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1.1. Introduction 
 
When studying the kinetics of ordinary chemical reactions in the liquid 
phase the viscosity is not an important parameter. Both the reactants and the 
products are chemical compounds of low molar mass of the same order of 
magnitude. Therefore, the viscosity does not depend significantly on the 
degree of conversion, or on the experimental conditions, such as the 
temperature and the pressure of the system. Thus, the viscosity remains 
essentially constant during the reaction and has no influence on its kinetics.  
In contrast to this, polymerization processes lead to the formation of 
macromolecules, whose average molar mass is larger than that of the 
reactants by many orders of magnitude. Moreover, these macromolecules 
can entangle with each other leading to the formation of aggregates of 
macromolecules.  
A desired effect of the formation of high molar mass molecules are the 
excellent mechanic properties of polymeric materials that are nowadays so 
popular in virtually any field of application. 
A less desired effect is the dramatic increase of viscosity that occurs during 
a polymerization process, often in very short time intervals. In other words, 
polymerization processes are characterized by a significant and fast change 
of the fluidodynamic behaviour of the reacting medium. Moreover, 
polymeric systems are often non-Newtonian and, in that case, their 
rheological properties depend strongly on the flow field. 
Therefore the design of polymerization reactors is not an easy task. Heat and 
mass transfer are difficult at high viscosity, the heat and mass transfer 
coefficients are a function of the degree of conversion and the increase of 
viscosity is a function of the velocity of the rotating elements of the reactor.  
A very common approach to these problems is trying to bypass them. In 
fact, polymers are often produced in the presence of a solvent. In this way 
the increase of viscosity can be limited and the heat and mass transfer are 
enhanced. Moreover, the reacting medium can be considered as Newtonian.  
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This procedure is not ideal because it implies much larger reactors and an 
extra separation step to separate the polymer from the solvent. Furthermore 
the solvents are usually organic chemicals that are neither cheap nor 
environmentally friendly and their use is subjected to increasing legal 
limitations.  
 
1.2. Rheokinetics 
 
Generally speaking, a complete quantitative understanding of the change of 
rheological properties during polymerization is still missing. Therefore 
industrial processes are often designed on a trial-and-error base and are, 
consequently, far from being performed in optimal conditions [1].  
The rheological study of polymeric systems changing with time is a 
relatively new field of research called rheokinetics. Its major objectives are 
modelling the increase of viscosity during polymerization and 
understanding how this increase is influenced by different parameters, such 
as temperature, shear rate and concentration of initiators, catalysts, and 
molar mass regulators [2].  
A rheokinetic analysis can also provide important and useful information 
concerning the kinetics of the polymerization itself. In fact, the kinetics of 
polymerization is mostly studied with spectrometric or calorimetric 
techniques that do not permit to investigate the influence of shear rate on the 
kinetics.  
In other words rheokinetics can be used to derive kinetic information or data 
from the measurement of the viscosity increase during polymerization. 
The viscosity η of a polymeric system is a function of the average molar 
mass of the polymer M and of its concentration C (figure 1.1).  
This function can be determined performing a rheological study of different 
polymer-monomer solutions.  
Both the average molar mass and the concentration of the polymer depend 
on the degree of conversion β. A kinetic model allows defining how the 
degree of conversion depends on the time. Therefore it is possible to 
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determine how the average molar mass and the concentration of the polymer 
depend on the reaction time.  
Finally, combining a rheological study of non-reacting polymeric systems 
(yielding the function η(M,C)) and a kinetic model of the polymerization 
(yielding the functions M(t) and C(t)), it is possible to model quantitatively 
the viscosity increase during the polymerization. In this way, the so-called 
direct rheokinetic problem can be solved.  
The validity of this prediction must then be verified performing rheokinetic 
experiments, i.e. measuring the increase of the viscosity during the 
polymerization. 
An alternative approach is to use the rheokinetic results to determine some 
kinetic parameters of the polymerization reaction. In this way the so-called 
inverse rheokinetic problem can be solved.  
The rheokinetic scheme suggested by Malkin and Kulichikhin [3] reported 
in figure 1.1 does not consider the influence of the shear rate on the 
viscosity. Therefore, it must be considered valid only for the early stages of 
bulk polymerization, or for solution polymerization. In fact, in those cases 
the polymerizing system can be considered Newtonian and the influence of 
shear rate can be neglected.  
 

Chem istry Kinetics β(t) 

M (β),C(β) M (t),C(t)

Rheology η(M ,C) η(t)
 

Figure 1.1. The rheokinetic scheme [3]. 
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Finally, it must be noted that, generally speaking, the viscosity is measured 
at a certain shear rate, while the conversion and the molar mass distribution 
are measured in quiescent conditions. Therefore viscosity data can be safely 
compared and combined with conversion and molar mass distribution data 
only when the polymerizing fluid is assumed to be Newtonian. When this 
assumption is not valid, the rheokinetic analysis becomes more complicated 
and more interesting and challenging as well. 
 
1.3. Scope of the thesis 
 
In this thesis the rheokinetics of bulk free radical polymerization is 
investigated at intermediate and high degrees of conversion. Particular 
attention is dedicated to the influence of the shear rate on the kinetics of the 
polymerization and on an undesired autoacceleration phenomenon 
(Trommsdorff effect).  
The experimental work has been performed with two cone and plate 
rheometers having different characteristics and with a helical barrel 
rheometer that permits a preliminary scale-up of the results obtained with 
the cone and plate rheometers. 
Finally, the influence of the shear rate on the thermodynamics of the 
polymerization has also been investigated. 
Chapter 2 is dedicated to an introduction to free radical polymerization and 
to the Trommsdorff effect that often occurs at intermediate or high 
conversion. In chapter 3 the scientific literature concerning rheokinetics is 
reviewed, some experimental problems are discussed as well as the still 
open problems. In chapter 4 and 5 the results obtained with the cone and 
plate rheometers are discussed, whereas chapter 6 is dedicated to results 
obtained with the helical barrel rheometer. Finally, chapter 7 is dedicated to 
the influence of shear rate on the thermodynamics of free radical 
polymerization.  
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1.4. List of symbols 
 
C  concentration        mol m-3 
M  average molar mass of the polymer      Kg mol-1 
β  degree of conversion            - 
η  viscosity        Pa s 
t  time         s 
 
1.5. Literature 
 
[1] I.R. Epstein, J.A. Pojman, Nonlinear dynamics related to polymeric 
systems, Chaos, 1999, Vol.9, 255-259. 
[2] J.A. Biesenberger, C.G. Gogos, Reactive polymer processing, Polym. 
Eng. Sci., 1980, Vol. 20, 838-846. 
[3] A.Ya. Malkin, S.G. Kulichikhin, Rheokinetics. 1996, Ed. Hüthigh 
&Wepf, Heidelberg. 
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2.1. Introduction 
 
Free radical polymerization is one of the most common processes used to 
produce vinylic polymers. It is a chain reaction consisting of a sequence of 
three steps, initiation, propagation and termination. 
The polymerization is initiated by the formation of radicalic monomer 
molecules. These molecules add successively many monomer molecules, so 
that growing chains are formed. The growth of polymeric chains is usually 
terminated when two growing chains collide, yielding one or two stable 
macromolecules. Another possibility is that the growth stops when the 
radicalic center is transferred to a monomer molecule (chain transfer).  
An initial lag time is required to produce the active centers. Afterwards, 
high molar mass polymer is formed very quickly: the active center, once 
produced, adds many monomer units in a chain reaction and grows rapidly 
to a large size. At any moment during the polymerization the reacting 
mixture contains only monomer, polymer and growing chains, and, as long 
as the process goes on, the polymer concentration increases whereas the 
monomer concentration decreases.  
At low conversion the average molar mass is constant with the reaction 
time. At high conversion the average molar mass increases and the molar 
mass distribution broadens, especially when autoacceleration phenomena 
occur [1]. 
In the following paragraphs the chain mechanism of the bulk free radical 
polymerization will be described in detail, a kinetic model will be presented 
and an expression for the rate of polymerization will be derived. 
 
2.2. The kinetic model 
 
Free radical polymerization consists of a sequence of three steps: initiation, 
propagation and termination. 
The initiation step involves two reactions. The first reaction is the 
production of free radicals by one of a number of different methods. The 
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most common, and the one used in this thesis, is the thermal homolytic 
dissociation of an initiator (usually a peroxide) P into a couple of radicals 
R·. 
 

⋅→ RP dk 2          (2.1) 
 
kd is the rate constant for the initiator dissociation.  
The second reaction of the initiation step consists of the addition of a 
monomer molecule M to the radical R· to produce the chain initiating 
species M1· 

 
⋅→+⋅ 1MMR ik         (2.2) 

 
ki is the rate constant for the production of the radicalic monomer molecule 
M1·. 
The propagation step consists of the growth of M1· by means of successive 
addition of many monomer molecules. Each addition produces a new radical 
group equal to the previous except that it is larger by one monomer unit. 
 

⋅→+⋅ 21 MMM pk         (2.3) 

⋅→+⋅ 32 MMM pk         (2.4) 

etc., etc., 
 

In general terms 
 

⋅→+⋅ +1n
k

n MMM p         (2.5) 

 
kp is the rate constant for the propagation step. It is here assumed that kp is 
equal for each single addition reaction. Generally speaking this assumption 
is true with the only exceptions of the first two or three monomer additions 
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[2]. Since hundreds or thousands of monomer molecules are added in the 
propagation step, this assumption is generally accepted in the derivation of 
the kinetic model and of the expression of the rate of polymerization.  
Growth finishes when two growing molecules collide with each other. This 
termination step can produce one (coupling) or two (disproportionation) 
stable macromolecules: 
 

mn
k

mn MMM tc
+→⋅+⋅           (2.6) 

mn
k

mn MMMM td +→⋅+⋅        (2.7) 

 
where ktc and ktp are the rate constants for termination by coupling and 
disproportionation, respectively. 
In general terms, it is also possible to describe the termination step without 
specifying the mode of termination 
 

→⋅+⋅ tk
mn MM  dead polymer         (2.8) 

 
where  

 

tdtct kkk +=           (2.9) 

 
Also kt is generally assumed to be independent of the size of the growing 
macromolecules. 
 
2.3. The rate of polymerization 
 
The rate of polymerization is given by the rate at which the monomer 
disappears, or, in other words, by the time derivative of the monomer 
concentration. Since the latter decreases as a consequence of the initiation 
and of the propagation reaction, the rate of polymerization Rp is given by 
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propip RR
dt
MdR +=−=

][        (2.10) 

 
where Ri and Rprop are the rates of initiation and propagation, respectively. 
The minus sign is included to have an intrinsically positive rate of 
polymerization. 
Since most monomer molecules are involved in the propagation step, it is 
possible to neglect Ri in equation (2.10). Since the rate constant for all the 
reactions of the propagation steps is the same, it is possible to express the 
rate of polymerization by 

 

]][[][ MMk
dt
Md

p ⋅=−            (2.11)  

 
where [M·] is the total concentration of all the radical species Mn·. 
[M·] is very difficult to measure. It must therefore be eliminated from 
equation (2.11) in order to derive a useful relationship for the rate of 
polymerization. 
This can be done by assuming that [M·] is constant during the 
polymerization. This steady-state assumption has been confirmed 
experimentally in many polymerizations and is often used to describe 
kinetic models for chemical reactions not involving the formation of high 
polymers.  
Assuming that [M·] is constant during the polymerization means that the 
rate of initiation and termination must be equal. In fact, free radicals are 
created by the initiation step and neutralized by the termination step. 
 

2][2 ⋅= MkR ti           (2.12) 

 
 Substituting [M·] in equation (2.11) yields 
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2/1

2
][ 








=

t

i
pp k

RMkR         (2.13) 

 
The expression of the rate of initiation Ri depends on the type of initiation 
used. For initiation by thermal homolysis of an initiator, the initiation takes 
place in two steps, as mentioned before (equations (2.1) and (2.2)). In most 
cases, the second step is much faster than the first. Therefore the homolysis 
of the initiator is the rate-determining step for the initiation, given by 

 
][2 IfkR di =          (2.14) 

 
where [I] is the initiator concentration and f is the initiator efficiency. The 
latter is defined as the fraction of the radicals produced in the homolysis 
reaction that initiate polymer chains. Because of secondary reactions, f is 
usually less than but very close to 1. 
Substituting equation (2.14) into (2.13) yields the following expression of 
the rate of polymerization 

 
2/1

][
][ 








=

t

d
pp k

Ifk
MkR         (2.15) 

 
The rate constant of the propagation reaction kp is for most monomers in the 
range of 102-104 liters/mole⋅s, whereas kt is in the range of 106-108 
liters/mole⋅s, and therefore larger than kp by a few orders of magnitude. This 
fact does not prevent the polymerization from taking place because the 
concentration of radical species is much lower than the concentration of 
monomer. Moreover the rate of polymerization depends only on the half-
power of kt. It is also interesting to note that doubling the rate of initiation 
does not double the polymerization rate, but increases it only by a factor 

2 .  
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2.4. Molar mass 
 
The kinetic chain length v of a free radical polymerization is defined as the 
average number of monomer molecules polymerized per radical that 
initiates a polymer chain. It is, of course, a measure of the average molar 
mass of the polymer produced. 
The kinetic chain length is given by the ratio of the polymerization rate to 
the initiation or termination rate, the last two being equal if the steady state 
assumption of the total concentration [M·] of all the radical species Mn· is 
made. 

 

i

p

t

p

R
R

R
R

v ==          (2.16)  

 
Combination of previous equations (2.11) and (2.12) with (2.16) yields 

 

][2
][
⋅

=
Mk
Mk

v
t

p         (2.17) 

or 

pt

p

Rk
Mk

v
2

][ 22

=          (2.18) 

 
Further substitution of (2.15) into (2.18) yields 

 

2/1])[(2
][

Ikfk
Mk

v
td

p=          (2.19) 

 
Equation (2.19) shows a very significant peculiarity of free radical 
polymerization. The kinetic chain length, and therewith the average molar 
mass, decreases when the initiator concentration is increased. Therefore any 
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attempt to increase the rate of polymerization by increasing the initiator 
concentration results in the production of polymer with a lower average 
molar mass.  
 
2.5. Chain transfer 
 
In many polymerization systems chain transfer occurs. The chain transfer 
consists of a premature termination of a growing polymer by transfer of the 
active center to a monomer molecule. This molecule is the starting point for 
the growth of a new chain. Therefore, chain transfer results in a decrease of 
the average molar mass. 
Chain transfer can occur spontaneously or be induced by adding some chain 
transfer agents. In the former case, the rate of reinitiation is comparable to 
that of the growth of the original propagating chain. Thus, spontaneous 
chain transfer has no influence on the rate of polymerization and equation 
(2.15) remains valid.  
In contrast, the addition of chain transfer agents allows to control the 
average molar mass of the polymer obtained. Depending on the agent used, 
it can also result in a decrease of the rate of polymerization. 
In this thesis no chain transfer agent has been used. 
 
2.6. The Trommsdorff effect 
 
Considering the equation (2.15) one might conclude that the rate of 
polymerization decreases as long as the polymerization proceeds as a 
consequence of the decrease of [M]. However, exactly the contrary is very 
often observed. At a certain point the rate of polymerization increases with 
the conversion, or with the reaction time. This is shown qualitatively in 
figure 2.1, giving the expected and the actual trends of the increase of the 
conversion with the reaction time. 
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Time
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 %
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Actual Trend

 
Figure 2.1. The Trommsdorff effect causes the conversion versus 
time profile to deviate from the expected trend. 

 
This phenomenon is commonly known in the scientific literature as 
Trommsdorff effect or gel effect. The latter term is mostly used in the 
literature, but it is quite inappropriate because this phenomenon has got 
nothing to do with the formation of a gel. Therefore, we shall use the term 
Trommsdorff effect in this thesis.  
This autoacceleration has been observed for many monomers including 
styrene and many acrylates [3-13] since the late 40s and is considered to 
constitute a normal behavior for free radical polymerization. According to 
O’ Driscoll and Huang [14], the polymerization rate for a styrene 
homopolymerization can be as high as 15 times the theoretical rate as 
expressed by equation (2.15). 
The Trommsdorff effect must not be confused with the “Arrhenius” 
autoacceleration that takes place in non-isothermal condition because of the 
increase of temperature due to heat released during the polymerization. The 
Trommsdorff effect is the autoacceleration that occurs also when the 
polymerization is performed in isothermal conditions. 
The Trommsdorff effect is due to a decrease of the translational diffusion of 
the growing macromolecules. It usually takes place at intermediate or high 
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conversion, when the viscosity of the reacting fluid is high and the random 
coils entangle with each other. This limited mobility causes the rate of the 
termination reaction to decrease, since the termination reaction occurs when 
two growing macromolecules collide. On the other hand, the mobility of 
small monomer molecules is not affected by the increasing viscosity of the 
reacting fluid. Therefore the limited mobility of macromolecules affects the 
rate of propagation to a much smaller extent.  
This molecular picture leading to the Trommsdorff effect is somehow 
equivalent to what can be easily observed in the streets of big Italian cities. 
When the concentration of cars increases over a certain limit, their mobility 
is reduced significantly, but the mobility of scooters and bikes is hardly 
affected because they can still use the empty spaces left by the “entangled” 
cars.  
In first approximation, we can conclude that the decreased mobility of 
growing macromolecules results in a decrease of kt at constant kp, which 
results in an increase of the rate of polymerization according to equation 
(2.15).  
Equation (2.19) predicts that the Trommsdorff effect causes an increase in 
the average molar mass. Also the polydispersity of the molar mass 
distribution curve usually increases. 
It must be noted that the Trommsdorff effect is not an “Off-On” 
phenomenon, but it sets in gradually over a certain interval of conversion, or 
reaction time, during which the mobility of growing macromolecules 
becomes gradually more and more limited. 
The Trommsdorff effect is highly undesirable in industrial applications. In 
fact, it occurs when the viscosity is already high and therefore when heat 
and mass transfer are hindered. Therefore the Trommsdorff effect results in 
hot spots and erratic behavior, which worsens the quality of the end product, 
and even can lead to reactor explosion [15, 16]. 
The scientific literature concerning the Trommsdorff effect has been 
recently reviewed [3]. Most of the studies performed so far have been aimed 
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at the investigation of the causes that determine the Trommsdorff effect on a 
molecular level, rather than to limiting or avoiding the Trommsdorff effect. 
A very easy way to avoid the Trommsdorff effect is to reduce as much as 
possible the formation of entanglements that reduce the mobility of 
macromolecules by performing the polymerization in the presence of large 
amounts of solvent. The data presented in the figure 2.2, for example, refer 
to the free radical polymerization of methyl methacrylate in benzene 
solution [17]. 
 

 
Figure 2.2. Autoacceleration in the free radical polymerization of 
methyl methacrylate in benzene. The different curves refer to 
different initial concentrations of the monomer in the solvent [17].  

 
It can be clearly seen that the autoacceleration is reduced when the initial 
concentration of monomer in the solution is lower.  
However, as already mentioned in chapter 1 the addition of a solvent has 
many negative consequences and is not the most desirable solution to the 
problem. 
Chen et al. [18] have been able to reduce the Trommsdorff effect using 
mixtures of initiators, tailored to balance the decrease of kt with a 
corresponding decrease of kd. Other authors [19] have performed bulk free 
radical polymerization of styrene in the presence of nitroxide-stable free 
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radicals. In this way the conventional termination reaction (equation (2.8)) 
could be strongly suppressed and therefore the Trommsdorff effect did not 
take place.  
These studies show that in some specific cases the Trommsdorff effect can 
be reduced or eliminated. However, in general, it remains an unsolved 
problem. 
  
2.7. List of symbols 
 
I  initiator 
M  monomer  
Mi ·  radicalic chain of length i  
P initiator (peroxide) 
R·  radical 
Rp  rate of polymerization        mol m-3 t-1 
Ri  rate of initiation         mol m-3 t-1 
Rprop  rate of propagation         mol m-3 t-1 
f  efficiency of the initiation      - 
kd   rate constant for the initiator dissociation      s-1 
ki   rate constant for the production of M1·      m3 mol-1 s-1 
kp  rate constant for the propagation step      m3 mol-1 s-1 
ktc  rate constant for the termination by coupling     m3 mol-1 s-1 
ktp  rate constant for the termination disproportionation     m3 mol-1 s-1 
kt  rate constant for the termination step       m3 mol-1 s-1 
v   kinetic chain length       - 
 
2.8. Literature 
 
[1] G. Odian, Principles of polymerization. Ed. John Wiley & Sons, Third 
Edition, 1991. 
[2] J.A. Kerr, Rate process in the gas phase, Chap. 1 in “Free Radicals”, 
Vol. I, J.K. Kochi, Ed. Wiley, New York, 1973. 
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[3] G.A. O’Neil, J.M. Torkelson, Recent advances in the understanding of 
the gel effect in free-radical polymerization, Trends in Polym. Sci., 1997, 
Vol. 5, 349-355. 
[4] E. Abuin, E.A. Lissi, Methyl methacrylate polymerization at high 
conversion. II. Factors determining the onset of the gel effect, J. 
Macromolec. Sci. Chem., 1977, Vol. A11, 287-294. 
[5] S.T. Balke, A.E. Hamielec, Bulk polymerization of methyl methacrylate, 
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3.1. Introduction 
 
For many industrially important materials the rheology determines the ease 
and manner of processing. Especially for polymeric materials the rheology 
will be a major factor of concern. Therefore a relevant part of the scientific 
literature on polymers is concerned with the rheology of polymeric systems 
and with the non-Newtonian behavior of solutions of polymers in their 
monomers or in other solvents. Many papers and books have been published 
regarding the relationship between the viscosity or other rheological 
properties (the elastic modulus, the loss modulus, the normal stress 
differences) and the average molar mass, the polydispersity and the 
concentration of the polymer in different flow situations. 
Surprisingly, a similar attention has not been dedicated to the study of 
rheology during polymerization processes. All the same, major viscosity 
changes occur during the polymerization due to the formation of large, high 
molar mass molecules and their subsequent entanglement. As shown in the 
previous chapter, this increase in viscosity can have an effect on the kinetics 
of polymerization and on the final product properties. Therefore 
understanding the changing rheological properties and their effects during 
polymerization processes is a very important research area, especially in 
view of the significant industrial applications. In fact, at present 
polymerizations are often performed at far-from-optimal conditions, 
because of a lack of understanding of the relationship between rheology and 
kinetics [1, 2].  
A complete understanding of the kinetics of rheological changes during 
polymerization is still missing. This coupling between the increasing 
viscosity of the reacting solution and the kinetics of the polymerization 
process is a relatively new field of research and has been called 
rheokinetics. In this chapter the most recent results that appeared in the 
scientific literature are reviewed and the experimental methods for 
rheokinetic investigation are discussed. 
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3.2. An overview of experimental methods used 
 
A rheokinetic study of polymerization requires reliable measurements of the 
viscosity. Since the viscosity may increase by as much as 6-7 orders of 
magnitudes in a relatively short time, it is very difficult, if not impossible, to 
cover the whole polymerization with a single experiment.  
The Ubbelohde viscometer and the Couette rheometer have been mostly 
used to investigate the early stages of the polymerization. The former 
measures the viscosity in a close-to-zero-shear situation, the latter in shear 
flow.  
The later stages of the polymerization, characterized by a high viscosity, are 
better studied with a cone and plate rheometer. This geometry induces a 
uniform shear rate in the whole sample. The cone and plate rheometer is 
therefore an ideal tool to investigate the influence of shear rate on the 
viscosity increase and on the kinetics of a polymerization.  
When using the Couette or the cone and plate rheometer the rotational 
velocity of the rotating element is an important parameter. A higher value of 
the rotational speed results in a higher value of the torque, from which the 
viscosity is derived.   
Some authors [3-5] have successfully performed experiments with the 
Couette geometry. They decreased the rotational speed, and therewith the 
shear rate, during the polymerization in order to have viscosity 
measurements over a wider range of values.  
However, this procedure is, generally speaking, rather tricky and valid only 
in the initial stage of the polymerization, where the sample can be 
considered to be Newtonian and viscosity data obtained at different shear 
rate can be easily compared. Moreover the high rotational velocity required 
at very low viscosity might induce secondary flows in the gap between the 
two cylinders, affecting the reliability of the measurement.  
Although the measurement of the viscosity is the main feature of a 
rheokinetic study, a parallel analysis of the increase of the conversion 
during the polymerization is useful to confirm and/or refine the rheokinetic 
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results. A further insight would be gained as well by a simultaneous 
measurement of the evolution of the average molar mass and polydispersity 
of the polymerizing sample. 
Unfortunately, experimental equipment capable of measuring the viscosity, 
the conversion and the molar mass (or even only two of these three 
parameters) at the same time is not available on the market. Modified 
versions of the Ubbelohde rheometer [6, 7] can measure the viscosity and, at 
the same time, the conversion with a dilatometric technique, but they work 
in the absence of shear and can be used only in the early stage of the 
polymerization.  
In general, the viscosity, the conversion and the molar mass must 
necessarily be measured in different pieces of equipment, and thus under 
different flow and, probably, different thermal conditions. Therefore the 
results obtained in parallel with different experimental pieces of equipment 
must be compared carefully.  
The conversion is usually measured in quiescent conditions by a 
calorimetric or spectrometric technique, whereas the viscosity is measured 
in shear flow. Therefore the data can be coupled properly only in the initial 
stages of the polymerization, where Newtonian behavior can be assumed. In 
later stages this is possible only under the assumption that the shear rate has 
no influence on the kinetics of the polymerization. This assumption will be 
thoroughly discussed and verified in the following of this thesis. 
The only possible alternative experimental approach is to perform the 
polymerization in the rheometer several times in the same experimental 
conditions, stop the polymerization after different reaction times by thermal 
quenching and/or adding an inhibitor and store the samples for conversion 
analysis. 
However, the conversion versus time curves obtained in this way can be 
affected by the inherent poor reproducibility of initial lag times of 
polymerization processes. Furthermore the poor reproducibility of the 
manual operations required to remove and quench the sample may cause 
further errors because polymerizations are, in general, very fast processes. 
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Finally, removing a highly viscous sample from the cone and plate 
rheometer may be troublesome and induce damages to the surfaces of the 
cone and of the plate that must remain smooth and free of grooves. 
Therefore this procedure is complex, uncertain and time demanding. 
In order to overcome these problems, some authors have tried to develop 
self-made rheometers that allow simultaneous measurement of viscosity and 
conversion. 
Malkin [8], for example, studied the rheokinetics of the anionic 
polymerization of dodecalactam with a reactor vessel provided with a 
thermocouple and a transducer of an ultrasonic viscometer under near 
adiabatic conditions. The temperature increase due to the heat released 
during the polymerization was used as a measure of the degree of 
conversion.  
Kale and O’Driscoll [9] studied the rheokinetics of the free radical 
polymerization of n-laurylmethacrylate with a modified rheometer. This 
rheometer was of the cone and plate type and also allowed determination of 
the conversion by measuring the change in diffraction of a laser beam 
shining through the polymerizing sample (figure 3.1).  
Biesenberg et al. [10] tried to modify a Couette rheometer and provide it 
with a calorimetric cell for differential scanning calorimetry (DSC). This 
would allow measuring the viscosity and the conversion increase during 
polymerization simultaneously. Unfortunately the many technological 
problems encountered could not be overcome completely, as these authors 
themselves admitted. Moreover the very complicated structure of this 
rheocalorimeter caused cleaning problems when performing experiments 
with real polymeric systems and not with model fluids for testing purposes. 
Rosendale and Biesenberger [11] had more success a few years later. They 
modified a Couette rheometer with a very narrow gap to facilitate 
temperature control of the polymerizing sample (figure 3.2). 
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Figure 3.1. A schematic representation of the modified cone and 
plate rheometer used by Kale and O’Driscoll [9] to measure the 
viscosity and the conversion simultaneously during the 
polymerization of n-laurylmethacrylate. A laser beam shines 
through the sample and the change in the refractive index is 
monitored on a fixed scale, which gives a measurement of the 
conversion. 

 
A temperature sink was provided by a cooling liquid circulating around the 
annulus at approximately 20ºC below the reaction temperature. The rate of 
reaction was determined measuring the power output of the heaters that 
maintained the reaction temperature. As long as the polymerization 
produced heat, the heaters decreased their power output. 
Other authors preferred to perform rheokinetic studies with completely 
different techniques. Meissner and Poltersdorf [12], for example, used not 
only a “classical” Couette rheometer but also laboratory processing 
machines as a midget kneader or a laboratory extruder. 
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Figure 3.2. The rheocalorimter used by Rosendale and Biesenberg 
[11]. It combines Couette rheometry with dynamic scanning 
calorimetry. 

 
Finally, Malkin et al. [13] followed an alternative and original approach to 
rheokinetics. They exploited the so-called ‘Toms’ effect to study the very 
early stages of a polymerization process. The Toms effect consists of the 
increase in pumpability of a fluid caused by the addition to the fluid of small 
amounts of a polymer, which reduces the turbulence, and therewith the 
friction in pipelines [15, 16].  
These authors performed the polymerization of 1-hexene with a Ziegler-
Natta catalyst and took samples of the polymerizing mass at fixed times. 
The samples were then diluted with heptane and transferred to a handmade 
capillary “turbulent” rheometer. The diluted samples were forced to flow in 
the capillary rheometer and the friction factor λ was determined according 
to 
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where D is the diameter, L is the length of the capillary, ∆P is the applied 
pressure across the capillary, ρ is the density and v is the average velocity. 
The latter was determined by measuring the amount of liquid collected at 
the end of the capillary in a certain time. The Toms effect is expressed by 
the value of the drag reduction, DR, defined according to: 
 

%100
)(

0

0

λ
λλ t

DR
−

=       (3.2) 

 
where λ0 is related to the time zero of the polymerization and λ(t) is the 
value of the friction factor of the diluted sample after a certain reaction time 
t. 
The drag reduction, and thus the Toms effect, increases as the 
polymerization goes on. Concentration versus time profiles could be 
calculated beginning from the very early stages of the polymerization with 
the help of a calibration curve of the drag reduction that was defined 
dissolving known amount of a polymer in the solvent. 
 
3.3. Rheokinetics of polymerization 
 
3.3.1. Low conversion. Newtonian behavior 
 
In this paragraph we shall discuss data referring to low degrees of 
conversion and/or to polymerization performed in solution. For this reason, 
the authors of the papers reviewed in this paragraph could assume, 
sometimes implicitly, that the polymerizing fluid was Newtonian. 
The term “rheokinetics” appeared for the first time in the scientific literature 
in 1980. Biesenberg and Gogos [16] recognized the importance of modeling 
the viscosity increase during the polymerization process as a function of  
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• experimental conditions (shear rate, temperature),  
• average molar mass   
• conversion  

 
in order to make reactive polymer processing more profitable. They also 
acknowledged the almost complete lack of useful literature data.  
Malkin [8] wrote one of the classic papers on rheokinetics. In this paper, he 
defined rheokinetics as the rheology of systems changing with time because 
of ongoing polymerization. 
The underlying idea of this paper (and of much of the literature regarding 
rheokinetics) is that the rheological behavior of a reacting polymer system at 
a certain time and of a non reacting system having the same concentration of 
polymer and the same average molar mass are the same.  
The viscosity η was considered to be a power law function of the average 
degree of polymerization N and of the concentration of the polymer φ.  
 

baKN φη =        (3.3) 
 
where a, b and K are constant. 
This relationship was the starting point for deriving a rheokinetic model, i.e. 
a relationship for the viscosity increase during polymerization as a function 
of time or conversion β. In fact, with the help of models for the chemical 
kinetics, N and φ can be expressed as a function of β and β as a function of 
time t.  
The derivation of the rheokinetic model is different for different kind of 
polymerizations and will be explained in the following of this chapter. For 
the time being it will suffice to say that the rheokinetic models derived in 
[8] consisted of power law relationships. Experimental data confirmed this 
trend, and the power law exponents of the rheokinetic experiments were in 
agreement with the ones obtained performing a rheological study of non 
reacting polymer solutions in their own monomer. They also validated the 
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assumption that the rheological behavior of a reacting system is equivalent 
to the one of non-reacting polymer solutions. 
Moreover, performing the rheokinetic experiments - i.e. measuring the 
viscosity increase with time - at different temperatures it was possible to 
obtain Arrhenius plots and to derive the apparent activation energy of the 
polymerization process. 
In the subsequent years a few papers were published following Malkin’s 
footsteps.  
Malkin et al. [7] studied in details the rheokinetics of free radical 
polymerization, but only in the early stages before the Trommsdorff effect 
occurs. For free radical polymerization the concentration of polymer φ is 
equal to the degree of conversion of the monomer: 
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where [M]0 and [M] are the initial and the current concentration of the 
monomer. 
Moreover the following two relationships hold if chain transfer reactions are 
excluded from the analysis [7]: 
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where [I]0 is the initial concentration of the initiator, f is the initiator 
efficiency, t is the time and kd, kp and kt are the rate constants of the 
initiation propagation and termination reaction.  
Substituting (3.4) and (3.5) in (3.3) gives a rheokinetic model for the 
dependence of the viscosity on the degree of conversion.  
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Further substitution of (3.6) in (3.7) yields the relationship between 
viscosity and time.  
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Equations (3.7) and (3.8) make it possible, according to Malkin et al. [7], to 
give a complete description of the change of the viscosity during free radical 
polymerization if the kinetic constants are known.  
However, this is only partially true because Malkin and co-authors do not 
take into account the influence of the shear rate on the viscosity. Moreover 
they do not consider that the kinetic constants may change during the 
polymerization because of autoacceleration of the rate of polymerization 
(Trommsdorff or gel effect). 
Therefore, Malkin and co-authors had to confine their analysis to low 
degrees of conversion, where the Trommsdorff effect is not likely to occur 
and the reacting system can be considered Newtonian. In this way, the 
kinetic constants could be assumed to be invariable, and equations (3.5) and 
(3.6) could be simplified expanding them into power series until the linear 
terms. 
Substituting (3.4) and the linearized forms of (3.5) and (3.6) into (3.3) the 
following simple relationships were obtained: 

 
baIA βη )2/1(

01 ][ −=       (3.9) 
bab tIA ))(2/1(

02 ][ −=η       (3.10) 

 



Chapter 3 36

A1 and A2 are proportionality factors containing the kinetic constants of the 
initiation, propagation and termination reaction. The viscosity is 
proportional to [I]0

-a/2 when the degree of conversion and all the other 
experimental conditions are kept constant and to [I]0

(b-a)/2 when the reaction 
time and all the other experimental conditions are kept constant. 
Malkin and co-authors [7] investigated the bulk polymerization of a few 
methacrylates and of styrene with an Ubbelohde rheometer. Comparing 
experiments performed at different initiator concentration, but otherwise the 
same experimental conditions, it was possible to calculate the power law 
exponents a and b. They agreed once again with the ones obtained from 
viscometry of non reactive polymer solutions.  
Some experiments were also performed for the solution free radical 
polymerization of methyl methacrylate, using cyclohexane as a precipitant 
and toluene as a solvent. A very peculiar behavior was obtained. The 
viscosity increased initially, then decreased and finally increased again after 
reaching a local minimum (figure 3.3).  
This was attributed to precipitation of the polymer, which begins exactly 
when the viscosity starts to decrease, and could be observed to cause 
turbidity of the system. Rheokinetic experiments can thus give useful 
information about changes of the system physical state. 
Bulai et al. [17] used viscosity measurements for a better understanding of 
the kinetics of a polycondensation process, where the relationship between 
the overall rate of the process and the rate of elementary reactions is not 
straightforward as in free radical polymerization. NMR (nuclear magnetic 
resonance) spectroscopy was used to follow the rate of formation or 
consumption of seven chemical species (among which the two monomers), 
while viscosity changes were studied with a Couette rheometer to 
investigate the ‘macrokinetic’ of the whole process.  
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Figure 3.3. Viscosity vs. degree of conversion during the 
polymerization of methyl methacrylate in the presence of  
cyclohexane and toluene [7]. A local minimum in the curves is due 
to the precipitation of the polymer. Different curves refer to different 
initial mixture compositions. Mixture composition, methyl 
methacrylate : cyclohexane : toluene (wt%) respectively: curve A, 
50:15:35; B, 50:30:20, C, D, 50:32.5:17,5; E, 50:37.5:12.5. 

 
The authors defined the degree of conversion as follows: 
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where x0 and x are the initial and current concentration of a reactive group.  
Then, for polycondensation processes the number-averaged degree of 
polymerization can be expressed as: 
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They considered polycondensation processes of bifunctional compounds 
that are not complicated by diffusion limitation. The kinetics of such a 
reaction was described by an equation of second order  

 
2kx

dt
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where k is a kinetic constant.  
Integrating equation (3.13) with the assumption that  and 

substituting in (3.12), the following expression for N was obtained: 

10 >>ktx

 
ktxN 0=        (3.14)  

 
In the case of polycondensation Bulai et al. found that the following 
relationship holds between the viscosity and the degree of 
polycondensation: 

 
aKN=η        (3.15)  

 
They substituted (3.14) in (3.15) and obtained the following rheokinetic 
equation: 

 
( )aktxK 0=η        (3.16) 

 
Therefore also for polycondensation the rheokinetic model consists of a 
power law relationship. According to the theory of rheology of non-reacting 
polymer solutions, the exponent a is equal to 1 until a critical molar mass is 
reached. Afterwards it is equal to 3.4. 
In order to test the validity of the rheokinetic model with these values of a, 
Bulai et al. polymerized polyarylensulphoxide by mixing equimolar 
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solutions of dichlorodiphenylsulphone and the sodium salt of 
diphenilolpropane in both a Couette and a cone and plate rheometer. 
Viscosity measurements confirmed the value of 3.4 after a short initial 
reaction time. The change with time of the number average degree of 
polycondensation was in agreement with the assumed second-order kinetics. 
Experiments performed at different temperature made it possible to 
determine the value of the apparent activation energy. The value was found 
in agreement with literature data. When the dichlorodiphenylsulphone 
content was decreased, the viscosity increase brought about a deceleration 
of the process because the reaction passed into the diffusion-controlled 
stage. This was confirmed by a reduction of the reaction rate constants 
derived by NMR spectrometry. 
Another rheokinetic study was performed also by Kulichikhin et al. [3], and 
Polushkina et al. [4].  
 

 
Figure 3.4. The increase of viscosity during the acrylamide 
polymerization in water solutions [5]. Different curves refer to 
different initiator concentration: 0.1 wt% for curve 1, 0.2 for curve 
2, 0.5 for curve 3, 0.7 for curve 4, 1.0 for curve 5 and 5.0 for curve 
6. A lower initiator concentration results in longer reaction times, 
but higher plateau values of the viscosity. 
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They studied in detail the influence of initiator and monomer concentration 
on the increase of viscosity during the free radical polymerization of 
acrylamide in aqueous solution. Increasing the initiator concentration, the 
time required to complete the reaction decreased, as well as the final value 
of the viscosity (figure 3.4). As showed in chapter 2, a higher initiator 
concentration results in a lower molar mass of the polymer. These results 
are therefore in agreement with the general theory of free radical 
polymerization [18] outlined in chapter 2. 
Polushkina et al. [5] made a further step in the rheokinetic analysis by 
defining and, for one particular case, solving the ‘direct’ and the ‘indirect’ 
rheokinetic problem.  
As already explained in chapter 1, the direct rheokinetic problem consists in 
predicting the viscosity increase during the polymerization with the help of 
a kinetic model. The indirect rheokinetic problem consists in determining 
the kinetic parameters on the basis of rheokinetic measurements of the 
viscosity change during the polymerization. 
The direct problem was solved in the initial stage of a free radical 
polymerization characterized by a second order initiation reaction. The 
indirect rheokinetic problem was solved deriving the β(t) relationship from 
the experimental dependence η(t). The derived β(t) relationship was linear 
and from its slope it was possible to determine that kp/kt

½ = 3.4. This value 
falls within the interval 3.0-4.7 reported in the literature for the 
polymerization studied by Polushkina et al. [5]. 
 
3.3.2. Intermediate and high conversions. Non-Newtonian behavior 
 
A few papers have also been published concentrating on the latest stages of 
polymerization, where the hypothesis of Newtonian behavior is no longer 
valid. 
Kale and O’Driscoll [9] studied the rheokinetics of the free radical 
polymerization of n-laurylmethacrylate with a modified cone and plate 
rheometer in oscillatory mode. The viscosity and conversion data showed 
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the absence of the Trommsdorff effect, in agreement with the literature 
concerning their reaction. The viscosity increased with the conversion 
according to a power law trend, in agreement with [8]. The storage modulus 
G’ and the loss modulus G” both increased with the reaction time. Initially 
G”>G’ but at a certain critical conversion an inversion occurred, denoting 
the presence of entangled polymer coils.  
Yemelyanov et al. [6] studied the rheokinetics of free radical polymerization 
of many vinyl monomers using two different rheometers, one for low and 
one for high conversions. They confirmed that there is a power law 
relationship between viscosity and conversion. The power law exponent, 
though, is not constant throughout the polymerization. It is equal to 1, 4 to 6 
and 10 to 25 at low, intermediate and high conversions, respectively (figure 
3.5).  
 

 
Figure 3.5. The increase of viscosity during the polymerization of 
vinyl pyrrolidone (curve 1) and octyl methacrylate (curves 2-4) [6]. 
Three different power law regions can be distinguished. 

 
The exact values depend on the vinyl monomer and on the experimental 
conditions. These three regions correspond, respectively, to Newtonian 
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fluid, non-Newtonian fluid and high elastic rubbery state. The transition 
from the second to the third region coincides with the onset of 
autoacceleration of the polymerization. According to the authors, a fourth 
region is also present at the very end of the polymerization where the 
systems are in the glassy state, but no viscosity data are presented to prove 
it, probably because steady shear measurement of glassy materials resulted 
in irregular and irreproducible viscosity trends. 
Rosendale and Biesenberger [11] followed the approach of Malkin [7] with 
some modification to outline a rheokinetic model for free radical 
polymerization similar to equations (3.9) and (3.10) that implements the 
possibility of autoacceleration and therefore can also be applied at later 
stages of the polymerization. Moreover, they dropped the assumption made 
in [7] that the degree of polymerization remains constant throughout free 
radical polymerization. They also used a rheocalorimeter to measure 
simultaneously the increase of conversion and viscosity (in oscillatory 
mode) during two different free radical polymerizations. The experimental 
results agreed with the rheokinetic model. Particularly, a peak in the heat 
released during the polymerization was obtained simultaneously with an 
exponential growth of the viscosity, denoting the onset of autoacceleration. 
Also the polycondensation of a linear polyurethane was studied but in this 
case the rheocalorimeter failed to give useful results. In fact, 
polycondensation reactions usually have huge viscosity effects but 
negligible thermal effects and therefore measurement of conversion with a 
calorimetric method was troublesome in this case. 
The above-mentioned three research teams, Kale and O’Driscoll [9], 
Yemelyanov et al. [6] and Rosendale and Biesenberger [11] performed their 
experiments at a fixed shear rate and did not investigate the influence of the 
shear rate on rheokinetics. The shear rate was only applied to be able to 
measure the viscosity and was not a relevant parameter of their research. 
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3.3.3. Alternative approaches to rheokinetics 
 
The rheokinetic models discussed so far are based on rheological and kinetic 
relationships among viscosity, molar mass, conversion, and kinetic 
constants. A complete alternative approach was attempted by Meissner and 
Poltersdorf [12].  
They acknowledged the validity of Malkin’s approach based on the 
chemistry of the polymerization but preferred to follow a different route that 
they considered more valid for possible application of rheokinetics to 
reactive processing of polymers involving complex reactions. Meissner and 
Poltersdorf assumed that the viscosity changes are due to competing 
destruction and structurization processes. They both consist of complex 
reactions of unknown order. Structurization processes lead to the formation 
of the polymer molecules, while the destruction processes cause their 
decomposition and can be of chemical, thermal or mechanical origin. 
A rheokinetic model of the viscosity change during polymerization was 
derived which consists in a very complicated differential equation 
containing 11 parameters. These parameters are mainly the kinetic constants 
and the exponents describing the reaction orders of the structurization and 
destruction processes.  
A Couette rheometer and laboratory processing machines (midget kneader, 
laboratory extruder) were used to study the effect of thermomechanical 
loads on the rheological properties at small and high mechanical loads, 
respectively. The model parameters were determined by fitting experimental 
results to the model. Although this approach is quite interesting and directly 
oriented towards practical applications, its major limitation is that the 
number of parameters is too high to give clear-cut indications about the 
validity of the model and the reliability of the values of the parameters. 
Moreover, the physical meaning of some of the parameters is not clear. 
Some authors used rheokinetic arguments to model the behavior of tubular 
reactors aiming at the use of continuous reactors for the production of 
polymers. Malkin et al. [19] pointed out that the velocity profile inside a 



Chapter 3 44

tubular reactor differs considerably from the Poiseuille profile as a 
consequence of the rheokinetic effect, i.e. the ongoing polymerization in the 
tube and the consequent increase of viscosity. They developed a 
mathematical model to determine the average molar mass and the 
polydispersity inside a tubular reactor at different degrees of conversion for 
the isothermal polymerization of dodecalactam, whose enthalpy of 
polymerization is practically equal to zero. Solving the equations they found 
out that even for this isothermal polymerization the deviation of the real 
velocity profile from the Poiseuille profile has a great influence on the 
average molar mass and on the molar mass distribution. 
Baillagou and Song made a step further and used successfully a rheokinetic 
approach to model the prepolymerization of methyl methacrylate in tubular 
reactors below [20] and above [21] the glass-transition temperature. They 
combined mass and heat balances for the tubular reactor with constitutive 
equations for the viscosity and performed experiments that confirmed the 
validity of their model. Higher temperatures avoided sedimentation of 
glassy polymer in the tubes but resulted in a lower molar mass of the 
product. 
An alternative and original approach to rheokinetics was also followed by 
Malkin et al. [13], who exploited the Toms effect to study the very early 
stages of a polymerization process, as explained previously. The polymer 
formation was noticeable even 30 second after the start of the 
polymerization when the polymer concentration in the reactive mass was 
only 15 ppm. At this early stage other widely used techniques to follow 
polymerization kinetics (dilatometric, calorimetric, spectral, 
chromatographic) or rheokinetics are not sensitive enough. The advantage 
of being able to follow the very early stages of the polymerization lies in the 
fact that they reflect to the inherent activity of the catalyst. This method 
therefore makes it possible to compare different catalysts.  
The method is valid for polymerizations that proceed at a constant average 
molar mass. In this case the variation of the drag reduction is only due to the 
change in concentration of polymer. If the molar mass and the concentration 



Experimental methods. Literature review 45

of polymer both change, the drag coefficient increases also as a 
consequence of the increase of average molar mass and it is difficult to 
separate the two contributions to the drag reduction. Therefore, in this case 
it is not possible to define a reliable relationship between the conversion and 
the drag coefficient. 
In principle, the Toms effect can be used also to follow the later stages of 
polymerization, simply diluting the samples, but it should be remembered 
that very high dilution ratios induce experimental errors. 
 
3.4. Conclusions 
 
A good knowledge of the increase of the viscosity during a polymerization 
process is fundamental for the optimal design of polymerization reactors 
and of processes where the polymer is produced directly in the desired 
shape (reactive extrusion, reactive injection molding). Solvents are often 
used to minimize the viscosity increase, and all the technological difficulties 
that it brings about, but they are neither cheap, nor environmentally friendly. 
Moreover, they cause an increase in the energy required and they imply an 
extra separation step at some point of the production process.  
Therefore a rheokinetic study of polymerizations is necessary to design 
improved and more profitable polymerization processes.  
Surprisingly, the scientific literature concerning rheokinetics is not 
abundant, probably because the rheological studies of reacting fluids is not 
straightforward with the rheometers currently available on the market, that 
are designed mainly for non-reacting materials.  
So far most authors have concentrated on the early stages of the 
polymerization and on solution polymerization. In fact, in both cases the 
reacting fluid can be assumed as Newtonian, which simplifies greatly the 
experiments themselves, the interpretation of experimental data and the 
modeling of the viscosity increase. A result common to all the papers 
examined was the power law trend of the increase in viscosity, after an 
initial lag time. The possibility of predicting the increase of the viscosity 
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and of determining kinetic parameters from rheokinetic experiments are 
significant results. 
At high degrees of conversion non-Newtonian behavior sets in, which 
complicates the rheokinetics greatly and, at the same time, makes the 
rheokinetic results much more valuable with a view to possible industrial 
application. The possibility of autoacceleration and the search for conditions 
to reduce it are a complicating factor and, at the same time, an important 
challenge. 
Notwithstanding the remarkable results described so far, many intriguing 
problems still have to be solved.  
For example, the influence of the shear rate on the rheokinetics and the 
possibility of scale-up of laboratory rheokinetic results are problems still to 
be faced. They are the subject of the following chapters of this thesis.  
 
3.5. List of symbols 
 
K, A1, A2  proportionality factors  
I   initiator 
M   monomer 
D  diameter      m 
DR    drag reduction     - 
G’   storage modulus    Pa 
G”   loss modulus     Pa 
L  length of the capillary,    m 
N   average degree of polymerization   - 
a, b   constant     - 
f   efficiency of the initiation    - 
k   kinetic constant    m3 s mol-1 
kd    rate constant for the initiator dissociation  s-1 
kp   rate constant for the propagation step  m3 mol-1 s-1 
kt   rate constant for the termination step   m3 mol-1 s-1 
t  time      s 
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v   average velocity    m s-1 
x   concentration     mol m-3 
β conversion     - 
∆P  applied pressure across the capillary   Pa 
φ  concentration     - 
λ  friction factor     - 
ρ  density      kg m-3 
η  viscosity      Pa s 
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4.1. Introduction 
 
Two different cone and plate rheometers have been used in the research 
described in this thesis. Since these rheometers operate in a different way 
and have different virtues and shortcomings, their results are 
complementary and are presented in two separate chapters. 
In this chapter we shall discuss the results obtained with a shear controlled 
cone and plate rheometer (rheotron from Brabender, Duisburg, Germany). 
The cone and the plate are stainless steel; the cone diameter and angle are 
50 mm and 3º, respectively. The rheometer operates in the shear-controlled 
configuration, which makes it an ideal tool for performing experiments at 
constant shear rate. It measures the shear stress and then calculates the 
viscosity dividing the measured shear stress by the shear rate at which the 
experiment is performed. Moreover the “Brabender” rheometer has a wide 
range of operation and the experiments never had to be stopped because the 
torque sensor was overloaded. 
The “Brabender” cone and plate rheometer allowed overfilling the gap 
between cone and plate without affecting the viscosity measurements. In 
this way it was possible to compensate the volume contraction that takes 
place during the polymerization and the evaporation of the monomer that 
could not be completely avoided since the system could be covered with a 
seal but could not be sealed off hermetically.  
Compared with the other cone and plate rheometer used in this thesis (see 
chapter 5) the “Brabender” rheometer has some shortcomings. Temperature 
control is not very reliable and therefore many experiments had to be 
discarded and repeated. This chapter reports only the results obtained when 
the oscillations of the temperature could be kept under control and confined 
to ±1°C. Moreover, the “Brabender” rheometer does not allow the 
measurement of the normal force. Finally, there is no automatic control of 
the distance between the cone and the plate, whose position has to be 
adjusted manually.  
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The increase of the viscosity during the bulk free radical polymerization of 
styrene and n-butylmethacrylate was measured in isothermal conditions and 
at constant shear rate. These two monomers were chosen as representative 
of a wide category of commodity polymers and resins. For all the 
experiments the same radical initiator (Trigonox 42S, Akzo Nobel) was 
used. No purification of the monomers and of the initiator was performed. 
Some experiments were repeated and stopped after different reaction times. 
Samples were taken and thermally quenched to stop the polymerization and 
subsequently analysed by nuclear magnetic resonance (NMR) and size 
exclusion chromatography (SEC) in order to determine the conversion and 
the average molar mass, respectively. 
 
4.2. The double power law trend 
 
Experiments have been performed at different temperatures and different 
shear rates. In all cases, the increase of viscosity during the polymerization 
has the same qualitative trend, whatever the monomer, the temperature or 
the shear rate. One typical result of the many obtained is shown in figure 4.1 
in linear-linear and log-log coordinates.  
Two different regions can easily be recognized. The increase of viscosity is 
faster at the end of the process than at the beginning. Experimental data are 
well fitted by two power laws: 

 
bat=η        (4.1) 

 
a is a constant including the kinetic parameters of the initiation, propagation 
and termination reactions. The value of the exponent b is in all cases higher 
in the second part of the plot. The border between the two power law trends 
is chosen such that the highest possible values of the R2 regression 
parameter are obtained. 
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Figure 4.1.a. The increase of viscosity during the polymerization of 

n-butylmethacrylate. T = 90°C, 
.
γ  = 30 s-1. R2 is a regression 

parameter. Scale: linear-linear. 
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Figure 4.1.b. The increase of viscosity during the polymerization of 

n-butylmethacrylate. T = 90°C, 
.
γ  = 30 s-1. Scale: log-log. 

 
This result is in agreement with the literature: according to Yemelyanov et 
al. [1] and Malkin and Kulichikhin [2], the viscosity increase during bulk 
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free radical polymerization has a power law dependence on time and two, 
sometimes three regions can be distinguished. 
1) b ≈ 1 at the very beginning, where the degree of conversion is very low 

and there are no entanglements between macromolecules. 
2) 5 < b < 7 when the polymerization proceeds at a constant rate and no 

diffusion limitation (Trommsdorff effect) occurs. 
3) b >> 7 at high degrees of conversion, when the Trommsdorff effect 

takes place. 
The two power law trends reported here refer to the last two regions and the 
two power law exponents are in agreement with the literature. The first 
region, where b ≈ 1, regards too low values of the viscosity for the 
sensitivity of the “Brabender” rheometer. 
The difference between the two exponents of the two power law trends 
resulting from the fitting of the experimental data can be considered as a 
measure of the autoacceleration of the polymerization, thus as a measure of 
the Trommsdorff effect. 
 
4.3. The influence of the shear rate on the Trommsdorff 
effect 
 
The influence of shear rate on the rate of increase of viscosity has been 
studied performing experiments at different shear rates but otherwise at the 
same experimental conditions (same temperature and same initiator 
concentration). The influence of the temperature and of the initiator 
concentration will be discussed in chapter 5. The viscosity data have been 
fitted according to the double power law trend and the two power law 
exponents have been plotted as a function of the shear rate (figures 4.2- 4.5). 
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Figure 4.2. Power law exponents as a function of shear rate for the 
polymerization of styrene at 90°C. 
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Figure 4.3. Power law exponents as a function of shear rate for the 
polymerization of n-butylmethacrylate at 110°C. 
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Figure 4.4. Power law exponents as a function of shear rate for the 
polymerization of styrene at 116°C. 
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Figure 4.5. Power law exponents as a function of shear rate for the 
polymerization of n-butylmethacrylate at 90°C. 

 
The difference between the power law exponents is significant at low shear 
rates and tends to decrease as the shear rate increases. This leads to a 
remarkable conclusion: the Trommsdorff effect is reduced when the 
polymerization is performed at higher shear rates. Within the accuracy of 



Chapter 4 58

the measurements, no remarkable differences could be noticed between the 
two monomers considered. 
In some cases, when the shear rate is higher than 200 s-1, a single power law 
could fit the time-dependent increase of viscosity as well, suggesting that 
the Trommsdorff effect has been eliminated completely.  
Since the Trommsdorff effect is a direct consequence of the decrease of the 
rate constant of the termination reaction, taking place at a certain degree of 
conversion, this rate constant kt must be a function of the shear rate at which 
the polymerization is performed. 
In other words, the rheokinetic experiments reported here indicate a way to 
solve the problem of autoacceleration in industrial polymerization 
processes. At the same time, they give important qualitative information 
about the dependence of the kinetic constant of the termination reaction on 
the shear rate. 
The reduction of the Trommsdorff effect at high shear rate can be explained 
by arguing that shear induces elongation and orientation of the entangled 
macromolecules (figure 4.6), reducing the diffusion limitation that causes 
the autoacceleration. 
Referring once again to the traffic jams in Italian cities (see chapter 2), we 
can imagine that shear acts like a policeman trying to put some order in a 
mass of “entangled” cars so that they can move more easily. 
It must be noted that in the whole interval of shear rate considered, polymer 
systems normally show a shear-thinning behavior. However, shear-thinning 
can be ruled out as underlying reason for the reduction of the Trommsdorff 
effect at high shear rate. If that were the explanation, the power law 
exponents would decrease not only at shear rates lower than 100 s-1, but also 
in the interval 100-400 s-1, where they actually level off (see figures 4.2 - 
4.5). 
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Low shear rate

High shear rate

 
Figure 4.6. A schematic representation of the elongation and 
orientation of the macromolecules at high shear rate. 

 
4.4. Onset of irregularities 
 
Figure 4.1 refers only to the part of the polymerization process during which 
the increase of viscosity with time has a regular and reproducible trend. 
When the conversion tends towards completion a peculiar phenomenon 
occurs. In fact, the viscosity showed an irregular and irreproducible 
behavior, as shown in figure 4.7. 
After reaching a certain value, the viscosity suddenly decreases and then 
shows a highly irregular trend. Similar trends were obtained in all the other 
experiments performed, both with styrene and with n-butylmethacrylate. 
This transition always occurred at very high conversions, around 90 %. 
It would be easy to explain this irregular and erratic behavior by a limited 
reliability of the “Brabender” rheometer when a critical point is reached. If 
this were the explanation, a common value of the maximum shear stress, 
corresponding to the onset of the irregular and erratic trend, should be found 
for experiments performed at different shear rates. Such a common value 
could not be recognized. Moreover, no clear relationship could be found 
between the maximum shear stress and the shear rate from the experimental 
data. 
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Figure 4.7. One example of the irregular trend of the viscosity 

during the polymerization of n-butylmethacrylate. T = 90°C, 
.
γ = 30 

s-1. 
 
Furthermore the values of the maximum shear stress were well within the 
reliability limits of the “Brabender” rheometer (25000 Pa, according to the 
producer).  
In order to investigate the possibility of slip, experiments were also 
performed with a cone and a plate that were radially grooved. The same 
phenomenon occurred and no significant differences between the viscosity 
trends obtained with grooved and smooth cone and plate could be noticed. 
This result strengthens the contention that wall slip is not the underlying 
reason for the irregularities.  
These considerations and experimental evidences induce to argue that some 
physical or chemical phenomena and not a failure of the rheometer cause 
the irregularities in the viscosity trend. 
This contention is also strengthened by the following experimental 
evidence. There is an evident relationship between the maximum viscosity 
ηmax just before the onset of the irregular trend and the shear rate. ηmax 
decreases for increasing shear rates and the data are well fitted by a power 



Cone and plate rheometer 1. Viscosity measurements 61

law trend, as shown in figures 4.8 and 4.9. The fact that the power law 
exponents are smaller than –1 indicates clearly that the phenomena under 
investigation are not simply due to a shear-thinning behavior. 
 

3305.1.
6.5526

−

= γy

R2=0.989

1 10 100 1000

10

100

1000

Shear rate, s-1

M
ax

im
um

 v
is

co
si

ty
, P

a 
s

 
Figure 4.8. Maximum viscosity for the polymerization of styrene at 
116°C. 
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Figure 4.9. Maximum viscosity for the polymerization of n-
butylmethacrylate at 104°C. 
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A possible explanation for the onset of the irregular behavior is that phase 
separation occurs and a pseudo-solid phase is formed. At a certain point of 
the process, the polymer is no longer soluble in the residual monomer and 
separates from the bulk phase, giving rise to instabilities of the viscosity 
trend. The instabilities can then be ascribed to the presence of pseudo-solid 
particles in the small gap between the cone and the plate, which causes the 
viscosity measurement to be irregular and irreproducible. 
This hypothesis is confirmed by some literature evidence. Malkin and 
Kulichikhin [3] ascribe a sudden decrease in the viscosity during a 
polymerization process to phase separation, but they do not mention any 
irregular and irreproducible trend of the viscosity. Onuki [4] and Onuki et 
al. [5] review phase transitions of concentrated polymer mixtures in shear 
flow. They state that the oscillation and irreproducibilities of viscosity (they 
actually refer to shear stress at constant shear rate) versus time trends 
obtained by computer simulation are due to a phase separation. Finally 
Janssen and Janssen-van Rosmalen [6] studied the influence of the decrease 
of conformational entropy on phase transition phenomena, caused by the 
elongation and orientation of macromolecules in a shear flow field. They 
showed that there can be a positive driving force for phase separation when 
the polymeric system is sheared, even under experimental conditions in 
which the driving force would be negative in the absence of flow.  
Indeed, this presumed phase separation seems to be strongly influenced, if 
not induced, by the shear rate. When the shear rate is high, a certain order in 
the spatial distribution of the macromolecules is produced, increasing their 
chemical potential. Therefore, the phase separation can occur at lower 
values of the viscosity. 
Finally, the rheokinetic experiments performed with the “Brabender” 
rheometer give interesting indications about the possibility of shear-induced 
phase transition during bulk free radical polymerization. Unfortunately, it 
was not possible to verify the presence of phase separation analyzing the 
sample at the end of the experiments by a microscope technique. In fact, a 
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shear-induced phase separation would disappear when the sample is 
removed and prepared for microscope analysis. 
The possibility of a shear-induced phase transition will be further discussed 
in chapter 7, that is dedicated to the influence of shear rate on the 
thermodynamics of bulk free radical polymerization. 
 
4.5. Degree of conversion and average molar mass 
 
As explained in chapter 3, removing a sample from the cone and plate 
rheometer and quenching the polymerization is a troublesome operation. 
However, some interesting indications were given by NMR and SEC about 
the trend of degree of conversion and average molar mass during the 
polymerization. 
In order to establish the conversion at the onset of the Trommsdorff effect 
NMR analyses were performed. From the experiments as given in the 
previous sections the time of onset was determined. The experiments were 
then carefully repeated until the onset of the Trommsdorff effect. Then 
samples were taken and the reaction was quenched immediately. The degree 
of conversion could be detected with NMR by comparison of the ratio of 
double C=C bonds and single C-C bonds. A similar procedure was used to 
determine the conversion at the onset of the irregularities. 
The NMR analyses make it possible to draw some interesting conclusions. 
They show that the onset of the Trommsdorff effect occurs at approximately 
60% conversion. However, it should be remembered that, as already 
mentioned in chapter 2, the Trommsdorff effect does not set in at once, but 
gradually. Therefore, defining the conversion of onset is not only 
experimentally troublesome but also scientifically not correct.  
Within the accuracy of the measurement technique no influence of the shear 
rate can be detected on the onset of the Trommsdorff effect. This is 
strengthened by the fact that also in the absence of shear rate the onset takes 
place at 60% conversion, as results from dynamic scanning calorimetry [7]. 
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Moreover, NMR analyses show also that the irregularities of the viscosity 
trend always begin at conversion between 85-90%.  
Finally, they show as well that the conversion is not complete even when 
the experiments are continued long after the onset of the irregularities. This 
is in agreement with the general theory of free radical polymerization. In 
fact, when the concentration of monomer is very low the rate of 
polymerization decreases (see equation (2.16)) because in this condition 
even the mobility of monomer molecules is strongly hindered. This problem 
will be further discussed in chapter 7. 
The SEC analyses performed on samples taken after different reaction times 
show an increase of the average molar mass after the onset of the 
Trommsdorff effect. This can be explained with a longer average lifetime of 
the growing macromolecules due to the decrease of the rate of the 
termination reaction.  
Finally, figure 4.10 shows the average molar mass at the end of the 
experiments as a function of the shear rate.  
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Figure 4.10. The average molar mass at the end of the 
polymerization of styrene at 116°C. 
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There seems to be a trend that the molar mass passes a maximum. However, 
to our knowledge, there is no physical reason that would justify the presence 
of a maximum.  
The data obtained induce to argue that the molar mass at the end of the 
polymerization is not influenced significantly by the value of the shear rate 
at which the polymerization is performed.  
This would prove that increasing the shear rate, the Trommsdorff effect can 
be reduced without affecting the physical properties of the polymer 
produced. However the accuracy of the measurement is not enough to draw 
a firm conclusion. 
 
4.6. Conclusions 
 
The increase of viscosity during the polymerization of styrene or n-
butylmethacrylate has been measured with a cone and plate rheometer at 
different temperature and different shear rate. The viscosity-versus-time 
trend can be fitted by a double power law curve and the difference between 
the two power law exponents can be considered a measure of the 
Trommsdorff effect.  
The Trommsdorff effect can be significantly reduced if a free radical 
polymerization is performed at high shear rate. With knowledge of this, heat 
transfer problems and hot spots in polymerization reactors can be predicted 
more precisely and reduced. However it must be verified first whether this 
result is also valid for other configurations and not only for the cone and 
plate rheometers. This problem will be further discussed in chapter 6.  
Size exclusion chromatography analyses show that the average molar mass 
of the polymer obtained at the end of the experiments is not influenced 
significantly by the shear rate. If confirmed on industrial scale, this result 
would imply that it is possible to reduce the Trommsdorff effect by 
increasing the shear rate at which the polymerization is performed without 
affecting the material properties of the end-product obtained.   
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At high degrees of conversion the viscosity has an irregular and erratic trend 
with time. Some experimental data and literature evidences induce to argue 
that this is not due to a failure of the cone and plate rheometer or to slip, and 
that phase separation might be the underlying reason for these irregularities. 
We shall discuss this problem further in the following chapters. 
 
4.7. List of symbols 
 
a, b  constant     - 
t  time      s 
R2  regression parameter    - 
T  Temperature     °C 
η  viscosity     Pa s 
ηmax   maximum viscosity    Pa s 

.
γ   shear rate     s-1 
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5.1. Introduction  
 
In this chapter the results obtained with a “TA Instruments” rheometer will 
be discussed.  
This cone and plate rheometer allows simultaneous measurement of the 
viscosity and of the normal force. Therefore it has been used to obtain 
further insight into the evolution of rheological and viscoelastic properties 
during polymerization.  
The “TA Instruments” rheometer is provided with a Peltier Plate for heating 
and temperature control. The latter is particularly precise and no deviations 
of the temperature from the set-point value could be noticed, within the 
sensitivity of the instrument (0.1 °C). Moreover, this rheometer is provided 
with a “solvent trap cover” that prevents evaporation of the monomer.  
Therefore, the “TA Instruments” rheometer allows a better control of the 
experimental conditions than the “Brabender” rheometer. On the other hand, 
the “TA Instruments” rheometer has a worse performance at high stress 
(therefore at the very end of the polymerization). The experiments discussed 
in this chapter were all stopped when either the torque or the normal force 
sensor were overloaded, which often occurred before the onset of the 
irregularities. 
 
5.2. Comparison of the two cone and plate rheometers. Stress 
controlled and shear controlled 
 
The most important qualitative difference between the two cone and plate 
rheometers used in this thesis is that only the “TA Instruments” rheometer 
permits to measure both the viscosity and the normal force simultaneously. 
However the range of operation of this rheometer is smaller. All the 
experiments had to be stopped when the torque and/or the normal force 
sensor were overloaded. 
Another important difference concerns the way in which the two rheometers 
carry out a measurement. 
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The “Brabender” rheometer is a shear-controlled rheometer. It operates 
controlling the shear rate and measuring the shear stress. Therefore, it is 
particularly convenient for performing measurements at constant shear rate. 
In fact, it is able to give a value of the viscosity every five seconds during 
the rheokinetic experiments. 
On the other hand, the “TA Instruments” rheometer operates in the stress-
controlled configuration. The stress is controlled during the measurement 
and the rotational velocity is measured. The shear rate is kept constant by 
means of the software incorporated in the rheometer. Only a value of the 
viscosity every 90 seconds could be provided by the rheometer when 
performing the rheokinetic experiments at constant shear rate. A lower 
sampling time resulted in oscillations of the shear rate during the 
experiments, especially in the later stages of the polymerization where the 
increase of the viscosity is faster and the rheometer works almost at its 
maximal capacity. 
In conclusion, the “Brabender” rheometer is, in principle, better designed to 
perform experiments at constant shear rate. However, the “TA Instruments” 
rheometer has a better temperature control and prevents the evaporation of 
the monomer. Moreover, it is equipped with an electronic control of the 
distance between the cone and the plate, whereas this distance has to be 
adjusted manually with the “Brabender” rheometer.  
 
5.3. n-Butylmethacylate experiments 
 
5.3.1. Experiments at different shear rate 
 
The experiments with the “TA Instruments” rheometer had to be performed 
with a higher initiator concentration than the ones discussed in chapter 4. 
This is due to the fact that different batches of monomer and initiator had to 
be used. Probably, the n-butylmethacrylate used for these experiments 
contained more inhibitor than the one used for the experiments with the 
“Brabender” rheometer. Hence the need for a higher initiator concentration. 
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Experiments were also performed with the same value of initial initiator 
concentration [I]0 as in chapter 4 (0.33% v/v) but this resulted in very long 
initial lag times of the increase of viscosity. 
Because of the use of different batches, a direct quantitative comparison 
between the results obtained with the two rheometers appeared not to be 
possible.  
However, the results obtained with the “TA Instruments” rheometer are in 
good agreement with the ones discussed in chapter 4. In fact, the increase of 
viscosity could be well fitted with a double power law trend, confirming the 
presence of the Trommsdorff effect. Moreover, in the latest stages of the 
polymerization irregularities in the viscosity trend were often noticed. This 
can be seen as further confirmation that the irregularities were not due to 
instrument failure. 
The results of experiments performed at different shear rate but otherwise 
the same experimental conditions are reported in figures 5.1 and 5.2, in 
terms of the power law exponents obtained from the fitting of the increase 
of the viscosity until the onset of the irregularities. 
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Figure 5.1. Power law exponents for the polymerization of n-
butylmethacrylate. T = 100°C, [I]0 = 1 % v/v. 
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Figure 5.2. Power law exponents for the polymerization of n-
butylmethacrylate. T = 110°C, [I]0 = 0.5% v/v. 

 
These results confirm the qualitative trend noticed with the “Brabender” 
rheometer and discussed in chapter 4. The extent of the Trommsdorff effect 
is reduced when the polymerization is performed at a higher shear rate. 
From these experiments it results that a shear rate of about 100 s-1 is 
required to reduce significantly, if not eliminate, the Trommsdorff effect. 
 
5.3.2. Experiments at different initiator concentration 
 
Some experiments were performed at different values of the initial initiator 
concentration [I]0 in order to test the influence of this parameter on the 
Trommsdorff effect. The results are reported in figure 5.3 in terms of 
viscosity-versus-time curves and in figure 5.4 in terms of power law 
exponents. 
The data shown in figure 5.3 show the influence of the initiator 
concentration on the time required to perform the polymerization. The 
higher is [I]0, the shorter are the initial lag time, and the time necessary to 
reach a certain value of the viscosity. 
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Figure 5.3. The viscosity increase during the polymerization of n-

butylmethacrylate. T = 110°C,  = 2 s
.
γ -1. 

 
Figure 5.4. points out the influence of the initiator concentration on the 
Trommsdorff effect.  
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Figure 5.4. Power law exponents for the polymerization of n-

butylmethacrylate. T = 110°C.  = 2 s
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γ -1. 
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Initially the Trommsdorff effect increases with [I]0 and then it decreases 
after reaching a maximum. A complete explanation for the initial increase in 
the severity of the Trommsdorff effect with initiator concentration is not 
available, but it is intuitively reasonable that the diffusion limitation of the 
termination reaction – which gives rise to the effect – is less severe when 
the initiator concentration is low, and therefore the chemical reaction 
kinetics in the system are slower. The presence of a maximum in figure 5.4 
can be explained with the influence of the initiator concentration on the 
average molar mass of the polymer obtained. As we have seen in chapter 2 
(equation 2.19), a high initial initiator concentration results in a lower 
average molar mass of the polymer obtained, which reduces the 
entanglements and the diffusion limitations that are the originating cause of 
the Trommsdorff effect [1-3]. 
We could argue that this situation would correspond to traffic jams formed 
by only small city cars. In this situation the mobility of cars would be higher 
than in a traffic jam formed by big cars, limousines and trucks. 
Therefore the Trommsdorff effect can be reduced by an appropriate choice 
of the initial initiator concentration. At low values of [I]0, a price has to be 
paid in terms of longer reaction times required (see figure 5.3). Virtually, a 
zero value of the initial initiator concentration results in no polymerization, 
and therefore, in no Trommsdorff effect. At high values of [I]0, the price to 
pay to reduce the Trommsdorff effect is a lower average molar mass of the 
polymer, which usually results in worse mechanical properties of the end 
product.  
 
5.3.3. Experiments at different temperature 
 
The effect of the temperature at which the polymerization is carried out on 
the extent of the Trommsdorff effect was studied performing different 
experiments at varying temperature but otherwise the same experimental 
conditions. The results are shown in figures 5.5 and 5.6. 
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Figure 5.5. The viscosity increase during the polymerization of n-

butylmethacrylate. [I]0 = 1% v/v. = 2 s
.
γ -1. 
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Figure 5.6. Power law exponents for the polymerization of n-

butylmethacrylate. [I]0 = 1% v/v.  = 2 s
.
γ -1. 

 
Figure 5.6 shows clearly that the Trommsdorff effect is larger when the 
polymerization is performed at a higher temperature. A low temperature 
results in a slow polymerization and a long initial lag time (figure 5.5) 
during which the entanglements and the diffusion limitations set in slowly. 
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At higher temperatures, the polymerization is faster and, presumably, the 
sudden appearance of the entanglements causes a stronger Trommsdorff 
effect. 
In general, the role that the temperature plays on the extent of the 
Trommsdorff effect is controversial. On one side, a higher temperature 
results in lower values of the viscosity, and therefore, in smaller diffusion 
limitations, which should lead to a less pronounced autoacceleration. On the 
other side, a higher temperature results in a faster polymerization, which 
should imply a larger Trommsdroff effect. Moreover, the temperature 
influences in a different way the propagation and the termination reaction.  
Therefore, it is still dangerous to generalise the trend shown in figure 5.6. 
This trend should be considered to be valid only for n-butylmethacrylate, 
and not for any bulk free radical polymerization. 
 
5.4. Styrene experiments 
 
The experiments with styrene were characterized, especially at relatively 
low temperatures, by particularly pronounced irregularities in the increase 
of viscosity.  
At T ≤  120 °C, the power law exponents could be determined trustfully 
only for shear rates smaller than 10 s-1. They were in agreement with the 
values obtained with the “Brabender” rheometer and with n-
butylmethacrylate. However, at higher shear rates, the increase of viscosity 
was affected by irregularities. These irregularities occurred at relatively low 
conversion. In fact, they occurred in the region where the onset of the 
Trommsdorff effect is due to happen and they resulted in unreliable values 
of the power law exponents. 
At higher temperatures (130 °C) these irregularities were less pronounced 
and the data reported in figure 5.7 could be obtained. 
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Figure 5.7. Power law exponents for the polymerization of styrene. T 
= 130°C, [I]0 = 0.5% v/v. 

 
They show that also for polystyrene the Trommsdorff effect can be reduced 
by performing the polymerization at high shear rate. 
The irregularities can be due to the fact that the polymerizations are 
performed at temperatures close to the glass transition temperature for 
polystyrene (Tg = 100 °C). The formation of a pseudo-solid phase alters the 
torque measurement and interferes with the software keeping the shear rate 
constant. This interpretation is strengthened by the observation that the 
irregularities are more pronounced at higher shear rate. In this case, 
probably, the more pronounced orientation and elongation of the 
macromolecules result in a more consistent formation of the pseudo-solid 
phase, which interferes with the torque measurement.  
The glass transition temperature for polybutylmethacrylate is much lower 
(Tg = 40 °C). Therefore, the formation of a pseudo-solid phase occurs only 
very late in the polymerization, which results in the presence of 
irregularities only at relatively high shear rate and at the latest stage of the 
polymerization. Therefore these irregularities do not hinder the 
determination of the power law exponents in the case of the polymerization 
of n-butylmethacrylate. 
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5.5. Comparison of the viscosity measurements performed 
with the two cone and plate rheometers 
 
Notwithstanding the problems and irregularities discussed in the previous 
paragraph, both cone and plate rheometers used in this thesis yielded the 
following qualitative results.  
1) If the initial time lag is neglected, the increase of viscosity during a bulk 

free radical polymerization can be fitted by a double power law trend.   
2) The Trommsdorff effect is reduced, or even eliminated, when the 

polymerization is carried out at a higher shear rate. 
The experiments performed with the “Brabender” rheometer were 
characterized, for both the monomers investigated in the same way, by the 
onset of irregularities at high degree of conversion. A regular trend could be 
noticed between the value of the viscosity at the onset of the irregularities 
and the shear rate at which the experiments were performed (figures 4.8 and 
4.9). 
Some irregularities were noticed also in the experiments performed with the 
“TA Instruments” rheometer.  
In the case of styrene, especially at lower temperatures and higher values of 
the shear rate, the irregularities hindered the determination of reliable values 
of the power law exponents.  
A possible explanation of this difference of behavior between the two 
rheometers can be the fact that the “TA Instruments” rheometer is stress-
controlled, whereas the “Brabender” rheometer is shear-controlled. In the 
former case the formation of a pseudo-solid phase can have negative 
influence on maintening a constant value of the shear rate during the 
experiments. 
In the case of n-butylmethacrylate the irregularities were noticed only at 
shear rates higher than 30 s-1. At lower shear rates the experiments had to be 
stopped before the onset of the irregular and irreproducible trend, because 
the torque and normal force sensor were overloaded.  
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These irregularities occurred after the onset of the Trommsdorff effect and 
at very high conversion. In fact, they did not hinder the fitting of the 
viscosity data and the determination of the power law exponents. Moreover 
they set in at a lower viscosity when the shear rate at which the 
polymerization is carried out increases.  
Therefore they are shear-induced, in agreement with the experimental 
results obtained with the “Brabender” rheometer (see figures 4.8 and 4.9). 
 
5.6. Normal stress 
 
A typical characteristic of visco-elastic polymeric systems is the presence of 
normal stress in shear flow [5]. When a non-elastic fluid is sheared between 
the cone and plate of a rheometer, only a tangential stress is recorded from 
which the value of the viscosity of the fluid can be derived. On the contrary 
shearing of visco-elastic fluids results in the presence of a normal stress and 
therefore the cone and the plate are pushed apart or pulled together.  
The presence of normal stresses in shear flow can be described on a 
macroscopic scale with the phenomenon of the rod climbing. When a rod is 
turned in a beaker containing a Newtonian liquid, the fluid will tend to 
move away from the rod because of inertial forces. On the contrary, visco-
elastic fluids will climb the rod, as a consequence of the normal stress (see 
figure 5.8). 
The normal stress is also responsible for extrudate swell. The latter can be 
considered to be a normal stress indication and can be used to compare 
different materials. Therefore the rheokinetic study of the increase of normal 
stress during polymerization can be important for reactive extrusion 
processes. 
The following of this chapter is dedicated to the discussion of the increase 
of normal stress during bulk free radical polymerization measured with the 
“TA Instruments” rheometer. 
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Figure 5.8. The rod climbing of polymeric fluids due to the presence 
of normal stress. 

 
5.7. The normal stress and the Trommsdorff effect 
 
The increase of the normal force during polymerization is reported in 
figures 5.9 and 5.10 for two particular experimental conditions. Also the 
increase of the viscosity is reported to compare the two experimental trends.  
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Figure 5.9. Viscosity and normal stress for the polymerization of n-

butylmethacrylate.  = 2 s
.
γ -1, T = 100°C, [I]0 = 1%. 
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Similar trends refer to the part of the experiment not affected by 
irregularities and were obtained in all the experiments performed with n-
butylmethacrylate. 
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Figure 5.10. Viscosity and normal stress for the polymerization of n-

butylmethacrylate.  = 60 s
.
γ -1, T = 100°C, [I]0 = 1%. 

 
The normal force is negligible in the first part of the polymerization. Then it 
starts to increase parallel to the viscosity when the Trommsdorff effect sets 
in. This experimental observation leads to the following conclusion. During 
bulk free radical polymerization the normal force begins to be significant 
when the conversion and the entanglements between the random coils are 
high enough to give rise to the diffusion limitations that are the cause of the 
Trommsdorff effect.  
The increase of the normal force can be fitted by a power law. Then the 
power law exponent can be used to compare experiments performed at 
different shear rates. This results in figures 5.11 and 5.12. 
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Figure 5.11. The power law exponent for the increase of the normal 
force during the polymerization of n-butylmethacrylate at different 
shear rate. T = 100°C, [I]0 = 1%. 
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Figure 5.12. The power law exponent for the increase of the normal 
force during the polymerization of n-butylmethacrylate at different 
shear rate. T = 110°C, [I]0 = 0.5%. 

 
The power law exponent decreases when the shear rate at which the 
polymerization is performed increases. Therefore there is a similarity 
between the difference of the power law exponents resulting from the fitting 
of the viscosity and the power law exponent resulting from the fitting of the 
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normal force. The reduction of the Trommsdorff effect at high shear rate 
goes along with a slower increase of the normal force. 
This experimental evidence proves that also normal force measurements can 
be useful for a rheokinetic analysis of polymerization processes. In 
particular, the rate of increase of the normal force during a bulk free radical 
polymerization can be used as a measure of the Trommsdorff effect.  
The experiments performed at different initiator concentrations and at 
different temperatures strengthen this contention. Also in these cases there is 
a similarity between the power law exponent of the normal force and the 
power law exponents of the viscosity. In fact the power law exponent 
resulting from fitting of the normal force data increases with the increase of 
the initiator concentration, reaches a maximum and then decreases, as 
reported in figure 5.13. This trend is qualitatively similar to the one reported 
in figure 5.4 for the viscosity. On the other end, the power law exponent 
regarding the normal force increases when the polymerization is performed 
at a higher temperature (see figure 5.14), which is in good agreement with 
figure 5.6.  
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Figure 5.13. The power law exponent for the increase of the normal 
force during the polymerization of n-butylmethacrylate at different 

initiator concentration. T = 110°C,  = 2 s
.
γ -1. 
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Figure 5.14. The power law exponent for the increase of the normal 
force during the polymerization of n-butylmethacrylate at different 

temperature. [I]0 = 0.5%,  = 2 s
.
γ -1. 

 
Finally, also the normal force assumed an irregular behavior when the 
viscosity did, as shown in figure 5.15.  
 

0

2

4

6

8

10

12

0 500 1000 1500 2000 2500 3000 3500 4000

Time, s

Vi
sc

os
ity

, P
a 

s

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

N
or

m
al

 fo
rc

e,
 P

a

viscosity
normal stress

 
Figure 5.15. The parallel irregularities of the normal force and of 
the viscosity during the polymerization of n-butylmethacrylate. [I]0 = 

0.5%,  = 100 s
.
γ -1, T = 100°C. 
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This experimental evidence strengthens the contention that a phase 
transition is the underlying reason for the irregularities. By all appearances, 
the formation of a pseudo-solid phase between the cone and plate interferes 
with the measurement of the still increasing viscosity and normal force.  
 
5.8. Conclusions 
 
The experiments performed with the “TA Instruments” rheometer 
confirmed qualitatively the results obtained with the “Brabender” 
rheometer, especially for the polymerization of n-butylmethacrylate. In 
particular, the same influence of the shear rate on the Trommsdorff effect 
was noticed. 
Moreover, these experiments showed that a higher temperature results in a 
larger Trommsdorff effect. The same is also true for the initial initiator 
concentration but only until a certain value, after which the Trommsdorff 
effect decreases because high values of initiator concentration results in low 
average molar mass.  
The normal force is negligible initially and it begins to increase exactly 
when the Trommsdorff effects sets in. Moreover the increase of the normal 
force can be fitted by a power law. The power law exponent resulting from 
the fitting of the normal force decreases when the shear rate increases. It 
increases when the temperature increases. It increases, reaches a maximum 
and then decreases when the initiator concentration increases. This behavior 
corresponds qualitatively to the viscosity measurements. 
Therefore also the measurement of the normal force during bulk free radical 
polymerization is a useful rheokinetic tool that yields valuable qualitative 
information on the Trommsdorff effect and on the possibility to reduce it. 
Finally, also the experiments performed with the “TA Instruments” resulted 
in irregularities of the viscosity trend. They were accompanied by parallel 
irregularities also in the normal force. This strengthens the contention that a 
shear-induced phase separation yielding a pseudo-solid phase is the 
underlying reason for the irregularities.  
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5.9. List of symbols 
 
[I]0 initial initiator concentration   m3 m-3 
T  temperature     °C 
Tg  glass transition temperature   °C 

.
γ  shear rate     s-1 
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6.1. Introduction 
 
In chapter 4 and 5 we have discussed the results of a rheokinetic study of 
bulk free radical polymerization performed with two cone and plate 
rheometers. Particular attention has been given to the investigation of the 
influence of the shear rate on the kinetics of the polymerization. The 
rheokinetic experiments showed that the Trommsdorff effect can be 
significantly reduced, if not eliminated, when the polymerization is 
performed at a high shear rate.  
In this chapter we shall present the results of a similar rheokinetic 
investigation performed with a helical barrel rheometer. This rheometer is 
geometrically similar to a single screw extruder. Therefore the results 
obtained with the helical barrel rheometer represent a first step in the 
translation of the results from cone and plate rheometers to industrial 
reactors and are particularly interesting in view of possible further 
applications of reactive extrusion to produce polymers profitably. 
 
6.2. The helical barrel rheometer 
 
The helical barrel rheometer is essentially a small single-screw extruder that 
is used as a batch reactor (closed die) to measure the increase of the 
viscosity during the polymerization by means of two pressure transducers.  
The viscous flow in the helical channel of a conventional single-screw 
extruder is usually characterized by a volumetric drag flow Qd and a 
pressure flow Qp. 
 

2
cosθπDWhNfQ dd =      (6.1) 

L
PWhfQ pp η

θ
12

sin3∆
=       (6.2) 
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where N is the screw rotational speed, D is the screw diameter, W is the 
width of the channel, θ is the screw helix angle (i.e. the angle of the flights 
with the axis of the screw), h is the channel depth, ∆P is the pressure 
difference measured over the length L and η is the viscosity. fd and fp are 
corrections factor for drag flow and pressure flow, respectively, that account 
for the finite width of the channel and for its curvature. 
The volumetric drag flow is directed towards the die of the extruder, the 
pressure flow in the opposite direction.  
At closed discharge, the drag flow and the pressure flow must be equal and 
opposite, since the overall flow must be equal to zero.  
 

pd QQ =        (6.3) 

 
Substituting equations (6.1) and (6.2) into equation (6.3), we obtain 
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if we set L, the distance over which  ∆P is measured, equal to πDtan(θ), 
which is the channel length over one screw pitch. The dimension of the 
helical barrel rheometer was chosen such that the ratio fp/fd of the two 
correction factors is equal approximately to 1. 
Therefore measuring the pressure difference with two pressure sensors, it is 
possible to determine the increase of viscosity during the polymerization.  
As the term helical barrel rheometer suggests, the thread is mounted on the 
barrel and not on the rotating element. If the thread were mounted on the 
rotating element, as in ordinary extruders, it would pass along the pressure 
sensors, and this would result in oscillations and inaccuracy of the 
measurement of the pressure drop, and therefore of the viscosity [1]. 
The helical barrel rheometer used in this study was constructed in the 
workshops of the University of Groningen and is shown in figures 6.1 and 
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6.2. During the experiments the metering section of the helical barrel 
rheometer was positioned in a steel housing (not shown in the figures) that 
was electrically heated. The heaters were connected to a temperature 
controller (Plasticorder PL 2000-6, Brabender, Duisburg, Germany). The 
temperature was stable during the experiments and only small deviations 
from the set point (± 1 °C) were noticed.  
The measurements were stopped when the pressure inside the helical barrel 
rheometer reached 30 bar, in order not to damage the pressure sensors and 
the rheometer itself. Occasionally samples were thermally quenched at the 
end of the experiments and tested by nuclear magnetic resonance. This 
revealed that conversion was approximately 90% at the end of the 
experiments. 
 

 
Figure 6.1. The helical barrel rheometer. It is here reported a 
picture of the helical barrel rheometer as it looks from the outside. 

 
To the best of our knowledge, only Todd et al. [1] successfully performed 
viscosity measurements of polymer melts with a helical barrel rheometer, 
but this device has not been used so far for rheokinetic investigations. These 
authors also affirm that the helical barrel rheometer can be a useful tool for 
on-line measurements of the viscosity during industrial processes. This can 
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be done by connecting the two ends of the helical barrel rheometer to the 
industrial device.  
 

 
Figure 6.2. The Helical barrel rheometer. A section view of the 
measuring part of the helical barrel rheometer is reported here. The 
monomer-initiator solution is fed through “IN” until it fills up the 
gap completely. The helical barrel rheometer is heated electrically 
and the heating system is connected to a control system. P1 and P2 
are the positions of the pressure sensors. T1, T2 and T3 are the 
positions of three thermocouples used to check that the temperature 
of the sample is uniform across the whole rheometer. After the 
experiment the polymer is removed through “OUT”. 

 
The major qualitative difference between the cone and plate rheometer and 
the helical barrel rheometer regards the shear flow profile to which the 
polymerizing liquid is subjected. In the case of the cone and plate rheometer 
the shear rate is the same everywhere in the sample, whereas the helical 
barrel rheometer is characterized by a very complicated profile of the shear 
rate. 
Because of the uniform shear rate, the cone and plate rheometer is ideal for 
investigating the influence of shear rate on the rheological properties of 
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polymeric systems. However, the shear flow profile that it generates is very 
far from those occurring in industrial applications.  
In contrast, the helical barrel rheometer induces a very complicated shear 
flow profile, more similar to those occurring in industrial applications, 
especially in reactive extrusion.  
Another advantage of the helical barrel rheometer is that it can handle fluids 
that contain solid particles or fibers. In fact, the viscosity is derived by a 
measurement of the pressure drop across one flight of the rheometer and the 
reliability of the pressure sensors is not influenced by the presence of a solid 
phase, as long as the solid phase does not deteriorate the surface of the 
pressure sensors. 
 
6.3. The average shear rate 
 
The determination of the shear flow profile and of the average shear rate in 
the helical barrel rheometer is a complex mathematical problem that will not 
be dealt with in this thesis in detail. However, in first approximation, we can 
assume that the channel between the helical barrel and the screw is 
equivalent to the gap between two parallel infinite plates. One plate is fixed 
and the other plate moves horizontally with velocity equal to πDN and a 
pressure drop contrary to the direction of the movement of the plate is 
applied (see figure 6.3). 
It can be demonstrated that the velocity profile for Newtonian fluid is 

parabolic and that the average shear rate  is given by: av

.
γ

 

h
ND
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πγ
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=        (6.5) 
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πDN

∆P

 
Figure 6.3. The approximated velocity profile in the helical barrel 
rheometer. 

 
The average shear rate is therefore proportional to velocity of the horizontal 
plate, or, in other words, to the rotational speed of the screw. 
Todd et al. [1] showed that also for non-Newtonian fluids a similar 
relationship is valid for the helical barrel rheometer. The coefficient on the 
right hand side of equation (6.5) is different. In particular, this coefficient is 
a function of the power law index of the non-Newtonian fluid. 
In conclusion, it can be stated that the helical barrel rheometer, in analogy 
with the cone and plate rheometer, allows to perform experiments at 
different average shear rate by varying the velocity of the rotating element. 
 
6.4. Scale-up 
 
We can argue that the helical barrel rheometer permits to scale-up 
experiments performed with a cone and plate rheometer. In fact, the volume 
of the polymerizing sample in the helical barrel rheometer (about 30 ml) is 
an order of magnitude larger than in a cone and plate rheometer (about 1 ml) 
but still very small compared to industrial reactors or extruders. However, 
the qualitative difference between the two geometrical configurations is 
significant. 
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Our major interest was to check if a high shear rate can reduce the extent of 
the Trommsdorff effect also when performing the polymerization in a 
reactor more similar to the ones used in industrial applications. Therefore, 
the dimensions of the helical barrel rheometer where chosen to allow 
measurements of high viscosities, corresponding to high conversions. The 
helical barrel rheometer used in this experimental study is not reliable at the 
beginning of the polymerization, where, anyway, the Trommsdorff effect is 
not expected to occur. 
 
6.5. Results 
 
The reliability of our self-constructed helical barrel rheometer was tested 
performing viscosity measurements with water solutions of glucose syrup 
and comparing the results with those obtained with the Brabender 
rheometer. These solutions are Newtonian and therefore allow comparing 
viscosity measurements performed in different devices and in different flow 
regimes. The results are reported in table 6.1 and show a good agreement 
between the cone and plate rheometer and the helical barrel rheometer. 

 
  Helical Barrel Rheometer (Pa s) Cone and Plate Rheometer (Pa s) 

0.21 0.19 
0.39 0.41 

 

Table 6.1. Viscosity data obtained with a cone and plate rheometer 
and with the helical barrel rheometer at room temperature for two 
water solutions of glucose syrup. 

 
The increase of viscosity during bulk free radical polymerization was 
measured in different experimental conditions. One typical example of the 
results obtained is shown in figure 6.4. 
 



The helical barrel rheometer 97

η = 7.10-43t12.54

R2 = 0.9979

η = 3.10-28t8.25

R2 = 0.9855

0

50

100

150

200

250

300

350

400

0 500 1000 1500 2000 2500 3000 3500 4000

Time, s

Vi
sc

os
ity

, P
a 

s

 
Figure 6.4. The double power law trend of the increase of viscosity 
during the polymerization of n-butylmethacrylate. T = 100 °C, N = 
10 min-1, [I]0 = 1% v/v. 

 
The data are in good agreement with the ones obtained with the cone and 
plate rheometers and can be fitted with a double power law, whatever the 
temperature, the initiator concentration or the monomer used. As we have 
seen in chapter 4 and 5, the difference between the two power law 
exponents can be considered as a measure of the Trommsdorff effect. 
Experiments were performed at different rotational velocities (i.e. different 
average shear rate), but otherwise the same experimental conditions, in 
order to verify the influence of shear rate on the Trommsdorff effect.  
The data regarding n-butylmethacrylate are shown in figure 6.5 and 6.6. 
They show clearly that in the helical barrel rheometer the Trommsdorff 
effect can be reduced performing the bulk free radical polymerization at a 
higher rotational speed of the rotating element or, in other words, at a higher 
average shear rate. 
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Figure 6.5. The power law exponents for the polymerization of n-
butylmethacrylate at different rotational speed of the screw. T = 100 
°C, [I]0 = 1% v/v. 

 

0
2
4
6
8

10
12
14
16
18

0 10 20 30 40 50

N, min-1

Po
w

er
 la

w
 e

xp
on

en
t First power law

Second power law

 
Figure 6.6. The power law exponents for the polymerization of n-
butylmethacrylate at different rotational speed of the screw. T = 110 
°C, [I]0 = 0.33% v/v. 

 
In the case of the experiments performed with styrene, a remarkable 
extension of the initial lag time of the polymerization was noticed, which 
affected the values of the power law exponents. They are in the range 20-40. 
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These values are not in agreement with the results obtained with the cone 
and plate rheometer, where no conspicuous difference could be observed 
between styrene and n-butylmethacrylate. These exponents are also not in 
agreement with other rheokinetic studies published by other authors [2-4]. 
The experiments with styrene were troubled by the formation of bubbles 
inside the helical barrel rheometer. This can be ascribed to the fact that the 
boiling temperature of styrene (145 °C) is too close to the operating 
temperature (110-120 °C).  
However, these bubbles could be removed slowly during the experiments. 
Nevertheless during the initial phase of the experiments the helical barrel 
rheometer was partially empty and the monomer-initiator solution had to be 
added gradually as long as bubbles were removed.  
Since a large amount of monomer-initiator concentration had to be fed 
during the experiments, we can argue that the real initiation lag time must 
be shorter than the one resulting from the experiments. If initiation lag times 
similar to the ones obtained with n-butylmethacrylate are assumed, the data 
reported in figure 6.7 are obtained. 
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Figure 6.7 The power law exponents for the polymerization of 
styrene at different rotational speed of the screw. T = 110 °C, [I]0 = 
2.5% v/v. 
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Although this procedure is not rigorous, the choice of the modified values of 
the lag times being to some extent arbitrary, the data reported in figure 6.7 
indicates that also for the bulk free radical polymerization of styrene the 
Trommsdorff effect can be reduced performing the polymerization at high 
rotational speed of the rotating element.  
However, the evaporation of the monomer and the formation of bubbles 
inside the gap between the barrel and the rotating element are experimental 
evidence interesting in itself. In fact, they can explain the very high 
residence time required in reactive extrusion to obtain a desired conversion. 
 
6.6. Absence of irregularities 
 
The experiments performed with the helical barrel rheometer resulted in no 
irregularities of the increase of the viscosity, which is not in agreement with 
the results obtained with cone and plate. It must be noted, however, that the 
viscosity is derived from the pressure measurements in the helical barrel 
rheometer and from torque measurements in the cone and plate rheometer. 
The occurrence of a phase transition, leading to the formation of a pseudo-
solid phase, interferes only with the torque measurement and not with the 
pressure measurement. In fact, as previously explained, the presence of a 
solid phase in the liquid would not alter the pressure drop measurement. On 
the other hand, the presence of a solid phase in the cone and plate rheometer 
would result in particles of the same order of magnitude of the gap between 
cone and plate, altering therefore the torque measurement. 
Another interesting result consisted of some visual observations at the end 
of the experiments performed with the helical barrel rheometer. It was 
noticed that the material subjected to shear for the entire measurement was 
opaque, whereas the material that had been stagnant in the die, and therefore 
had not been subjected to shear during the experiment, was transparent. 
This once more strengthens the contention, discussed already in the previous 
chapters, that shear can induce a phase modification, presumably a partial 
crystallization. 
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6.7. Conclusions 
 
The helical barrel rheometer can be a useful tool for rheokinetic 
investigation. Although its volume is relatively small, its geometrical 
similarity with large-scale reactors, particularly extruders, makes it possible 
to perform a preliminary scale up of results obtained with a classical cone 
and plate rheometer.  
The results presented in this chapter show that the Trommsdorff effect in 
bulk free radical polymerization of n-butylmethacrylate can be reduced 
performing the polymerization at a high rotational speed of the screw or, in 
other words, at a high average shear rate. Experiments performed with 
styrene were troubled by the evaporation of the monomer in their initial 
stage, but some considerations indicate that the same conclusion is valid 
also for styrene. 
The experiments performed with the helical barrel rheometer resulted in the 
absence of irregularities of the viscosity trend. This is due to the fact that the 
occurrence of a partial solidification does not alter the viscosity 
measurement performed with the helical barrel rheometer. However, visual 
observation of the polymer obtained at the end of the experiments induces to 
argue that also in the helical barrel rheometer shear induced a partial 
solidification.  
These results are in agreement with the ones discussed in the previous 
chapters and obtained with two different cone and plate rheometers and are 
encouraging in view of better-designed bulk free radical polymerization 
processes on industrial scale. 
 
6.8. List of symbols 
 
h  channel depth      m 
D  screw diameter     m 
L  length       m 
N  screw rotational speed     s-1 
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Qd  drag flow      m3 s-1 
Qp  pressure flow      m3 s-1 
W  width of the channel     m 
∆P  pressure difference      Pa  
θ  screw helix angle     - 
η  viscosity      Pa 

av

.
γ  average shear rate     s-1 
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7.1. Introduction 
 
In first approximation, bulk free radical polymerizations are generally 
considered to be non-equilibrium reactions under normal experimental or 
industrial conditions. This would result in complete conversion of the 
monomer into the polymer. 

 
n(Monomer)  Polymer 

 
However, complete conversion of the monomer into the polymer within 
limited reaction times is not achieved in many applications. In bulk free 
radical polymerizations only conversion in the range 95-98% can usually be 
obtained. This creates the need of a purification step of the polymer 
obtained from the unreacted residual monomer in many industrial 
applications, because monomers are often volatile and dangerous chemicals. 
The incomplete conversion of the monomer is generally ascribed to kinetic 
limitations. As we have seen in chapter 2, the rate of polymerization can be 
expressed as follows: 
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When, at the end of the polymerization, the concentration of the monomer is 
very low, the rate of polymerization decreases, so that very long reaction 
times would be needed to convert the residual monomer. 
In this chapter we shall discuss the possibility that also thermodynamic 
limitations prevent the conversion of the monomer from being complete, 
particularly when the polymerization is performed under shear. 
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7.2. The ceiling temperature 
 
The ceiling temperature Tc is defined as the temperature at which the free 
energy of the bulk free radical polymerization is equal to zero. 
 

ppp STHG ∆−∆=∆       (7.1) 
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=        (7.2) 

 
∆Gp, ∆Hp and ∆Sp are the free energy, the enthalpy and the entropy of the 
polymerization, respectively. 
At temperatures close enough to the ceiling temperature the polymerization 
must be considered as an equilibrium reaction 
 

n(Monomer) ⇔ Polymer 
 
Therefore the conversion of the monomer is thermodynamically hindered at 
temperatures close enough to the ceiling temperature. 
Some typical values of Tc, ∆Hp and ∆Sp taken from the literature [1, 2] are 
reported in table 7.1. 
 
Monomer Tc (°C), 

measured 
∆Hp (kJ mol-1 of 

polymerized 
monomer) 

∆Sp (J K-1 
mol-1) 

Tc (°C), 
calculated 

Styrene 310 -73 -116 356 
MMA 220 -56 -117 205 
 

Table 7.1. Thermodynamic data for the polymerization of styrene 
and methyl methacrylate (MMA). 
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It must be noted that the values of the ceiling temperature, of the enthalpy 
and of the entropy of polymerization for a certain monomer are not obtained 
simultaneously, but by different experiments performed in different 
conditions. Moreover, the value of the entropy of polymerization depends to 
a certain extent on the degree of cristallinity of the polymer obtained [2]. On 
the other hand, the value of the ceiling temperature is usually obtained by 
extrapolation of experimental data [2]. 
As a consequence of this, the data of the ceiling temperature obtained 
experimentally (see second column of table 7.1) do not agree with the 
values of the ceiling temperature (reported in the fifth column) that are 
obtained dividing the enthalpy of polymerization ∆Hp by the entropy of 
polymerization ∆Sp.  
However, the values of Tc reported in table 7.1, no matter how they are 
obtained, are significantly higher than the temperatures at which classical 
free radical polymerizations are usually carried out (about 100 °C). 
Therefore, thermodynamic limitations are normally ruled out, and the 
incomplete conversion of the monomer is attributed to kinetic constraints. 
However, in reactive extrusion the polymerizations are generally performed 
at higher temperatures (about 200 °C), and in this case thermodynamic 
limitations to the conversion cannot be ruled out. 
Some experimental evidence contrasts the generally accepted idea that 
thermodynamics constraints are not important in free radical 
polymerization. For example, Bywater [3] studied the photocatalyzed 
polymerization of methyl methacrylate in solution at 100-150 °C and 
concluded that the reactions did not proceed to completion and that at each 
temperature the concentration of the residual monomer corresponded to the 
concentration of monomer in equilibrium with the polymer. The same lack 
of complete conversion has been found in reactive extrusion [4-7]. Even 
post-initiation by further addition of initiator towards the end of the extruder 
did not lead to conversions over 98 %. 
It is important to note that the values of the enthalpy and of the entropy of 
polymerizations as they are available in the scientific literature have been 
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obtained in the absence of shear flow, whereas the polymerizations are often 
carried out under considerable shear. The problem that then arises is to 
establish if shear flow can influence the thermodynamic equilibrium and the 
ceiling temperature.  
While the reaction enthalpy of the polymerization ∆Hp is certainly not 
affected by shear, the question is not as straightforward for the entropy of 
polymerization. 
 
7.3. The flow-induced change of entropy 
 
In the case of ordinary reactions in the liquid phase involving small 
molecules, the shear flow cannot change the molecular structure and 
therefore cannot influence the thermodynamic equilibrium. 
In contrast, during polymerization reactions flow can stretch and align the 
polymer chains. We can imagine that a confusion of entangled random coils 
at rest becomes a more or less ordered system of aligned stretched 
molecules under flow, as shown schematically in figure 4.6. 
Therefore, the shear flow induces an increased order in the system and gives 
a negative contribution ∆SFlow to the change of entropy associated with the 
polymerization. 
 

0<∆ FlowS        (7.3) 

)( FlowppFlow SSTHG ∆+∆−∆=∆     (7.4) 

 
∆GFlow is the change of free energy when the polymerization is performed in 
the presence of shear flow. 
An estimation of the order of magnitude of the flow-induced change of 
entropy ∆SFlow is required to understand to which extent the shear flow can 
influence the ceiling temperature and the thermodynamics of bulk free 
radical polymerization. 
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7.4. The dumbbell model and the Maxwell-Oldroyd model 
 
The dumbbell model and the Maxwell-Oldroyd theory can be used to derive 
an approximate expression for the entropy of flow.  
The dumbbell model has been described in details in many books [8, 9] and 
scientific publications. According to this model, the polymer molecule is 
represented by two beads joined by an elastic Hookean spring. The solution 
of the polymer in a solvent, that can also be the monomer from which the 
polymer is formed, is represented schematically by a solution of these 
polymer-dumbbells in the solvent.  
The polymer solution can then be described in terms of  
 
• the viscosity of the Newtonian solvent in which the dumbbells are 

suspended 
• the number of dumbbells per unit volume 
• the mass of the dumbbell, that schematically represents the average 

molar mass of the polymer 
• the friction coefficient of a bead as it moves through the solvent. 
 
Marrucci [10] published a fundamental paper concerning the dumbbell 
model. He showed that in the case of dilute solutions under flow, the flow-
induced change of free energy per unit volume of the solution can be 
expressed by the following very simple relationship. 
 

trGFlow 2
1

=∆ τ      (7.5) 

 
where tr τ is the trace of the stress tensor τ associated with the flow. 
 
trτ = τxx+τyy+τzz       (7.6) 
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The following equation can be derived [11] from equation (7.5) for the 
specific flow-induced change of entropy  
 

CT
trSFlow 2

τ
=∆        (7.7) 

 
where C is the concentration of the polymer and T is the absolute 
temperature. 
The trace of the stress tensor can be expressed with the help of the Maxwell-
Oldroyd model [12] that is also valid in the case of dilute solutions. The 
Maxwell-Oldroyd model consists of the following constitutive relationship 
between the stress tensor and the shear tensor: 
 

.
γττ λλ CRT−=+

∇

      (7.8) 
 

where  is the stress tensor, λ is the relaxation time,  is the shear rate 

tensor,  is the Maxwell-Oldroyd derivative of the stress tensor and R is the 
ideal gas constant. 

τ
∇

τ

.
γ

In a Cartesian system of co-ordinates, the general term of the Maxwell-
Oldroyd derivative of the stress tensor is given by the following equation: 
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where ui, uj and uk are the components of the velocity vector. 
In the case of simple unidimensional shear flow, as in a cone and plate 
rheometer, it can be demonstrated [8] that the following relationship holds: 
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where τij are the components of the stress tensor, λ is the relaxation time and 

 is the shear rate. From equation (7.10) we can derive 
.
γ

 

02
.

=− xyxx τγλτ       (7.11) 
.

γλτ CRTxy −=       (7.12) 

0== zzyy ττ        (7.13) 

 
Substituting equation (7.12) in (7.11), we obtain 

 

CRTxx

.
222 γλτ −=       (7.14) 

 
Since τyy andτzz are equal to zero,  

 

CRTtr
.
222 γλ−=τ       (7.15) 

 
and substituting this latter equation in (7.7), we obtain the following 
expression for the flow-induced change of entropy. 

 
.
22 γλRSFlow −=∆       (7.16) 

 
The Maxwell-Oldroyd model also yields the following relationship for the 
relaxation time, in the case of unidimensional shear flow: 
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⋅=
22 γη

τ
λ xx        (7.17) 

 
where η is the viscosity. 
 
7.5. The rheokinetic determination of the flow-induced 
change of entropy 
 
The rheokinetic experiments performed with the “TA instrument” rheometer 
(chapter 5) can be used to calculate the order of magnitude of the flow-
induced change of entropy. In fact, those experiments were performed at a 
constant shear rate and allowed determining the viscosity and the normal 
force. From the data obtained, the relaxation time λ and the flow-induced 
change of entropy ∆SFlow can be determined by equations (7.17) and (7.16), 
respectively. 
For example, the experiment performed with n-butylmethacrylate at 30 s-1 
and 110 °C resulted in a viscosity of 57.12 Pa.s and in a normal stress of 
24640 Pa at the end of the experiment. This results in a relaxation time of 
the order of magnitude of 0.1 seconds (see equation 7.17). According to 
equation (7.16), this corresponds to 
 

.
22 γλRSFlow −=∆ = -75 J mol-1 K-1 

 
This value is of the same order of magnitude as the entropy of 
polymerization for styrene and methyl methacrylate. This would result in a 
significant decrease of the ceiling temperature in the presence of shear flow. 
In the case of styrene, for example, this value of ∆SFlow, combined with the 
data of ∆Hp and ∆Sp reported in table 7.1 would give a ceiling temperature 
for styrene of 110 °C when the polymerization is performed at a shear rate 
of 30 s-1. 
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This value of the ceiling temperature is certainly too low. Therefore our 
model overestimates the value of the flow-induced change of entropy. 
However, the approximate calculation of ∆SFlow based on the model outlined 
in the previous paragraph shows that shear flow can have a significant 
influence on the thermodynamics of free radical polymerization. In addition 
to this, it can also be noted that even a smaller value of ∆SFlow would have a 
remarkable influence on the ceiling temperature. 
In other words, the possibility that thermodynamic restraints prevent the 
conversion of the monomer from being complete when the polymerization 
is performed under shear should not be ruled out. 
It must be noted that this result has been obtained on the base of the 
dumbbell and Maxwell-Oldroyd models, that are both based on the 
assumption of dilute solution, whereas our rheokinetic experiments concern 
the later stage of the polymerization, and therefore concentrated solutions of 
polymer into its own monomer. Moreover these models assume the 
relaxation time of the polymer system to be unique, because all the polymer 
molecules are schematically represented with the same dumbbell.  
Generally speaking, polymeric systems are characterized by a distribution of 
molar mass and therefore must be described in terms of a spectrum of 
relaxation times. In the following paragraph, the order of magnitude of 
∆SFlow will be estimated on the base of some of these spectra. 
 
7.6. Relaxation time spectra 
 
Real polymeric systems can be described by a single relaxation time only in 
first approximation. In the previous paragraph we have assumed, following 
the dumbbell model, that all the polymer molecules could be represented by 
the same dumbbell, which resulted in a unique relaxation time. Real 
polymeric systems are characterized by a distribution of molar mass and 
therefore should be represented by a distribution of dumbbells, whose beads 
have different mass. This results in a spectrum of relaxation times.  
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A polymeric system can be described by a set of relaxation times and 
weighting constants or by a relaxation time spectrum H(λ) (e.g. Macosko 
[9]). While the choice of the set of relaxation times and weighting constants 
may be not unique, the relaxation time spectra provide a univocal 
description of the viscoelastic properties of a polymeric systems. These 
properties can be expressed as functions of the relaxation time spectra H(λ). 
From H(λ) a weight-average relaxation time λav can be calculated using the 
following relationship: 
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where Hi and λi are the ordinata and the abscissa of different points of the 
relaxation spectrum.  
The spectra obtained by Weese and Fridrich [12] and by Jackson et al. [13] 
have been used to calculate the average relaxation time. In some cases, a 
value of the order of magnitude of 0.1 seconds has been obtained. As 
showed previously, a similar value will result in a flow-induced change of 
entropy of the same order of the entropy of polymerization when the 
polymerization is carried out at 30 s-1. 
 
7.7. Measurement of equilibrium conversion 
 
The Brabender rheometer has been used to investigate the influence of the 
shear rate on the final conversion at the end of the polymerization. As 
mentioned in chapter 5, the torque and/or the normal force sensor of the 
“TA Instruments” rheometer are overloaded at very high conversion.  
The polymerization of n-butylmethacrylate was performed at constant shear 
rate as described in chapter 4. The experiments were continued after the end 
of the regular increase of the viscosity that can be fitted with the double 
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power law trend in order to attain the equilibrium conversion. The shearing 
was stopped approximately 15 minutes after the end of the regular trend of 
the viscosity, which is approximately the same time required to obtain the 
double power law trend. Then a sample was taken, thermally quenched and 
stored for conversion analysis by nuclear magnetic resonance (NMR). 
The conversion values obtained in this way can be considered to be the final 
conversion value for any practical purpose. The final conversion values 
corresponding to polymerizations performed at different shear rate are 
reported in figure 7.1. 
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Figure 7.1. The influence of the shear rate on the final conversion of 
n-butylmethacrylate at 105°C. 

 
The final conversion decreases when the shear rate at which the 
polymerization is carried out increases.  
This experimental evidence strengthens the contention that thermodynamic 
constraints can play a relevant part in bulk free radical polymerization and 
that the flow-induced change of entropy cannot be neglected.  
However, a final conclusion cannot be drawn. In fact, the rheokinetic 
experiments do not allow to conclude that the values of the final conversion 
reported correspond also to a situation of thermodynamic equilibrium. It is 
not possible to deduce from the viscosity trends, which are highly irregular 
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and erratic at high conversion, if the conversion is at equilibrium when the 
experiments are stopped and the samples are taken. Anyway, since the 
conversion at the end of the regular trend is approximately 85-90%, as 
reported in chapter 4, we can argue that the values reported in figure 7.1 are, 
in the worst case, not very far from thermodynamic equilibrium.  
 
7.8. The shear-induced solidification 
 
In the case of ordinary chemical compounds of low molar mass the 
temperature of solidication can be defined as follows (e.g. Atkins [14]) 
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where, Ts is the solidification temperature and ∆Hs and ∆Ss are the enthalpy 
and the entropy changes associated with the solidification process. The 
solidification occurs at a constant temperature and Ts, ∆Hs and ∆Ss are 
defined and determined unambiguously for ordinary compounds. These 
values are reported in many books and data companions. Shear cannot alter 
the structure of the molecules and therefore has no influence on these three 
thermodynamic parameters. 
The situation is not as straightforward in the case of polymers of high molar 
mass. Because of the dimensions of the macromolecules and of the presence 
of entanglements among them, the symmetry requirements necessary for 
solidification to take place are only partially met. In general, this results in a 
solidification process that involves only a part of the polymer sample and 
occurs not at constant temperature but across a wide range of temperatures. 
The solidification temperature is usually defined as the one at which the 
solidification begins [1]. The enthalpy and the entropy of solidifaction 
cannot be defined unambiguously. In the scientific literature there are only a 
few data available for the former and no data for the latter. Moreover, the 
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possibility that shear would influence the process of solidification cannot be 
ruled out. 
The rheokinetic experiments discussed in chapter 4 and chapter 5 resulted in 
a irregular and erratic trend of the viscosity at very high conversions. This 
has been ascribed to a shear-induced formation of a solid phase that 
interferes with cone and plate measurements.  
This interpretation is strengthened by the thermodynamic analysis reported 
previously that led to the qualitative determination of the shear-induced 
change of entropy. In fact, equation (7.19) is still valid for polymeric 
systems in principle, although it is practically of no use for any quantitative 
purpose because of the intrinsic impossibility to obtain reliable 
thermodynamic data. When the solidification occurs in the presence of 
shear, equation (7.19) must be modified to account for the shear-induced 
change of entropy.  
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where Ts,flow and ∆Ss,flow are the solidification temperature and the 
solidification entropy in the presence of shear flow.  
The presence of shear results in a higher absolute value of the solidification 
entropy and therefore in a lower value of the solidification temperature. As a 
consequence of this, polymeric systems have a higher tendancy to form a 
solid phase when they are subjected to shear. This is in qualitative 
agreement with the contention that the shear-induced irregularities of the 
rheokinetic experiments can be ascribed to a shear-induced partial 
solidification. 
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7.9. Conclusions 
 
It is generally accepted that thermodynamics constraints are not important 
when free radical polymerizations are carried out in ordinary experimental 
or industrial conditions. The fact that a complete conversion of the 
monomer is rarely, if never, obtained is attributed to kinetic constraints by 
the scientific community, and, particularly, to the fact that the rate of 
polymerization is particularly low at very high conversion of the monomer.  
However, this belief is based on thermodynamic data obtained in absence of 
shear, which results in values of the ceiling temperature significantly higher 
than ordinary temperatures for free radical polymerization.  
Nevertheless, shear can align and orientate the random coils and therewith 
induce a higher order in the polymeric system and cause an extra 
contribution to the entropy change associated with the polymerization.  
The order of magnitude of this flow-induced change of entropy has been 
estimated with the help of rheokinetic experiments during which the 
viscosity and the normal force were determined simultaneously at a fixed 
shear rate. Some correlations between the viscosity, the relaxation time, the 
shear rate and the normal force derived from the theory of Maxwell-Oldroyd 
and from the dumbbell model have been used as well. These correlations 
are, strictly speaking, valid only for dilute polymer solutions, and they have 
been used because of the absence of more sophisticated rheological models. 
It appears that the flow-induced change of entropy at ordinary conditions of 
temperature and shear rate can be of the same order of magnitude as the 
values for entropy of polymerization, obtained from the literature.  
The same conclusion can be obtained when the relaxation time is not 
obtained from the rheokinetic experiments performed in this thesis but from 
relaxation spectra derived by other authors. 
This result indicates that thermodynamic constraints may well be the 
underlying reason for the incomplete conversion of the monomer and show, 
once again, the utility of a rheokinetic approach to the study of free radical 
polymerization. 
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This contention is confirmed by conversion data obtained at the end of 
rheokinetic experiments performed at different shear rate that resulted in 
lower final conversion values at higher shear rate.  
Finally it can also be noted that the thermodynamic data on the entropy of 
polymerization available in the scientific literature do not consider the 
influence of the average molar mass of the polymer. In other words, it is 
assumed that the entropy of polymerization is the same whatever the 
average molar mass of the polymer produced. Intuitively, we can argue that 
the higher the average molar mass of the polymer obtained, the more order 
is induced to the system by the polymerization. Therefore also the absolute 
value of the entropy of polymerization should be, at least in principle, 
higher when the polymer obtained has a higher average molar mass.  
The contention that the entropy of the polymerization might depend on the 
average molar mass is strengthened by some literature evidence. In fact, 
some authors [13] noticed that monodisperse linear polymers having 
different average molar mass are characterized by different relaxation time 
spectra. This would result in a different average relaxation time, and 
therefore in a different flow-induced change of entropy, according to 
equation (7.16) 
To the best of our knowledge, the problem of the dependence of the entropy 
of polymerization on the shear rate at which the polymerization is 
performed and on the average molar mass of the polymer obtained has not 
been approached by the scientific community yet. This problem should be 
the subject of thorough scientific study. 
 
7.10. List of symbols 
 
f   efficiency of the initiation       - 
kd    rate constant for the initiator dissociation     s-1 
kp   rate constant for the propagation step     m3 mol-1 s-1 
kt   rate constant for the termination step      m3 mol-1 s-1 
tr τ   trace of the stress tensor τ       Pa 
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C   concentration          mol m-3 
H(λ)   relaxation time spectrum      Pa 
Hi   ordinata of the relaxation spectrum     Pa 
K  equilibrium constant       - 
I   initiator 
M   monomer  
R   ideal gas constant       J mol-1 °K-1 
Rp   rate of polymerization       mol m-3 s-1 
T   temperature        °C 
Tc   ceiling temperature       °C 
∆GFlow   change of free energy in the presence of flow   J mol-1 
∆Gp   free energy of the polymerization     J mol-1 
∆Hp   enthalpy of the polymerization     J mol-1 
∆SFlow    flow-induced change of entropy     J mol-1 °K-1 
∆Sp   entropy of the polymerization      J mol-1 °K-1 
η   viscosity         Pa s 
λ   relaxation time        s 
λi   abscissa of the relaxation spectrum     s 
λav  weight-average relaxation time     s 

.
γ    shear rate        s-1 
.
γ    shear rate tensor        s-1 

τ  stress tensor        Pa 
τij   elements of the stress tensor      Pa 
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8.1. Rheokinetics 
 
The kinetics of polymerization processes is generally studied with 
calorimetric or spectrometric techniques. The conversion and the rate of 
polymerization are determined measuring the heat released during the 
reaction or the concentration of particular functional groups.  
A common aspect of all traditional techniques is that the polymerizing 
sample does not flow during the kinetic measurement. Therefore these 
techniques do not allow investigating the influence of flow conditions on the 
kinetics of the polymerization.  
Rheokinetics is an alternative approach to the study of the kinetics of 
polymerization. Rheokinetics is based on the measurement of the 
rheological properties, particularly of the viscosity, during the 
polymerization. The measurement of the rheological properties must be 
performed in the presence of some kind of flow. Therefore, simply varying 
the flow conditions in which the experiments are performed it is possible to 
study how the increase of the viscosity is influenced by the flow conditions 
at which the polymerization is carried out.  
Thus, a rheokinetic analysis can yield valuable information to the designer 
of polymerization reactors: how the increase of the viscosity is influenced 
by the experimental conditions, in particular by the shear rate. Moreover, 
the rheokinetic approach can give additional information on the kinetics of 
the polymerization itself.  
However, measuring the viscosity of a polymerizing sample is not an easy 
task. In fact, polymerization processes are usually fast and imply an increase 
of the viscosity of up to six or seven order of magnitudes. Part of chapter 3 
of this thesis has been dedicated to a detailed discussion of the most 
common measurement techniques, of their virtues and of their deficiencies. 
We can here summarize that the cylinder-cylinder rheometer and the cone 
and plate rheometer are the most used viscometers. The former is 
particularly used when the viscosity is relatively low, the latter when the 
viscosity is relatively high. Neither of them can usually cover the whole 
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polymerization with a single experiment. Both of them have a particular 
geometry and thus induce a particular flow field that is very far from the 
ones encountered in polymerization reactors on industrial scale.  
Therefore another challenge consists of the scale-up of rheokinetic results 
obtained at laboratory scale. 
 
8.2. The Trommsdorff effect 
 
In this thesis a rheokinetic analysis of bulk free radical polymerization has 
been performed. The reaction mechanism of bulk free radical 
polymerizations is outlined in chapter 2 and consists of an initiation, a 
propagation and a termination step. Also an expression for the rate of the 
polymerization is derived.  
Bulk free radical polymerizations are usually characterized by a peculiar 
autoacceleration phenomenon called Trommsdorff effect. This 
autoacceleration takes place at intermediate or high degree of conversion 
and is caused by diffusion limitations that hinder only the termination step. 
As showed in chapter 2, this results in an increase of the rate of 
polymerization.  
Because of the Trommsdorff effect, a noticeable amount of heat is suddenly 
produced when the viscosity is relatively high and mass and heat transfers 
are hindered. This results in hot spots in the polymerizing fluid. Therefore, 
the Trommsdorff effect is particularly undesirable in industrial applications, 
leading to difficulties in controlling operating conditions, highly 
polydisperse final products or even runaway and explosion of the reactor. 
The problem of the Trommsdorff effect is usually avoided by performing 
the free radical polymerization in solution, thus adding a solvent to the 
reactor. In this way the increase of the viscosity can be limited and the 
diffusion constraints, that are the cause of the Trommsdorff effect, can be 
eliminated. However, the use of considerable amounts of solvent implies 
much larger reactors and an extra separation step. Moreover the solvents are 
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usually hazardous chemicals and their use is subjected to increasing 
limitation. 
In this thesis particular attention has been dedicated to the latest stages of 
the polymerization, where the Trommsdorff effect is expected to occur, and 
to the influence of the shear rate on the viscosity increase and on the 
kinetics.  
Two different cone and plate rheometers have been used. The results 
obtained with the two rheometers are in good agreement with each other. 
They show that the increase of the viscosity can be well fitted by a double 
power law trend, after an initial lag time during which the viscosity is too 
low to be measured reliably. In all the experiments performed the power law 
exponent corresponding to the second part is higher than the one 
corresponding to the first part. This means that the Trommsdorff effect, as 
expected, takes place. The difference between the two power law exponents 
can be considered has a measure of the Trommsdorff effect. 
The influence of the shear rate on the Trommsdorff effect has been studied 
performing different rheokinetic experiments at different shear rate but 
otherwise the same experimental conditions (temperature and initiator 
concentration). The difference of the power law exponents decreases 
significantly when the shear rate at which the polymerization is carried out 
increases.  
In other words, the Trommsdorff effect can be reduced performing the 
polymerization at a high shear rate. A shear rate of about 100 s-1 is enough 
to eliminate practically the Trommsdorff effect. 
This remarkable experimental result can be explained by observing that 
shear orientates and elongates the random coils, inducing more order into 
the polymerizing system. In this way, the diffusion limitations to the 
movement of the chains are reduced, and therewith the Trommsdorff effect. 
The influence of the initiator concentration and of the temperature on the 
Trommsdorff effect has also been studied with a rheokinetic approach. 
The Trommsdorff effect increases initially with the increase of initiator 
concentration. In fact, very low initiator concentration results in very slow 
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polymerization. When the initiator concentration exceeds a certain value the 
Trommsdorff effect decreases because a high initiator concentration results 
in a lower average molar mass of the polymer obtained. This implies smaller 
chains and, therefore, reduced diffusion limitations. This result has been 
obtained for the polymerization of n-butylmethacrylate but, in agreement 
with the literature concerning the Trommsdorff effect, can be considered of 
general validity. 
On the other hand, an increase of the temperature results in a higher 
Trommsdorff effect for the polymerization of n-butylmethacrylate. This 
experimental evidence cannot be easily generalized for all the monomers. In 
fact, the temperature can influence in different ways the propagation and the 
termination steps depending on the energies of activation. 
Also the increase of the normal force during the polymerization of n-
butylmethacrylate has been measured. The normal force begins to increase 
significantly when the Trommsdorff effect sets in. In other words, when the 
conversion is high enough to originate the entanglements and the diffusion 
limitations that are the cause of the Trommsdorff effect, also normal stress 
in shear flow appears. Moreover, the increase of the normal force can be 
fitted by a power law and the power law exponent decreases when the shear 
rate increases. Also the experiments at different initiator concentration and 
at different temperature show an agreement between the trends of the 
viscosity and of the normal force. 
Therefore, the rheokinetic measurements of the normal force validate the 
viscosity measurements and show once again that rheokinetics can be a very 
useful tool for the study of the kinetics of polymerization processes. 
With both cone and plate rheometers used in this thesis, irregularities were 
noticed in the viscosity trend at the very end of the polymerization. After the 
double power law trend the viscosity assumes an irregular and 
irreproducible trend. This is also the case for the normal force. These 
irregularities are ascribed to a shear-induced phase transition, leading to the 
formation of a pseudo-solid phase. The presence of this phase interferes 
with the cone and plate measurements. 
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The most striking property of cone and plate rheometers is that they induce 
an equal shear rate on the whole sample while measuring its rheological 
properties. Thus they are particularly suitable for the study of the influence 
of the shear rate on any phenomenon of interest. However, a similar flow 
field is very far from the ones occurring in industrial applications. In fact, 
large-scale polymerization reactors are characterized by very complex flow 
fields. Hence the need to scale-up the rheokinetic results obtained with the 
cone and plate rheometers. 
Therefore a helical barrel rheometer has been used in this thesis. The helical 
barrel rheometer is geometrically similar to a single-screw extruder. It 
allows measurement of the viscosity during the polymerization when used 
as a batch reactor. Its volume is approximately 15 times larger than the 
volume of the cone and plate rheometer. Moreover, it is characterized by a 
very complex flow field, similar to the ones encountered in reactive 
extrusion. However, an average shear rate can be defined that is 
proportional to the velocity of the rotating element of this rheometer.  
The rheokinetic investigation performed with the helical barrel rheometer 
confirmed the results obtained with the cone and plate rheometers. 
Particularly, the Trommsdorff effect is reduced when the polymerization is 
performed at a higher average shear rate. No irregularities were noticed in 
the viscosity trend. However, visual observation of the polymer obtained at 
the end of the experiments induce to argue that also in the helical barrel 
rheometer a phase transition does occur, with the formation of a pseudo-
solid phase.   
 
8.3. Thermodynamics 
 
Chapter 7 of this thesis has been dedicated to study the thermodynamics of 
free radical polymerization. It is generally believed that no thermodynamic 
limitations hinder the polymerization, at least at ordinary temperatures in 
laboratory and industrial applications. The fact that a 100 % conversion is 
not reached within limited reaction times is generally ascribed to the 
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presence of kinetic constraints when only a few percent of the monomer is 
still to react.  
However, the available thermodynamic data have been obtained in the 
absence of the shear rate. In fact, shear induces a change of entropy that 
must be taken into account when considering the possibility of 
thermodynamic constraints to the conversion.  
The order of magnitude of this shear-induced change of entropy has been 
estimated with the help of the Maxwell-Oldroyd model and of the dumbbell 
model. It resulted that under ordinary shear rate values, the shear-induced 
change of entropy can be of the same order of magnitude of the entropy of 
polymerization. This would result in thermodynamic constraints in ordinary 
conditions of temperature and shear rate. 
This conclusion is confirmed by some preliminary results concerning the 
conversion at the end of the polymerization. This conversion is a decreasing 
function of the shear rate at which the polymerization is carried out.  
All in all, this thesis confirms the utility of a rheokinetic approach in the 
study of the kinetics of bulk free radical polymerization and gives some 
qualitative information that could not have been obtained with classical 
methods. At the same time, it paves the way for a possible solution of the 
problem of the Trommsdorff effect in industrial application, and therefore, 
for better designed, better controlled, more environmentally friendly and 
more profitable polymerization processes at industrial scale.  
Further rheokinetic research should concern other polymerization processes. 
Particularly, the influence of the shear rate on the kinetics of the 
polymerization and on the average molar mass of the product and on its 
final properties is still to be investigated.  
Also the role that shear plays in the thermodynamics of polymerization 
should be the subject of further scientific investigation.  
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SAMENVATTING (Dutch summary) 
 
De kinetiek van polymerisatieprocessen wordt met caloriemetrische of 
spectrometrische technieken bestudeerd. Een gemeenschappelijk aspect van 
deze traditionele technieken is dat het monster geen afschuiving ondervindt 
gedurende de kinetische metingen. Daardoor is het niet mogelijk met deze 
technieken om de invloed van stroming op de kinetiek van polymerisatie te 
onderzoeken. 
Reokinetiek is een alternatieve benadering  in de studie van de polymerisatie 
kinetiek. 
Reokinetiek is gebaseerd op het meten van reologische eigenschappen, in 
het bijzonder van de viscositeit, gedurende de polymerisatie. In 
tegenstelling tot de caloriemetrische en spectrometrische technieken moet de 
meting van reologische eigenschappen in de aanwezigheid van stroming 
worden verricht. Daarom is het door middel van reokinetiek mogelijk om te 
bestuderen hoe de toename van viscositeit wordt beïnvloed door de 
afschuifsnelheid.  
Een reokinetische analyse is dan ook van groot belang voor de ontwerper 
van polymerisatiereactoren; het geeft namelijk aan hoe de toename van de 
viscositeit wordt beïnvloed door de experimentele condities, in het bijzonder 
de afschuifsnelheid. Bovendien kan de reokinetische benadering extra 
informatie geven over de kinetiek van een plaatsvindende polymerisatie. 
In dit proefschrift wordt een reokinetische analyse van vrije 
radicaalpolymerisatie in bulk gegeven. Vrije radicaalpolymerisaties in bulk 
worden gewoonlijk gekenmerkt door een bijzonder auto-
acceleratiefenomeen dat Trommsdorff effect wordt genoemd. Deze auto-
acceleratie vindt bij redelijk hoge conversie (>50%) plaats en wordt 
veroorzaakt door een diffusielimitering die de terminatie stap  belemmert. 
Zoals beschreven in hoofdstuk 2 van dit proefschrift resulteert dit in een 
toename van de polymerisatiesnelheid. 
Vanwege het Trommsdorff effect wordt tijdens de reactie een aanzienlijke 
hoeveelheid hitte geproduceerd, met name wanneer de viscositeit relatief 
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hoog is en stof- en warmte-overdracht beperkt zijn. Dit leidt tot “hot spots” 
in de vloeistof die aan het polymeriseren is, hetgeen zeer polydisperse 
eindproducten oplevert, of zelfs een uit de hand lopende reactie en explosie 
van de reactor. Daarom is het Trommsdorff effect zeer ongewenst in 
industriële toepassingen omdat het leidt tot problematische 
procesbeheersing. 
In dit proefschrift is de invloed van afschuifsnelheid, temperatuur en 
initiatorconcentratie op het Trommsdorff effect bestudeerd door middel van 
een reokinetische benadering gebruik makend van twee kegel-en-plaat 
reometers.  
Polymerisatie bij een hogere afschuifsnelheid resulteert in een afname van 
het Trommsdorff effect. Gebleken is dat een afschuifsnelheid van rond 100 
s-1 genoeg is om het Trommsdorff effect te elimineren.  
Dit opmerkelijke experimentele resultaat kan worden verklaard door het feit 
dat de snelheidsgradiënt de polymeerketens oriënteert en uitrekt. Dit leidt tot 
meer “orde” in de polymerisatie systeem. Hierdoor wordt de 
diffusielimitering van de beweging van de moleculen verminderd en 
daarmee ook het Trommsdorff effect. 
Het Trommsdorff effect neemt aanvankelijk toe met de toename van de 
initiatorconcentratie omdat een hele lage initiatorconcentratie resulteert in 
een hele trage polymerisatie. Als de initiatorconcentratie echter een 
bepaalde waarde overschrijdt, neemt het Trommsdorff effect af; immers een 
hogere initiatorconcentratie resulteert in een lager gemiddeld 
moleculgewicht van het verkregen polymeer. Dit betekent kortere ketens en 
daardoor een geringere diffusielimitering. Dit gebeurt inderdaad bij de 
polymerisatie van n-butylmethacrylaat, een resultaat dat echter, in 
overeenstemming met de betreffende literatuur, als algemeen geldig kan 
worden beschouwd. 
Een toename van de temperatuur resulteert in een hoger Trommsdorff effect 
bij de polymerisatie van n-butylmethacrylaat. Dit kan niet worden 
gegeneraliseerd voor alle monomeren. In feite kan de temperatuur de 
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propagatie- en terminatie-stappen op verschillende manieren beïnvloeden, 
afhankelijk van de activeringsenergieën. 
Ook de toename van de normaalspanning gedurende de polymerisatie van n-
butylmethacrylaat is gemeten. De normaalspanning begint significant toe te 
nemen wanneer het Trommsdorff effect plaatsvindt. Dat wil zeggen, als de 
conversie hoog genoeg is om verknopingen en diffusie beperkingen te laten 
ontstaan, loopt ook de normaalspanning in afschuifstroming op.  
Bovendien zijn de trends in viscositeit en normaalspanningen in 
overeenstemming met elkaar. 
Derhalve bevestigen de reokinetische metingen van de normaalspanning de 
viscositeitsmetingen en tonen ze nogmaals aan dat reokinetiek een uiterst 
nuttig middel is voor de studie van de kinetiek van polymerisatieprocessen. 
De meest opvallende eigenschap van kegel-en-plaat reometers is dat zij een 
homogene afschuifsnelheid in het gehele monster veroorzaken. Daarom zijn 
zij bijzonder geschikt om de invloed van de afschuifsnelheid op elke 
relevante parameter die het polymerisatieproces kenmerkt te bestuderen. 
Echter, een stromingspatroon met homogene afschuifsnelheid treed niet op 
in industriële toepassingen: polymerisatiereactoren op grote schaal hebben 
altijd zeer complexe stromingspatronen. Daarom is het nodig om de 
reokinetische resultaten, verkregen met kegel-en-plaat reometers, op te 
schalen. 
Om hiermee een begin te maken is in dit proefschrift gebruikt gemaakt van 
een “helical barrel rheometer”. Dit apparaat is geometrisch gelijk aan een 
enkelschroef extruder en heeft een complex stromingspatroon dat 
overeenkomst vertoont met die welke in reactieve extrusie-processen 
optreedt. Het reokinetische onderzoek dat is uitgevoerd met de helical 
barrel rheometer bevestigt de resultaten die zijn verkregen met de kegel-en-
plaat reometers. In het bijzonder het Trommsdorff effect werd gereduceerd 
wanneer de polymerisatie bij een hogere gemiddelde afschuifsnelheid wordt 
verricht. 
Ook de thermodynamica van de bulk-vrije radicaalpolymerisatie is 
bestudeerd door middel van een reokinetische benadering. Algemeen wordt 
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aangenomen dat er geen thermodynamische beperkingen zijn die onder 
normale omstandigheden de polymerisatie hinderen. Toch wordt er binnen 
een beperkte reactie tijd geen 100% conversie bereikt. Dit wordt 
toegeschreven aan de kinetische beperkingen die ontstaan als er nog weinig 
monomeer overblijft. 
De in de literatuur beschikbare gegevens met betrekking tot 
thermodynamica zijn echter verkregen door niet-reokinetische 
experimenten, dat wil zeggen door middel van experimenten waarin  
afschuifsnelheid geen rol speelde. Maar afschuiving veroorzaakt een 
verandering in entropie en hier mee moet rekening gehouden worden 
wanneer de mogelijkheid van thermodynamische beperkingen van de 
conversie wordt bestudeerd. 
De orde van grootte van de door afschuiving veroorzaakte verandering in 
entropie is met behulp van het Maxwell-Oldroyd model en het halter model 
geschat. De uitkomst hiervan is, dat bij normale waarden van de 
afschuifsnelheid de door afschuiving veroorzaakte verandering in entropie 
van dezelfde orde van grootte kan zijn als de entropie van de 
polymerisatiereactie. Dit zou dan leiden tot thermodynamische beperkingen 
van de conversie van het monomeer onder normale experimentele 
omstandigheden. 
Deze conclusie wordt bevestigd door resultaten van een aantal oriënterende 
experimenten betreffende de conversie aan het eind van de 
polymerisatiereactie: deze conversie neemt af als de afschuifsnelheid 
waarmee de polymerisatie is uitgevoerd toeneemt. 
Geconcludeerd kan worden dat dit proefschrift de bruikbaarheid van een 
reokinetische benadering in de studie van de kinetiek van bulk-vrije 
radicaalpolymerisatie bevestigt en kwalitatief informatie geeft die niet met 
traditionele methoden had kunnen worden verkregen. Tegelijkertijd biedt 
het zicht op een mogelijke oplossing voor het probleem van het 
Trommsdorff effect in industriële toepassingen, en daarmee voor beter 
ontworpen, beter gecontroleerde, meer milieuvriendelijke en meer 
winstgevende polymerisatieprocessen op industrieel niveau. 
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STELLINGEN 
 

behorende bij het proefschrift 
 

Rheokinetics 
 

Mario Cioffi 
 
 
1. Rheokinetics is the discipline that provides kinetic information or data 
from the measurement of rheological properties during the polymerization. 
 
2. The Trommsdorff effect is highly undesirable in industrial applications. It 
results in hot spots and erratic behavior, which worsens the quality of the 
end product, and even may lead to reactor explosion. 
 
3. The Trommsdorff effect can be reduced when the polymerization is 
performed at high shear rates (this thesis). 
 
4. During bulk free radical polymerization the normal force begins to be 
significant when the conversion and the entanglements between the random 
coils are high enough to give rise to the Trommsdorff effect (this thesis). 
 
5. The possibility that thermodynamic restraints prevent the conversion of 
the monomer from being complete should not be ruled out, especially if the 
polymerization is performed under shear flow (this thesis). 
 
6. The work of technicians in scientific research is of primary importance. 
Unfortunately, academicians often have the pretentious tendency to treat 
technical problems as something boring that sometime somehow will be 
solved.  
 
7. Green technology is at the moment just a dream in the hands of a bunch 
of researchers. A sustainable use of non-green technology is a dream that 
everybody can make come true everyday. 
 
8. One victim is always a tragedy. Sometimes many victims become cold 
statistics. 



 
9. There is no law that can solve the problem of separating the economic 
power from the political power. Only voters can. 
 
10. Tax evasion is a very mean form of selfishness. 
 
11. Strikes are often considered as something useless and annoying. They 
are sometimes. They remain, however, one of the pillars of democracy. 
 
12. A fourth year promovendus is not a human being. He/she is an 
automatic machine that converts coffee and frustration into failed 
experiments and useless computer files.  
 
13. There are four different forms of ignorance. Knowing that you do not 
know. Not knowing that you do not know. Not knowing that you know. 
Thinking that you know when you actually do not.  
 
14. There are two forms of freedom: “freedom of” and “freedom from”. 
How much of the former must we give up in order to secure the latter? 
 
15. A human being can go very far especially when he does not know where 
he is going. 
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