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SUMMARY

P e - - -

g ankiﬂv, or cure, of Scot Bader ?0¢Jcctcr Regin Crysti
tipated by examining the resin during cure by ©
1 Barcol hardne rimen
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ig that in the cure of polyester resins
i

4~ e,
ests. The cxpe
o

cdeternined by conditions belore the gel point, and
affect the rate of .cure bubt not the nature of the
nal degree of converslon, Tunke' & work was baged
producte of hydrolytic degradation of polyesters,
Trom the methods used in this investigaticn. It
vidence did not support Funke's hypothesi is and
& for this and suggestions for future work are
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Introduction

It is well known that the m eunan1”a¢, e¢ectrlcal and chemical properties
of polyester resing are sensitive to the degree of cross-linking of the
materlql In view of the increasing use of these materiales in large

structures, such as beats, which cannot be post-curcd at elevated temperatures,
it is,deSLraa;e to have a method af agsgeseing resin cure in a given tinme.

It is also desirable to know whether room temperature cure ever gives

complete cross llnhing, and whau ef fect on practical properties any lack of
cure may have.

This provlem hag been examined by Sub-committee 2 of the Joint Services

and Development Committee on Plastics whose findings have been

SAedl’ 2, It va oﬂcludeu that most of the physical methods -examined
e cure dut were not capable of fine distinctions betweer

i 1s. The U“cﬂl ilon of the methods is macked by

e xamined, e.g. surface

gin ratios, wvolds, etec.

cure and also

was a very useful

and destroys the
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l "ar*Atlouc in glas
l save a picture of degree
one extractlion under care fualy controlled vJnvition
C cure. It is uwnfortunately labcriou

i g used to investigate cure of all therm ceﬁti¢g resing
ewed by Judd”. It is apparent from this review

ficient alone; and any method must be related

carefully to optimum physical propsrties. Detailed studies on the structure
of cz‘c:s»,,;nl ed polyesters, including problems of cure, have bcen made by
Funize®s3, Punke, Roth and Hamann®, Knodler, Funke and Hamann’, and Feinauer,
Funke and Hamann®.
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are subJected to totally destructive hydrclysis
sidual compounds are analysed by chemical methods
fraw-red spectrosepy and viscosity measurenments
tially maleate or fumarate reslidues linked
rrene unite. and the anukss g gives the amount of styrene bonded into such
compounds . Assuminghydrolytic scission is only at the ester groupds one may
calculate the styrene in the original networks. By follcwing the cauce of cure
it was found that after the gel point the type of compound did not change, but
the yield increased with time and temperature. From thiz it wase concluded
that chemical processes up to the gel point predetermined the final degree of
curs of the network. Changes of temperature after the gel point would only
alter the rate of crose-linking, the final degree of cure and structure of
the network having been alrealy predetermined by conditions before gelation.
If this were the czge correct pre-gal conditions might ensure a resin giving
optimum bTObﬂrtfee, where it would not be CrlthaA as to pO”t—ﬂeT condlulhn:.
The main aim of the vork reported in this Note is to test TFunke's hypothesie.

3 stl a
ﬂclu'ing elemental analysis, in
idual compounds are essen

a
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The problem of assessing degree o? cure in polyester resins is discussed
in detail by A1t®’ 19, L, A uamnle of r07vectev/g1ass laminate powder is

obtained by neans of a cuuter file clamped in a drill, the powder is extracted
with methylenc chloride and the methylene chloride CA ract ig analysed for
4o
C

LLul
peroxides and for residual styrene using Wijs solutlon Glass contcr of the



ed by a separate pyroly

nowlered laminote is obtain ¥ reig experiment. It was
shown that there is a relatlonship between the degree of cure of a polyester
conte
4.

regin and its styrene nt i i

6, but the relstionsghip is not entirely unambiguous.
The author claims however t QL hig chemical apalvtical method hag the advantage

cver other methods of being unaffected by glass fibre content. Determination
of degree of cure by many physical prorertlew, it ie claimed, is greatly
disturbed by the presence of glass Tibres or fillers Attenpbs were made to
correlate degree of cure, determined chemically, v¢+a Martens temperature (a

form of Heat Distortion Temperature). Cerualn‘res*ns, supnosedly cured,
acqaired only 90- 95% cure after two years, this kind of under-cure is nore
mar?ed with resi ¢ having high Martens temperatures. The author concluded
r resing having a high heat distortion temperature must be
extens y p st~cured. Post~curing should be Immediate, post-cure after
two years did not have ag great an effect as immediate post-curing. In

other words a state of under-cure may set in which can be no longer eliminated.
Alt al“o att enpts to correlate degree of cure, measured by chemicel analysis,
with a number of physical properties such as hardness, flexural strength,

tensile smreagth, mechanical loss fachtor, chemical resistance, water absorption
and yellowing. It was noted also that there is more free styrene assoclated
with amine cured systemg, as compared with cobalt cure. Acetons extraction
nethods of following cure in polyesters are described by Wiegand and Wallhausers?

e

A dilatometric method of

e ssing polyester cure is degcribed by Perlin,
Gilman and Leitess” The diTavuz

ze ]
eter described by these authors proved capable
of showing degree of cure by measur lcnt of shrinkage on cure. It was claimed
that the method can distinguish between permanent incomplete cure and merely
UCApo*a“y incomplete cure. The work was done on cast resing and wnvo“vec a
fairly large specimen.  Whether this method could be used for large, complete
structures is doubtful.

hanpes in attenuation and velocity of ultra-sonic wavesg during cross-
Wiwhinr of a polyester resin werce investigated by Sofer and Hauser®®asz a means
T following that process. These properties, especially attenuation, appeared
vsry sensitl to the gel point, and covld well be a means of following cure
in UJFlllcd materials, but due to numerous imperfections introduced by

secms  unlikely that ultrasonic methods would be useful in
fol vwlng cure Iin a polyester laminate. A congiderable amount of work on
changes of electrical resistivity of thermosetting resins, including polyestersz
during curc has been dole the initial approqc being by Fineman and Puddingtonv
The method has been further developrd by Warfield and his co-workers. A
gpecial cell for measuring changes in gpecific resistivity during cure is
described by Aukward, Warfield and Pexleels This method waz used for cas

- t—-\.

!-‘

1,1

E
unfilled, r3¢we~t°” regin. A marked and useful change in gpecific resigtivity
with cure and reasonable correlation with infra-red evidence was
ohtained. ar Work vas repo orted by Avkvard and Warfieldl? Turther work by
Variield a Petree” cch’ 1@& ot electrical conduction in 1olyﬁc%“ is an ionic
¢iffusion proces trolled by an activation encrgy. They =tated also that
the technique is not w€7i~3h4 iciev* and resgistivity data muszt be compared with
tha aﬁd Kenne*®Preport that using an

t obtained by other methods. Warfield

epoxide resin, volume resislilvity nulgcc ; be uzed to monitor cure in a
large reinfo“”ed ~ing structure, apparentlg J‘th a degree of success. This
has not vet been done, to the authore knowledge, on polyester reinforced

structuree, but these requLL may hold out some prospect of succesg for
nolyester 7um1 wates. Degree of cure in polyester dough moulding compounds
ig discussed by | omanqzlln terms of hot needle indentation testsz.
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Aimg of the present work

correct th

vital part of curing a

e

esin ig that preceeding the gel point. During this period
he nature of the netw is being predetermined, after the gel point
only the gneed of reaching the final state iz alfected by external
conditions. The work reported in this Iote was decigned to test the
hypothesls by comparing the cure of resing cured up to the gel point under
identical conditions, but after the gel point at different tewperatures.
The curc of the resgins was followed by Barcol hardness tests and acetone

Soxhlet extractions under gtandard conditions.

Experimental methods

s e 8 W . . G - 1

A1 experiments were performed on Scot Bader Litd.

™

Crystic 189 (L.V.), the catalyst and accelerator used were cata
neg iy

™
ne ]

i

and Accelerator g
accelerator, all other expe
catalyst formulation: -

5. gell
rimen

g were conducted with
50z,

0.5z.

2 mle.

Resgin for experiments having gelation at 118°C was s
i cure.

to facilitate thermally initiated

Resin wag mixed with catalyst and accelerator and
tube 5°/4 X 7/g" which was placed in a water bat

celation at 118°C) at the temperature required up to the gel point.

After the gel poi
been reached the disc of the gel times was removed, and the
ATter

4 3
clinme

was estinated by means of a Techne gel timer.

trancferred to an oven at the required temperature.

o
.

ed a2t 113°C contained neith
e
W

neclal

polyeste

the

deinhibited material,

noured into a boiling
vapour bath for
The gel

4

1t had
boiling tube
one hour ih

Fe)
casting returned

cagting was removed from the tube, a plece cut of'f, and the
to the oven. At appropriate time intervals further pieces of resin were cub
#7 Cor evamination. After cooling to room temperature, the hardness of
the cub pieces was neasured using a Rockwell Barcol hardness tester, (average
of eight'readings throughout } . The cut pieces were stored at - 15°C, rasped
racti

wtraction

T

and subjected to acetone
3

cd in Reference 2. Because
se vas used in the acetone extractions, rather than
laminates. A1l rasping was done with a gcurform.
thus estimated (as a percentage extraction) as a functi

temperature in the cagting was
C wternal

using the Soxhlet extrac
the resins were unfilled a nominal lgz. oI
th

tion procedure

iy

recommnended
cure was
during cure

identical experiments, using a thermocouple embedded in the
neasured.
surroundings due to the occurrence of

This will, in
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The pattern of experiments was as followe

Temperatures are external to the casting

Temp. to_gel point Temp. after gel point Code for experiment
20°C 20°C 20/20
20°C L0°C 20/40
20°C 60°C 20/60
Lo°C Lo°C uo/ao
Lo°c 60°C L0/60
L0°C 30°C Lo/80
go°c 60°C uO/OO
50°C 80°C 60/80
60°C 100°C 60/100

118°C 120°C 118/120
118°C 140°C 118/140
113°C 160°C 118/160

Zxperinental resulfs
The rvesulte of Barcol Hardness Tests during cure are get out in tabular
form below. (Table 1). Ovln to the round surface of the cut sectiong, and
”he rough rature of cut surfaces it ig very doubtful whether these figuree
ave much guantitative significance. A considerable scatter in hardnesgs
measurene nt~ was noted, and the author has doubts concerning their significance.

«. | Ex. | Ex. | Bzx. | Ex. | Ex. | Bx. | Bx. | Ex. Bx. ol
20/40; 20/€0 |40/40 10/60140/80! 60/60'60/80 160/100{118/120{113/140 118/160
s 125 o |19 18 116 9 - | o - 10
ah | 22 o |15 a7 |27 7 5 3 20 2k
26 25 - 20 | 2k 15 12 7 3 - 22
- 23 o | 2k ee 18 7 5 5 | 26 27
23 - - - - - 7 - - - -
- 21 3 2% | 22 16 - 7 - - -
2 36 23 4 25 30 25 27 23 15 - 23
31 - 122 i - - - - - - - -
-

In Ex. 118/140 there was extreme difficulty in measguring hardness Gue to
crazing in the cagtings.




b

The results on acetone
below in Tabl

Soxnlet extractions during cure are seb out
e 2 and are expressed in graphical form in Figs. 1 - 12.

9 s e S sl et e

Table 2. %cgtogg;@giggctzoaa
‘Time Ex. Ex. Ex, 5 Ex. Ix. | Ex. | Ex.; Ex. Ex. i X, Ex. Ex.
after gel.|20/20;20/%0i20/60 40/ 40} 40/60] ko/80) 60/60; 60/80]60/100; 118/120 118/140i 118/160
] i
1 hr. . 7o 8.1 §22.8% 9.24 19.9% 110.3% - 110.2% |13.9% |8.1% 7.5%
> hrs. 23.4518.1% {8.9% 117.9%|9.1% 110.0%{10.0% 10.06} 9.8% |11.0% |8.2% 7.6%
{
5 hrs. - 9.0% |9.2h 1 - 9.4 19.8% 110.1% 9.6%| -~ 10.1% - 7.2%
b hrs. 21.5% - 19.9% 14.3%/9.9% |10.0%/10.5% 9.9} 9.6% | 9.7 | 7.0% 7.4%
5 hrs. - 8.7 | - - - - 9.% . -~ - - -
6 hrs. 18,70 = 9.4 113.7%19.6% {9.8% |10.3% - | 9.3% | - 7.%% -
—I m\
his%q 16.3%1 8.5% {9.5% |11.5%|9.9% 19.1% 110.3%] 9.2%| 8.3% | 7.84 | 6.3% .7
43 nrs. 15.1%(8.5% | - 10.5%| -~ - - - - - 6.4 o
5 deys 12% - - - - ~ - - S - -
Figures 13-21 compare temperatures inside the castings with external
temperatures, these obviously differ due to exothermic heat generated during
cure. In general, exothermg exhaust themselves within an hour from the gel

point, and the temperaturs ol

ite surroundin
by a feirly vdoid descent, at least in the initial stages

Tﬂuertfebarlon of

It is Fun’"'
only affect the
ztructure.

netvori

Comp
levellecd ©

~
P
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.CO
Ud i

e C

Ql

regults

g

n 15 days, t

nypothesis
rate of cure, but

ng Ex.'s 20/20, 20/40, and 20/60,

the aO/MO ex. levels

20/60 ex. levels at epproximately 9.}

R
RO e

/‘_4&/.&

(‘a"}"'l

a("

Vs ll~u/\3
at 9.6-9.9% but the 40/80 has not
expect Lhc 40/30 ex. to level off

and 60/100 there is

60/ 60, qo/so
the 60/80 ex
completely at

but

axtraction figure character

differi

ne

she

ig still curing and

[}

~
.
DoE

5%
1.

tegel conditicns one doe
igtic of the pre~gel temperature.

i

0/40 ex, only more rap*d V.
and 40/80 the L0/40O does not level off,
levelled off completely at 9.1%.
more rapidly than the 40/60.
a marked early levelling off of the cﬂ/60 ex.,
the 60/100 ex. iz probably not levelled off
Within a set of cures having the seme pre-gel conditions,

Q

T

not

the first
t approx.

a7v

the casting is then substantially the same szs
Most peaks ghow a very rapid rice in temperature, followed

that post-gel conditions in polyester cure
not the attainable final conversion and

has probably not
whereag the

-
8.5%,

Comparing ex.'

One would expect this to level to
Likewise comparing
the 40/60 levels off

the Ex.!

One would

g

see a more rapid levelling to an



If one considers ex.'s 20/60, 40/60 and 60/60 (extraction figures
19-2h hours) these are much closer to each other (9.5%, 9.9%, 10.3%)
than gome of the figures within & set having the same pre-gel conditicdns
e.g. ex.'s 60/80 and 60/100 at 9. 2% and 8,)% respectively and where Soct~
gel temperatures are high encugh to give reasonsble cure. Indeed ex.'s
L0/80 and bu/SO give a similar comparison though on the other hand ex.'s
20/40 and 40/%0 certainly do not.

The graphs of internal temperatures of the castings show for the most
vart, a very rapid rise in temperature after gelation, but exotherm peaks
are surprisingly charp and indeed exothermic heat is normally dissipated
WLtl cne hour of gelation under the experimental conditions used. It
ol that the network is affected by such elevated bemperauureb,

i some rearrangement to take place, but on the other hand the
elevated temperatures are not of long durstion. In some instances, notably
ex.ls 20/#0 20/60 and L0/60, the phenomenon of an initially upward ricing
ted, for acstone extractions. Superficially this suggests
ccome degraded (' less cured' ) after 2 period of time, and then
rroceed cure again. A more likely explanaticn would seem 4o be that
nater Lal wihich would normally be extracted is being lost by evaporation.
During curc, in the early stages, much material (styrene) is volatile and
rot yet linked into the nvtvork‘ Exothermic heat may VO7aLWll°C this.
As gelation proceeds the 's0l' phase may be trapped by the 'gel' material and
be no longer volatlib, but still extractable by acetone. Under other

<
b

Lote

L) e

JPSSugi

conditions the 'gel' may trap the 'eo0l', volatile material very rapidly so
that volatilisation does not occur, also in some cases there may be =0 much
volatile material that the initial extraction figures are still descending.

n

In suwming up it appeers that the results do not give any cor
pport to Funke's hypothesis. In part this may be due to the ia h
QUproa,“ to the problem is by entirely different methods. Two Cifferin
polyester networks could be hydrolysed down to maleatc/fumarate residues linke
by styrene, the mixture of compounds so obtained from differing networks could

be leomeric and this would not easily be detected by elemental analysis, infra-
red specircscopy or viscosgity measurements. Thus one might suppose two dif

polyester networks were in fact the cane. Also 1f exothermic heat, which Iz
dependent upon geometry, does cause some rearrangement of the network near
gel point the pre-determination of the network by pre~gel conditions would be

prevented. I7 this were so Funke's hypothesis would apply only under certain
georetrical conditions i.e. those the t did not lead to an appreciable exother.

Throushout the literature the tern 'cure' is often used loosely. One may
define absolube cheunical cure as being the formation of crogs-links between
nolymer chaing such that a three-dimencional network le bullt-up. The cross-
links thas give unlinked side srunches, or the formaticn of lnuranmo*cgulaL .
loope ete. do not consti re, analysis would no 1st}ngu131
the type that gave network Ioruation fr om that waich did not. Cure mgv a%so

b d more loosely in terms of the optimisation some physical property, I
which case the point of full cure varies according to the property. In zuc
seg the property should be stated clearly.
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o
{n
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Though Funke's hypothesis is of academic interest it &

oes not appear
to offer much help in golving the practical problem of assessing cure in
large polyester/glass trUCbhrGS- Post-gel conditions would gtill seem to
be of imporitance. h : A1t®r 195 1lenows useful and practical
results, derending on TCSTQMdl styrene and peroxide contents o: resine, these
being propertles independent of the glase part of the laminate. Styrene is
already es

ie
timated in the methylene chloride extracts by gas chromatograph,

whwch may be easlier than by the use of Wijs solution as Alt recommends.

Posgibly infra-red spectroscopy may also be used. Hopefully a correlation
between styrenc content of the extractis and refractive index of extracts may
be uged to facilitate quick estimetion of stvrene content. Much renaine to
be done to correlate residual styrene with physical proverties.

cific resistivity
of i To the authors
knowledge £ d g s f' T g tructures. Much
more knowledge would be nceded concerning the effects of h AUﬂldlty, changes
in glass-content and the nature of the glass, perhaps also the effects of
added ions. Revertheless small electrodes could easily be embedded in a
laminated structure and relatively specedy tests made.

ical properties, as much expericnce shows, are not

ctory methods T

e, It is also concelvable that pyrolytic degradation
v is affected) might reveal changes ir

hac beel very well explo

81x

In our view the approaches of AlL, on residual styrene content, and
Kinns and Warfilield on volume regigtivity represent the best avenues Isr
future exploration.

&I\x'q'.
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