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ABSTRACT

LINEAR VISCOELASTICITY OF CROSS-LINKING

POLYMERS AT THE GEL POINT

September 1986

Francois Chambon

Ingenieur, INSA Lyon

Ph.D., University of Massachusetts

Directed by: Professor H. Henning Winter

on

xane

Cross-linking polymers undergo a phase transition from liquid to

solid at a critical extent of reaction. This phenomenon is called

gelation. In this study, the evolution of the linear viscoelastic

properties of two end- linking polymers were studied through the gelati

transition. The polymers selected were a model polydimethyls ilo

(PDMS), and a model polyurethane (PU) of cross-link functionality four

and three respectively.

Analysis of the rheological experiments led to the discovery that,

at the gel point, the linear relaxation modulus obeys a power law, St"
n

.

An exponent value of n=l/2 was found for gels with balanced stoichiome-

try and for gels with excess of cross-linker while exponents values of

l/2<n<l were found for cross-linker deficient gels. The gel ^strength',

S, was found to be strongly dependent on molecular parameters, but in a

way not yet understood. The observed rheological behavior is consistent

v



with the results of recently developed fractals theories. A fractal
dimension of 2 t , predlcted for gels ^ ^
value Increases for non stoichiometric gels.

The Gel Equation, a constitutive equation based on the power law
relaxation behavior, was formulated. It describes the observed rheolo-
gical behavior at the gel point and predicts the classical attributes of
a gel, namely infinite steady shear viscosity and zero equilibrium
modulus. The simplicity and clarity of the Gel Equation suggests its

universal validity for cross-linking polymers at the gel point.
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CHAPTER I

INTRODUCTION

The introduction of chemical cross-links into an uncross - 1 inked
polymer converts it from a viscoelastic liquid to a viscoelastic solid,
creating a three dimensional network. At some critical extent of the
cross-linking reaction the material undergoes a phase transition from

liquid to solid, a phenomenon which is called gelation. Because of the

increasing use of thermosetting systems in polymer applications, there

is considerable interest in elucidating the relationship between network

formation and rheological properties. While the rheological behavior of

the starting polymeric liquid and of the final tridimensional network

are rather well understood, very little is known about linear viscoelas-

tic properties at intermediate stages of the growing network structure.

Further development and novel applications of reactive polymer process-

ing largely depend on a thorough understanding of these properties and

our the ability to model them.

The objective of this research is to understand the evolution of

the linear viscoelastic properties of cross - linking polymers during the

gelation transition and to formulate a constitutive equation which

describes the rheological behavior at the gel point. Several processes

may contribute to this transition besides the connection of molecular

strands by chemical cross - linking : physical entanglements among the

macromolecular strands, vitrification as the glass transition tempera-

1



tur. rises with increasing extent of reaction, phase separation of the
reaction components or products, and crystallization. This study is not
concerned with geiation in its most general sense but specifically with
the phase transition due to chemical cross-linking.

A polymer is said to be at the gel point (GP) if its steady shear
viscosity is infinite and its equilibrium modulus is zero (Flory, 1953).
The transition is understood to occur when at least one of the molecules
of the cross-linking polymer has grown very large and has reached the
dimensions of the macroscopic sample (Stauffer et al., 1982). At this
stage (i.e. critical extent of reaction), an irreversible gel has been
formed

Branching theories based on combinatorial methods have been pro-

posed to describe the phenomenon of gelation (Flory, 1941, 1953; Stock-

mayer, 1943, 1944; Gordon, 1962; Miller and Macosko, 1976, 1979). Newer

models based on percolation theory have also been formulated (Stauffer,

1981; Stauffer et al., 1982). While the former approach does not take

into account the effects of intramolecular reactions, the latter tends

to overestimate them. Recently, a different model which considers

gelation as a completely random process has been developed (Leung and

Eichinger, 1984), and the effect of intramolecular reactions has been

more realistically quantified (Shy and Eichinger, 1985; Shy et al.,

1985). In the case of end-linking polymers, theoretical predictions

agree reasonably well with classical determinations (e.g. spectroscopy,

titration) of the critical extent of reaction, even though the universal

character of the transition is still debated (Stauffer, 1981). Verifi-

cation of these predictions with rheological measurements may not settle



the question of universality
(Adam et al., 1,81, 1985)

, but such^
-at. regain of the greatest interest ln understanding che different
stages of network formation (Bibbo and Valles, 1984).

There are presently two acoepted methods for the rheo!ogical study
of cross-linking polymers. In the first method (Lipshitz and Macosko
1976; Castro, Macosko and Perry, 1984; Apicella

, Masl and „lcoUls
1984), the poller is subjected to shear flow whiie in its llqu id state
The measured viscosity increases with increasing extent of reaction
until the stress reaches the limit of the instrument or until the mate-
rial breaks. For characterization beyond the gel point, the material is

subjected to strain (or stress) and the steady state modulus (or compli-
ance) is measured during its growth with increasing extent of reaction
(Farris and Lee, 1983; Choy and Plazeck, to be published). Measurements

in either the liquid state or the solid state give reliable data around
GP. However the transition itself is defined by a singular behavior

which is not accessible to these experiments except by extrapolation, as

shown in Figure 1.1.

In the second method (Macosko and Mussatti, 1972; Tung and Dynes,

1982; Marin and Monge
, 1984), the reacting mixture is subjected to small

amplitude oscillatory shear deformations and the loss and storage moduli

are recorded as a function of the extent of reaction. This method has

the advantage of a continuous measurement of the viscoelastic properties

as the polymer goes through the transition. However the data give no

direct indication of the specific instant at which gelation occurs.

Neither of the two previous methods is able to give sufficient

information concerning the rheological behavior at intermediate stages
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Liquid Solid
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REACTION TIME
Figure 1.1. Schematic of steady shear viscosity and equilibrium modulus
ot a cross-linking polymer. No such experiments are possible in the
close vicinity of the transition from liquid to solid.



of the cross-Unking process. Only a few studies have been reported
where such investigations were carried out (Valentine et al., 1968;
Vinogradov, Gartsman and Garelik, 1974). These authors .assured respect
Uv.lv the retardation spectru. and the loss and storage mo duli of
polybutadiene samples with various cross-link densities. But as Ferry
(1980) pointed out, these results are subject to s„,e reservations
because of the discontinuous nature of the cross-linking process util-
ized. Even in these studies, data very close to and at the transition
itself are missing.

Previously described rheological experiments give an indication of the

increasing cross-link density without giving sufficient information to

formulate constitutive equations. Problems arise from the fact that the

stress in a cross - linking polymer is time dependent due to two different

phenomena: the viscoelastic behavior in transient deformations, and the

changing chemical composition as the network is forming with time. In

this research, these two time dependencies have been separated and

rheological data through the gelation process have been obtained.

For this purpose, two suitable cross- linking polymers, a polydime-

thylsiloxane and a polyurethane , have been selected. For these systems,

gelation can be observed without the interference of any other phenome-

non such as vitrification, phase separation or crystallization. Charac-

terization of the components and material preparation are the topic of

chapter two. The linear viscoelastic properties of the cross - linking

polymers are measured at different stages of network formation. Two

different techniques are used to successfully perform these measure-

ments



With the flrat cross-linking system, pol ydimethysiloxane ^
curing reaction is stopped at chosen extents of reaction close to GP
The linear viscoelastic properties of the stable samples obtained are
then recorded. Results of the measurements perform with balanced
stoichiometry are presented in chapter three. Their analysis leads to
the formulation of the Gel Equation, a constitutive equation for poly-
mers at GP. m chapter four>this equaUon ^ generaUzed tQ describe
the rheological behavior of gels formed with ^balanced stoichiometry.

With the second cros s -
1 inking system, po lyurethane

, the curing
reaction is not stopped. Instead, the curing kinetics are kept very
slow and the material can be regarded as stable during the time neces-

sary for rheological characterization. Analysis of the results, given
in chapter five, suggests universal validity of the gel equation.

In chapter six, rheological measurements are complemented by

Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR)

spectroscopy experiments which give respectively a measure of the extent

of reaction and of the changes of chain mobility during network forma-

tion. The results are compared with the predictions of gelation theo-

ries .

Finally, concluding remarks and suggestions for future research in

the field of cross-linking polymers at GP are presented in chapter

seven



CHAPTER I x

MODEL POT.YMFpc

Two cross-linking pollers were chosen for this study, a cross-
Unking polydimethylsiloxane (PDMS ) and . cross . llnklng polyurethane
(PO). Both system are known to produce elastomeric networks with very
wen defined structure characteristics (i.e. model networks) which are
forced by end- linking primary chains In very specific chemical reactions
(Mark and Sullivan, 1977; Valles and Macosko, 1981; Mark, 1982; Meyers,
Bye and Merill, 1980; Sung and Mark, 1981; Mark, 1982; Feger et al.,

1984). The two systems, however, Involve different cross-llnking proc-

esses and have different functionalities. The characteristics of the
systems, the purification of their components, and the materials' prepa-

ration are given in this chapter.

2.1 Cross -linking PDMS

PDMS networks were prepared by the hydrosilation reaction of

tetrakis(dimethylsiloxy)silane and a, w -divinyl terminated linear PDMS

prepolymer in the presence of cis -dichlorobis ( die thy lsulf ide ) p lat inum

(II) catalyst. The structural formulas of these compounds are shown in

Figure 2.1. This system was suggested by the previous work of Valles

and Macosko (1979). It was chosen for its well defined chemical nature,

the need of catalysis, the availability of prepolymers with different

7
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a)

I

CH CH
3
L

CH,,CH, CH.

CHfCH-Si-O-s'i-IO-Si-
i i

CH3J

CH=CH

n

b)

H

CHf Si-CHj

CK 6 CK
1 1 1

3

H-Si-o-Si-o-Si-H
1 1

CH 0
1

CK

CK-Si-CH,
1

3

H

c) CIS

Figure 2.1. PDMS system: a) a, w -divinyl terminated linear PDMS'b) tetrakis-(dimethylsiloxy)silane; c)cis-dichlorobis(diethylsulfide)plati
num (II); ' r



molecular weights pnHghts, and the elastomeric nature of the sa.ples after
cross-linking.

2.1.1 Prepol vmp v~

The prepolymer was purchased fro, Petrarch System Inc. A molecu-
lar weight below the entanglement U„it for PDMS was chosen. Prior t

use the prepolymer was filtered and held for 12 hours at HO'C under
high vacuum. About 1.1 „t % low molecular weight volatile, were removed
In this process. This amount corresponded to the expected 1 to 2 «%
low molecular weight cyclics, primarily siloxane octamer ( Dg ) , claimed
by Petrarch to be present.

o

The number average molecular weight, and the molecular weight

distribution, M
w
/M

n>
were measured by vapor pressure osmometry (VPO) and

gel permeation chromatography (GPC) . The results of these measurements

are summarized in Table 2.1. Their accuracy is expected to be ±20%.

End group analysis was performed at Monsanto Chemical Co . in col-

laboration with Dr. S. Curran. The vinyl concentration was determined

by HNMR using deuterated chloroform as solvent and toluene as an inter-

nal standard at a concentration of 1.32 :10" 4
mole toluene/g PDMS .

Double precision data acquisition mode was employed for improved ac-

curacy. The vinyl concentration was determined by direct proportionali-

ty to the ratio of the peak areas corresponding to the vinyl and the

methyl groups respectively, as shown in Figure 2.2. The vinyl con-

centration was found to be 1.58xl0'
4

mole vinyl/g PDMS with a precision

of +3%. The presence of silanol end groups (instead of vinyl) was



Table 2.1. Molecular weight of a, W-divinyl termi

Technique M
n

rmmated PDMS prepolyme

M
w M /MW n

VPO

GPC
in chloroform
Polystyrene
standards

GPC
in toluene
Universal
calibration

10300

12060

14860

23312

33566

1.93

2.26
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POLYDIMETHYLS ILOXANE PREPOLY
5.3MCTOL/436.0

™*™LY

ONE PULSE SEQUENCE
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P2

D5
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SIZE
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- 55
- 0
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- 1

- 10.31 HZ/CM
- 0.0343 PPM/CM

Figure 2.2. End group analysis of PDMS prepolymer by HNMR.



12

checked by S i mmr rt« «
y

S l29NMR on a mixture of PDMS prepolymer and deuterated chlo-
roform. Such end groups were not detected but it ,h

'
but xt should be mentioned

that the technique employed is not sensin™ *-J not sensitive at very low concentrations
(i- b.lo» As . result

, u a^ funcclonaUty of 2 ^
the NMR »eaSure„ t lndlcates g^,,^ ^ ^ ^
agreement with the GPC measurements.

2.1.2 Cross- 1 inbr

The cross-linker was purchased fron, Petrarch System ^ Jt
distilled prior to use with a p0 v-Vi„ nse with a Perkin Elmer spinning band column. The
pressure in the column was set at 7mm of He Th* t-/mm or ng. The temperatures of the
pot and of the head were 80°C and 68°C respectively. The distillation
process was monitored by parallel determination of the purity of each
cut. Gas-liquid chromatograpy (GC) was used for these latter measure-

ments using a 10% 0V101 column and an oven temperature of 150 °C. After

distillation, the cross -linker was obtained with a purity higher than

99.99% as determined by GC. The chromatograms before and after distilla-

tion are shown in Figure 2.3. After purification, the cross-linker was

stored in a Schlank type storage flask under nitrogen.

The functionality of the distilled cross-linker was measured by

Si
29
NMR on a neat sample. A peak due to the glass tube should appear at

the same shift as the peak of the tetrahedral silicone structure at

-105ppm. This peak was suppressed by the Hahn spin echo effect as shown

in Figure 2.4. The number of silane groups was directly determined by

the ratio of the peak areas at -5ppm and -105ppm respectively. A func -



Figure 2.3. GC chromatograms of the cross-linker
tion; b) after distillation.
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CROSSLINKER/GLASS SUPRESSED BY
HAHN ECHO

Si-
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Figure 2.4. End group analysis of tetrakis (dimethylsiloxy) silane cross-
linker by Si
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NMR

.
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2.1.3 Catal Y «f-

The c 1S -dlch 1 orobi s(dl e thylsulflde)platinum(1I) ^
synthesized by closely following th. procedure of Kau£fman ^^
(I960, but with one third of the »u„t of starting ^m ^ ^
(i.e. l.J|, of potassium tetrachloride and 1.20g of distilled diethyl
sulfide). The els Isomer was obtained In hlgh purlty after f(mr
slve recrystallizatlons. It. measured .citing point after alr-drylng
overnight was found to be 104'C instead of 107'C as reported by Kauffman
and Cowan.

Following synthesis, the yellowish crystals of the platinum com-

pound were dissolved in distilled, dry toluene. The catalyst was pre-

pared in the form of a 1. 8x10" 3
molar solution of platinum in toluene

and stored under nitrogen.

Z^LJt Material Preparation

Small size batches, typically 15g of PDMS , were mixed at room

temperature in a nitrogen atmosphere to prevent moisture absorption

(Macosko and Benjamin, 1981; Fisher and Gottlieb, 1986). The PDMS

prepolymer was first mixed with the catalyst for one hour and degassed

for ten minutes. The cross -linker was then added in controlled amounts,

and the mixture was stirred for ten to fifteen additional minutes and

again degassed for two minutes. The volumes of catalyst and cross-
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linker were added using a 1ml gas tight Hamilf«S cignt Hamilton syringe. The stoichio-
metric ratio of the reactants, r= [silanel/r.H nLsilane]/[vinyl], was adjusted using
the results of the NMR end group analysis The nl

5

H aiysis. The platinum concentration
5.32x10 and 7.6xl0"

5
mole Pt/mole vinyl for fh*/ e vinyl tor the samples with balanced

and imbalanced stoichiometries respective ,respectively, was chosen to be the mini-- level needed to reach the hlghest final modulus Klth the
Possible kinetics. The anount of ^ ^ ^
porated Into the reactants was less than 0.7 wt%

, most o£ „hlch t .
expeoted to leave during the first degassing operation.

After mixing the reactants, the preparation was placed Into sever-
al small containers which were stored in liquid nitrogen. A glove hag
with a nitrogen atmosphere was used for the transfer operation. By
using this procedure, samples from the same batch and therefore with the
same composition could be kept for several days and used for different
experiments

.

2.1.5 Catalyst Poisoning

Valles and Macosko (1979) reported that traces of elemental sulfur

poison the catalyst almost instantaneously. This effect can be used to

stop the hydrosilation reaction at chosen stages of the cross - linking

process. Other compounds are also known to annihilate the platinum

catalyst very efficiently, among them dimethylformamide (DMF) and tetra-

methylethylenediamine (TMEDA) . Both sulfur and TMEDA were used in this

s tudy

.
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Omental sulfur „as used for ^ ^^
b

°7
ry

-

ln these e™ - „as scopped
be^ and after the gel^ fcy uslng ,^ ^^
Toluene, a gooa solvent for pDMS ^ ^ ^^
cules throughout the polymeric material In order t • •in order to minimize the
amount of toluene introduced into the sample, a concentrated sulfor
solution, 0.33 molar, was prepared. Samples 25™ in diameter and ahout
0.6m, thickness were used. The sample thickness was optimized to obtain
the most efficient poisoning conditions along with accurate theological
measurements. The h ydrosilation reaction was stopped at chosen extent
of the cross-linking reaction by spraying the polsonnlng soluUon on ^
surface of the samples. The molar ratio of sulfur to platinum utilized
was less than 1000 and the amount of toluene introduced into the samples
»as less than 2 „t». Details of the poisoning procedure as well as

measurements demonstrating the efficiency of the process and the proper-
ties of the samples after poisoning are presented in chapter three,

sections 3.3.1 and 3.3.2.

In the experiments at imbalanced s to ichiometry
, TMEDA was used

instead of sulfur. There were several reasons for changing the poison

compound and for chosing TMEDA. First, TMEDA has two electron donor

sites (i.e. bidentate ligand) instead of one for sulfur (i.e. monoden-

tate ligand) and will therefore deactivate the platinum catalyst more

efficiently (Cotton and Wilkinson, 1972). Secondly, TMEDA is a liquid

at room temperature and will diffuse more easily than sulfur through the

polymeric material. Finally, the presence of small sulfur aggregates in
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*. .-pi.. after poisonlng „„. inconpatlbu ught s^
experiments which will be done ln , future^

TMEDA (Aldrlch Chemlcal _ ^^^^ ^ ae ^
molar solution in toluene. The samples used were of the same shape as
those previous!, described, and the molar ratio of TMEDA to platinum
employed was also ahout 1000. Measurements presented in sections 3 3 1
and 4.! indicate thac che cross . Unklng reactlon stQps imeAiateiy a££er
poisoning. The type of measurements performed, however, did not clearly
demonstrate whether TMEDA is a more effective poison than sulfur.

Several other methods for stopping the cross-linking reaction were
considered: thermal quenching of the system while cross- linking, chang-
ing the stoichiometric ratio of the react- fl nf- ce reac tants, and end- capping all the
functional groups.

For the first method the cross - 1 inking process is 'frozen' at

different stages of the developing network by a drastic reduction of

molecular mobility. For this technique to be successful, temperatures

close to the glass transition of the already formed network structure

must be used. Under these conditions, measurements presented in chapter

five of this research indicate that vitrification will interfere with

gelation which is inadequate for the study of gelation as an independent

phenomenon. In addition, thermal quenching of the reactants would not

allow the use of t ime - temperature superposition (Ferry, 1980) which

would make the determination of rheological functions over wide ranges

of time or frequency impossible. Finally, in the particular case of the

system, crystallization will occur, independently of the cross-link
PDMS
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<ensity , well before vltrlflcatlon . As .^ ^ ^ ^ _-res retired for sufflclencly decreaslng ^^^
table interference from crystallization !s to be expected.

The second me thod (i.e. changing tbe stoichio.etric ratio of the
reactants) is not suitable pit-h^r- m. •either. The intermediate stages (i . gel
state, Adam et al ., 19g5) Qf the developin§ ^ ^^^^ ^^^^
o.etry„ even be approximated by a simpie change Qf stoichiQ _

-trie ratio. This la clearly shovn by ^ ^
chapters four and five of this study. Pinally, with the third method
U-e. end-capping all the functional groups), strong disturbances of the
already formed network structure have to be expected.

Poisoning the catalyst only required the introduction of a small
number of foreign molecules into the samples, which can be done rapidly
and without altering the network structure. By contrast, end-capping
all the functional groups with a liquid compound would require longer
diffusion times and would result in inhomogeneous samples. An alterna-

tive would be to use a pressurized gas. Sulfide gas (i.e. hydrogen
sulfide) would probably be suitable to stop the hydrosilation reaction.

Its use, however, would require cumbersome safety precautions and this

possibility was not given further consideration.

2.2 Cross-linking PU

The constituents of the system are a
,
w-dihydroxypoly (propylene

oxide) (PPO) of nominal molecular weights 425, 1000, 2000 and tris(4-

isocyanatophenyl)thiophosphate (DRF) for which structural formulas are
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CH CH
a) [H0-CH-CHr0+CH-CHr0+xCH2

4-

NCO

0

b) OCN-Q-0-p=s

Figure 2.5. PU system: a) a,a,-dihydroxypcly(prcpylene oxide) (PPO)- b)tris(4-isocyanatophenyl)thiophosphate (DRF) ,

D )
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shown „ Flgure 2 ,. Advantage£ of this^ ^ ^^
CO"POU"dS

and can be reaQUy obCalned uith
degree of purity; 2) the linpar PPn „7. ;

linear PPO component is available at different
molecular weights with narrow polydispersitv 9Wvy Spersity- 2

) ^ well defined chem-
istry of the cross - l inking process (Feger ^ ^ ^ ^ ^
Knight, 1 985) makes lt possible tQ fQrm perfect netwQrks ^ ^
the reaction kinetics at room temperature are slow.

This system was suggested by the previous work of Feger and Mac-
Knight (1984, 1985). In this research the purification of the compounds
and the materials' preparation were carried out ,y Pr. Z.S. Petrovic and
Dr. P. Morganelli for the networks at balanced stoichiometry and im-
balanced stoichiometry respectively. Details of the procedure employed
for these syntheses are given in the following two sections.

2 2
•
1—Components Charar.terizatinn

The PPO prepolymers (Aldrich Chemical Co.) were dried prior to use

by preparing a 50% (v/v) solution in benzene and distilling the benzene-

water azeotrope. Residual benzene was removed under vacuum with mild

heating (temperatures less than 90°C to avoid PPO oxidation). The water

content, measured by Karl Fisher titration, was found to be 0.024+

.002%.

The number average molecular weights and the molecular weight

distributions were measured (Petrovic and MacKnight, personal communica-

tion) by VPO and GPC. The hydroxyl content was determined by an acetyl

chloride titration method. In all three systems, the PPO prepolymers



were found to be quasi-monodisperse (M /g <i 031 „ ... .^/%<1.02) and their functionality
was very close to 2 as shown In Table 2.2.

The triisocyanate crosslink was obtained as a 20* solution in
methylene chloride (Hobay Chemical Co., De smodur DRF) . Approximately
100.1 of the yellow solution was concentrated in a flash, under reduced
pressure, to one-half to one-third nf ^one third of the original volume. The flask
was stored for one to two days at 4°C in „ hoc •

y c * t>, m a dessicator, to begin crys-
tallization. The fl scV „, rflask was then placed at -18°C for three additional
days to allow further crystallization. The yellow solution was decanted
and the triisocyanate was then recrystallized by dissolving in a n in inum
amount of dry benzene and allowing the solution to stand at « for two
to three days. Finally, the crystals were isolated by decanting, dis-
solved in dry benzene, and freeze driPd tkq •ireeze dried. The isocyanate purity was 97-

98% as determined by titration (ASTM D 1638-74).

2.2.2 Material Preparer, on

The reaction mixtures were prepared under nitrogen in a glove box.

The diol and the triisocyanate were weighed into a reaction vessel to

achieve the desired s toichiometry
. The vessel was then sealed and

degassed on a vacuum line. The reactants were mixed at 90 °C with mag-

netic stirring until a clear colorless solution was obtained. Higher

temperatures are unsuitable due to the risk of allophanate formation and

carbodiimide formation (Odian, 1981). The mixture was vented with

nitrogen after five to fifteen minutes and a sample was quickly trans-



23

Table 2.2. a , w-Dihydroxypoly (propylene oxides) (PP0 ) characterization

Polymer M (GPC) M/M (GPC) Functionality
(Titration)

PP0425

PP01000

PP02000

454

965

2018

1.013

1.007

1.006

1.93

1.88

1.94
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ferred to the rheo.eter where curing was allowed at 3<TC undet a nltxo-
gen atmosphere. The remalning mlxtUre was transferred to dry vials and
stored in liquid nitrogen

>



CHAPTER Ii!

A method is presented to stop the cro^ h„ihne cros s- linking reaction of PDMS
networks at intermediate states n f ^ Qstages of the curing process. The developing
network is represented by a discrete se, of samples with increasing
extent of reaction and the linear viscoe Ustic properties of these
samples are measured. Experiments performed through the gel transition
clearly indicate how GP is approached and passed during the nework
formation. Rheological data very near GP are analyzed. Results of this

analysis lead to the formulation of a constitutive equation for cross-
linking polymers, with balanced stoichiometry

, at GP.

3.1 Rheological Test of the Stoirhin^fry

The stoichiometric ratio, r, of the PDMS system is defined here as

the ratio of silane to vinyl groups. For non- stoichiometric systems,

most of the structural irregularities obtained at complete conversion of

the least abundant functional groups are, in addition of the inner

loops, dangling ends. Networks with such imperfections have a lower

number of elastically active macromolecular strands and therefore ex-

hibit a lower elasticity (Treolar, 1975).

Computer simulations of end-linked elastomers in bulk (Leung and

25
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an

io-

Eichinger, 1984) show that even when loop formation 1." formation is accounted for
the most perfect networks are always obtained at h*ly oouained at balanced stoichiometry
However, it has often been observed tbat the maximum elasticity of the
final network does not occur at balanced stoichiometry, but instead at
stoichiometric ratios slightly higher than unity (Macosko and Benjamin
1981; Macosko and Saam, 1985). Several explanations can account for
this discrepancy. Among the most credible ^ ^ ^ ^
simulations fail to take into account both side reactions leading to
increased number of dangling ends, and reactants with imperfect funct
nality (i.e. PDMS chains with only one vinyl group).

The stoichiometric ratio corresponding to the maximum elasticity,
but not to chemical stoichiometry, has been called effective stoichio-
metry, r

e ,
(Macosko and Saam, 1985). This definition of stoichiometry

is adopted in the present study. In the following, balanced w^i.m^.
try will always stand for the composition which leads to the final

network with the highest plasticity

In order to determine the composition corresponding to the bal-

anced stoichiometry for the PDMS system, a set of networks with increas-

ing silane concentration was synthesized by following the procedure

described in section 2.1.4. After mixing, the liquid samples were

transferred to the rheometer, a Rheometrics Dynamic Mechanical Spectro-

meter. Reaction between the 25mm diameter parallel disks was allowed to

take place overnight at 34°C followed by two additional hours at 130°C.

A nitrogen atmosphere was used for the first stage of the curing proc-

ess. The dynamic storage modulus, G' , of the fully cured samples was



27~ " l0
" f~-— - ~i sheer straln ampli«*. 7-0.01. The frequenoy _ chosM to ^ sufftcientiy iw o

As a result th. value o£ che^ ^ ^ ^ ^
'

.oeulus of the network and u direcay ^^^^^^^ ^ ^ £
.Wicity. Results of these .easure.ents are she™ in Flgure 3 l

A mim of the storage raodulus is observed at r olose to 1.3
instead of the ideal value of 1 Similar nKi. Similar observations with the hydrosi-
lation reaction have recently been renor^H uy oeen reported, however with a different
prepolymer (Macosko and Saam 1985}™, iy»i). Possible causes for such a devia-
tion have been mentioned earlier and will be discussed in more detail
in chapter six. For the moment we lWt ourselves to remark ^ ^
though the PDMS system is well purified and wll characterized ^ ^ ^
ideal, and that the balanced stoichiometry of this system occurs at
r-1.3

It is unfortunate, however, that the tangent of the phase angle,

tanS, could not be measured with sufficient accuracy on the fully cured
networks (e.g. tn*< lO'

2
outside the limit of resolution of the rheome-

ter). Since tan5 is a direct measure of the dampening in the material

it should exhibit a minimum for the most perfect network. It would have

been informative to see whether the network with the highest elasticity,

r=r
e >

is also the most perfect one.

It is equally interesting to note the asymetric shape of the curve

of the storage modulus shown in Figure 3.1. Networks with r-1.2 and

r-1.6 exhibit approximately the same elasticity. This observation is in

complete agreement with the results of the computer simulations made by
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Figure 3.1. Storage modulus, G', of fully cured PDMS stion of the stoichiometric ratio r, at T=34°C and w 0 =0.5rad/s.
amples as a func-



Leung and Eichinger (1984) ^ a simiiar ^^^^ Thege^
that cross-Un, deficient mixtures would produce ^ ^
networks than those using excess cros S -l inker Inlinker. In addition, they calcu-
lated that networks 10% deficient- ^ -ideticient in silane groups exhibit the same
degree of perfection than those with 30% exce,, -i5U% excess silane groups with
respect to stolchio^. Thls predlctlon u quantatlvely ^
if it is assume that structural perfection and network elasticity are
equivalent quantities.

3.2 RheoWy of thp rnr^g H.tPri.i

PDMS samples with balanced stoichiometry
, r=1.32±0.05, were pre-

pared by following the procedure described in section 2.1.4. All the
samples were removed from liquid nitrogen prior to use, and reacted
isothermally at 34°C. The time elapsed between thawing and starting the

isothermal reaction was kept constant in all cases. A nitrogen atmos-

phere was used to prevent moisture absorption. In this section the

samples were used to record the evolution of the dynamic storage,

G'(c 0 ,t), and loss, G"<«o.t), shear moduli during the cross - linking

reaction. All the mechanical measurements were performed with a Rheo-

metrics Dynamic Mechanical Spectrometer using 25mm parallel disk geome-

try and a medium range transducer with a maximum torque of 2000 grams

force cm. The cone and plate geometry could not be used because of the

slight volume change occuring during the reaction. This shrinkage gives

rise to an extra normal force which was corrected by readjusting the gap



when needed. All the measurements were carried , u°arried out w^thin the range of
linear viscoelasticity

.

The change in dynamic storage and Wrage and loss moduli during isothermal
cure is shown in Fitnir^ ^ o tFigure 3.2. In . typical curing^

_ ^
behavior of the oligomeric starting materia Ating material dominates the initial part
of the experiM, The lQSS modulus u urge whiu ^^
I. sell! ».gligibl.. Wlth lncreaslng molecuUr weigh£i ^
modulus rises .h.rply untll lt intersects eMeeds ^
modulus. The storage modulus keeps ^^^^ ^
Hnk density while the loss modulus goes through . sllght Both
moduli level off as the reaction comes to completion.

The frequency of oscillation, „0 , was chosen as low as possible to
minimize the disturbances imposed on the developing network. By con-
tinuously decreasing the shear strain amplitude from 2 . 0 to 0.0005 the
increase of the linear viscoelastic material properties was accurately
followed over six decades in modulus. Continuous readjustment of the
strain level was needed so that the deformation remained within the

range of linear viscoelasticity at each step of the developing network
and that the torque level stayed sufficiently high to be accurately

measured (i.e. above 2 grams force cm).

Samples from the same batch have the same history. As a

result, the curing curves obtained were extremely reproducible. Shifts of

less than +1 minute were observed from one sample to another as long as

the flow histories imposed during the cross-linking reaction were suffi-

ciently similar. Because of the well defined procedure employed during

the sample preparation and because of the high purity of the reactants,
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ring CUrVe ° f PDMS With balanced s to ichiome try in anoscillatory shear experiment at constant temperature, T=34°C ^and con-stant frequency, . 0 =0 . 5rad/s

. t-0 marks the beginning of the rheolo.i-cal measurement but not the beginning of the crosslinking process Thestrain level, 7 ,
is continuously decreased as the material solidifies

r
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a very hlgh reproducibility from batch Co^ _ ^ ^
shown in Figure 3.3. Such reproducible reaction kinetics will he of
prime interest for future experiments.

3.3 Bteglaty-jajage^^

The curing curves previously presented give an indication of the
increasing cross-link density and allow for a continuous measurement of
the viscoelastic properties as the polymer goes through GP. The data,
however, give no indication of the rheological behavior of the tran-
sient states of the developing network nor of the specific instant at

which the transition occurs. In order to obtain more detailed informa-
tion, the cross-linking reaction must be stopped. This procedure is now

presented

.

3.3.1 Stopping the Cros s - linki

n

P Reaction in the Rheome£gr

Samples which are stable, homogeneous and representative of the

intermediate stages of the developing network need to be obtained. A

very effective way to achieve this goal was discussed in section 2.1.5,

namely the poisoning of the catalyst with a solution of elemental sulfur

in toluene. An easy way to stop the cross - linking reaction would be to

immerse the cros s - 1 inking samples in the poisoning solution when an

intermediate state needs to be conserved. However, even close to

GP.such a procedure would lead to partial loss of the sol fraction in

the incompletely cured material and also to samples of inadequate shape
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for accuse rh.ologlcal neasu_ s . ft _^ ^^^
to th. gel point Were exrre.ely seicky and could hardly be manlpulated
Without being overstretch. As a result, a method had to be used where
the sables could be prepare, with the exact disk. llke shape needed to
fit in the rheomoter

. I de al 1 v iideally the samples had to be prepared in the
rheometer itself.

The simple procedure shown in Figure 3.4 was developed for this
purpose. A removable cup was mounted around the bottom plate of the
rheometer. The height of the edge above the plate's surface could be
adjusted to the exact value required for the sample thickness (typically
0.7mm) by simply sliding the cup along the plate. The liquid sample was
then poured into the gap formed by the surface of the plate and the edge
of the cup and was allowed to react in a nitrogen atmosphere. At this

stage, the top plate of the rheometer was left well above the free

surface of the sample. The cup was required to obtain a sample with a

flat free surface. Without the cup a meniscus would form which would be

undesirable for rheological experiments. It is important to note that

the samples were reacted in a quiescent state. At chosen times on the

curing curve, Figure 3.3, the reaction was stopped by spraying about
. 2

3x10 cc of the 0.33 molar sulfur solution in toluene (i.e. one or two

sprays with a small atomizer). Details of the chemical composition of

the samples and of the poisoning solution employed are reported in

chapter 2. With this procedure, a good distribution of the sulfur

solution on the sample surface was obtained and a minimum amount of

solvent was needed. Immediately after spraying the sulfur solution, the

cup was slided down along the bottom plate of the rheometer and the
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upper plate of
the rheometer

poisoning
solution //

—r~

sample

lower plate

rhf?, .

Sch^at^ ° f P° isoninS Procedure: a) before poisoningthe sample is allowed to cure at rest without touching the upper plat^b) after poisoning, the cup is lowered and the upper plate is posi^
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upper pX.„ „as poslcloned as shom ln pigure 3 4 ac ^
rheological measurements could be started.

About two to three minutes were necessary between the poisoning
time and the first measurement. However in all the cases studied this
elapsed time was sufficient to obtain completely stopped reactions with
stabilized values of the loss and storage moduli as shown in Figure 3.5
Prior to further rheological characterization, the poisoned samples were
heated for two hours at 120°C in order to attempt to boil the slight
amount of toluene introduced during the poisoning process. After cool-
ing down to 34°C slight decreases of G" were often observed while G ' did
not change noticeably. It was difficult to determine with certainty

whether these slight variations of G» were caused by a loss of toluene
even though this appears to be the most consistent explanation. At all

stages of the cross - linking process, the samples obtained after poison-

ing were stable, homogeneous, and representative of the actual network

structure as will be shown in the next section.

3
•
3

•
2 Rheolo^v of the Stopped Sample

From earlier experiments, Tung and Dynes (1982) suggested that the

time of intersection of G'(w0> t) and G"(«0 ,t) on the curing curve, (see

Figure 3.3), marks the time of gelation. However, they report that the

time of intersection was found to be a function of the frequency of the

oscillatory shear experiment. This could indicate that the time of

intersection might be close to but not identical with the transition

time. The instant of the transition must be strictly material dependent
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and cannot depend on the frequency of the rheologlcal ^^ there
are other masking ef£ects such as influence .f ^ ^ ^
reaction or Interference of a second phenomenon such as

In order Co obtain complementary Information, the cross- linking
reaction of the POMS was stopped accordln6 to the previously described
procedure at different tiniP? t-erent times, t., on the curing curve close to the
intersection of G .( Wo>t) and As represented by the dark
squares in Figure 3.6, the dynamic loss and stotage moduli of the par-
tially reacted samples superimposed very well upon the data measured on
the continuously curing samples. The instant of poisoning and the
instant of superimposition on the curing curve were always the same

within two to three minutes which is about the limit of the reproducibi-

lity between two samples of the same batch. It was therefore concluded

that the partially cured samples were homogeneous and representative of

the intermediate stages of the curing process. Since the partially

reacted samples were cured in a quiescent state, section 3.3.1, their

good superposition on the curing curve suggests that the flow imposed to

the samples during the cross - linking did not disturb nor modify this

process

.

The partially cured samples were stable beyond 180°C but an in-

crease of both moduli attributed to oxidation was observed above 200°C.

This temperature stability allowed the use of time - temperature equiv-

alence (Ferry, 1980) in order to obtain master curves of the reduced

storage, G'^w.t^), and loss, G^a^,^), moduli versus frequency at

different stages of the cross - linking process. This study required the

use of parallel disk geometry since gap corrections must be made to
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co mp e nS a Ce for varlatlons ln sampu voiume

changes

.

The frequency dependence of the reduced storage and loss moduli
and of the reduced complex viscosity ft^j at different stages Qf
the cross-li nking process are presented ^ ^ ^ ^ & ^
these figures

tfl
stands for critical time as will be sown in the next

section. Viscoelastic data at temperatures between -50=0 (below which the
PDMS samples crystallize) and + 180°C could be shifted to form single
curves. The temperature shift factors (Ferry, 1980) are

a
T
(T,T

0 ) = expffA -±
) ] ; b =

P(T 0 )T 0

The shift factor ^ followed an Arrhenius relation as shown in Figure

3.9. Arrhenius behavior is expected since the experiments were per-

formed much above the glass transition temperature. The vertical shift

factor was estimated from the changes in sample thickness with tempera-

ture

.

At the times t^min and t
c
-2min shown in Figure 3.7, both G' and

G" decrease to zero at low frequency and approach the limiting behavior
2

G'~w and G"~u characteristic of polymeric liquids (Ferry, 1980). On

the other hand, at t
c
+2min and t

c
+6min a plateau value of G' is clearly

observed at low frequency which indicates that the material possesses a

permanent elasticity. This plateau region which appears only in G', has

to be distinguished from characteristic plateau regions in both G' and

G" for entangled polymers. The same observations can be made with the
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curves of „* shom ln Flgure ^ _ ^ ^
pol^ric Uquid, is observed where Che viscosity caches a Elnit,
Plateau value, the ze ro steady shear viscosity, at low fre quenoy. kt
tc+2m in, the low frequency end of che viscosity curve diverges towards
infinity as expected for a solid material. These observations clearly
indicate that the transition fro, liquid to solid has occured between
the instants V 2min and t

o+2min. This imp l le s that an infinitely
large macromolecule which can sustain a stress for an infinitely long
period of time has formed throughout the cross-linking sample; that is

to say that the material gelled between these two instants. Analysis of

the experimental data for the material at ft,,
, is presented in the

following section. Results of this analysis demonstrate that the

material is very close to a critical state.

Analysis of Linear Viscoel astici tv ar GP

3.4.1 Experimental Observations

As seen in Figure 3.10 the partially cured sample at t» t ex-
c

hibited congruency of the reduced moduli

V; - Vc - C(V )1/2
(3.2).

The subscript c indicates that the material with congruent moduli is at

a critical state. The material constant C is independent of tempera-

ture .

For clarification, this condition of G'=G" over a wide temperature
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and frequency range has t0 be distinguished from frequency . dependent
crossover points which have been observed^^ ^
(Ferry, 1980). Thls study ls solely concerned Blth materiais uhich
exhibit congruence, G'-G"

, over a wide frequency range and nor just an
intersection at a specific frequency value. Ihe crossover phenomenon
will not be discussed further.

Linear viscoelascic theory, as applied to Eq . (3.2), predicts a
steady shear viscosity

». - i5 («v->
- c

iiS
<»- 1/2

> (3.3,

and an equilibrium modulus

G = lim
fG ' ^ r lim

, 1/2.
• o^O (G

c
} ~ C

o^O
(w

> - 0 (3.4).

Infinite viscosity and zero equilibrium modulus are properties of a

material at the liquid/solid transition (Flory, 1953). However, Eqs .

(3.3) and (3.4) involve the zero frequency limit which is outside the

experimental range.

It would be interesting to know the range of validity of the power

law behavior which was observed over more than 5 decades in frequency

and which is expected to continue over an even wider range. Of special

interest is the region of low frequency which, as shown above, is re-

sponsible for the observation of the critical behavior. It is clear,

however, that further measurements would not be able to solve this

uncertainty. At very low frequency , the sample would exhibit either

2liquid behavior (G'~«
;
G"~w) or solid behavior (G'=const.; G"~co) since

it is not possible to stop the reaction precisely at GP. This precise
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Pom, u, by deflnltlon
, . purely theoreticai umit KMch ia ^

sible to actual experiments.

By contrast, the hlgh frequency region u of lesser ^
I£1LM£U*sa

'

the l» b^vlor „1U be masked by the onset
of Vitrification as an other transition phenomenon. In this study the
materia! properties are investigated Very far from the glass transition
so that only the ruhbery hehavior at the gel point is analyzed We
therefore hypothesize that the power law hehavior is not restricted in
frequency range,

G'CT.c) = G»(T )W ) = s(T) w
n

, 0< w <„,

with S(T) - y2ATCai/2/b^
(3.5)

and test whether this hypothesis violates the relation of Kramers (1927)
and Kronig (1926) .

! M _ 2 f G"(x)/x
2 ~ * L 2 2

dX
(3.6)

which involves an integral of the loss and storage moduli over the

entire frequency range. The factor JT/f is introduced for future

convenience. Equation (3.5) is introduced twice into the Kramers -Kronig

relation, Eq
.

(3.6), without specifying the value of n (which is ex-

pected to be about 1/2 from experiment). The values of the material

constant C and of the temperature shift factors have no influence. The

resulting equation, after arrangement,
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has solutions

n - V2, -3/2, -7/2, -11/2.
(3.8).

The „„ly valid solution
, hQweveri u^ since n<i^ ^relmt '0n m°dUlUS * iCh ln™ s «* «- - „ould vl0Ute

thermodynamics princiDlpc; n- •P inelpl... It is important to note that this proof Is
restricted to a power-law as defined in „. (3 . 5) . Ic does noc^
the possihie existence of another type of function which satisfies the
congruency G'-G".

The verification of Kramers-Kronig relation indicates that 1) the
hypothesis of a power law over the entire fr »„entire frequency range does not
violate the principles of the theory of linear viscoelasticity 2) the
experimentally found value of the exponent n-1/2 is the only possible
value which will give rise to congruent moduli over the entire frequency
range

.

These results are rather surpising. However it still has to be

shown that congruent G'=G» provides a well defined method for detecting

GP of cross-linking polymers with balanced stoichiome try . This can be

done through the use of a constitutive equation which will be developed

in the following sections.

3.4.2 Relaxation Modulus

The extra stress in any viscoelastic liquid or solid at constant

density can be described by a general constitutive equation (Bird,

Armstrong and Hassager, 1977)
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lit) =
[

G(t-t') 7(f
J -00

) dt'
(3.9)

in which the relaxation modulus G(t-t') confine t-u^ t
; contains the material proper-

ties. Kinematics determines the rate of deformation tensor

= vv(x.t') + (wcx.t')) 1

lo

where v is the velocity. Equation (3.9) ls valid as long ag ^
rized strain is kept within the linear region of the material. The
extent of the linear region is dlfficult to define since &

constitutive equation is required. However, the lack of definition is

no real problem since linear behavior can always be confirmed experimen-
tally by repeated tests at increasing strain magnitude.

Equation (3.9) is suitable for describing the stress in the cross-

linking material at its transition from liquid to solid since it is

applicable to the liquid state as well as to the solid state and since

the relaxation changes smoothly during the transition (as will be

shown). As a result, the oscillatory shear data shown in Figure 3.10

can be analyzed through this constitutive equation. The kinematics of

oscillatory shear is introduced into Eq . (3.9) to define the storage and

loss moduli

,

G'O) = to

J
G(t)sin(o>t)dt (3.11)

G"(w) - u>
1 G(t)cos(ajt)dt (3 12)
J 0



As shown earlier, congruency of 0 » <«) and G«(^J \u) and G (w ) over the entire fre-
quency range requires that Eq . (3.11) and n 19^

1/2
'

nd (3 - 12) are e qual and propor-
tional to u>

. Fourier transform tables list . m <list a unique solution for the
relaxation modulus which satisfies all these conditions

G(t) = St" 1/2
0<t< °°

(3.13)

where the only material parameter, S [Pa s
1/2

l 1 u „ 1 1 , ul
ra s J, is called the 'strength'

of the network at GP.

This is a result which contradicts several observations which
seemed to be generally valid for viscoelastic materials. First, a^ matGrial C °nStant iS the «U adjustable parameter here, while
viscoelastic liquids or solids require & ^
Secondly, the modulus is infinite at the limit of zero time but the
limiting modulus of viscoelastic liquids or solids is finite. This

latter deviation is a consequence of the fact that vitrification was

ignored in the starting hypothesis, Eq . (3.5). Finally, the relaxation

time does not occur exponentially in time. Further experiments are

however required to establish confidence in such unusual behavior.

Equation (3.13) which is valid over the entire time range repre-

sents a continuous relaxation spectrum. Such a spectrum, H(A), is

conventionally defined as (Bird, Armstrong and Hassager, 1977)

G(t) . £ mi exp( . t/A)dA (3 14)

By equating Eqs
. (3.13) and (3.14) the continuous relaxation spectrum

can be calculated
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H(A) = SUA)" 1/ 2

(3.15) .

It i= interesting to note that, at OP, che materlal^ ^
the polymer component of the Rouse^^ ^^
solutions at the limit of high frequency,

1 « A u
(3.16) .

For polymer solutions, the Ro>,« n_«. •Rouse Umit is reached by applying high
frequencies (Perry, 1,30). However, this limit can also he reached by
generating a material of extremely long relaxation time. Such Rouse-
like behavior has been predicted for undiluted polymers below the en-
tanglement level (Bueche, 1952- Ferrv loan* a.f erry, 1980). At the gel point, the
relaxation time is infinitely long and the power law behavior with a
slope of l/2 can be expected even at the limit of . 0. This coinci-
dence with the Rouse behavior suggests the possibility of expressing the

relaxation modulus as a sum of exponential as is often done for vis-

coelastic liquids. The discrete spectru* at GP can be written as

G(t) - St" 1/ 2 - lim 2S » 2
' W'f^G A-rf-tt/^) (3.17)

The spacing of the relaxation times is the same as in a Rouse spectrum.

The spectrum is normalized to obtain the value of S at t=ls . No addi-

tional material parameter needs to be introduced when defining the

discrete spectrum.
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3.4.3 The Gel
EflMa&gn

The c,n.titutiv. equation f„r extra stress at Gp by
introducing the relaxatlon modulus ac ^ ^ (j ^ ^
.ha genera! ,quatlon for vlscoelastlc

^
(3.9). !n the UBlt of small strains and smau strain rat^ ^^
the simple form

t<«) - . jVfjV2 1(t> , ^ (3i^

the density U assumed to be constant. The only material parameter in
the gel equation is the strength S. It can be measured ln an ^.^
latory shear experiment without stopping the cross-linking reaction.
The value of S is determined by C at the time of I.-. . ,j w me cime ot its intersection with
G\ as shown in Figure 3.6. This parameter is defined as

S - 0' [™ 0 /2]
" 1/2

c L o/ J
, (3.19)

where a> 0 is the frequency of the experiment. The PDMS used in these

experiments has a strength of 226 Pa s
1 / 2

at T=34°C. The temperature

dependence is found to be

S(T) - S(T
0 )a^

2
/b

T (3 . 20)

hence S decreases with temperature.
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3.4.4 Eredleuam - f "- i Bauasign

Ration (3.13) obviously predicts congruent ^^^
its derivation is based on the s„e condition. It now remalns to be
shown that lt also predlcts the behaviQr ^ cp ^
shear viscosity and zero equilibrium modulus (Flory> ^ ^ _
periments can be conceived for defining the vlscoelastlc phase transi-
ts. The predictions of Eo. (3.18) for transient shear viscosity and
transient shear modulus are tested here since these cuantities can
actually be measured in a shear rheometer.

The first experiment gives the transient shear viscosity during
start-up of shear flow at constant rate; the material is defined to be
at GP if the time dependent viscosity grows to infinity without reaching
the steady state. This is a more precise definition than • infinite'
steady shear viscosity which obviously cannot be verified in an experi-

ment

.

The stress is modeled by defining the time dependent shear rate

and by introducing it into Eq . (3.18). The sample is kept at rest

during times t<0
;

at time t=0 and thereafter, the sample is sheared at

constant rate j 12 . The resulting shear viscosity is calculated as

r 12( t ) ft
^ (t) = -^7~ = s

J o

(t-t') 1/2
dt' = 2St

1/ 2
for 0< t (3.21).

The shear viscosity grows with time without ever reaching steady state.

This satisfies the first condition of GP.

The second experiment measures the transient modulus during shear

stress relaxation at rest after a rapid strain; the material is defined
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to be at GP if the stress relaxes to zero and hpzero and hence the equilibrium
modulus is zero.

The stress is again modeled by defining t-fcaaerining the time - dependent shear
rate and by introducing it into Eq . (3 18) Th, , i4- KJ.LO). The sample is subjected to
a rapid shear with a shear rate,

7i 2 (t) = '

0 for t< 0

7 0 for 0< t < t

I 0 for t 0< t
(3.22)

The total shear strain of this experiment amounts to , 0 t 0 . With this
strain history, the transient modulus is calculated as

'i 2 (t)

0

Tl2(t)
s

g(t) -— -iL^'5
1/2

t 0<t

= St-^/Il + d-to/t)
1/ 2

] (3i23)

The duration, t 0 ,
of the shearing motion in a rapid strain experi-

ment is very short compared to that of the relaxation experiment. The

equation for the transient shear modulus simplifies to

g(t) = St'
1/ 2

, (3 24)

as expected from the equation for the relaxation modulus. The transient

shear modulus approaches zero at long times. Therefore, the equilibrium

modulus is equal to zero. This satisfies the second criterion of GP.

It is important to note that the short time contribution to the

above predicted behaviors would be very small. This supports the start-

ing hypothesis, Eq
. (3.5), where the actual polymeric behavior at short
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times has been ignored.

In summary, the gel equation, Eq (3 ion « ui4
'

q - ^• 18 )> is able to describe thetM rh60l^ i" 1 P^—a at CP. Analysls of the experlments confirms
that congruency of G

'
ana Q. is a property of the POMS poller Vitb

balanced stoichiometry at the critical state.

Uu2 Finite Srrain »»..,r.

An infinitesimal strain measure was selected when formulating the
constitutive equation. This is permissible for studying material be-
havior in the limit of very small strain. However, continuum mechanics
principles (objectivity) are violated by such an equation when applied
to finite strains. The infinitesimal strain measure has to be replaced
by a finite measure. Possible formulations for the stress are

rjt) - -S
J

(t-t'J
1/2

5*7 (Cl^f)) df (3.25)

or

t

r(t) = -?| (t-t'5
3/2 [C^Ct') - 1] dt' (3.26)

- 00

with a Finger strain tensor C"
1
^') and a unit tensor 1, definitions of

which are given in standard continuum mechanics texts (Malvern , 1969 ) .

Volume changes are assumed to be negligibly small (p=const.). The two

equations are identical and transformation from one to another is pos-

sible by partial integration. The available data were taken at small

strain and therefore do not give any indication of a suitable choice of

finite strain measure. However the behavior at finite strain is outside



ehe scope of fchls rese„ch and shaU h_ ^ ^ tnTCstigated ^ ^^
study

.

3 . 5 Pi spiiq sion

An extremely simple Elation between stress and strain, the Cel
Equation (3.18) or (3 . 25)

, describgs ^^ ^
a polydimethylsiloxane network at its gel point (CP). The constitutive
equation is based on the congruence hypothesis Eq . (5) , which says that
there exists an intermediate state of the Serial at which G'M and
G«(«) are congruent functions over the entire range 0< oK ».

A new material property has been defined, the strength of the gel,
S, with a dimension of Pa s

1/2
. It ls easily measured .

r &

oscillatory shear experiment during the cros s
- 1 inking reaction. S

depends, in some general way which is not yet known, on molecular struc-
ture. For engineering applications, one would like to know how S de-

pends on reaction conditions and whether there exists a relation between

S and the final network properties after complete conversion.

For the PDMS polymer with balanced stoichiome try
, GP is given by

the intersection of the loss and storage moduli on the curing curve seen

in Figure 3.6. In this particular case, this makes it possible to

measure the exact instant of gelation without having to stop the cross-

linking reaction.

The relaxation modulus at GP was shown to exhibit a power law

behavior with a Rouse-like character, section 3.4.2. The short power

law region often observed with polymeric materials at intermediate
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fancies (Roovers and 0raeisUyi lm; u oversKetched
for the polymer « cp. Thls results ln a shift ^ cermiMi ^
towards lower and lower frequencles as Gp u ^ ^ ^ _

tan, to note, however, that th. behavlor ln ^ vicinlty ^ Gp^ ^
described Wlth a House node!. Por instance, the rheol0gloal behavior atV 2 n in does nor correspond to a Rouse spectrum wirh finite longest
relaxation time, as shown in PigUre 3.11. The s« conclusion applies
just after GP where the rheological behavior at t

c+
2min cannot be satis-

factorily predicted from the Hooney (1959, modification of the Rouse
model for cross-linked polymers. This suggests that the extraordinarily
broad power law region observed on the material at GP may not only be
caused by a large increase of the relaxation times but also by the

development of a particular polymeric structure with unusual rheological

behavior

.

It is important to mention that previous studies with cross -link-

ing polymers (Lipshitz and Macosko, 1976; Castro andMacosko, 1984)

often neglected the occurence of shear thinning effects in the pre-gel

region. This study suggests a different behavior. If the Cox and Merz

(1958) rule is assumed to be valid for branched polymers, which is

likely, the complex viscosity curves shown in Figure 3.8 strongly sup-

port the existence of an important shear thinning effect before GP.

In conclusion, the simplicity and clarity of the Gel Equation

implies that it may be universally valid for end-linking polymers with

balanced stoichiometry
. Experiments on other polymer systems are needed

to support such a far reaching conclusion.



CHAPTER iv

EFFECT OF STQICHTnMmv_nUlc
VISCOELASTTC PPOPEPJTO_AT_G^mNI

The validity of the Gel Equation must be tested with different
materials at GP. As discussed in section 3.1, a simple way to produce a
new serial with a cross - linking poller is to change the stoichiomet-
ric ratio of the reactants. For this purpose, the cross-linking reac-
tion of PDMS networks with i^l^^t^^^ is stopped &t
different stages of the developing network. The linear viscoelastic
properties at GP are measured and compared to those obtained for bal-

anced stoichiometry (chapter three). The previously developed Gel

Equation is generalized to take into account the effect of the stoichio-

metric ratio. The power law relaxation behavior at GP is confirmed.

Gels formed with different stoichiometric ratios can now be distin-

guished by their rheological behavior. The results are consistent with

recently developed fractal theories.

^—Rheology of Curing Material and of 'Stopped' Samp les

PDMS samples with imbalanced stoichiometry, r=0. 91+0.05, were

prepared by following the procedure described in section 2.1.4. A

stoichiometric ratio well below the balanced stoichiometry (r -1.3) was

chosen since, as discussed in section 3.1, cross-linker deficiencies are

59
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more effective than cross-linker excesses in «*.<.<Ses ln creatmg network imperfec-
tions. When compared with networks of balanced stoichiometry sys t ems
with r<1.3 are expected to exhibit more drastic changes in their rheolo-
gical properties than systems with r>l 3 at i ntPrmP H 1 *ac intermediate states of
network development.

The experimental conditions used to measure th~ Umeasure the changes in dynamic
storage and loss moduli during isothermal cure were similar to those
described in section 3.1. The reproducibility of the reaction kinetics
from one sample to another was again ±1 minute. The curing curve meas-
ured at 34'C is shown in Figure 4.1. A typical evolution, similar to
that of the curing network with balanced stoichiometry shown in Figure

3.6, is observed. Viscous behavior dominates the initial part of the

experiment, G»»G<, and elastic behavior dominates the final stages of

the reaction, G'»G". Direct comparison of the rates of reaction be-

tween the two curing curves cannot be done since, as mentioned in sec-

tion 2.1.4, the amount of catalyst employed in the two experiments was

slightly different. However, from the previous study the instant of

gelation is expected to occur at the crossover point of the loss and

storage moduli on the curing curve. In order to verify whether this

criterion is still valid for networks with imbalanced stoichiometry, the

cross- linking reaction was stopped at different stages in the vicinity

of this point.

Partially cured samples were obtained by following the procedure

presented in section 3.1. A solution of TMEDA in toluene was used for

poisoning the cross- linker instead of the elemental sulfur used in the

earlier experiments. Details of the chemical composition of the samples
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of the poisoning solution are report ln chapter tuo . ^
"MSUreMtS Sh°" tnS ^"Ivaness of TMEDA m shown ln Flgure , ,
These measure„ents were started about three mlnutes after spraying the
poisoning solution on the sur£ace of ^^^^ ^ indic^ ^
Figure 4 . 2 , the lnstant of polsoning ^ ^^ ^ ^
*e curing curve are in very good agreement pri<;r ^ ^th^^gid experi„,ents, the partially cured samples were heated for two hours
at 140-0. Very slight ohanges of the storage and loss moduli were
noticed after cooling down to 34°r ac r,.6 " co j4 C as shown m Figure 4.2 and as pre-
viously discussed in section 3.3.1. These rheological measurements
cannot distinguish between the efficiencies of TMEDA and elemental
sulfur as poisoning expound for stopping the cross - linking reaction.
TMEDA was however preferred for the reasons discussed in section 2.1.5.

As shown by the dark squares in Figure 4 . 3 , the developing network
was represented by a discrete set of stable samples with increasing

extents of reaction. The good superposition observed indicates that

partially cured samples were homogeneous and representative of the

intermediate stages of the cross - linking process. In addition, the

temperature stability of the poisoned samples allowed the application of

time -temperature superposition (Ferry, 1980) from -50°C to +140°C. The

PDMS samples crystallize below -50°C and the dynamic moduli of these

samples were too low to enable accurate measurements above +140°C.

Master curves of the reduced storage, G'(o, 0 ,t.), and loss, G"(co 0 ,t.),

moduli versus frequency at different times, t.,on the curing curve are

presented in Figure 4.4. An evolution of the rheological properties

comparable to that of PDMS networks with balanced stoichiometry (see
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Figure 3.7) Is observed » t , wserved. At V 3mrn and ^.g^ bo£h g , ^ ^ ^
expected to decrease to zero at low fteq„ency uhUe t fJ^ a
Plateau value of C ha s appeared which indicates that GP Has been
Passed. SoluMHtv tests discussed in section 6.4 confirmed this fact
A »J.« difference is observed between the evolutions shown in Pigures^ and 3.7. Por tbe network with balanced stoichiometry, the plateau
in C appears before the occurence of the congruent behavior of G' and
0". As a result, the crossover point of the loss and storage moduli on
Che curing curve no longer coincides with GP for networks of balanced
stoichiometry

.

A remarkable result comes from the repeated observation of a power
law behavior for G^.t.) and H^.t, over nearly five decades of
frequency at C-t

c . Analysis of similar results with an exponent n=l/2
showed that the power law behavior coincides with the instant of gela-
tion for stoichiometrically balanced gels. The previous analysis is now

generalized to demonstrate that the earlier conclusion is valid for a

range of power law exponents.

4^JL Analysis of Linear Viscoel asticitv at GP

A general power law behavior for the loss and storage moduli is

hypothesized over the entire range of frequency. At t=t
c

'

G'(w) ~ D(u>
n

) (4 1}
_ 0< W < oo

G"(w) - E(W
n

) (42)
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where D and E are two material constants Th.nscants. The consistency of this
wlth th. prl„c lpleS o f *. theory of Unear viscoelastlcUy

I. '..»< by lntroduclng Eqs
. (4-1) and (4 2) ^ ^

"Ution, E, <,.„, „lthout specl£ylng ^ ^ ^
equation, after arrangements,

D "J 0
y (1 " y)

(4.3,

has solutions

E - D tan(n7r/2) with n < 1
(4.4).

The only valid solutions, however, are for 0<n<l since n<0 would predict
an increasing relaxation modulus and would therefore violate thermody-
namics principles. As a result at t-t

G' - G" n
tan(n7r/2) " D w 0< n < 1 and 0< u < <*> (4.5)

The verification of Kramers -Kronig relation indicates that a power law

behavior with 0<n<l for dynamic moduli over the entire frequency range

does not violate the rules of linear viscoelasticity
. Equation (4.5)

predicts that: G' is greater than G» for n>l/2 , G< is less than G« for

n<l/2, and G'is equal to G» for n-1/2 . These predictions are quantita-

tively verified with the cross- linking PDMS at t-*,, as shown in Figure

4.5

The linear relaxation modulus can be obtained by solving Eqs.

(3.11) and (3.12) together with Eq. (4.5). The unique solution for the

relaxation modulus is
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.
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°< n < 1 and 0< t < cc

„ith s - aln(n)r/2) „

Therefore at th. relaxaclon^^^ -^ ^ ^
haVl ° r 3 Sl °Pe - ^ M. (4.6) prefers the result
°bSemd PMS " ith < .tolehWry, Eq

. (3 . 13 ). It rematns
to be shown that, for anv value nf ft,.any value of the power law exponent 0<n<l the
material defined at t-t

c
la at the gel transition.

The steady shear viscosity Is defined by the theory of linear
viscoelaticity as

- G(t)dt
Jo (4.7).

by introducing Eq
. (4.6) into Eq . (4 7) the steadv .^ ,# /» Lne sceaay shear viscosity is

seen to diverge to infinity for any value of n between 0 and 1.

Linear viscoelastic theory, as applied to Eq . (4.6), predicts an

equilibrium modulus

t^cc " S (-^ (t ) = 0 , 0< n < 1 (4. 8) .

Therefore the material at t-t
c

as defined above exhibits the classical

attributes of the gel behavior in addition of the experimentally ob-

served power law dynamic moduli. At GP the value of the exponent, n, is

not limited to n=l/2 but rather to a range of values between 0 and 1

.

This new result is now included in the Gel Equation.

G
00
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4.3. Ge.r^era^^^t^nr^_^_^_SsL_ga^^
Analysis of the experiments indicates that thm r 1s cnat the relaxation modulus

obeys a power law at GP, Eq. (4 6) it l «, uIt is observed however that the
exponent, n, of the power law is a function of rh*i-unccion of the stoichiometric ratio
of the reactants, r,

n
= 1/2 for r = 1 . 32

> 1/2 for r = 0.91 < 4 - 8 )

In order to model these differences in the theological behavior at GP
the Gel Equation developed in chapter two, Eq. (3.18), has to be edi-
fied. This is done by introducing the general expression for the rela-
xation modulus at GP, Eq

. (4.6), into the general equation for vis-

coelastic materials defined in chapter three, Eq. (3.13). The general-
ized Gel Equation takes the simple form

r(t) - S f <t-tT n
2(f) dt', 0< n < 1

J -CO (4.9)

Two material parameters are now needed, the gel 'strength', S, and the

power law exponent, n. These two parameters depend on the molecular

structure in a way which is not yet known. An attempt to relate the

exponent n to molecular structure is presented in section 4.4.

Equation (4.9) predicts that the steady shear viscosity will never

be reached at small strains (i.e. infinite steady shear viscosity), and

that the equilibrium modulus relaxes to zero after a rapid strain

This can be easily seen by replacing the exponent n=l/2 in Eqs. (3.21)
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and (3.24) by values of n with 0<n<l uitn u<n<l. However these two properties
involve limiting behaviors which do not distM™ . uao not distinguish among different gel
behaviors

.

Of higher interest is the prediction by Eq (L on ftfuy ^q. ^j) of a power law
relaxation behavior at cv tv,^at GP. The common behavior between two different
gels is the power law type of relaxation (i.e. universal relaxation
behavior) while the difference lies in the speed of the relaxation
P-cess (e.g. exponent of the power law). In the special case^
n-1/2, Eq. (4.9) predicts congruency of the dynamic moduli. In this
case only, the instant of gelation can be determined from the intersec-
tion of the loss and storage moduli on the curing curve, as shown in
Figure 3.6. However, this method to measure the gel time is of limited
interest since it will apply only in very specific cases.

By contrast, for any value of the exponent n, Eq. (4.9) predicts
that the tangent of the loss angle at GP is,

,- C/ x G" (to )n5M =
G7^ = tan(n7r/2)

(4.10)

independent of the frequency, w . This result is of direct practical

interest since it indicates that any method able to detect the occurence

of the power law behavior will be suitable to determine the instant of

gelation. Such an experiment is suggested for future research in chap-

ter 7
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^-A—Fractal Rehavi or ai- r ?

A Rouse model with infinitely long relaxation nJ «S relaxation time was suggested
in section 3.4 2 to pvnlair, t-v,«explain the power law behavior of stolchiometrically
balanced PDHS gels, it was shown

, however, that a House type relaxation
spectru, could not predict the rheoiogical behavior in the vicinity of
CP (see Figure 3.11). This raised some questions about the ability of
the Rouse spectru-n to „odel the rheoiogical behavior in the vicinity of
the gelation transition. Results obtained on the PDMS poller with
rebalanced stoichio.etry

,
clearly show that the general rheoiogical

behavior at CP cannot be explained in terms of a Rouse relaxation spec
tru* since the power law exponent is not always 1/2. It is therefore
concluded that the Rouse theory is not adequate to relate rheoiogical
behavior and molecular parameters at GP.

Principles of self -similarity define the fractal dimension of a

molecular cluster as,

1/d
R - M

(4.11)

where R is the radius of gyration and M is the molecular weight. The

fractal dimension at the gel point is predicted by different gelation

theories and is found to be (Stauffer, Coniglio and Adam, 1982)

d
f

— 4 Zimm- Stockmayer

L
= 2.5 percolation cluster at threshold
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"owever, recent computer modell„g (Hermann
, Landau ^

»82
; Ter.onla and „ea k ln, 1985) of the ^ ^

different values for d
f

should be expected.

Recently, theories have been derived (Muthuhu.ar, 1985; Cates
1985) which predict the dependence of the co.plex viscosity In ter.s of
the arbitrary fractal dimension of the molecular cluster. From MuthuUu-

U985) the°ry
' " "» °£ Secular Bel ghts but lgn0rlng

the entangles effect, the frequency dependence of the viscosity Is
shown to be

* 2/d

2/(d^+2)

(4.12)

w U
(4.13)

.

Since the molecular weight of the growing cluster diverges at GP, the

experimental complex viscosity also diverges in accordance with Eq

.

(4.13).

From the Gel Equation, Eq. (4.9), power law loss and storage
moduli are predicted at GP, Eq

. (4.5). The complex viscosity is defined

from the theory of linear viscoelasticity as

*
•»"(») ~ [(G'/J) + (G"A>

2
)] (4 . 14)

which becomes at GP,

* n-

1

* ^ - w 0< n < 1 and 0< u < <x> (4.15).

The combination of Eqs
. (4.12) and (4.15) leads to the fractal dimension

at GP as,
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d. - 2n
f 1 "n °<n< 1

(4.16).

As discussed by „uthukumar and Mlnter (UM)> ^
that the POMS wlth balanced stolchlometry has a fraccai dtaension ^ 2
"hieh is verv dose Co Che voice of lM predicted by fte ^ kinetic
percolation model of Termonia and Meakin (1985).

The fraccai dimension is noc expected Co exceed che value of 3

This indicates an upper value for the power law exponent of n =3/5 as
calculated from Eq

. <4.1 6) . Thls value u _y^ ^ ^
tally measured power law exponent for PDMS with imbalance* stoichi-
ometry

.

In conclusion, the predictions of the Gel Equation, Eq . (4.9), are
consistent with recently developed fractal theories for polymeric mate-

rials. Both approaches predict a universal rheological behavior for

cross-linking polymers at the gel point. That behavior is described by

a power law relaxation spectrum. The exponent of the power law is

directly related to the fractal dimension of the cluster at GP, a para-

meter which can be easily determined from rheological experiments.

Additional tests on different systems and on a broader range of stoichi-

ometric ratios are needed to confirm the universal validity of these

findings. Such experiments are presented in chapter five.



CHAPTER V

LINEAR VTSmPTA^TTr PT^nrr^EI_01

CROSS -LTNKING PIT HTTPTmp n ?]

The universality „f the Gel Equatlon ^^ ^
cross-linking polyurethanes (PU). As „lth the ms ^
were used in eh. previous experiments, these PU networks are formed by
an end-linking reaction of well defined chemical species. However, the
cross -linking process occurs by a different reaction and the PU cross-
link functionality is 3 instead of 4 (for the PDMS,. PU networks with
balanced stoichiometry but with different strand lengths between cross-
links are studied first. The influence of the stoichiometric ratio over
the entire possile range for gelation is then investigated. At OP, all

the PU networks studied exhibit the same rheological behavior as PDMS.

This is shown in the following.

5.1 Rheology of PU Gels with G lanced Stoichiometry

PU samples with balanced stoichiometry, r-1.0+0.02, were prepared

by following the procedure described in section 2.2. After mixing at

90 °C, the samples were quickly transferred to the rheometer. Small

strain oscillatory shear experiments were performed with a Rheometrics

Dynamic Mechanical Spectrometer using 25mm diameter parallel disks and a

nitrogen atmosphere. All the samples were reacted isothermally at 30°C.

75
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The evolution of the storage (C ) and loss (G" ) moduli atl ° ' moauii at constant
fre quency was recorded as a function of the reaction time (tlffie SBeep)
At chosen stages of the cros.-Unklng process, the time sweep experi-
ments were interrupted to measure the frequency dependence of V and G »

(fre.uencv sweep). Bo th types of experiments could he performed on the
same reacting sample since the duration of a fre quenc y sweep (about 6
mrnutes) was al„ay s very short compared to the total curing time (at
least 15 hours with PP042 5). Thus the samples could be regarded as
unchanged during the short fre quency sweep, and the evolving viscoelas-
tic response of the partially cured networks could be analyzed.

JL_Ll1—Time Swe ep Measurements

Figure 5.1 shows the isothermal evolution of G' and G» versus
reaction time for the network synthesized with PP01000. Only the most

interesting part of the curing curve is presented since the complete

leveling off of both moduli required more than 24 hours at 30°C in this

case. In a typical curing curve, the viscous behavior dominates the

initial part of the experiment (G»»G') and the elastic behavior domi-

nates the end of the experiment (G'»G"). Both moduli increase as a

result of the increasing cross-link density but the elastic component

rises more sharply than the viscous component. Such an evolution of the

dynamic storage and loss moduli is characteristic for networks formed by

end-linking reaction whith balanced s to ichiometry . The same general

behavior is observed for the networks prepared with PP0425 and PP02000,

as shown in Figures 5.2 and 5.3 respectively. The main differences



77

ro

Q_

CD

CD

CD
O

PP01000/DRF

2 -
****

o

0 200 400
REACTION TIME [nun]

600

Figure 5.1. Curing curve of PP01000/DRF with r=l . 0 in an oscillatoryshear experiment at constant temperature, T=30°C, and constant frequen-cy u 0 =0.5rad/s. t=0 marks the beginning of the rheological measurementbut not the beginning of the crosslinking process.
measurement



78

ro

CL

CD

CD

CD
O

200 400
REACTION TIME [min]

600

Figure 5.2
rad/s

.

Curing curve of PP0425/DRF with r-1.0 at T=30°C, and c 0 =0.5



6 -

PP02000/DRF
ro

Q.

CD

4 -

2 -

1

" L_
2400 2600 2800

REACTION TIME [min]

Figure 5.3. Curing curve of PP02000/DRF with r=L 0 at T=30
cj 0 = 0.5rad/s.



80

between these curing ourves are the ^ ^^ ^ ^tMCtlM rateS
' " ^ m0l-Ul" leases the „al beCMes

softer and the reaction rate slower.

The curing curves, Figures 5.1, 5.2 ana 5.3, have been interrupted
tepeatedlv. Sections of raissing data points ,ark the lntervals of clme
during which the viscoelastic properties of the partiallvuue partially cured networks
have been studied by frequency sweep experiments.

5 - 1 - 2 Frequency Sweep MPasurenieT1r .

Frequency sweeps were performed in the vicinity of GP and are
first presented for the network synthesized with PP01000, as seen in
Figure 5.4. The curves have been purposely shifted horizontally by a

factor A (see table in Fig. 5 4) for P«i or „6- tor easier comparison. Analysis of
these data indicates that, as previously observed for the PDMS system,

section 3. 3. 2, the crossover of G- and G" on the curing curve occurs at

the instant of gelation Figure 5.1. Shortly before t^, the material

is still a liquid and so both moduli decrease to zero at low frequency.

Shortly after t,, the storage modulus G' tends towards a limiting value

at low frequency demonstrating the existence of permanent elasticity

characteristic of a solid material. Solubility tests described in

section 6.4 supported this conclusion. The shapes of both G' (w) and

G"(u>) change smoothly as the reaction proceeds (i.e. G' and G" approach

each other, superimpose, and pass each other in a continuous fashion).

These experiments confirm that the crossover in Figure 5.1 occurs at the

instant of gelation and that rheological experiments can provide a very
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sensitive tool to accurately localize GP.

The « general evolution of the rheological properties is ob .

served for the samples prepared with PPC,25 and PPO2000. However „ lth
PP0425, presented in Figure 5 . 5 , the detection of CP is not as
straightforward. ln thl . case

, vltrlflcatlon ^
end causes a deviation from the predicted behavior at high fre quency
Thrs effect is discussed in .ore detail i„ section 5.1.3. Wlth PP02000
shown in Figure 5 . 6

,

the reaction kinetics are very slow at 30'G and the
exact instant of gelation is difficult to determine from the available
range of measurements. In this ca« i- u vn cms case, t(; has been determined from the
crossover of 0' and G« on the curing curve (time sweep experiment)
However two states, and t

c+9min in Figure 5.6, are asymptoti-
cally close to GP and exhibit the moduli congruency predicted by the Gel
Equation, Eq . (4.9).

The cross -linking reaction continues during the frequency sweeps

which require about 6 minutes. The augmentation of G' and G" during
that time can be estimated using the slope of the curves in Figure 5.1,

5.2 or 5.3. At the gel point and for PP01000, G ' increases by about 15%

and G" by about 7% at 0.5 rad/s
. Increases of less than 17% and 3% were

found for G' at the gel point of PP0425 and PP02000 respectively. This

systematic error is small and can be detected in Figure 5.7 as a very

slight increase in slope beyond the expected value of 1/2.

For PP01000 near the gel point, the 6 minutes time interval cor-

responds to an increase of the extent of reaction of about 0.2% as

indicated by Feger et al . (1984) who studied the curing kinetics of a

similar material. From their equation 7, and with a critical extent of
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reaction as given by nory-s theory, che isothermal ^ ^ £ ^
PPOX000 at 30-C is calculated t0 be 53fl mlmtes ^ reiauve^ ^
the freouency sweep is therefore .t/V6/530-0.011. Comparison with da-
C. of Adam et al. (1 985, for the same value of^ lndlcates that our
sables exhibited considerably smaller changes of the «sured rheologl .

cal parameters. This can be explained by the different range of shear
rates used for the two experiments.

The range of measurements is limited to only 3 decades of fre-
quency. Time-temperature superposition (Ferry, 1980) could not be
applied at intermediate stages of the cros s - 1 inking process since the
curing reaction of the PU had not been stopped. However, this limited
range is sufficient to show that fl>) and G „

(w) grow tQgether ^ ^and that they follow a power law with an exponent of 1/2 at that in-

stant. The behavior which had been observed with a PDMS system over
nearly 6 decades of frequency is now observed with the PU system, as

shown in Figures 5.4, 5.5 and 5.6. This result is highly significant

since the functionalities of the two systems are fundamentally different

(i.e. PU with f=3 and PDMS with f=4) .

Effect of Strand Length between Cross -Li nks on Rhgologica]

Properties at GP

The complex modulus of GP-networks with different strand lengths

between cross-links is compared in Figure (5.7). Congruent moduli,

G' (w)-G"(w)
,
and frequency dependence proportional to w

1//2
are observed

for the networks prepared with PP01000 and PP02000. With PP0425 the
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congruent behavior U only observe, at low frequency
. The deviation ^

high frequency ls attributed to the interference Qf vitrif ^
gelation. DSC measurements performed on fully cured networks (Petrovic
and MacKnight, personal communication) Table 5 1xable 5.1, suggest that the
temperature of vitrification of the gel (T s ^cue gel

( Tgg ) prepared with PP0425 must
be relatively close to T=30- C . This results in . sharper rlse of^
.t frequencies above 10 rad/s while „•(., >tlU exhlblta , slope g{ ^
The same phenomenon may explain the results of Tung and Dynes (1982)
who observed a frequency dependence for the reaction time needed to
reach the crossover point of G' and G"

.

The material parameter S, called the gel 'strength' (see Eq

.

(4.9), appears to be extremely sensitive to changes of the strand length
between cross-links, Figure 5.8. When the strand length is increased,

the cross-link density Is decreased thus resulting In a softer gel

characterized by a lower value of S. The parameter S is related to T
gg

through the cross-link density and so a gel with a lower value of S

should exhibit a broader frequency range in which moduli are congruent.

In summary, it has been shown that cross - linking PU with balanced

stoichiometry exhibit the same rheological behavior at the gel point as

cross -linkinking PDMS with balanced stoichiometry; this behavior is

described by a power law relaxation with a slope of 1/2. Consequently,

the crossover time of G' and G", as measured during the cross - linking

reaction, corresponds to the exact instant of gelation. However this

result remains valid only if the frequency of the experiment is suffi-

ciently low or if the experimental temperature is sufficiently far from

the temperature of vitrification of the gel. Further comparisons with



Table 5.1. Glass temperature of the fully PU cured network:

*°ljm*x Tg midpoint (»C)

PP0425/DRF +33

PP01000/DRF .20

PPO2000/DRF . 50
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Figure 5.8. Measured gel strength as a function of PPO strand length
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- -MS behavlor now require the study o£ pu imbaianced
stoichiometry.

The stoichiometric ratio r of rh 0 ptt1
'

01 the PU ^stem is defined here as
the ratio of isocyanate to hydroxyl grouDs TV™ tti ,y groups. From Flory's (1953) theory
of gelation, and assuming an ideal crn« n„n& iaeai cross - linking process, the PU system
is expected to reach the gel state for stoichiometric ratios ranging
from l/2<r<2. PU samples with stoichiometric ratios r=0.596, 0.743,
1.48 and 1.72 were prepared by following the procedure described in
section 2.2.2. The sample with balanced stoichiometry was already
studied in section 5.1. In order to avoid the interference of vitrifi-
cation with gelation, and to obtain some reasonably fast reaction rates,

PPOIOOO was selected for this investigation.

The experimental conditions used to measure the changes in dynamic

storage and loss moduli during isothermal cure were similar to those

described in section 5.1. The curing curves obtained with the two most

extreme stoichiometric ratios are presented in Figures 5 . 9 and 5 . 10 , and

can be compared to the evolution with balanced stoichiometry shown in

Figure 5.11. As expected, a strong dependence of the reaction rates

upon the stoichiometric ratio is seen. With imbalanced stoichiometries

,

the rate of the cross-linking reaction decreases and the elasticity of

the final material decreases. The influence of the stoichiometric ratio

upon the properties of the final PU networks is discussed in section

5.3. For the moment, we limit ourselves to the study of the developing
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The
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ne twork

.

Fluency sweeps were performed at lntermedUte^ ^
cross-linking process

. The cu„es obtained ^ ^^
5.12 to 5.15. A ,inU.r evolution from l lquld to soIld ,t>t< ^
for all th. .toieMo^ic ratios for „Mch geUtlon ^ possibie
remarkable common behavior, however, t . the occurence Qf ,
«»., t

c , .« which ft. uynamic modull follo„ the^ ^
predicted by the Gel Equatlon . For geIs wlth „ ^^
Unker, the same variation as previously observed with the PDHS is seen
in Figure 5.16. With decteasin6 vaiues of , below the balanced stoichi-
ometry, the siope of the power law increases above n-1/2

, and G" is
greater than G' as predicted by Eq . (*.„. Surprisingly, such an
evolution of the power law behavior is not observed for gels with an
excess of crosslink. In this case the power law exponent of n=l/2 is

conserved and seems to be a limiting value. For systems with an excess
of crossllnker, the instant of gelation can be easily determined from
the crossover point of the loss and storage moduli on the curing curve,

Figure 5.10. In contrast, this crossover point is far away from the gel

transition for r-0.596, as seen in Figure 5.9.

The systematic error due to the fact that the material is changing

during the frequency sweep experiment (i.e. reaction not stopped) was

shown to be small in the case of the balanced stoiohlometry. With

imbalanced stoichiometric ratios, this error is even smaller since the

reaction rates are slower. This can be detected in Figure 5.16 where

the slope of 1/2 is more closely followed by the sample with r-1.48 than

with r-1. However, a slight deviation from the power law behavior is



95

03
Q_

+

CD

CD

o

t-t
c (min) = +528 +58

+ o + q

* ° * o

s
°

6 * o +

+30 -30 -97 -164 _
2 37

+ o

+ o

o

+ o

o

PP01000/DRF
r=0.596

A

-237 +3
-164 +2
-97 + 1

-30 0

+30 -1

+58 -2

+528 -3

A + logw [rad/s]

Figure 5.12. Storage and loss moduli at intermediate

tion (see Figure 5.9) of G' and G"
c



96

no 5

^ 4

CD

Z 3

CD

cn
o

GEL POINT
t-L (mm) = +177

p

+ 104
itO

i

tc

+42
|

-42 — 104 1 77III
o
+ 6 * ° « *

o
ft

+
t °

° * o +
o *

* + o
+ o

0 -t-

-t-

°

o

+
°

to " ° + 0 + o

o

—°° .*
* o *

+ o * *
o o

o *

* o

o ° o
+ * + o

* o f +
o

s
* o o

+ + O 1-

+ o

0
+ o

+ o
o

o

o

t-t
c

o
A

+

o

o +

+
O +

o
-1 77ill t J

o o
o + -104 + 2

o +

o * o
-42 + 1

PP0100.0/DRF 0 +
o

0

+ 42

0

-1

r=0.743 o + 104 -2
"

I

o
+ 177 -3

i

A + log oj [rad/s]
Figure 5.13. Storage and loss moduli at intermediate states of convprsion for PP01000/DRF with r=0.743.

scaces or conver



97

CD
CL

CD

CD

cn
O

1

GEL PflTNIT
-
r

1

t-L (min) = +158C i nn
+y

G
d +38

o + o + o

I
c

-38 -Q?JL 1 JO

o ° * * ° + ? o
o . o + o 6 *-

o ° * o . ?
*

° V

° o ft

6 o
± +

+ o

+ o

+ o

+ o
0

• ?
*

+ + ° • £

0 0
°

* O t-

o

+ O *
0

• +
o *

0 t °

-

o
+

O +• o t-t
c A

0 0 -158 +3
-92 +2

o
-38 + 1 -

PP01000/DRF
o 0

+3B

0

-1

r-1.48 +92 -2

+ 158 -3

Figure 5

sion for

A + logw [rad/s]

14. Storage and loss moduli at intermediate states of conver
PP01000/DRF with r-1.48.

conver



98

CD

CD

o

t-tc (mini- rio5 +37
GEL

t

P
t

0INT
o

o + 32 -100

? 9
*

+ o

o

PP01000/DRF
r=1.72

? -167 - 234
•

t
s *

ft
o

+
o ^ o + °

+ o ^ o

* o o

-*-

O o
+

o
1-

°

o

o

° t-tc A

-234 +3
-167 +2

+ -100 + 1

-32 0

o 0 -1

+ 37 -2
o

+ 105 -3

A + log Cx) [rad/s]

Figure
:

5. 15 Storage and loss moduli at intermediate states of conversion for PPO1000/DRF with r=l 72 t- ic m, q * *. * * •

conver

(see Figure 5.10) of G' and G"
C '

° f lntersection



CD

CD

CD
O

PP01000/DRF r-1.72 1.4a

-1

1/2

.-£1/2

0.743

0.596
o

o

. JL1/2
o

* o

o

* o

+ o

o

oj_0.62

o

'

. 66

-2 0

A + log os

2

[rad/s]



100

seen at high frequency as the excess of cross lit* ,
•or cross-lmker is increased This

to be distinguished from the deviation uhich
PP0425 (see Flgure 5 . 7) and^ _ ^ ^ ^
vitrification. In the present case where G " h P*>e wnere G becomes lower than G' at
high frequency, the behavior is most HW,, umost likely to be explained by an en-
tanglement effect. A similar variation of thp 1nation ot the loss and storage moduli
•t high fluency is observed on th. data of Roovers ^
(1'n

'
"h

° StUdUd »*" hl «h -Ocular weight comb polymers
. Data

over a raore extends, frequency range would be needed to clarify this
point. However, the power law behavior is quite well obeyed over the
three decades of frequency studied, and moduli congruency is expected to
continue at low frequency.

5 . 3 Discussj «">n

The evolutions of the power law exponent and of the gel strength,

as a function of the stoichiometric ratio are summarized in Figures 5.17

and 5.18. It is seen in Figure 5.17, that an upper value of the power

law exponent exists for cross-linker deficient gels. This is in quali-

tative agreement with the fractal theory of Muthukumar (1985), Eq

.

(4.16). However the experimental value measured, n=0.66, is slightly

higher than the theoretical prediction, n^-0.6. A limiting power law

regime is also evident in gels with an excess of cross - linker . This

result suggests a lower limit of 2 for the fractal dimension. Equally

interesting is the evolution of the gel strength, S, shown in Figure

(5.18). For crosslinker deficient systems, a soft gel with low dynamic
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Figure 5.17. Measured power law exponent as a function of the stoichiometric ratio for PP01000/DRF.
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more

ion

m0dUU the" f°" * ~— - P—. By contrast, che gel
strength measured for networks „lth ^ excess ^ ^^^^^^^ ^
upper value larger than che strength of the

gel. This re.ult, together Klth the evolutlon of ^ ^ _
ponent, suggests that gels with . deficiency of crossllnker ^ ^
highly branched molecules and therefore to a higher fractal dimensi
than gels with an excess of cross - linker . By contrast, these latter
produce longer but less branched molecules able to form entanglements
which result in a higher strength.

The asymmetric variation of the power law exponent with stoichi-
ometric ratio recalls the previously discussed asymmetric shape of the
storage modulus as a function of the same parameter for fully cured PDMS
(see Figure 3.1). A similar curve has been measured with the PU system
and is presented in Figure 5.19. The maximum of the storage modulus
seems to occur for values of r slightly higher than 1. Even though r=l

was considered to be the balanced stoichiometry of the PU system. More

data points would be needed to confirm this result. As observed with

the PDMS system, crosslinker deficiencies decrease the elasticity of the

final network more efficiently than crosslinker excesses. It is also

important to note that the minimum of tanS occurs at the same stoichi-

ometric ratio as the maximum of the storage modulus. This result sug-

gests that, as discussed in section 3.1, the network with the highest

elasticity is also the most perfect.

In conclusion, the constitutive equation, Eq. (4.9), which was

previously found to describe the viscoelastic properties of a PDMS

network at GP is also valid for a PU system, independent of the cross-
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linker functionality. For balanced stoichi
are

ometry, G'

(

w ) and G"( w )
found to be congruent and proportional to co

1/ 2
reEardl^ f u, regardless of the strand

length between ™, linl, xhe gel , ^*e strand length between cross . Unks t. ^
storchiometric ratios, G' (o) and G»W are found to b

S. with „.V2 for„ks „lth baUnced stoichlometry ^ cross Unker
excesses and 0.66<n<l/2 for networks with crossUnker deficiencies The
gel properties strongly depend on the stoichiometric ratio but molecular
theories are needed to understand these variations

»e proportional to



CHAPTER VI

PHYSICAL CHAPArTFRIZATT0N

OF CROSS -T.TMtfT NG PDMS

The purpose of this chapter is to present so, physical experi-
ments which complement the rheological study. These experiments are
-ant to be exploratory in nature and to suggest future research in the
field of poller gelation. Measurements of the degree of conversion for
fully cured PDMS networks are discussed first. The curing kinetics of a

PDMS network with balanced stoichiometry are measured by the infrared
absorption intensity of the silane stretching band at 2134cm'

1
. The

extent of reaction at the gel point was determined and compared to the

predictions of branching theory (Macosko and Miller, 1976). HNMR meas-

urements during the curing reaction of a similar material are also

presented. The molecular mobility at short scale length is demonstrated

to decrease progressively through the gelation transition, and without

any discontinuity at GP. Finally, solubility tests demonstrating the

consistency of the rheological study are described.

fLl Extent of Reaction of Fully Cured PDMS Networks

Effective cr os s - 1 inking processes produce networks with a high

degree of conversion. Networks with a low degree of conversion are

usually the result of either an ineffective cross- linking reaction or an

106
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proper sample preparatlon . ^ ^ ^ ^ ^~s conclusions and are not ^ ^^ &^ ^
eValU"e

'
qUaUty

'
° f ™S samples produced here, the degree of

conversion o£ the fuUy networks utiuzed ^ section ^ ^
measured, and compared to previously reported data.

After ourlng in the rheometer (see seotlon 3.1), the fully reacted
POMS networks were separated from the parallel disk assembly and trans-
parent elastomers with a known thiokness were obtained. These sampies
were subsequently placed on a KBr plate and were direotly used for
infrared measurements on an IBM IR/98 Fourier transform spectrometer.

Assuming that the change in SiH concentration between the initial
mixture and the fully cured network is only due to the reaction between
silane and vinyl, the degree of conversion can be evaluated by measuring
the change of the infrared absorption of the SiH stretch at 2134cm"

1
as

seen in Figure 6.1. As already reported by Valles and Macosko (1979),
the peak area at 1970cm"

1
was found to be a function of the sample

thickness only. It was therefore used as an internal standard to adjust

for the slight thickness changes from one sample to another.

The linearity between absorbance and silane concentration was

verified by mixing known amounts of prepolymer and crossllnker without

adding any catalyst. A liquid cell with KBr plates and a 0.25mm spacer

were used for these measurements. The peak area between 2107 and

2183cm
1
was determined as a function of the silane concentration. The

resulting calibration curve is shown in Figure 6.2. Beer's law is seen

to be valid for the range of silane concentrations of interest.
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Figure 6.1 FTIR absorbance spectra of the curing PDMS at diffe
times , t. , and T=34°C
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as

The degree of conversion of the SiH groups ngroups, pSiH , was determined

Ao- A
f

PS1H= A o (6il)

where A 0 is the SiH peak area of the initial mixture (given by the
calibration curve), and A

f
ls the SiH peak ^ Qf ^^^

sample reduced to a thickness of 0.25mm. The results of the measure-
ments are presented in Figure 6.3. Their accuracy is within ± 2%.

For all the stoichiometric ratios, high degrees of SiH conversion
are observed. The measured values are in good agreement with the pre-
viously reported p^ of more than 85% found by several groups on a

similar system, and summarized in the revue article of Gottlieb et al

.

(1981). An upper limit of p^ is seen for networks with a defect of

crosslinker. This suggests a plateau value for the degree of conversion

of the vinyl groups of approximately 97%. Similar values were reported

by Benjamin and Macosko (1981) and very recently by Fisher and Gottlieb

(1986). For networks with an excess of crosslinker, r>l 3 p de

creases as r increases. However the expected decay in 1/r for an ideal

behavior is not obeyed. Instead, a slower decay is observed which

suggests that a different process in addition of the hydrosy lation

consumes part of the SiH groups. This is discussed in more detail in

the following section.
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Figure 6 3 Degree of conversion, p, of fully cured PDMS as a functionof the stoichiometric ratio.
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The curing kinetics of a PDMS network wlth balanced SColohlometry
-1.32, were investigated by measuring pslH as a function of the reac
tron tim

.
spectra of the kinetics runs were taken automatically every

1.05 minutes. 4U the spectra were recorded at 2^ resolution and
were signal averaged for 48 scans.

To follow the kinetics, a frozen PDMS sample with balanced stoi-
chiometry (see section 2.1) was thawed and transferred via syringe to
thin KBr plates previously mounted in a preheated Harrick variable
temperature liquid cell. A spacer thickness of 0.25mm was used. The
temperature of the cell was maintained constant wihtin ±0.5°C. Prior to

the experiment, the temperature indicators of the liquid cell and of the

rheometer chamber were adjusted within ±0.5°C agreement. A sample from

the same batch was cured in the rheometer, and the results obtained with

the two different instruments can be compared with a very high accuracy.

The extent of reaction, p^, at a time t. of the curing process

is determined by Eq
. (6.1). In this equation, A

f
is replaced by A

t •

1

where A
fc

is the SiH peak area at t. , as seen in Figure 6.1. The area

of the peak at 1970cm"
1
remained constant during the first 80 minutes of

the curing process and its average value was used as an internal stan-

dard. The SiH peak areas recorded each minute were reduced to this

standard value. The recorded kinetics of the PDMS are presented in

Figure 6.4. The area A
fc

changes by approximately 0.5% from one meas-
i

urement to another, which is close to the accuracy of the FTIR measure
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ment for the ranee of n
SiH C °nS 6red

- " 3 reSUlt
' «"^ of theSiH peak area during the recording of the 48 Sn ,S he 48 S Pectra is sufficiently

small to be averaged precisely; hence the ^ K7, nence the technique is suitable for this
investigation.

Of great interest ln thl , study ^ ^ ^
Ci" rhe01^ 1——*- t*- on . slmllar sample

and under the same conditions. This combination u ^ ^^ f $
Because * the „pro<iuclblll£y observed ^ _^ ^^ ^«ctl,n 3. 2) , che curve ln Flgure 6 5 aiso ^ ^ ^
».ult. in Figure 3.7 where the rheological behavlor ,t ^^
states of the curing process is shown. It is known fro. the previous
theories! study that the instant of Ration, t

c
,of the PMS network

-1th balanced stolchiometry occurs at the crossover point of G' and G»
in Figure 6.5. At this point, the degree of conversion is

Pc
SiH"°'

5775±° 01
- ™ S obs"ved conversion can be compared with the

critical extent of conversion predicted from branching theory (Hacosko
and Miller, 1976)

,

r(p
)

2 = 1
C
SiH (f-D(g-D (6.3)

where f and g are respectively the crosslinker and prepolymer function-

alities (f-3.97, see section 2.1).

As seen in Table 6.1, the measured p is far from the predicted
SiH

value of 0.505 with r-1.32 and g-2. Several explanations can account

for this discrepancy

.

First, the prepolymer functionality, g, cannot be defined pre-
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CONVERSION p%
Figure 6.5. Curing curve of PDMS
ure 3.6)
p =57.75%

with balanced s toichiome try (see Fie-as a function of the degree of conversion. At the gel point
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Table 6.1. Wttal degree of conversion, Pq .„ predicted ^branching theory. c
SiH

g p c
SiH

X - 32
2 0.505

!-9 0.532

1 - 8 0.603

1.0 2

1.9

1.8

0.580

0.611

0.648
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°SiH

cisely because of Che inaccuracy lnvolved ^ ^ ^^
,inatlm ^ be"USe " («>n-2) (see section 2.!).
As mentioned in section 9 i i +-un section 2.1.1, the most probable value of g Is 1.9<g<2.
However, even in the case „f -_i ocase of g-1.9 an important deviation remains be-
tween the experimental and the predicted value of p

A second contributing factor to this deviation is the fact that
branching theory does not take into account intramolecuiar reactions
Computer simulation on a similar sample has shown (Shy, Lung and Eichin-
ger, 1985) that about 2 to 3* of intramolecuiar reactions have occured
at BP. However Shy et al

.
reported in the same study that, for end-

linked polymers, cyclization nearly compensates for the inherent overes-

timate of the critical extent of reaction by branching theory. As a

result, intramolecular reactions are not a satisfactory explanation for

the important deviation observed.

Finally, a more consistent explanation seems to be the disap-

pearance of SiH groups by a process which does not lead to elastically

effective crosslinks. Such side reactions were previously estimated to

consume 5 to 10% of the SiH groups, most of them in a reaction with

water (Macosko and Benjamin, 1981). Very recent investigations on side

reactions of the hydrosilation reaction (Macosko and Saam, 1985; Fisher

and Gottlieb, 1986) reappraised this figure and reported that approxima-

tely 30% of the SiH groups are lost; 2 to 3% react with moisture and the

remaining part, as much as 28%, is consumed in diverse redistributions

reactions. These new findings explain the fact that the maximum of G'

for fully cured samples is not found at r-1 . 0 but rather at r-1 . 3 (sec

-



hoKever such . Mgh ^ resctioM ^ ^
expected to b e reached at CP. Accurate deteralnation Qf ^^ rf
side taction at GP would require a more thorough physical characterlza .

° f CUrlnS SampUs «* l» -"Id. the scope of this study Por
the moment, the possibility of a substantial amount of side section Is
retained despite the purity of the chemicals and the careful drying
conditions employed.

In summary, two main reasons can explain the discrepancy observed
between the measured degree of conversion at the gel point and the
prediction of branching theory. The first one, ill-defined prepolymer
functionality, could be avoided by the use of monodisperse PDMS prepoly-

mers synthesized by anionic polymerization. However such polymers are

very difficult to prepare in large quantities (Holle and Lehnen, 1975).

The second reason, side reactions of SiH groups, seems to be inherent to

the hydrosilation process. This suggests that the disappearance of

vinyl groups, which have been reported to be free of side reactions

(Fisher and Gottlieb, 1986), should be followed rather than silane

groups. Such measurements have been attempted by FTIR, but without

success, since the concentration of vinyl groups in the sample studied

was too low to be quantitatively measured.

Comparison of Figures 6.5 and 3.7 indicates that, between the

times t
c
-2min and t

c
+2min, psiH

has increased by less than 1.5%. This

increase is only slightly greater than the accuracy of the technique

employed. By contrast, a drastic change in the rheological properties

was observed during this elapsed time. This leads to the conclusion

that rheological measurements allow precise determination of the instant
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" gela"°n
'

a" thac such - —i* —.m. t. slngle
evaluations of the PY f 0^ ^uie extent of reaction.

Balanced S^gj^hjgntgtrg

The width of the NMR signal U strong dependent on the nolecular
ability of Ch. media. I» an actenpt t0 determlne ^^ ^^
tlon fro. NMR measurements. PDMS samples „lth balanced stoichiometry
were prepared (section 2.!) and placed In NMR tubes before storage in
liquid nitrogen. After thawing, the sample was transferred to the NMR
chamber and allowed to cure at 34-C. A proton NMR spectrum was recorded
every 0.9 minute, and the line width broadening at 275Hz was measured as

a function of the curing time. The evolution obtained is presented in

Figure 6.6.

A sharp broadening of the HNMR signal was expected as the material

goes through gelation. Instead, a smooth and continuous change of the

line width was recorded as the material solidifies, which does not allow

a direct determination of GP. This result confirms that the liquid-solid

phase transition occuring at GP does not involve important changes of

the molecular mobility at short length scale. Instead, only the longest

relaxation times due to the motion of large molecular segments are af-

fected at GP, as was shown in the previous rheological study.
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Figure 6.6 HNMR line width broadening at 275Hz as a function of thereaction time for PDMS with balanced stoichiometry
. T=34°C.
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6.4 Solubility Tpcf S

The gel transition is defined by the appearance of an infinitely
large macromolecule and therefore by an insolubie component in the
material

.

Subsequent to theological characterization, three of the partiaily
cured PDMS sables with i rabalanced stoichiometry (see P igute t . 4) uere
Versed in toluene. The partially cured samp le at ^-1.8^ dissolved
after 24 hours in toluene. Filtration of the resulting solution through
tegular filter paper did not indicate the presence of any insoluble
component. By contrast, the sample at t +1.2min did not dlssolve ln
toluene. instead, a fragile swollen PDMS film with a deformed disk-like

shape was obtained. After 24 hours in toluene, the sample at ft
c

formed numerous swollen 'clusters', some reaching a size of several

millimeters. It is important to note that an increase of the extent of

reaction of less than 0.5% is expected between t and t +1.2min. ThisC C

prediction is based on the kinetics study of PDMS network with balanced

stoichiometry

.

A similar solubility experiment was conducted with the PU system.

A sample prepared with PP01000 at balanced stoichiometry was cured in

the rheometer up to a time slightly before t (see Figure 5.1). At that

instant, the parallel plates assembly was quickly removed from the

rheometer and immersed in liquid nitrogen. The frozen sample was then

easily detached and plunged into a 50/50 (v/v) mixture of toluene and

methanol (toluene is a good solvent for PU while methanol caps the

crosslinker very effectively). Immediately after immersion in the
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fixture, the PU sample dlssoclated ^ ^
those described with the PDMS

.

These experiments confirm the lack of connectivity throughout the
samples at «„, and the inhomogeneous nature of the gelation process.
Prior to t

c ,
the clusters formed may be insoluble, but they are not yet

connected to each other. As a result, these samples do not possess any
permanent elasticity; that is to say they are not gelled. By contrast,
samples above t, have clusters which are already connected and hence the

material is no longer soluble; gelation has been passed. It is there-
fore concluded that these qualitative solubility tests fully support the

rheological measurements already presented.



CHAPTER VII

CONCLUSIONS AND SUGjGESTJQNS

FOR FUTURE RFQF AprH

7.1 Conclusions

is a

The transition from viscoelastic liquid to viscoelastic solid
gradual one. There is no discontinuity in the rheological behavior at
the gel point. The Gel Equation, Eq. (4.9), describes a lifting be-
havior as shown in Figure 7.1. The viscoelastic liquid is bounded by
the purely viscous limit (Newtonian liquid) and by the gel transition
limit (GP network); the viscoelastic solid is bounded by the gel transi-

tion limit and the purely elastic limit (Hookean solid). Each of the

limiting behaviors is characterized by an extremely simple constitutive

equation even though constitutive equations for intermediate materials

(viscoelastic liquids and viscoelastic solids) are very complex. This

is a highly significant result in several respects. First, viscoelastic

liquids and solids can now be classified by their closeness to either

one of the limiting rheological behaviors. Secondly, the existence of

the limiting behavior at GP restricts the formulation of constitutive

equations for viscoelastic liquids and solids. Finally, molecular

theory for GP, if it were available, would help formulate molecular

theories of the liquid and the solid state. The simplicity of the

rheology at GP gives rise to the hope that a molecular theory, which

123
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Viscoelastic Liquid Viscoelastic Solid

extent of reaction

Newtonian
liquid

£ = /if

Viscosity fi [Pa s]

Hookean
solid

r = g r

Modulus B [Pa]

Network at the GEL POINT

l
= S

J
(t-f) j(t') uf

-oo

Street/) S [Pa s
1/n

]

Figure 7.1. Evolution of the rheological behavior of a crosslink!™polymer at constant density with three idealized states: the Newtonianliquid at the beginning of the reaction, the viscoelastic transition ata critical conversion, and the Hookean solid at completion of the reac-tion.
_

Each of the three idealized states is described by a very simpleconstitutive equation. The equation of the Hookean solid and of the GP-network are written in a form which is limited to infinitesimal strainAt GP the power law exponent takes the values n=l/2 for r>r and l/2<n<l
for r<r

g
(r =effective stoichiometry) .

e
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will Predict an unusually extended
relaxation

derived
relaxation zone, can be

The Gel equation, Eq . (4 9) vilrmm
. , .

u
' ( }

'

glV6S 3 neW definition of the rheolo-gical behavior at GP That- * 0That - P°"« law relaxation modulus and powerlaw dynamic moduli Thp icommonly accepted definition (i.e. i n£lnitesteady viscosity, and zero eauilibrlura modu .^^.lu£>; is too imprecise to
accurately determine the instant o f gelation, and inade q uate to allow
differences in g el hehavior to be distinguished. The fact that the-ady state shear viscosity cannot oe reached at GP and the experimen-
tal difficulties encountered in measuring an actual aero equilibrlum
modulus imply Chat these tMO quantlUes ^ ^^^^^^
gical parameters to characterize GP. Instead

, thls study ^
significant progress in understanding the gelation phenomenon will arise
when gelation theories can predict ntu,an predict other non - divergent rheological
functions, such as dynamic moduli, at GP.

For chemically cross - 1 inking polymers, there is an interesting
difference between GP and other transitions such as the glass transition
or the melting transition. A chemically cross-linked polymer at GP,

such as the partially cured PDMS samples, cannot be moved in or out of

this transition by changing the temperature or the frequency of the

shearing experiment. In comparison, physically cross-linked networks

undergo reversible GP at a critical temperature or pressure. Even so, a

change in frequency should not shift GP. One might speculate that

physical and chemical gels follow the same rheological law.

Finally, this study demonstrates that rheological measurements are

sufficient to measure the instant of gelation and that they are more
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r com

precise than evaluations of the degree of conversion. Howeve
ple.entarv phvsicai characterization of the sanies at OP „oul d he of
the greatest interest. Such experiments are proposed in the next sec
tion

.

.7.2 Suggestions for F,,t-ure R ftg p aT.oK

A natural extension of this research is to precisely define the
range of validity of the Gel Equation. An i.portant aspect to be cov-
ered is the long tlme behavior near the gel point. Measurers at very
low frequency were not accessible with the mechanical spectrometer in

oscillatory shear. However creep experiments on stable PDMS samples

near the gel point can give this information. Start-up of shear flow

experiments on the gel are also of prime interest to test the predic-

tions of the Gel Equation. At any shear rate within the range of linear

viscoelasticity, the shear viscosity is expected to grow without ever

reaching the steady state. It is of practical interest for reactive

processing and for gel processing to investigate the large strain be-

havior of a gel and to define its range of linear viscoelastic response.

An interesting consequence of the power law behavior observed at

GP is its application in measuring the instant of gelation. It has been

shown in section 4.3 that at GP the tangent of the loss angle is inde-

pendent of the frequency, Eq . (4.10). This property can be used to

determine the instant of gelation in a single curing experiment. For

instance, by subjecting the sample to a multi-frequency deformation, the

tangent of the loss angle can be recorded as a function of the curing
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time at different frequencies. From Eq (4 if»iiq. (4.10), the crossover point of
these curves will occur at the gel point Tt i. i .& point. It is interesting to note
that this single experiment would give the value of the power law ex-
ponent, n, and therefore the fractal dimension of the gel. It Is ex-
pected that rheologlcallv-measured GP coincides with the transition of
other properties such as cessation of large scale molecular motion
(Schmidt and Burchard, 1981), divergence of the correlation length.
Rheologlcal measurements at GP support the arguments of self similarity.
A great complement to this result would be a direct measurement of the
fractal dimension at GP. Radiation scattering techniques are suggested
to achieve this goal.

Finally, physical entanglements are avoided in this study, at

least initially, by choosing prepolymer molecular weights below the

entanglement limit. Surprisingly, rheological measurements at inter-

mediate stages of the developing network do not show clearly any evi-

dence for entanglements even in the vicinity of the gel region where

large molecules are expected to be formed. It would be interesting to

test the effect of entanglements on the validity of the Gel Equation.

The addition of an inert filler in the cross - 1 inking polymer would be

equally interesting for composite processing. Preliminary experiments

with a small quantity of filler suggest that filled gels still retain

the power law relaxation property. However deviations from this be-

havior are expected at higher filler concentrations.



NOMENCLATURE

Roman Svmhol

c

a

A 0

A

T horizontal temperature shift factor

SiH peak area of the initial PDMS mixture, see Eq . (6

£ SiH peak area of the fully cured PDMS mixture
A
t .

SiH peak area at intermediate time of reaction t

b
T vertical temperature shift factor

C

M
n

M
w

material constant, see Eq. (3.2)

r" 1
J-

Finger strain tensor

d
f fractal dimension

D material parameter, see Eq . (4.1)

E activation energy, see Eq . (3.1), or

E material parameter, see Eq.(4.2)

f cross -linker functionality

g prepolymer functionality

G(t) shear relaxation modulus

G
a0

equilibrium modulus

G ' shear storage modulus

G" shear loss modulus

G'
c

shear storage modulus at the critical state

G "

c
shear loss modulus at the critical state

H relaxation spectrum

M molecular weight

number average molecular weight

weight average molecular weight

power law exponent, see Eq . (3.5)n
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n
max maximum value of the power law exponent

PSiH degree of conversion of the SiH groups

P C
SiH

critical degree of conversion of the SiH

r stoichiometric ratio

r
e effective s toichiometry

R gas constant, see Eq. (3.1), or

R radius of gyration, see Eq. (4.11)

t time

t
c critical time

T absolute temperature

To reference temperature

T
g

glass transition temperature

T
gg

glass transition temperature of the gel

V velocity

Greek Symbols

1 strain tensor

7l2 shear strain

i rate-of -strain tensor

7l2 shear rate

T(n) gamma function with argument n

s phase angle between stress and strain

V shear viscosity

steady-shear viscosity at vanishing rate

*
V complex dynamic shear viscosity

V' real part of complex viscosity

rj" imaginary part of complex viscosity

groups
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A relaxation time, argument of H

A
max longest relaxation time

P density

I stress tensor

T i2 shear stress

frequency in rad/s

reference frequency, 0.5 rad/s
^0



REFERENCES

Adam, M.
,

M. Delsanti, D Durand C huh a t „
ApdI. Chen, 53,' 1489 a981>:

J>P
-
MUnCh

'

Adam, M.
( M. Delsanti and D. Durand, Macromole^ules

, 18, 2285, (1985).
Apicella, A., P. Masi and L. Nicolais, Rhe^^ta, 23, m (19g4)
ASTM D 1638-74

Bibbo, M.A. and E.M. Valles, MacromoWm.c 17, 360 (1984).

Bird
'

Liquids; ^un 5
°-

Ha
f
saSer .

dynamics of PolymericLiquids
, J. Wiley, New York, 1977.

Bueche, F.
,

J. Chem
,

Phyg
|

20, 1959 (1952).

Castro, J.H., C.W. Macosko and S.J. Perry, Polvm. Com 25, 82 (1984).

Cates, M.E., J. Physique, 46, 1059 (1985).

Choy, I. and D.J. Plazeck, to be published.

Cotton FA and G. Wilkinson, 'Advanced Inorganic Chemistry', chap. 21J. Wiley, New York, 1972. F
'

Farris, R.J. and C. Lee, Polvm. En^. gjgj
p 23, 586 (1983).

FeSer
'l830 (1984r

liS
'

S HSU
'

W ' J
'

Ma0Knight
'

MacromolecuTes
.

17,

Feger, C. and W.J. Macknight, Macromolecul §s
,

18, 280 (1985).

Feger, C., personal communication.

Ferry, J.D., ' Viscoelastic Properties of Polymers', J Wiley New York
1980.

Fisher A. and M. Gottlieb, Proc . of Networks 86 . Elsinor Denmark Aue
1986

& '

Flory, P.J., J . Am. Chem. Soc. . 63, 3083, 3091, 3096 (1941).

Flory, P.J., 'Principles of Polymer Chemistry', Cornell Univ. Press,
Ithaca, NY, 1953.

Gordon, M. , Proc. R. Soc. London . Ser. A, 268, 240 (1962).

131



132

Gottlieb M.
,
C.W. Macosko, G.S beniamin Vn mMacromoW,^

14, 1039 (1981) '
^ ' Wl MerriU

-

Herrmann, H. J., D . P. Landau and D. Stauffer Phv. p
(1982).

durrer
'
Fhvs. Rev. Lett 49, 412

Holle, H.J. and B.R. Lehnen, Eur, PolYm . ^ ^ 663 (1975).

Kauffman C.B. and D.O. Cowan, in 'Inorganic Synthesis' Vol fi r rRochow, Ed., McGraw-Hill, New York, 214 (I960)
'

'

"

Kramers, H.A.
,
Attl, Co^r Tnt Flricf, Como

, |, 545 (1927). I
Kronig, RdeL, J. Opt. Sor A mflr ^ 547 (1926) .

Larson, R.G., Rheolo gi.ca Acta
, 24, 327 (1985)

Leung, Y.K. and B.E. Eichinger, J . Chem. Phv. 80, 3877, 3885 (1984).

Lipshitz, S. and C.W. Macosko, Polvm. F.n r Scj 16, 803 (1976).

Lodge, A.S., 'Elastic Liquids', Academic Press, new York, 1964.

Macosko, C.W. and F.G. Mussatti, ANTEC Tech. PapPrc 18, 73 (1972).

Macosko, C.W. and G.S. Benjamin, Pure & Anp l C.h^ 53, i 505 (1981).

Macosko, C.W. and J.C. Saam, "The hydrosilation Cure of Polyisobutene"
to be published, (1985).

Malvern, L.E., 'Introduction to the Mechanics of a Continuous Media'
Prentice-Hall, London, 1969.

Marin G. and Ph. Monge
, Proc. Int. Congr. RhenWy

,

Acapulco 3 455
(1984).

F

Mark, J.E. andJ.L. Sullivan, J . Chem . Phvs

,

,
66, 1006 (1977).

Mark, J.E., Adv. Polvm. Sci. . 44, 1 (1982).

Meyers, K.O., M.L. Bye and E.W. Merrill, Macromolecules . 13, 1045
(1980)

.

Miller, D.R. and C.W. Macosko, Macromolecules
, 9, 206 (1976); Polvm.

Eng. Sci. . 19, 272 (1979).

Mooney, M. , J. Polvm. Sci. . 34, 599 (1959).

Muthukumar, M. , J. Chem. Phvs

.

. 83, 3161 (1985).

Muthukumar, M. and H.H. Winter, Macromolecules . 19, 1284 (1986).



Odla„
>i

0.

i

.princlple. of Polmtim ,_ p 108 io9i ^ wiuy ^^
hovers, J and W.v, Graessley

, nwl^^ ^ ^ ^
Rou". P-E., J, Chen,, Phys_, 21, 1272 (1953).

Schmidt, „. andw . Burchardi Ha£I2B£l££alg£i Ui 3?0i (im)
Shy, L.Y. and B.E. Eichlnger, BrJ^, ^ 2fl0^
Shy

'

L

a985):
K

'

LeUnS B ' E
'
Elchl«8«, Macromolecules, 18, 983,

Stauffer, D.
, Lec. Nor.. Phv , 9> w, (19gl)

Stauffer, D.
, Pure & Arml r^.„ 53

> 14?9

Stauffer, D.
,
A, Conlgllo and M. Adan

, Adv. Po1 s „, 44, 74

Sung, P.H. »d J. E . Mark , j Polym SrU
f polym ^ m ^

Stockmayer, „.„.. J
.

Chen,, Phys
, 11, 45 (1943); 12, 125 (1944).

Termonia, Y. and P. Meakln, Phvs. Rev T.^,- 54, 1083 (1985)

Tung C.Y.M. and P.J. Dynes, J. Appl . Pn1 „_ 569 (1982)

Tre ° la
press

R

Oxfo;d
he

i9 7j

SlCS
°
f RUbb6r n-*^'. Clarendon

Valentine, R.H^J.D^Jta,, T. Hom^a, and K. Nincniya, J. Polvn, M
Valles, E.M. and C.W. Macosko, Macromoler.nl es 12, 521 (1979).

Vinogradov, G.V., V.I. Gartsman, and B.M. Gorelik, Intern. J. Polymeric
Mater. . 3, 165 (1974).

Y

Winter, H.H. and F. Chambon, J. Rheol.
, 30, 367 (1986).






	Linear viscoelasticity of crosslinking polymers at the gel point/
	Recommended Citation

	Linear viscoelasticity of crosslinking polymers at the gel point

