing the vulcanization of a green tyre in a press, a
similar portion of heat energy is being generated in
the green tyre compound [10], [11].

When carrying out the dynamic test a sample
of mass of 50 mg was placed and closed in a steel
pot in nitrogene atmosphere (N, ) and heated in nitro-
gen flow (N,) with a speed nfzii] °C/min at a tem-
perature mngc from 30 °C to 300 °C. The compo-
nent of a dynamic error of measurement is minimal
owing to the low sample time constant if compared
to the duration of the experiment.

The samples for the isothermic test at 160 °C
and 210 °C were prepared in the same way as those
for the dynamic test, the difference being that in the
second test two samples were heated. One sample
was already vulcanized and the other one not. The
difference between heats supplied shows the
endothermic and exothermic processes in the sam-
ple. The speed of heating was 80 °C/min for the
isothermic test at 160 °C, and 500 °C/min for the
isothermic testat 210 °C.

The evaluation of dynamic test measurements
is not simple, for it is difficult to estimate the begin-
ning and the end of the exothermic and endothermic
processes and the position of the basis line (test line
without generating heat due to chemical reactions).
On the basis of the experiment performed we found
that endothermic processes are negligible if compared
to exothermic ones.
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Preglednica 1: S preizkusi dolocene celotne specificne entalpije zaradi kemicnih reakcif
Table 1: Toral specific enthalpies due to chemical reactions determined by tesis
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vzorec dinamiéni preizkus izotermni preizkus izotermni preizkus
sample dynamical test isothermal test isothermal test
Jig 160 °C J/g 210°C Jig

zmes 22475

d -10,4 do -10,2 =75 -6.,0
compound 22475 | ° 0
prazosam 206 Puvdd i do-6,3 / /
tested compound

V primeru izotermnega preizkusa smo dobili
manj3e celotne specifiéne reakcijske entalpije, ker
smo morali surovca segreti od 30 °C na 160 °C
oziroma 210 °C. Ker je nemogode stehtati popolnoma
enake vzorce, je k izraCunani celotni reakeijski entalpiji
pristet tudi dinamiéni merilni pogreSek zaradi masne
neenakosti vzorcev. Upo3tevati je tudi treba, da so
vzorci relativno majhni in je vpliv nehomogenosti
vzorcev vreden upostevanja.

3 TOCKA POROZNOSTI

Toéka poroznosti je izobami ¢as vulkanizacije,
ki ga dobimo na podlagi izmerjenega ali kako drugate
dologenega poteka temperature na mestu nastajanja
najmanjiega mehurja v zmesi. Mejna vrednost je
doseZena, ko se molekularno zamreZenje na
dolofenem mestu izvede do takine stopnje, da matrika
zmesi zdrzi pami tlak hlapov, ki nastajajo zaradi
segrevanja zmesi.

Osrednji problem preizkusa je zagotoviti
enakomeren tlak, ki se lahko spreminja prav enako
ali manj, kolikor se spreminja tlak notranjega ogrevanja
pri vulkanizaciji surovcev. Ta problem se prevede na
konstrukeijo kalupa in spreminjanje vira tlaka (oljna
trpalka).

4 FIZIKALNI MODEL KALUPA

Na podlagi doloZenih vzorcev in nargjenih
kalupov smo zgradili dva fizikalna modela (model
kocke in model zagozde). Z obema modeloma smo
zeleli dologiti vpliv robnih in zafetnih pogojev na
spreminjanje temperature v merjencu (zagozdi ali
kocki) ob predpostavki homogenega nastajanja toplote
v merjencu. Slika 1 prikazuje model zagozde, slika 2
model kocke.

In the case of the isothermic test minor total
specific reaction enthalpies appeared which is due to
the fact that the green tyre had to be heated from
30 °C to 160 °C and 210 °C respectively. Since it is
not possible to weigh the samples so to as be com-
pletely equal, the dynamic error of measurement due
to the mass inequality of samples should be added to
the calculated total reaction enthalpy. It should be
taken into account that the samples are relatively small
and the influence of inhomogenity of samples is quite
considerable,

3 POINT OF POROSITY

The point of porosity is the isobaric vulcaniza-
tion time obtained on the basis of a measured - or in
some other way determined - course of temperature
on the spot where the minimum bubble in a com-
pound is formed. The limiting value is reached when
molecular cross linking on a certain spot is performed
to the degree at which the matrix of a compound
withstands the steam pressure of vapours which are
formed due to compound heating.

The main problem of the experiment is how to
ensure a constant pressure which can be changed to
an equal or lesser degree compared to the pressure
of inner heating when vulcanizing green tyres. The
problem lies in the mould design and change of the
pressure source (o1l pump).

4 PHYSICAL MODEL OF A MOULD

Based on certain samples and already made
moulds, we have built two physical models (a model
of a cube and a model of a wedge). Both models
served to determine the influence of boundary and
initial conditions on temperature changes in the meas-
ured model (a wedge or a cube) under the supposi-
tion that the heat in the measured model is generated
homogeneously. Figure 1 shows the model of a wedge
and the Figure 2 the model of a cube.
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5l. 1. Model kalupa 1
Fig. 1. Mould model 1

Model zagozde (model kalupa 1) in model
kocke (model kalupa 2) ustrezata prerezu kalupa, ki
smo ga uporabljali za preizku3anje tofke poroznosti
po modelu zagozde in kocke. V obeh primerih smo
predpostavili temperaturo zgornje grelne plodce
150,5 °C za ves Cas trajanja preizkusov. Za izraun
toplotne prestopnosti o smo predpostavili naravno
konvekcijo toplote s povriine s temperaturo 148,5 °C
na 50 °C [1]. Za oba modela smo upoitevali
simetriénost kalupa,

5 REZULTATI NUMERICNEGA
MODELIRANJA

Z metodo konénih razlik smo izratunali éasovno
spreminjanje temperature kalupa 1 in kalupa 2 za
koratno spremembo temperature na robu [4], [5],[7]
in [8]. Ta izralun ustreza dejanskemu ogrevanju
kalupa z zagozdo in s kocko. Drugi del izratuna naj bi
prikazal spreminjanje temperature gumene zagozde
in kocke s temperaturo 22 °C (merjenca), ki ga
vstavimo v segret Kalup. lzradun je bil narejen za
merjenec brez nastajanja toplote in za merjenec z
enakomernim homogenim nastajanjem toplote v
zagozdi in kocki od 80 °C do 140 °C. Namen
teoretitnega izrafuna je bil pokazati, kolik$en merilni
pogredek napravimo, ée merilnega zaznavala ne
vstavimo v vnaprej dolofeno mesto merjenca, ampak
v okolico tega mesta. Na podlagi teoreti¢nih izsledkov
smo dobili linearne korekcijske enatbe sprememb EM
(ekvivalentnih minut) zaznaval, ki so geometrijsko
odstopala od Zelenega mesta v merjencu.

UL 1li¢ - 1. Bajsié

91 e e (oeposreden dot)
heting: plale {dlirect contact)

SI. 2. Model kalupa 2
Fig. 2. Mould model 2

The model of a wedge (mould model 1) and
the model of a cube (mould model 2) correspond to
the mould cross section which has been used fortesting
the point of porosity based on the models of a wedge
and a cube. In both cases we assumed the tempera-
ture of the upper heating plate to be 150.5 °C during
the total duration of experiments. To calculate the
heat convection coefficient o we assumed the natu-
ral heat convection from a surface with temperature
to be 148.5 °C to 50 °C [1]. For both models the
symmetry of the mould has been taken into account.

5 RESULTS OF NUMERICAL
MODELLING

Using the method of finite differences, a time
change of temperature of mould 1 and mould 2 for
step input of temperature on the boundary was cal-
culated [4], [5], [7], and [8]. The calculation corre-
sponds to the actual heating of a mould for a wedge
and a cube. With the second part of the calculation a
change of temperature of a rubber wedge and a cube
with temperature of 22 °C (specimen) should be
shown, which is to be inserted in a heated mould.
The calculation was made for a specimen without
the heat generation and for a specimen with the uni-
form heat generation in the wedge and the cube from
80 °C to 140 °C. The purpose of the theoretical cal-
culation was to show what error of measurement can
occur if a sensor is not inserted exactly into a previ-
ously prepared spot in a specimen but into the
sourrounding of this spot. Based on theoretical re-
sults of the research we obtained linear correction
equations of changes the ET values (equivalent min-
utes) for sensors which geometrically differ from the
desired spot in the specimen.
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S1. 3. Spreminjanje vrednosti EM (ekvivalentnih minut) vzdolZ sredine zagozde
Fig. 3. Change of ET value (equivalent minutes) along the middle of the wedge
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Sl. 4. Spreminjanje vrednosti EM (ekvivalentnih minut) vzdolz sredine kocke
Fig. 4. Change of ET value (equivalent minutes) along the middle of the cube

Slika 3 in 4 prikazujeta izraunano vrednost
spreminjanja £M v modelu kalupa 1 - zagozda in
modelu kalupa 2 - kocka. Na podlagi prikazanih
rezultatov s slike 3 vidimo, da se po sredini zagozde
od 25 mm do 135 mm vrednost EM spreminja lineamo.
Slika 4 prikazuje velikost merilnega pogreska, ¢e
temperaturno zaznavalo ni postavljeno na
geometrijsko sredino kocke. Podobne rezultate
dobimo za spreminjanje EM navpiéno po sredini
kocke. V legendislik 3 in 4 je naveden ¢as od vstavitve
merjenca v kalup.

6 PREIZKUSI

V dveh tockah pri merjencu v obliki zagozde
in drugem merjencu v obliki kocke smo izmerili
temperaturo s termopari Fe-CuMi (tip J). Mastali
merilni signal smo prek sistema za zbiranje
podatkov in A/D pretvornika shranili na
osebni ratunalnik [2],[6] in [9). Poprej smo celotno
merilno verigo umerili z referenénim termometrom.

Figures 3 and 4 show the calculated value of a
change of ET'in mould model 1 - a wedge and mould
model 2 - a cube. On basis of the results presented in
the Figure 3 one can see that along the middle of the
wedge from 25 mm to 135 mm the value of ET
changes linearly. Figure 4 shows the size of error of
measurement, if a temperature sensor is not placed
at the geometric centre of the cube. Similar are the
results for changes of ET vertically along the middle
of the cube. The explanation of Figures 3 and 4 shows
the time after the insertion of a specimen into the
mould.

6 EXPERIMENTS

In a specimen in the form of a wedge the tem-
perature was measured at two points and at one point
in the specimen formed as a cube. The temperature
was measured by thermocouples Fe-CuNi (type J).
The generated measuring signal was through the sys-
tem for data acquisition and A/D converter was stored
into PC [2], [6], and [9]. Before that the entire measuring
system was calibrated by a reference thermometer.



356

Ugotovljena merilna negotovost celotne merilne verige
ob uporabljeni korekcijski premici je bila znotraj mej
pogreskov £ 0,5 °C. Sistemski del pogreska je bil enak
0,3 °C, naklju¢ni del pa 0,4 °C.

Glede na naravo problema smo se odloéili
dolociti merilno negotovost za dolofeno vrednost
ekvivalentnih minut. Poleg tega smo izraéunali tudi
“stopnjo niéte, prve in N-te stopnje ponovljivosti
preizkusov [3].

U. Tlié - 1. Bajsié

The determined measurement uncertainty of the
entire measurement system taking into account the
correction straight line was within the limits of error
of measurement £ 0.5 °C. The systematic error
equalled 0.3 °C and the random error equalled 0.4 °C.

Considering the nature of the problem, we de-
cided to determine the measurement uncertainty for
a certain value of equivalent minutes. In addition, we
calculated the degree of zero, the first and N* de-
gree of repeatability of experiments [3].

Preglednica 2: Merilna negotovost dolocitve EM pri sistemskem merilnem pogresku 0,3 °C
Table 2: Measwurement uncertainty for determination ET in case of a systematic error of measurement 0.3 °C

VZOrci in pogoji absolutni pogresck relativni pogresck

samples and conditions absolute error relative error
min Yo

zagozda MM (t= 180 s, £, = 600 5)

wedge MM, i Bl

zagozda MM> (x= 100 5, 1,= 600 5) 0.12 20

wedge MM» : 3

kocka (t =250 s, 1,= 1200 5) 0.20 2.0

cube

Preglednica 2 prikazuje merilno negotovost
doloéitve EM pri sistemskem merilnem pogretku
0,3 °C, predpostavljenem eksponentnem tem-
peraturnem odzivu s temperature 30 °C na 151 °C,
kjer je t asovna konstanta eksponentnega tem-
peratumega odziva in £, ¢as vulkanizacije pod tlakom.
Z oznatbo MM smo oznatili geometrijsko mesto
postavitve zaznavala v merjenec.

Na sliki 5 je prikazana namestitev zaznaval v
zagozdi in kocki kot merilno mesto - MM.

Table 2 shows the uncertainty of measurement
of ET determination in case of a systematic error of
measurement 0.3 °C, taking into account a tempera-
ture response from temperature of 30 °C to 151 °C,
where 1 is a time constant of the exponent tempera-
ture response and /, is vulcanization time under pres-
sure. By the designation MM the geometric spot for
placing the sensor into the specimen was marked.

Figure 5 shows placing of sensors in the wedge
or the cube as a measurement point - MM.

prerez kocke
cube center cross - section
A | B fw termopar
|20 .m\\wﬂ‘\h Sy thermocouple
L ;z.‘!-""' A
Y PR R SR
thermocouple b 60 .

——

globina zaznavala je 30 mm
sensor depth in cube is 30mm

SI. 5. Namestitev merilnih zaznaval v zagozdi in kocki
Fig. 5. Placing of measurement sensors in the wedge or the cube
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Sistemski del merilnega pogreika temperature
povzroéi vedno enak del pogreska vrednosti EM,
naklju¢ni del pogreika se ob dovolj dolgi integraciji
izni¢i. 1z izmerkov preizkusov lahko ocenimo s
Studentovo porazdelitvijo interval zaupanja in hkrati
ponovljivost preizkusa. Ce med preizkusom ne bi bilo
drugih vplivnih veli&in razen nastetih, bi lahko trdili,
da je interval P, podoben spreminjanju vrednosti
vulkanizacijskih lastnosti zmesi P... Preglednica 3
prikazuje vrednost teh izratunov.

Preglednica 3: Raztros vrednosti tocke poroznosti

Table 3: Value scattering of point of porosity

The systematic error of measurement of tem-
perature always causes the same amount of error of
measurement of ET values; the random error of meas-
urement is annulled if integrated long enough. On the
basis of test measurements the interval of confidence
and the repeatability of experiments can be estimated
by the Student's distribution. If there were no other
influential values as those defined, it could be claimed
that the interval P resembles changes of the vul-
canization properties of a compound P, The val-
ues of these calculations are shown in Table 3.

zagozda, wedge kocka, cube
P, min 0,99 0,78
Stevilo vzorénih enot - N 41 36
number of sample units - N

Preglednica 4: [zracun ponovijivosti N-te stopnje

Table 4: Calculation of repeatability of N-th degree

zagozda, wedge min | kocka, cube min
BEM 02 02
5 0,99 0,74
(t Shvzorca, spec =15/ )0 0,15 0,12
UgmN 1,01 0,76
UEM vzorca, spec N 0,25 0.23

Dologitev intervala zaupanja s 95-odstotno
verjetnostjo za nahajanje povpredje rezultatov vzortne
skupine pri ponovni dolo€itvi tofke poroznosti z enakim
Stevilom vzor&nih enot, nespremenjenim kalupom in
nespremenjenim spreminjanjem vrednosti vulka-
nizacijskih lastnosti zmesi P, prikazuje pregledni-
ca 4 [3).

Determination of the interval of confidence with
95 % of probability for the occurrence of average
results of a sample group at repeated determination
of the point of porosity by the same number of sam-
ple units, unchanged mould and the unaltered changes
of the vulcanization property values of a compound
P is shown in the table 4 [3].
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7 PRIMERJAVA TEORETICNIH IN
IZMERJENIH VREDNOSTI

Glede na dosedanje izkusnje smo pri vulka-
nizaciji uporabljali metodo dolofitve mesta tocke
poroznosti glede na izmerjene reoloSke vrednosti.
Prakti¢ni preizkusi so pokazali, da se za ve€ino zmesi

-za avtomobilsko pnevmatiko reologki izmerki
spreminjajo skladno in z izmerki za to¢ko poroznosti.
To dejstvo nas je privedlo do sklepa:

Tockaporozosti<7T . +C (4).

Glede na lego temperaturnih zaznaval v zagozdi
in kocki med preizkusom totke poroznosti merjencev
lahko primerjamo izratunan temperaturni odziv na
sredini merjencev z izmerjenimi (sl. 5)

120 +

°C
“C

temperatura
temperature
=

U, Li¢ - I. Bajsi¢

7 COMPARISON OF THEORETICAL AND
MEASURED VALUES

With reference to our experience up to now,
the spot of the point of porosity was determined on
the basis of measured rheologic values. Practical ex-
periments showed that in the majority of compounds
for automotive tyres the rheologic measurements and
the measurements of the point of porosity change in
agreement with each other.

This fact led us to the following conclusion:

Pointof porosity = 7., +C (4).

With reference to the position of temperature
sensors in the wedge or the cube during the test of
the point of porosity of specimens the calculated tem-

perature response in the middle of specimens can be
compared to the measured ones (Fig. 5).
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numerically thicker part (heat
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= mcritevdebelejdi del [povpredie]
messrement thicker part [average]

SI. 6. Primerjava teoreticnih in izmerjenih vrednosti temperatur zagozde
Fig. 6. Comparison of theoretical and measured temperature values for the wedge

Slika 6 prikazuje primerjavo teoretiénih in
izmerjenih temperatur v zagozdi za namestitey
zaznaval MM in MM.. Prikazan je odgovor prehoda
za gumeno zmes brez nastajanja toplote in z
nastajanjem toplote. Izmerki so prikazani s srednjo
vrednostjo in intervalom 7 S po Studentovi porazdelitvi.
Pri preizkusu je bilo treba merjenec vstaviti v kalup in
Sele kasneje smo lahko kalup vstavili v stiskalnico.

Figure 6 shows the comparison of theoretical
and measured temperature in the wedge for sensor
placing MM and MM.. The temperature response
of a rubber compnund ‘without heat generation and
with heat generation is presented. The measurements
are presented with the mean value and the interval
t § according to the Student's distribution. The speci-
men had first to be inserted into the mould, and only
after that could the mould be inserted into the press.
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Posledica tega je bil ¢asovni zadrZzek, ki pomeni
zaostanek spremljanja spreminjanja temperatur z
merilnim instrumentom. Casovni zadrZek smo med
preizkusi z zagozdo izmerili in je znaSal 21 + 5 sekund.

Slika 7 prikazuje podobno primerjavo odgovora
prehoda za gumeno zmes v obliki kocke. Tudi v tem
primeru smo naredili izraun za zmes brez nastajanja
toplote in za zmes z nastajanjem toplote. lzmerki so
prikazani s srednjo vrednostjo in intervalom ¢ § po
Studentovi porazdelitvi. [zmerjen Easovni zaostanek
med preizkusi je znaSal 34 + 7 sekund. V obeh
primerih opazimo relativno dobro ujemanje
teoretitnega in izmerjencga odgovora prehoda za
zmes z upoStevanjem enakomernega in homogenega
nastajanja toplote med preizkusom.

£

°“C

o
b os £ 8
¥ } !

temperatura
temperature
E. 3

The consequence was a time delay, which means the
delay of temperature change monitoring by means of
a measurement device. Time delay during experi-
ments with the wedge was measured and amounted
to 21 £+ 5 second.

Figure 7 shows similar comparison of the
temperature response for rubber compounds in the
cube. In this case as well, we made a calculation for
a compound without heat generation and for a com-
pound with heat generation. The measurements are
presented with a mean value and the interval 7 5 ac-
cording to the Student's distribution. The measured
time delay during experiments amounted to 347 sec-
onds. In both cases a relatively good conformity is
observed between theoretical and measured tempera-
ture response for a compound, taking into considera-
tion the uniform and homogeneous heat generation
during the experiment.

- — pumeritno (nastajanje toplote)
numerical (heat generation)
" a1 L 11 g1 1Y)
numerical
—meriley [povpredie]
measurement [averanpe]
------- meritev [P + 5]
measurement [A + L 5]
....... meritev [P - 15]
measurement [A - L 5]

SI. 7. Primerjava teoretiénih in izmerjenih vrednosti temperatur kocke
Fig. 7. Comparison of theoretical and measured temperature values for the cube

Slika 8 prikazuje primerjavo srednje vrednosti
in intervala ¢ § za izmerjeno toéko poroznosti po metodi
zagozde in kocke z reolo$ko fiksno togko Ty + C.
Vrednost konstante C je pri tem vnaprej dologena. S
slike opazimo, da so intervali raztrosov izmerkov
Tyg + C, totke poroznosti zmetodo zagozde in kocke
razliéni. V veliki meri je to zaradi konstrukcije kalupov
in vira tlaka (oljna &rpalka), ki niso zagotavljali ves
¢as trajanja preizkusa konstantnega tlaka.

Figure 8 shows the comparison of the mean
value and the interval ¢ § for a measured point of
porosity according to the method of a wedge and a
cube with a rheologically fixed point T, + C. The
value of the constant C is determined in advance.
The Figure shows that intervals of the scattering of
measurements of Ty + C of the point of porosity by
the method of a wedge or a cube are different. To a
great extent this is due to the mould design and pres-
sure source (oil pump), which could not ensure a
constant pressure during the experiment.
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Sl. 8. Primerjava reoloskih izmerkov in izmerkov tocke poroznosti
Fig. 8. Comparison of rheologic measurements and measurements of point of porosity

V preglednici 5 so zbrane izmerjene vrednosti In table 5 the measured values of the point of
totke poroznosti za metodo zagozde in kocke. Poleg  porosity for the method of a wedge or a cube are
izmerjenih vrednosti smo podali interval zaupanjas ~ collected. Beside the measured values, a presenta-
95-odstotno verjetnostjo za povpreéje rezultatov  tion is also given of 95 % of probability for the oc-
vzoréne skupine pri ponovni dologitvi tofke poroznosti  currence of the average results of a sample group
z enakim ali ve&jim Stevilom vzorénih enot, when repeatedly determining the point of porosity with
nespremenjeno merilno negotovostjo merilne verige,  the same or larger number of sample units, unchanged
nespremenjenim kalupom in nespremenjeno Measuring uncertainty of the measurement system,

vrednostjo vulkanizacijskih lastnosti zmesi P . unchanged mould and unchanged value of vulcaniza-
- tion properties of a compound P__ .

Preglednica 5: Izmerjene vrednosti ekvivalentnih minut za toéko poroznosti
Table 5: Measured values of equivalent minutes for the point of porosity

vrsta meritve zagozda, wedge kocka, cube
type of measurement (N=41) min (N =36) min
posamezna meritev

single measurement 7.72% 1,01 7.43 £ 0,76
vzoréna meritev

sample measurement 7,72+ 0,25 (N2 41) 7,43 £ 0,23 (N = 36)




Merjenje tolke poroznosti v gumi - Measurement of the Point of Porosity in Rubber 361

8 SKLEP

Tofka poroznosti pomeni pomembno
informacijo o optimalnem &asu vulkanizacije
obravnavane zmesi. Kakovostno bodo surovei
avtomobilskih pnevmatik vulkanizirani takrat, ko bodo
vsi sestavni deli pladta optimalno vulkanizirani.
Gospodarnost nas v tem primeru sili k ¢im krajsim
gasom vulkanizacije suroveev. Ce Zelimo povedati
gospodamost, moramo poznati vulkanizacijske lastnosti
zmesi, temperaturno in tlaéno stanje v surovcu in v
okolici ogrevanega surovea avtomobilskega plaséa [9].

Povezava med totko poroznosti in reologkimi
lastnostmi zmesi bo v prihodnje koristna, ker se je
nadzor zmesi na reometru Ze uveljavil. Tako bi
dobljene informacije iz reometra lahko uporabljali tudi
za doloditev toke poroznosti. Najbolje bi bilo v
prihodnosti dobiti eksperimentalno doloéeno povezavo
med reolodkimi izmerki in izmerjenimi vrednostmi
totke poroznosti v obliki grafax = T, + C in y = totka
poroznosti. Za naslednje preizkuse tofke poroznosti
po metodah zagozde in kocke bi bilo priporoéljivo
najprej izboljsati kalupe, tako da bi bil interval doloéitve
totke poroznosti podoben intervalu dologitve toke
Tio + C (sl. 8).

9 SEZNAM SPREMENLIJIVK

aktivacijska energija v J/mol A
eksperimentalno doloéena konstanta C

8§ CONCLUSION

The point of porosity presents important in-
formation on the optimum vulcanization time for the
compound dealt with. The vulcanization of green tyres
will be of quality when the components of a tyre are
optimally vulcanized. Economic efficiency demands
that the vulcanization times for green tyres be as low
as possible. Should the economic efficiency be in-
creased, one has to be familiar with the vulcanization
properties of a compound, temperature and pressure
conditions in a green tyre and in the surrounding of a
heated green tyre as well [9].

The connection between the point of porosity
and the rheologic properties of a compound should
be of use in the future, since the inspection of com-
pounds by rheometers is already being well brought
into effect. The most desired improvement for the
future would be to complete an experimentally de-
termined connection between rheologic measure-
ments and the measured values of the point of poros-
ity in the form of a graph x = T';+C and y= point of
porosity. It would be advisable to improve moulds
for the future experiments referring to the point of
porosity by the method of a wedge and a cube so0
that the interval of determination of the point of po-
rosity would be similar to the interval for determina-
tion of the point Ty + C (Fig. 8).

9 NOMENCLATURE

activation energy J/mol
constant determined by experiment

trenutna koncentracija kemitnih vezi v (1) momentary concentration of chemical

zmesi v mol/m’ bonds in a compound in mol/m*

najveca koncentracija kemicnih veziv Cimaks) maximum concentration of chemical

zmesi v mol/m’ bonds in a compound in mol/m?

razmerje logaritemskih funkcij ET relation of logarithmic function of

trenutne in zatetne momentary and initial

koncentracije kemiénih vezi v zmesi za concentration of chemical bonds in a

kemi&no reakcijo compound for chemical

prvega reda v s reaction of the first order in s

konstanta ¢asovne pretvorbe K time transformation constant

hitrost kemi&ne reakeije v 1/s k speed of chemical reaction in 1/s

splo&na plinska konstanta (8314,14 J/(kmol K)) R general gas constant (83 14.14 J/(kmol K))

izmerjena ali dolodena absolutna T measured or determined absolute

temperatura v K temperature in K

fiksno izmerjena tocka na reometru Treometer  1ixed measured point on rheometer

casv s '} time in 5

vulkanizacijski u¢inek VE vulcanization effect

razmerje trenutne in najvecje x relation between the momentary and

koncentracije v zmesi the maximum concentration of
chemical bonds in a compound

referenéna temperatura v °C % reference temperature in °C

¢asovna konstanta v s T time constant in s
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