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Preface

Rubbers are widely used in various applications, from tires to flexible tubings or
absorbing systems, to mention just a few applications. They are favored when, in
sharp contrast to other engineering materials, their relatively stronger attributes
are needed and, at the same time, their highly deformable characteristics are desir-
able. Exhibiting almost complete recovery, they are virtually incompressible with a
bulk modulus some thousand times greater than its shear or than Young’s modulus.
Moreover, rubbers are to some large extent impermeable to liquids and, especially,
to gases. Both these qualities are of considerable value for tires in their utility on
cars, planes, or bicycles. Thus, to sum up the importance of rubber in our life, it is
virtually irreplaceable. It was said in 1941, when the United States decided to get
involved in the Second World War, that no war could be started when no rubber is
available in a country.

But the physical properties of a rubber material are not only innate; they largely
depend on the state of cure of the final compound, as well as on the nature of the
initial fresh rubber selected for the cure, this uncured rubber being either natural or
synthetic. Following the process of cure, the compound, made of uncured rubber
and of curing agents as well as of additives, is heated in a mold up to a temperature
at which the reaction starts, the shape of the final material being given by the mold.
During the cure, an irreversible reaction takes place, leading to a three-dimensional
molecular network, and the plastic material is converted into an elastic one.

Thus, good knowledge of the process of cure is of high concern, for three reasons
at least: the quality of the final product depends on the value of the state of cure as
well as of its homogeneity through the material; moreover, it cannot be recycled if
it is badly cured; and, for economical reasons, in addition, it is necessary to reduce
the cure—time cycle.

Coming back to the process of cure, it consists essentially of two stages—that is,
the heat transfer by conduction through the rubber mass as well as at the mold-rub-
ber interface, and the cure reaction which starts at a temperature around 120-150°C,
depending on the nature of the material. When the mold temperature is too low, the
reaction is not achieved properly, and the final material, generally visco-elastic, has
little interest for industrial application. Conversely, when the temperature is too high,
the final material is burnt and breaking, without any quality of elasticity. Moreover,
there is a narrow temperature window through which the reaction should be con-
ducted. Thus, considerable importance needs to be given to obtaining a good under-
standing not only of the thermal properties of the rubber material during the heating
stage and the cure process in the mold, but also on the values of the parameters nec-
essary to express the kinetics of the cure reaction. By simplifying the principle of the
cure reaction, which is essentially highly complex, and taking it as an nth order reac-
tion, only four kinetic parameters should be considered: the enthalpy of cure, which
represents the heat evolved during the whole reaction; the two terms that enable the



measurement of the temperature sensitivity of the reaction, i.e., the energy of activa-
tion and the rate constant that counterbalances the effect of the energy of reaction;
and the amount of rubber remaining uncured, which is to the nth power, n being the
order given to the overall reaction. And thus, in time, various techniques have been
developed and used so as to determine the kinetics of the cure reaction from which
are calculated the main kinetic parameters.

The importance given to the kinetics of cure is so great that various techniques have
been tested or even created for determining the parameters of the kinetics of cure, the
cure being considered on the whole as conforming to the Arrhenius’s expression.

The first was calorimetry, conducted either under isothermal conditions or in a
scanning mode with a constant heating rate. However, though this technique may
be very well adapted to the cure of thermosetting resins, which develop a large
enthalpy, it is not the perfect one in the present case, because of the rather low
value of the cure enthalpy of rubbers, which does not exceed 8 Joules/gram rubber
per 1% sulfur. Isothermal calorimetry has been used by assuming that the rate of
cure varies with temperature according to an Arrhenius equation. The differential
scanning calorimetry (DSC) technique has been employed for defining the tem-
perature at which the reaction starts. The cure enthalpy has been obtained from
DSC experiments. A question arose in the mid-eighties as to which could be the
best calorimetry technique, the isothermal or the DSC. And finally in-depth studies
on the process of heat transfer through the sample showed that in isothermal calo-
rimetry, the operation is not as simple as it first looks; the sample initially at room
temperature is dropped into the calorimeter, which is kept at the selected tempera-
ture, and the strong heating stage may hide the first part of the reaction, considerably
reinforced by the fact that a temperature window of about 30 K is found over which
meaningful data can be obtained. Finally, it has been proved that calorimetry in
scanning mode is the best technique for evaluating not only the cure enthalpy, for
thermosetting resins at least, but also for determining the kinetics of heat evolved
from the overall cure reaction.

Another technique, interesting but highly time-consuming, was based on the
measurement of the swelling of the rubber samples taken at various stages during
the cure. In the late seventies, this method was used not exactly for measuring the
kinetics of the cure reaction but especially for evaluating the state of cure for a given
rubber-curing agent couple. Thin rubber sheets (0.5 mm) were heated isothermally
within a range of time and temperature, and the state of cure was evaluated by mea-
suring swelling in toluene of these final samples; afterward, using the data obtained,
the degree of cure profiles in thicker blocks (25 mm) were calculated and compared
with the profiles experimentally determined.

Other studies have been carried out by considering the heat transfer by conduction
through the rubber, as well as the heat generated by the overall cure reaction. The
state of cure at any time ¢ is thus defined as the heat evolved up to time 7 as a fraction
of the total heat evolved from the cure reaction. In a particular method, the state of
cure was calculated from the temperature history at any place in the rubber by intro-
ducing a rate of reference at 149°C and a temperature coefficient of cure, assuming
that the rate of cure increases by a factor of 1.85/10°C. In another study, the profiles
of temperature developed through the rubber were calculated assuming that the rate



of cure doubles for each 10°C increase in temperature around the temperature refer-
ence of 150°C. This reference temperature method avoids the use of the order of the
reaction, but necessitates a full study of the material at this reference temperature.
As the problem of heat transfer by conduction with internal heat generated by the
cure reaction cannot be mathematically resolved, numerical models have been built
by taking all the known facts into account, for various shapes of the material, either
in the cylindrical sample in the calorimeter or more simply in the sheet located in
the slabs of the heated mold.

Other methods widely used for the cure of rubbers consist of heating the sample
and monitoring the viscosity or torque of the rubber during the cure. The Money vis-
cosimeter, the Wallace—Shawbury curometer, the oscillating disc rheometer (ODR),
and the moving die rheometer (MDR) have been developed and marketed, the MDR
being introduced in 1985.

All these setups work under isothermal conditions. In the MDR, a thin sheet
(around 2 mm) is placed between the two dies kept at the desired temperature; the
lower disc oscillates and a reaction torque/pressure transducer is positioned above
the upper die. It has been found that the MDR gives shorter times of cure than
the ODR because of better heat transfer and higher torque values owing to the die
design. The MDR is run at three temperatures to allow evaluation of the kinetic
parameters of the cure reaction. Thus, the activation energy and the preexponential
factor can be calculated from the fractional modulus time values obtained with this
apparatus. The modulus value is assumed to vary with time following first-order
kinetics, and the rate constant varies with temperature according to the Arrhenius
equation.

The process of curing rubber taking place in the MDR is similar to that in a
mold: heat transfer by conduction through the rubber with a coefficient of heat trans-
fer at the die—rubber interface, followed by the cure reaction. Thus, with the MDR
run under isothermal conditions, when the sample initially at room temperature is
introduced between the heated dies, considerable heat transfer occurs through the
rubber with a corresponding decrease in temperature at the die surface. As a result,
steep gradients of temperature develop through the thickness of the rubber sample.
The cure reaction starts at a given temperature and gradients of state of cure are
expanded with a higher value on the surface in contact with the dies. After a time,
the profiles of the state of cure become more and more uniform.

Then, three parameters become of great interest, regardless of the nature of the
rubber and curing agent: the temperature of the dies, the thickness of the sample,
and the quality of the contact between the rubber and the dies. It is not easy to place
correctly the rubber sample between the dies when they are heated. And, more-
over, another drawback brought by the isothermal conditions necessitates the right
selection of three temperatures within a narrow temperature window. This is the
reason why attempts have been made recently to upgrade this MDR technique by
using it in scanning mode in various ways. Thus, instead of having to make three
measurements with different samples at the selected temperatures, only one experi-
ment is necessary. First, the scanning mode with a constant rate has to be consid-
ered from the beginning to the end of the process. In order to improve this process
and to reduce the time of the experiment, a change in the rate of heating has been



introduced, with a high rate at the beginning, followed by a lower rate as soon as the
cure reaction takes place. Moreover, the effect of parameters of interest has been
deeply studied, such as the heating rate and the quality of the contact between the
rubber and the die. Finally, it has been found that the linear increase of temperature
with time is perhaps not the best way of heating the apparatus, as a square root of
time—temperature programming was proved to be shorter in time for the MDR used
for the cure of rubber.

Another problem should be considered in detail with the process of curing the
rubbers in the mold; this occurs when the cure reaction takes place, and is associated
with the heating stage.

Thus, from the measurements providing the values of the kinetic parameters of
the cure reaction, it is possible to evaluate the progress in the cure of a piece of rub-
ber by using also the thermal parameters of the rubber and of the mold. In spite of
the low value of the heat generated by the cure reaction, the profiles of temperature
and of the state of cure developed through the sample at various times are obtained
either by experiments or by calculation. Calculation is made by considering the heat
transfer by conduction not only through the rubber but also through the mold, as the
mathematical treatment is not possible in this case; numerical models, taking all
known facts into account, have been built and successfully tested. Different topics
concerned with the cure of rubbers and their properties, such as the process of cure
and the methods of evaluating it through modeling, the correlation between the state
of cure of the rubbers, and either their mechanical properties or their resistance to
liquids, have thus been established.

Testing of rubber materials involves exposure to various types of environmental
factors. One of the most important problems for rubbers is their resistance to liquids.
The tests in which rubbers are in contact with liquids are often called “swelling
tests,” because of the resulting change in volume of the test piece, or also “oil aging
tests” because mineral oils are the liquids most specified. These tests generally con-
sist of measuring the total uptake of toluene by a rubber after immersion in the lig-
uid. Another way was explored by studying the process of absorption or desorption
of the liquid previously absorbed, which are both controlled by diffusion through the
rubber with a change in dimensions leading to typical boundary conditions. As the
problem cannot be resolved by mathematical treatment, various numerical models
have been built and tested, so as to take into account not only the diffusion with a
concentration-dependent diffusivity and the change in dimensions but also the aniso-
tropic swelling. The way of evaluating the concentration-dependency of the diffu-
sivity, already successfully traced by using other polymers, has been used for these
problems involving rubber.

Because of their typical properties in terms of mechanics, measuring the mechan-
ical properties of rubber is of great concern. These are determined not only under
static conditions but also under dynamic conditions, with the in-phase and out-of-
phase modulus.

The main objectives of this book are varied. The first consists of giving, in Chapter
1, a bird’s eye view of the history of the cure process by recalling a few previous
experiments and calculations of interest, which should be considered as decisive
hallmarks in the developing of rubber curing processes.



In the second chapter, all the problems set by the process of heat transfer are con-
sidered, with convection at the solid—fluid interface, and with conduction through a
solid, which can be the rubber or the mold. The situation of heated rubber after the
extraction out of the mold requires an application of the heat process connecting the
convection and the conduction.

In the third chapter, the methods used for evaluating the kinetics of the cure of
rubbers are described and studied on the basis of either the heat evolved from the
cure reaction (calorimetry) or the change in the mechanical properties during the
cure (rheometers). Theoretical studies are made so as to improve either the isother-
mal MDR, or even the MDR in scanning mode, by considering different tempera-
ture—time relationships.

In Chapter 4, applying the information given in the two previous chapters is dis-
cussed in detail for the cure of rubber sheets in molds. Monodirectional heat transfer
is thus considered, but the case of three-directional heating systems is also exam-
ined. The effect of various parameters such as the values of the kinetic data (rate
constant, energy of activation, enthalpy of reaction, and order of the overall reac-
tion); the thermal transfer data of the rubber; the characteristics of the mold; and
finally the relation between the rubber and the mold are included. The important
area of multilayer rubbers of various types has also been considered by combining
the effects of diffusion of the active agents between these layers during the cure with
the heat transfer and then the cure of the system. Thus, it is shown that this diffusion
enables a final rubber system for which the properties vary continuously through
their thickness, leading to high adhesion between these layers. The postcure of the
already-cured rubbers that may take place when they are extracted out of the mold
is also examined.

In Chapter 5 the principle of the injection molding principle is described, with
its obvious advantage in reducing the time of the cure; the temperature at which the
rubber can be injected without detriment to the mold filling is also evaluated. The
important problems set up by the plasticity and by the scorch—that is, the onset of
vulcanization—are probed in depth. If the isothermal MDR technique is able to give
a rough idea of the scorch time, it is shown that the MDR run in scanning mode—
that is, the apparatus commercially called the rubber process analyzer (RPA)—is
capable of providing two characteristics of the scorch, the time and temperature.

An attempt is made in Chapter 6 to relate the mechanical property of the rubber
under dynamic conditions to the state of cure. The mechanical properties of the
unvulcanized rubber are also evaluated, with plasticity versus temperature and the
scorch. The mechanical properties of the vulcanized rubber are then considered, in
static and dynamic modes.

In Chapter 7, in-depth studies are made on the resistance of rubbers to liquids,
which is expressed by the amount of the liquid absorbed or, much better, by the
kinetics of absorption. The process of liquid absorption in the rubber material, as
well as of that of desorption of the liquid previously absorbed, are studied. These
processes are driven by transient diffusion, which is examined in terms of rubber. As
rubber may absorb a large quantity of liquid, a swelling takes place; thus, the diffu-
sivity is not only concentration-dependent, but also the boundary is moving with the
amount of the liquid absorbed. On the other hand, it will be seen that the processes of



diffusion and cure can occur simultaneously, because a diffusion of the active agent
is proved to take place through the interface between two rubber layers with different
percentages of sulfur when they are cured together.

Chapter 8 is devoted to the on-going problems of recycling scrap rubber tire,
in spite of the fact that this subject is somewhat beyond the scope of this book.
Various solutions are regarded in succession, including burning, using pyrolysis in
order to get some residues of interest, and using solvent as an agent of devulcaniza-
tion. Finally, by considering scrap rubbers as new raw materials, the method based
on vulcanizing the compound obtained after addition of curing agents to the scrap
rubber, either in its pure state or in addition to fresh rubber, is especially studied.

Our book presents its main findings in terms of equations and figures. In all cases,
the theoretical treatment is offered in a didactic manner, so that readers who are not
fully familiar with the terms can, nevertheless, easily understand the developments
in this field. The assumptions for which the calculations are made, and the solu-
tions obtained, are clearly presented. It is true that the problems of heat transfer by
conduction, as well as those of diffusion of liquid through a rubber, are not easy to
understand. This is the reason why the solutions of the differential equations with
partial derivatives that express these transfers are explained in detail. On the other
hand, in order to facilitate the reader’s understanding of the results, the figures are
drawn by using dimensionless numbers as coordinates as often as possible; as a
result, master curves are obtained that are of value in various applications.

Thus, by introducing the typical values of a problem, readers can obtain the result
of the actual problem put before them.

The data published by various authors are given, so as to help readers in making
their own calculations. They include the values that deal with heat transfer and the
kinetics of the cure reaction, and cover the diffusion of liquids through rubber. In
each case, references are given.

Finally, it should be added that various books of interest have already been pub-
lished on rubber in domains other than the one considered in the present book: the
process of cure and properties of the vulcanizates as a function of the state of cure.
They are cited as much as possible. Among them, Physical Testing of Rubbers [1] is
worth noting, and various notations are drawn from this book, especially in Chapters
2,3,4,6,and 7. Let us remark that at the time the fourth edition of Brown’s book had
just been launched on the market; the objective of the present book on the cure of
rubbers, however, being different from that of Roger Brown’s, this first edition only
has been considered. On the other hand, The Analysis of Rubber and Rubber-like
Materials [2] is of interest as far as the chemistry of rubbers is concerned. Three
other books are cited, as they contain at least one chapter devoted either to the cure
of rubber [3] or to the stage of absorption of liquid [4], and to the subsequent stage of
drying rubber containing a liquid [5]. One of the most specialized books on carbon
black is also cited in Chapter 8, which is concerned with reclaiming scrap rubber [6].
But in all cases, the theory of the cure process has been developed and updated, and
the results especially applied to rubber materials in the present book.



REFERENCES

1.

2.

R.P. Brown, Physical Testing of Rubbers, Applied Science Publisher, London, 1979,
1st edition. (The 4th edition has recently been published.)

W.C. Wake, The Analysis of Rubber and Rubber-like Materials, Mac Laren & sons,
London, 1968.

J.M. Vergnaud and J. Bouzon, Cure of Thermosetting Resins, Springer-Verlag,
London, 1992.

J.M. Vergnaud, Liquid Transport Processes in Polymeric Materials, Prentice Hall,
Englewood Cliffs, NJ, 1991.

J.M. Vergnaud, Drying of Polymeric and Solid Materials, Springer-Verlag, London,
1992.

J.B. Donnet, R.C. Bansal, and M.J. Wang, Carbon Black: Science and Technology,
2nd ed., Marcel Dekker, New York, 1993.



About the Authors

Jean-Maurice Vergnaud is a professor at the
University of Saint-Etienne, France, retired from
teaching butnot from research. He has earned several
awards, either in industry or at university: the Prize
of the French Chemical Industry (new methods in
gas chromatography) in 1966; Silver Medal from
the French Academy of Sciences (molecular sieves)
in 1976; the George Stafford Whitby Award from
the American Chemical Society, Rubber division in
1998; and the Gold Medal from the French Society
for encouraging progress in 2007. He is the author
of 450 papers and 300 communications, 30 plenary
lectures, and has been speaker at 10 sessions of the
prestigious Gordon Research conferences. He is the author of eight books published
by international publishing companies, and belongs to the editorial boards of five
international journals.

Iosif-Daniel Rosca, Associate Professor at the
University of Bucharest, Romania, is currently
a researcher at Concordia University, Montreal.
He is co-author of two books with Jean-Maurice
Vergnaud. He specializes in chemical engineering,
with emphasis on studies regarding mass transfer
controlled by diffusion and heat transfer with cure
reaction.




Contents

Chapter 1
Bird’s Eye View of the Cure Process, First Attempts.........cccceeviiiiiiiieiieeniieniieenne. 1
1.1 Method Based on the Capacity of Liquid Absorption .........ccccocceeeviiviiniinnnnen. 1
1.1.1 Principle of the Method cuscusmsiamssssssisssssmsimsensomams s 1
L12  EXPerimental.......c.oooiioiiiiiiiieieeiccie et 1
1.1.3  Experimental Results and DisCUSSION...........ccccovvuiiiiiininiiiiniiieenn 2
1.1.4. Calculation of the State:of CUIe...cuuswssmsssmomsssnsmsinssssrsmmmassssssossass 3
1.1.5  Temperature Dependence and Reference Temperature ..........c..ccccoueue. -+
1.1.6  New Model Built by Hands and Horsfall.............ccocooiiiiie. 5
1.1.7  Verification of the Method on Thick Rubber Samples .......................... 5
1.1.8  Conclusions on This Method ..........cooouiiiiiiiiiiiieeeee e, 5
1.2 Numerical Evaluation of the State of Cure ..........cccceceeviiiiiiiiiieiceeceeeeen, 7
1.2.1  Principle of the Method ..........ccccoiiiiiiiiiiiiiiceccceee 7
1.2.2° TREOTEHICAL ...t 7
s R L 1 L/ e 8
1.3 Heat Conduction and Vulcanization in Molds ........c.cccceviiiiniiiiiiiiniininnen. 8
1.3.1  Principle of the Method .........ccoeiiiiiiiiiiiiee e 8
1.3.2 TREeOoretiCal ...ocuveeeciiciiiieece et 8
1.3.3 Theoretical and Experimental Results..........c..cocoiiiiiiniiiinicniiien, 10
1.3.4 Remarks on the Calorimetry Studies............cccoccoviiiiiiiiinniiniciiies 11
1.4 Evaluation of Temperature and Extent of Cure during the Process................ 11
14:1 ‘Schemme of the MEthod . mssemnssmssssssssssassssmssssmsmmmssssgs 11
142 TheoretiCal issasnonssnmssmsssmmsiv e e ramssasiis R aains 12
1.4.3  Kinetic Study Using Isothermal Calorimetry..........cccocoveeviererreenenne. 12
1.44  Results and AppliCationS..........ccoueiiiiiiiiniinincriciceete e 13
145 CONCIUSIONS -.eutiiriieiiieiieie ettt et esse e e e esaesseenae e 13
1.5 Expression of the Cure Reaction..........cccceciiiiiiiiiiiieeiceeeeeeiecceee e 15
1.5.1  S-Shaped SOC-Time Curves and Scorch Period at the
Beginning of the Cure...........occooviiiiiiiiiiiiceeeeeeeee e 16
1.5.2  Cure Reaction Defined by a Complex Reaction System...................... 16
1.6 General ConClUSIONS ........c.oouieuiiiiiiiiiiiiicece s 17
RETBIEICES ...ttt e e s beesaae s 18
Chapter 2
General Study on Heat Transfer............ccooiiiiiiiiec e 21
2.1 Various Means of Heat Transfer ...........ccocociiiiiiiiiiiicceccee e 21
2.1.1  Heat Conduction .......cc.cooiioiiiiiiiinieiesiee ettt 21
2.1.2.  Heat CONMVECHIOM cosuersvsssssssusssmsmonsssnussssammsssenssmey e s sssy s ssiss sssosss 21

213 Heat RAAIAHON ovisssvvsmssmvsmusssmsvivesnssnsassssinasos s osiassvssssssoivessanis iss iess 22



2.2 Heat CoNAUCHION. ....cciutiiiiiiiieiieeie ettt
2.2.1 Principle of Heat Conduction............ccccovueiuiiiiiiiiniiiiiinieneecceiceieenene
2.2.2 Differential Equation of Heat Conduction...........c.cccceeeviviiviiiiiniinienns
2.2.3 General Solution of Heat Conduction (Separation of Variables).........
2.2.4 [Initial and Boundary Conditions ..........ccccecvveeiiiiiininiiniiniiniciisieene

2.2.4.1 Initial Conditions........ccceeieeuiriienerienieneeiee e
2.2.4.2 Boundary Conditions..........cccecuevuiiiiiiiiiniiniiiniiieeseceiecnens

2.3 Heat CONVECHION ..euiieiiiiieieeiiete ettt n e s sa e s be e saneas
2:3.1 Forced HeatiConVECtH O oo sssumavmsmmmmsesposisimsse syt ssssmsmmi
2.3.2 Natural (Free) Heat CoNVECHON . cusssivesmasssossssssssassssmsamasssisassasssasnassssns

2.4 Solutions of the Equations of Heat Transfer ............ccccoccoiniiiiiiiiinnnn.
2.4.1 Sheet Heated on Both Sides with Infinite Heat Transfer

At TR INTEITACE. ... cecnceresrneseresnssressneisssssrontississasanisasississinasioist snsisiniasss
2.4.2 Heat Transfer through a Rubber Sheet Immersed
in a Large Volume of Fluid...........cccccooiiiiiiiiiiniiiiiiecc

2.5 Thermal Properties Of RUDDELS..c.iumecusssmimsssmssnminssssssssassmssnsssnsinsossasssvsrvesvasas
251 Specific HEAt :uuuss sssmsonmsimsmnsumsssonsusssnsassossesstasssshinesasin st sniessssanss
2.5.2 Thermal ConductiVity sessm s msivmssiisssmsomsissasssmsmsiss e srmismms
2.5.3 Thermal Diffusivity ......ccismammsn s mmmiosimassisosissis e sisisses
2.54 Surface Heat Transfer Coefficient..........ccccecveverieniiininiieniciciiceeene
2.5.5 Conclusions on Gum Rubbers..........ccccceeiiiiiiiiiiiiniiiiiiicee

2.6 Heating or Cooling Stages without Cure Reaction ...........ccccoeevviviiiiininienene.
2.6.1 Cooling Stage of a Perfectly Cured Rubber Sheet

10 Motionless FIUia ... umsssissmsissomsesiisssssssissssmsamssssasisssissaasins
2.6.1.1 Case of Motionless Air at Room Temperature
in Laminar Mode ........c.cocieiiiiiieeiiiniicnicininnieccie e
2.6.1.2 Case of Motionless Air at Room Temperature
in Turbulent Mode..........cccoiiiiiiiiiiiiiiiiicccece
2.6.2 Cooling of Perfectly Cured Rubber in Stirred Fluid ...........cccccoeeeneee.
2.6.2.1 Case of Stirred Air in a Vertical Position..............ccccccevennnee
2.6.2.2 Case of Stirred Water in a Vertical Position............cc.cc.c.......
2.6.3 Heating Stage of the Cured Rubber in the Mold ..........ccccceeiriinnnennnn.

2.7 Conclusions on Heat Transfer Boundary Conditions............cccoceeceriieniennenne.

REfEIENCES ...t e

Chapter 3

Kifietics of the Ciie REACHON, v resassssramsmsrarimsrsiomisasiossoresisme s smmaimis

3.1 Calorimetry: Principle, Theory, and Techniques..........cccccccoeviriiviiciiinnnnnne.
3.1.1 Principle:of Calorimetry wussswsscassmesssssismssnsmmimsmsisnies
3.1.2 Theoretical Considerations in Calorimetry ...........ccccevveeeveeenienceeennne

3.1.2.1 Case of the Calorimeter with a Cylindrical Sample..............

3.1.2.2 Case of the Calorimeter with a Horizontal Sensible
Detector, Plane in Shape .........ccoooveeviiiiiiiiiienieeeieeeeeees

47



3.1.3 Isothermal Calorimetry Techniques ...........ccccceiiiiiiniiiiniiiiciiiins 50
3.1.3.1 Measure of the Cure Enthalpy under Isothermal

CONAILIONS ..ttt 50
3.1.3.2 Kinetics of the Overall Cure Reaction ........................ e 51
3.1.4 Calorimetry in Scanning Mode ........c..coieviiriininiiniiiieiececse e 53
3.1.4.1 Measure of the Cure Enthalpy in Scanning Mode................. 53
3.1.4.2 Kinetics of the Cure Reaction .........cccccceevueeviincnneeniennirenenne. 54
3.1.5 Conclusions on Calorimetry Techniques ............cccceeiiiiiiiniiiiinicnen. 57
3.2 Increase in Stiffness during Cure: Isothermal MDR...........ccccccciiininnicnnnnen. 58
3.2.1 Presentation of the Technique..........cccoceiiiiiiiiiiiiiiiiiiiiccceceee 58
3.2.2 Process of Cure in Isothermal MDR ..........cccocoiiiiiiiiiniiiiincee, 58
3.2.2.1  EXperimental .........ccooiiiiiiiiiiiiiieiie e 59
312.2.2. "Theoretical TrEatmEt ... ovwmuaesssimersmmsrsssmmmnvassescummmaress 60
3.2.2.3 Results Obtained by Calorimetry..........cccccevreeievueerreerneensanens 6l
3.2.2.4 Results Obtained by Using Either MDR or Calorimetry ...... 62
3.2.3 Conclusions on the Process in Isothermal MDR ............cccocoviiinnnns 66
3.3 MBDR in Scanning Mode with Constant Heating Rate .............cccccccevnninn. 67
3.3.1 Presentation of the Technique...........cccccciiiiiiiiiiiiineee, 67
332 Theoretical TIEatMENt . .ccuommmsusromasrsmasvmosrssssm v oS 68
3.3:2.1  ASSUMPHONS iuveissovesssonssssssmsisssssssssssesissonsissssssvs sississssssissonssss 68
3.3.2.2. Mathematical TreatmieChl. v ssmvssmessssssererneinsesssssesmsssasssnnsnnssss 68
3.3.3 Results Obtained with MDR in Scanning Mode...........ccccocevineninnnnnn. 69
3.3.3.1 Material and Apparatus Used for the Study........ccccoevernine 69
3.3.3.2 Calculation of the Torque—Temperature Curve.................... 69
3.3.3.3 Profiles of Temperature and State of Cure
in the Rubber Sample..............cccooiiii 71
3.3.3.4 Evaluation of the Kinetic Parameters from the Curves
Obtained in Scanning Mode ........ccccccevvieriiiniiienresiirenseeennen. 72
3.3.4 Conclusions on the MDR in Scanning Mode ..........cccceevemviirinivicinennns 73
3.4 Improvements for MDR in Scanning Mode ..........cccoceriinieiiereneceeeee 74
3.4.1 MDR Scanned with Change in Heating Rate..........ccccccoeevviiiiiennen. 74
3.4.2 MDR with Square-Root Time-Temperature Dependence .................. 75
3.4.2.1 Theoretical Treatment of the Process.........ccccceeeceeviirvirennen. 76
3.4.2.2 Materials and APParatus ..........ccceeoveeeereeruererseeneseeseesneens 76
3.4.3 Results Calculated with the MDR Run with This Method.................. 76
3.5 CONCIUSIONS :uiisrvisssisssomsmsessssassnisssssisissessasss isaiissssssss soississsasssssoassnssnnessasnrassansanss 79
REFETEINCES iiasasssrsssssississsrsssssismsasiasnitossssss o sies 506550 s06aa5 683 S8E5V47S0 49946000 se 0000 8 5amtinns 79
Chapter 4
Cuxe 6f RUDBET 10 MO0 s s pes 83
4.1 Rubber=Mold RelatiON . uuimssessvusmsvassrmimisssosismmesssnississonssrsisnsnsssvaassasessinessns 83
4.1.1  Process of Heating and CUTE ..........cccceeviiiiiniieniiiiieiecienie e 83
4.1.1.1  Mathematical Treatment...........ccceceevueeiieniienenrienieneee e 83



4.1.2  Effect of the Position of the Heating System............cccccooveiniiiininnnne. 84

4.1.2.1 Mold—Rubber System ........c..ccoviiriiiiiiiniiiiiiiiciee e 84

4.1.2.2 Results Obtained for the Cure of the Rubber Sheet .............. 85

4.2 Effect of the Thickness of the Rubber Sheet ... 89

43 Effect of the Enthalpy of CULS: .csussosussssusivsviisnsssssssmsmisissssssrssasssonssnissusesnsss 92

4.4 Effect of the Temperature on the Cure..........cccsisemimsmsissesmesssissussinsessssiness 98

4.5 Effect of the Kinetic Parameters of the Cure..........ccccceoviieiiiniiiiiiiinecninens 101

4.5.1 Effect of the Order of the Overall Reaction............cccccoviiiiiiiinnnne 102

4.5.2 Effect of the Activation Energy ..........ccceceeviiiiiiiiiniiiiniciinieee 104

4.6 Effect Postcure of a Rubber Sheet.........c..ccooiiiiiiiiiiiiiiiiiiicicciees 106

4.7 Cure of Rubber—Metal Sandwiches ..........ccccceevveeriiieiiieniinineniieniecneenee 110

47.1 Theoretical Study of the Process of Cure........c.cccoeeviuiiriiivicniiennen. 111

472 RESUIS . civeniaimssessvssivasssssssvnsiansssysaesssass soissess casss Vo mis s3vs SO mavassadensss 112

4.8 Simultaneous Cure of Various Kinds of Rubbers............cccccooiiiiiiiiiinn. 114

4.8.1 Theoretical Approach of the Process.........ccccovviiiiiiieiiiiiiiiiicciieeen, 114

4.8.2 Results for Bilayer Rubber Compounds..........cccccevieniiiiiiiiniiccicnnnns 115

4.9  General CONCIUSIONS ......couiiiiiiiiiiiit ittt 117

REFEIEICES ..o 118
Chapter 5

Cure of Rubber with Injection Molding...........cccccvviiiiiniiiiiniiiiiiiiciccciene 121

5.1 Principles of the Technique..........c..cccoociiiiiiiiiiiiiiee e 121

5.2 Evaluation of the Operational Conditions in the Injection System............... 122

521 TREOTY ittt e 122

5.2.1.1 Heating Stage in the Reservoir before Injection.................. 122

5.2.1.2  Injection Stage of the Rubber in the Mold ............c............. 123

5.2.2 Results for the Heating Stage in the Reservoir......c...ccoeceviivniiecnnnne 123

5.3 Heating Stage and Cure in the Mold...........ccocoiiiiiiiiiiiniiiccieccee 124

5.3.1 Theoretical for the Stage of Cure in the Mold..........c.cocceeiiieiiinnen. 124

5.3.2 Results Obtained by Calculation ...........ccceevveviiiiniiiiiniiieeieeeie 125

5.4 Conclusions on Injection MoIding ..........ccoceeiiiiiiiniiiiieiniceiieieceeee e 132

RETEIENCES ... 133
Chapter 6

Mechanical Properties of RUBDETS ..........cccoioiiiiiiiiiiiiiiccc e 135

6.1 Mechanical Properties of Unvulcanized Rubbers ...........cccccoiviiiiiiniinnnn. 135

6.1.1 Principle of Viscoelastic Behavior .............cccccceiiiiiiiiiiiiiiiiiiiinnae. 135

6.1.2 Measure of Plasticity and Flow Rate with Plastimeters .................... 135

6.1.2.1 Compression Plastimeters: Plate Test and Disc Test........... 135

6.1.2.2 Rotation Plastimeters: Mooney Viscometer..............o....... 135

6.1.2.3 Extrusion Plastimeters and Die Swell .........cc..cccccovevveenen. 136

6.1.2.4 Miscellaneous Processibility Tests.........cccccevvvverininiiniennns 136

6.1.2.5 Correlation between Plastimeters..........ccoceevueeneienvenncns 136

6.1.3  Scorch Time MEaSUIE .......c.coueouiiiiiiiiiienieeie e 136

6.2 Mechanical Properties of Vulcanized Rubbers ............cccccocviiiiiiicncne. 138

6.2.1 Tests Run under Static Conditions ...........ooovviiiiiiiiiiiiiieeeieeceecaae 138



6.2.1.1 Hardness of RUDDET .........cvvvevieiiiiiiiiiiieiieiieeeeeeeeeeeeeee, 138

6.2.1.2  Tensile Stress/Strain ........ccocveeirieiiiiieneiie e 139
6.2.1.3 Compression Stress/Strain.........coceveeeeeeineneeneeeeieeeennennes 140
6.2.1.4 Shear Stress/StraiN. . s issismsisnssessssmsssmmsssgissasssipassssys 142
0:2.15  Tear TestS mismssssvesssues sousssnsisssusssssessiss sussavsaasssssossaassssagass 142
6.2.2 Dynamic Stress and Strain Properties ..........cccocceovveviiieiiiniincccnns 143
6.2.2.1 Dynamic Compression Property of Vulcanized Rubber..... 144
6.3 Conclusions on the Mechanical Properties of Rubbers .............cccccceeiee 145
6.3.1 Conclusions Concerned with Unvulcanized Rubber ................cc....... 145
6.3.2 Conclusions Concerned with Vulcanized Rubber ............................. 146
RETETETICES 1usounss ssssssessunonsoissuesssssss 5ussesss i sausssss sosmssusonsssies solasusassasssssss s s seausspesons 146
Chapter 7
Resistance of Rubber to Liquids .......cccoocveviiiiiiiiiiiiiiiiiiiiccrceceeeciene 149
7.1  Effect of Liquids on Rubber and Its Measures...........ccccceeveniiiiiiiiineneennn. 149
7.1.1  Measurement of the Swelling ..o, 149
712 Standard TESES .....cocueiuiiiiiiiiiiie et 150
7.2 Liquid Transport by Diffusion .........cccocuevieiviiiieniiieiieecieneecec e 150
7241 Principle:of Diffusion: aiusmessamsmsmmvnsssesem et 150
7.2.2  Differential Equations of Diffusion.........c..ccccoeeviiiiiiiiiiiiiiicicnne. 151
7.2.2.1 Case of a One-Dimensional Diffusion through
aThin Sheet ..o 151
7.2.2.2 Radial Diffusion through the Plane Section of a
Cylinderor a SPhELS..: covsessersunsossssssvrmmne cosmivssasssmsiamsaissssssns 152
7.2.3 Initial and Boundary Conditions ........c..ccceeeruireiniiieenrieeesiiieeesieeeenns 152
7.2.4  General Solution of the Equations of Diffusion in Sheets................. 153
7.2.5 Solution of Diffusion in Sheets with Infinite Coefficient
Of CONVECTION ...cuiiiiieictet et 154
7.2.6 Case of Rubber Sheets in Contact with a Liquid ............ccceeevirennnen. 155
7.2.7 Determination of the Parameters of Diffusion ...........cc.ccccooiiiie 155
7.2.8 Equation of Radial Diffusion with Change in Dimension
OF thie: SPHETE wicvicmnisnissssssinsmmmessnmnisssinssspmsssissisvaismossnamins s sonrisnsns 156
729 General Equation of One-Dimension Diffusion............ccccceeevineenn. 158
7.3 Diffusion of the Curing Agent during the Cure...........ccccoocveviieiiniiiiiiiiennn, 158
7.4 Examples of Diffusion of Liquids in Rubbers ........c.ccccccoorinnninninien, 160
7.4.1 Diffusion of Liquids through a Sheet with Change in Dimensions... 160
74.1.1 Experimental Procedures .........cccoceeiiiiiiiiiiiiniieneeee, 160
74.1.2 Results atid CORCIUSIONS vevvmessmsssmmsmsassassssnssmmsmsasssasas 161
74.2 Diffusion of Liquids in EPDM Sheets with Different
Percentages of PEFOXTAE o vmsswramomessssmumusinsiarssssmemass sinmotanss 162
T4.2.1 EXPerMENtal «iasesssossosisvonsssmsmume st st isismaissigioms 162
7.4.2.2 Results on Kinetics of Absorption and Discussion ............. 162
74.2.3 Anisotropic Swelling of EPDM Rubber Discs.................... 164
7.5 Drying of Rubbers Containing a Liquid .........ccccoooniiiniiiiniiieciceieee 167
7.5.1  Operational ConditionS ..........ccccueriiriiiriiriiniiiieeie et 168

7.5.2 Experimental Results and DiSCUSSION........cccevevveririeiiiienieenreecneenen, 168



