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The thermal degradation of epoxy resins III
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A summary of work carried out between lst March and lst September,
1967 on the thermal degradation of the resin/hardener systems DIM/EP27L
and PA/EP27k.

1. Further pyrolysis/gas chromatography work has been carricd out on
the resin/hardener systems DDM/EP274 and PA/EP274. Pyrolysis products
from these resins identified in previous work esre listed in Table I.
Posgeible mechanisme for the formation of each of these products may be
postulated, and where possible, further work has been carried out to
provide evidence for or against the various mechanisms.
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Sizosphere

bDy/gp27k pA/zpeTs

Hydrogen (a) Hydrogen (a)

Carbon monoxide (c) Carbon monoxide (c)
Methane (b) Methane (b)

Carbon dioxide (c) Carbon dioxide (b)
Acetaldehyde (a) Acetaldehyde (a)
Acetone (b) Acetone (a)

Water (a) Water (a)

Benzene £C) Benzere (a)

Toluecne (c) Toluene (c)

Phenol (a) Phenol (a)

0-Cresol (c) 0-Cresol (c)
p-cresol (c) Phthalic anhydride (a)

(a) = major, (v) = secondary, (c) = minor importance of degradation product.

It should be noted that, where temperatures are quoted for the formation
of particular degradation products, these represent the temperatures at vhich
detectable gquantities of the products are formed within 30 seconds, and not
the temperatures at which the products actually begin to be formed. For
example no degradation products are detectable (after 30 sec.) at 500°C,
but it is well known that epoxy resins begin to degrade at 200-250°C.
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[00 and qOO°C (Figc. 1 - 6) is formed by dehydrogenation of secondary hydroxyl
groupings in the cured resins:
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AL hifiier temperatures H- may be clininated from armatic structures
to leave a network of carbon rings which probably constitute the carbonaceove
part of the residuc found on the filament after 'complete’ pyrolysis
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Carbon monoxide is a ninor degradation product of hHoth resin/harc‘tener syctens
(Figs. 1 and 2). Other workers have suggested mechanisme Tor its formati onggﬂ)
but it is to be hoped that the C'* work will pin point its origin in PA/EP27L

at least.

Methene. Although other worke—rs(e)have postulated mechaniesms for the
formation of methanc, they are too complex to account for the relatively
larze quantitles of methane liberated at temperatures betwecen L00°C and
500°C by both resin sy teme. The Tollowing mechanism seems far more
likely;
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This has becen supstantiated by pyrolysing a sample of bisvhenol A and nessine
the products through a silica gel colwnn; pealis correspond ing to hydrosen and
methane were recorded, (Fig. 7). (It has since bhecn noted that Davisz and
Golden (4) suggest the samc mechanism for the formation of methane from &
polycarzonate).

Caroon dioxide
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(a) DDI/EP274. The small quantities of COp Formed on pyrolysis of DDM/EP27%
may result from oxidative attack by oxygen dissolved in the rezin.



(vb) PA/EP2T4 yields fairly large quantities of COp which must originate
Tfrom
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Once the proposed dehydrogenation reaction has occurred, acetaldehyde
and acctone are cxpected breakdown products of the structure
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wee CHg =C- CHp === .
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This 1ls orobably thz sole source of acetone and acetaldchyde in
DDM/EP27k, Lut PA/EP274 contains structures such as;

- C =0 =CHg = CH ~ CHg = 0 —~mcivih
5 a
éﬁa - CH = CHa = 0 =
.

|
which may also bLe expected to yield acetone and acetaldchyde.

Water. It is assumed that water splite out of the -0 - CHp ~ CHOH - CHo, -
structures; this means that there is competition between the dehydrogenation
and dchydration reactions. By calibrating the water pcalz obtained on
separating pyrolyeis producis with column DE1O4 (7,3 Benzoguinoline) it has

been cehablished that, cn comvwlete pyrolysis, DIM/EP27L wviclds about S50%
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of the maximum theoretical amount of water. This result was cslculated
assvning that the curing reaction: OH
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gboichiomectric. TIn reality this is not the casc, and it is therefore
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1ikely that rathcr more than 50% of - CHs - CHOH -~ CHp - groups arc dehydrated



The remaining - CHOH - groups arec “vobably dehydrogenated Ly the pyrolysis
technique, but this may not be co in the absence of the 'hot wirc'.

Benzenc and Toluene may be regarded as secondary &cgrada*b products -
they do not annear in significant quantitics below 700°C (Figs. 5 and 6).
Both compounds could originate Ifrom the bisphenol-A part of the resin

structure or from the DDM part of DDM/EP27k. Some benzene almost certainly
. A, s

comes from the phthalic anhydride in PA/EP2?M. The CY* work will throw

more light on the origin of these products.

Phenol. iz a major degradation product of both res in/hardener gystems, and
undovbtedly comes from the bisphenol-A part of the network:
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0- end n-cx c,,o_; may ve formed by rearrangement of frapments such as

Phthalic amyar .de has recently been identif icd as a major degradacion
product of PAfEPE Th . It ig not clear yct whether the anhydride is
regenerated by a true degradation step or if large quantities of unreacted
anhydride arc present in the cured resin. Other wikers (5)(6) have

reported phthalic arhydride as a degradation product of siuilar resine.

It will be appreciated that a fairly complete nictwe of the thermal
degradation of the two rc'“;n/ ardener gys teme hae been obtaincd. The
fate of the DDM scgments of DDM/EP274 is still unknown but thiz should be
establishcd by the CY* work.



Compounds I, IT and IIT have been prepared by techniques described
in the nvevious report. These are to be comverted into the corresvonding
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5. Develomment of apparatus for cdetecting C** in the pas chromatograph

effluent,

After negotiations with Iuclear Enterprises (¢6.B.) Ltd., an order for
the modif ied ITS 550k, scintillation counter head unit, (rig. 5) has been
wlaced.

The cffluvent from the gas chromatograph will pass directly into the

tion stege. It is hoped that some nelp will be forthcoming



heated flow cell (thrOLgh a chort hecated pipe if nuc :sary). Decay of

Cl% labelled compounds in the cell give rise to scintillations in the glass
scintillator hase of the flow cell. These 'light flashes' will be detected
by the photomultiplicr (P.M.) tube, the signel will be amplified and pssscd
to the electronics.

Events detected by the P.M. tube will be sumed and recordcd every
1.0 sec., thus an active compound passing through the fliow cell in 1 minute,
say, will be recorded as a fairly smooth peaik. The total activity ol a
given radiocactive peak will also be displayed by sumning ell cvents occurring
during the timc vhen the count rate is abowve the bacigrovnd level.

A full description of the electronics will apnear in a scparate CofA
IGO0 .

The Thermal Degradation of Polypyromellitimides I
It has been decided to continuc the work on the pyrolysie of polymers
with a study of the thermal degralation of polypyromellitimides (polyimiccs).

The C1* tracer technicues Le.ing developed for the evoxy resin work will
Lz appliceble %o polyimides. The prevaration of theee nolymers has been
degerived in a number of papers (7)(8), and should not present serious
rTroblens.

The themmal degradation of polyimides has not bWeen extensively reportad
in the literature as yet. The papers which have been published (9)(10)(11)
(12)(13) have not dealt with desradation mechanisms in any detail.

Y

Samplcs of the four following polyimides have been supplied by
Dr. W.W. Wright (R.A.E. Farnaorougn).

I poly-[NN/ -(p,p’ -Giphenylether) pyromellitimide] (DDE/PMDA)
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IT poly-[NN’-(p,v’-diphenyl nethanz) pyromellitimide] (DDM/PMDA)
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III poly-[N,N!~(p,p’ -benzophenone) pyromellitimide] (DBPL/PMDA)
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IV poly-[N,N'~(p,p’-diphenyl) pyromellitimide] (PPD/PMDA )
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Preliminsry Ermerimental Work
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Infra red spectra of the polyimide samples have been recorded and

gscigmicnts made Tor most of the major absorptions.

It ie doubtful whether any estimate of uncyclised material present in
the polyimides can be made by I/R work alone, but in studying degradation
mechanisme it will be important to determine the effects of uncyelised units

Pyrolysis/gas chranatograghy

Polyimide samples have been pyrolized at 700°C on the elcctrically heate
nichrome filament descrided in previous work. Degradation products have
been separated on the same three columns used for the epoxy resin work -
silica gel, 7,3-penzo-quinolinc and Apiczon L. The latter two columns
have not proved very satisfactory in that there appear to be several
degradation producte which 'tail' badly. A Porapsk column will be tried
in future.

On complete pyrolysis at ”OO°C (in N-) the polyimides show a weight loss
of about 40%. The amount of 'tar' which condenses on the walls of the
pyrolysis tube ig small comparced with that ohserved for epoxy rceains, The
tare are being collected for Further study. The carbonaceous resgidues have
also been retained for C,H,N analysis.

Pyrolysis products identifizd to date are listed in Table 2.



Produc ts of Pyrolytic Degradation of Polyimides at 700°C in a Nitrogen
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Hydrogen
Carbon monoxide
Carbon dioxide
Ammonia (?)
Water

Benzene

Phcnol (?2)

The major degradation product is carbon dioxide. Bruck (10) suggest
that carbon monoxide should be the major degradation product:

/ W AN
{ N-R+~ = C(CO+ residuc.
C’//\\“ o “{ gl "

The mechanism suggested by Cotter and Dine-Hart for the dissociation orf
phthalanil under electron-impact (14) seems likely to account for the forma'ion
of carbon dioxide.
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SAMPLE: DM/ EP 274 COT RN SHLI0A ) OVEN TEMP o0

(a) PYROLYS!S THMI 200°C (b) PYROLYSIS TEMP: 600"
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FIGURE 1

SAMPLE: PA[EP 274 COLUMN: SILICA GEL OVEN TEME: 5070

a) PYROLYSIS TEMP: 400"C (b} PYROLYSIS TEMP: 00"
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FIGURE 2



SAMPLL : DM EP274 COLUMN: o 104 GVEN TEMP: SGOC
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FIG. 3
_ SAMPLE: PA/EP27Y4 COLUMN: DE 104 QVEN TEMP: 509¢C
{al PYROLYSIS TEMP: 435°C (b2 PYROLYSIS TEMP: 515°C
WATER WATER
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1] (o) PYROLYSIS TEMPE: 600°cC (d) PYROLYSIS TEMP: 750°C
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SAMPLE; DDNMJ/EP274

(1) PYROLYSIS TIMP: 4007

COLUMN

, D 102

SAMPLE; PA/EP 274

{2) PYROLYSIS TEMP: 400°C

FIGURE 5

COLUMN: DE 102

OVEN TEMI*: 1507C

(b) PYROLYSIS TEMP: 5007

(d) PYROLYSIS TEMP: 7007

OVEN TEMP: 150°C

(b) PYROLYSIS TEMP: 500”C

FIGURE 6

(d) PYROLYSIS TEMP: 700"
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