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Thermosets and ceramic chars were prepared
and characterized from a diacetylene–siloxane–
carborane polymer, DSCS, and a diacetylene–
siloxane polymer, DS. The goal was to incorpor-
ate the known thermo-oxidative stability found
in the siloxane–carborane elastomers into high-
performance thermosets and ceramic chars. The
DSCS thermoset had excellent thermo-oxidative
stability as determined by a low weight loss and
tough residue after annealing for 100 h in air at
300°C, but it had a low glass transition
temperature (94°C). The DS thermoset did not
undergo a glass transition below 350°C and had
a low weight loss on thermo-oxidative aging, but
the residue was quite brittle. Two random
copolymers were made to optimize the thermo-
oxidative stability and toughness of the DSCS
thermoset and the higher glass transition of the
DS thermoset. Significantly, the 50:50 DSCS/DS
random copolymer when cured to a thermoset
did not undergo a glass transition below 350°C,
yet retained much of the strength, toughness and
thermo-oxidative stability of the DSCS thermo-
set. Heat treatment of the poly-DSCS to elevated
temperatures resulted in a ceramic material
with improved properties relative to the ceramic
derived from poly-DS. Both polymers had
similar char yields to 800°C, but the poly-DSCS
solidified to a 15% denser ceramic. Copyright
# 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

It is well known that the incorporation of a
carborane polyhedral structure into the backbone
of a siloxane elastomer significantly increases
thermo-oxidative stability.1,2 Inorganic polymer
elastomers of this type can be formulated with use
temperatures of 300°C. An analogous thermoset is
needed for high-performance composite applica-
tions. Current high-performance organic thermo-
sets either fall short on thermo-oxidative stability or
hydrolytic stability, or are extremely difficult to
process. All are more brittle than desired.

Siloxane and carborane–siloxane polymers have
also been touted as precursors to silicon oxycarbide
ceramics.3 Advantages of using polymer precursors
include easier purification of starting materials,
atomic-level homogeneity, viscosity adjustments
which open up many processing routes, and
generally lower processing temperatures.4 In addi-
tion, ceramic morphologies can be achieved which
cannot be produced by conventional processing.

In this study, we started with a simple siloxane–
carborane elastomer, with proven thermo-oxidative
stability, and added the ability to crosslink by the
addition of a diacetylene group to the repeat unit. A
high crosslink density would be expected to
increase the glass transition temperature and
pyrolysis yield substantially. The repeat unit
consisted of diacetylene–siloxane–carborane–si-
loxane (DSCS, Scheme 1). A baseline resin without
the carborane unit was synthesized to create a
material with just a diacetylene–siloxane repeat
unit (DS). Carborane was incorporated to various
extents in random copolymers of DS and DSCS.
The synthesis and chemical characterization of the
materials described herein have been disclose
previously.5–7 In this work the mechanical proper-
ties of the cured thermosets are discussed as well as
preliminary results on the pyrolysis of these
materials to 800°C.
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EXPERIMENTAL

Detailsof thesynthesisandchemicalcharacteriza-
tion havebeenreported.5–7 Thesynthesisis a two-
step,one-potreaction(Scheme1) adaptedfrom a
previouslyreportedsynthesisof poly(silyldiacety-
lenes).8 Hexachlorobutadienewas treated with
4 equiv of n-butyllithium in solution to generate
1,4-dilithio-1,3-butadiene. Either dichlorosiloxane
(A) or 1,7-bis(chlorotetramethyldisilioxy)-m-car-

borane (B) was addeddropwise to the reaction
mixture to generatethe desireddiacetylene–silox-
anepolymer(DS) or diacetylene–siloxane–carbor-
ane polymer (DSCS). Randomcopolymerswere
madeby addingtheappropriateratio of A andB to
the reaction mixture. In this study, copolymers:
werepreparedwith A/B ratiosof 90:10and50:50.
Typically broad molecular weight distributions
with weight-averagemolecular weights of ca
10000wereobtained.6

Scheme1 Synthesisof poly(diacetylene-siloxane),poly(diacetylene-carborane-siloxane)andcopolymers.
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Thermosetspecimenswere preparedin either
aluminumplanchetsor moldswith 0.5in � 2.5 in
(1.3cm� 5.3cm) cavities. Molds were treated
with a tetrafluoroethylene(TFE) solids mold
releaseagent,MS-122N.Polymerswere softened
by heating to 100°C, weighed into the mold,
degassedfor 2 h undervacuumat 110°C andthen
curedin atubefurnaceunderargonsequentiallyfor
2 h at 150°C, 5 h at 200°C, 5 h at 250°C and12h
at 300°C. Samplescuredto this level are termed
‘thermosets’.Some sampleswere postcuredand
thenpyrolyzedin argonat400,500,600and800°C
for 6 h at each temperature and are termed
‘ceramics’.After thethermosetcure,sampleswere
sandedto removethe meniscuswith 280-, 340-,
400-, and 600-grit papers.Sampleswere stored
underdesiccant.

The cure was monitoredby FTIR spectroscopy
using a Nicolet Magna 750 FTIR spectrophot-
ometer. Thermosetscured to 300°C were char-
acterizedby dynamicmechanicalmeasurementson
a Bohlin VOR rheometerusing rectangularspeci-
mensin torsion.Measurementsweremadeat10Hz
and a heatingrate of 4 °C minÿ1. Glasstransition
temperatureswereobtainedfrom themaximaof the
loss spectra.Moduli, strengthsand failure strains
weremeasuredin flexureonanInstron1135tensile
testeraccordingto ASTM D790 with a 16:1 span-
to-thicknessratio.

Furtherannealingto 800°C was followed with

density, modulus and char yield measurements.
Densitiesweremeasuredby a buoyancytechnique
(ASTM D792). Moduli were measuredat room
temperaturein aflexuralgeometryusingaDynastat
mechanical tester at 10Hz. Thermogravimetric
analyseswerecarriedoutonsolidsamplesof about
10mg underdry argonor air usinga Perkin-Elmer
TGA7. A Perkin-Elmer DSC7 was used for
calorimetric measurements.Scan rates were
10°Cminÿ1 underanitrogenpurge.Linearthermal
expansion coefficients were measuredusing a
Perkin-ElmerTMA7 with expansionprobeunder
4 mN force and heatedat 2.5°C minÿ1. Thermo-
oxidative aging was carried out in a Blue M
circulating oven for 100-hdwells at either 316 or
343°C. Wide-angle X-ray measurementswere
obtainedusing a Rigaku RU200 12kW rotating-
anode generator with a Copper target (CuKa
radiation). Data on solid sampleswere collected
in the�2� geometryon scansfrom 10° to 90°.

RESULTS AND DISCUSSION

Characterization of cure

DSC studiesindicateda well-definedbroad cure
exotherm beginning at about 175°C with a
maximumof 295°C for DS (Fig. 1). Addition of
the carboraneunit to the backboneshifted the
polymercureexothermsto highertemperaturesby
about10°C for 90:10DSCS/DScopolymer,40°C
for 50:50copolymer,and50°C for DSCS.Thecure
cycle was designedso that reactionwould occur
slowly at the 200 and 250°C dwells and be
completedduring the dwell at 300°C. IR spectra
clearlyshowthediacetyleneC�C stretchingbands
(2071cmÿ1) in the uncuredpolymer.After 5 h at
250°C thesebandshad mostly disappearedin all
polymers.After the 300°C dwell the diacetylene
bands were absent from the FTIR spectrum,
indicatingcompletereaction.Weakbandsat 2142
and1886cmÿ1 werepresentafterdwellsat250and
300°C indicating the ene-yne and butatriene
structures,respectively.9,13 After a 6-h dwell at
400°C under argon these peaks disappeared,
suggestinga loss of this structure.In analogous
poly[(dimethylsilylene)-diacetylenes], Corriu,
through 13C NMR studies,observedthe loss of
theene-yneandbutatrienestructuresby 400°C and
noted the shift from sp to sp2 carbon or from
polyeneto polyacenestructures.9

Figure 1 DSC scansshowing cure exothermsfor diacety-
lene–carborane–siloxane polymers. Increasedcarboranecon-
tent decreasesreactivity, pushing cure exothermsto higher
temperatures.
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Mechanical and thermal properties

The flexural modulus,strengthandfailure proper-
ties of the polymerscuredto 300°C aresummar-
ized in Table 1. The modulus of the highly
crosslinkedDS polymer was low comparedwith
mosthigh-temperature thermosets,probablydueto
the flexible siloxane linkage. The polymer was
brittle with a strengthandfailure strainof 24MPa
and 1.3%, respectively. The slightly decreased
crosslinkdensityof 90:10copolymerwasrevealed
in a slightly higher failure strain, though the
materialhadaboutthesamemodulusandwasstill
quite brittle. The 50:50 thermosethad a slightly
decreasedmodulusbutasignificantlyhigherfailure
strainanda strengthof 37MPa.DSCShadaneven
lower modulus but was still tougher,showing a
yield point at around6% strainandfailing beyond

10% strain. The systematicvariation in flexural
propertiesis easilyseenin Fig. 2.

Dynamic mechanicalspectrarevealedthat the
DSCSthermosethada glasstransitiontemperature
around94°C and that the 50:50, 90:10 and DS
thermosetsdid not show a glasstransition below
350°C (Fig.3).Forall samplesthestoragemodulus
wasquitetemperature-dependentin theglassystate
and did not plateauon cooling, evento ÿ100°C.
This suggeststhat the single siloxanerepeatunit,
despitethe rigid, highly crosslinkedsurroundings,
retainedsignificant flexibility down to the glass
transitionof a siloxanehomopolymer.

The moduli and strengthsfor this family of

Table 1 Propertiesof diacetylene–siloxane–carboranethermosets

Polymer

Highest
annealing

temp.( °C)

Glass
transition

temp.( °C)
Modulus
(MPa)

Strength
(MPa)

Failurestrain
(%)

Thermalb

expansion
(�10ÿ6/ °C)

DS 300 >300 1900� 22 24.1� 2.2 1.28� 0.16 131
90:10 300 >300 1920� 97 31.0� 5.6 1.78� 0.48 143
50:50 300 >300 1710� 100 37.1� 5.5 3.1� 0.80 129
DSCS 300 94 1430� 50 40.0� 0.6a 6.1� 0.46a 186c

a Strengthandstrainareyield strainsfor DSCS;failure occursbeyond10%strain.
b Linear thermalexpansioncoefficientat 200°C.
c Rubberystate.

Figure 2 Variation of flexural properties with thermoset
composition.

Figure 3 Dynamicmechanicalspectraof hybrid thermosets.
The storagemodulus(G') is shownfor all the polymers.Only
DSCSexhibitsa glasstransitionbelow350°C, which is shown
in bothstorageandlossmodulus.
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thermosetswere low comparedwith other high-
temperaturethermosetssuchasphthalonitrilesand
polyimides.10–12Typical valuesfor thesematerials
were strengthsof 80MPa, moduli of 4000MPa
(roughly twice thevaluesfor 50:50copolymerand
DSCS) and failure strains of less than 2%. The
highermoduli andstrengthsof theotherthermosets
arisefrom their rigid backbones,whereasin these
hybrid polymers there are flexible siloxane se-
quenceswhich are constrainedby bulky crosslink
sites. In situations where the lower modulus is
tolerable,the higher failure strainsof the 50:50or
DSCS thermosetsmay be an advantage.The
presenceof the siloxane linkages also results in
anomalouslyhigh linear thermalexpansioncoeffi-
cientsfor materialswith suchhigh glasstransition
temperatures(Table1).

The variation in propertiesbetweenDS, DSCS
andthe intermediatecopolymersis in line with the
variation in composition of structure. The DS
thermosetis highly crosslinkedwith thediacetylene
groupsreactingto form stiff bulky crosslinkswith
extendedconjugation.Theonly sourceof flexibility
shouldbe the short (Si–O–Si)backbonesequence
betweenrigid crosslinksites.In theDSCSthermo-
sets,thecarboranecagesareunreactiveat thecure
temperaturesandtheflexible sequencebetweenthe
rigid crosslinksites is the much larger carborane
cage surrounded by siloxanes, (SiOSi—
CB10H10C—SiOSi).Thecrosslinkdensityis effec-
tively half that of DS and a much lower glass
transition is observed.The 90:10 thermosetcon-
tains only 10% of the longer, more flexible
carborane-containingsequencesandwasexpected
to havemechanicalpropertiesvery similar to DS.
The goal for this copolymerwas to evaluatethe
effectivenessof a small percentageof carborane
moiety in improving the thermo-oxidativestability
of the DS material. The 50:50 thermosetwas
synthesizedas a compromisebetweenthe tough-
nessof DSCSwith the low (94°C) glasstransition
temperature,andthehigh glasstransitiontempera-
tureof DS.The50:50thermosetwasmuchtougher
thantheDSor 90:10thermosetsanddid not havea
glasstransitiontemperaturebelow300°C, indicat-
ing that it may be possibleto addmoretoughness
by synthesizing40:60or 30:70copolymersuntil the
glasstransitionbeginsto decrease.Thesepolymers
wouldbeexpectedto havepropertiesbetweenthose
of the50:50thermosetandDSCS(Fig. 2) andthus
modulusandstrengthwould not improvemuchbut
toughnessand failure strain could increasesig-
nificantly.Optimumpropertiescanbeestimatedfor
variouscompositionsfrom Fig. 2.

Thermal and thermo-oxidative
stability of thermosets

Much work has been done on the thermal and
thermo-oxidativestability of poly(siloxane-carbor-
ane) elastomers.1,2 Characterizationfocused on
TGA andthermalmechanicalstudiesin air or inert
atmospheres.The poly(siloxane-carborane) elasto-
mers were typically composedof m-carborane
moieties separatedby one, two, three or four
dimethylsiloxyl units. Regardlessof the length of
thesiloxanesequence,TGA studiesin inert atmos-
pheresshowedvery little weightlossbelow500°C,
and100°C improvementover poly(dimethylsilox-
ane).Whenheatedto highertemperatures(700°C)
theweightlosswasproportionalto thelengthof the
dimethylsiloxanesequences.It is believedthis is
due to stabilizationfrom the carboranenuclei on
neighboringmethylgroups,this stabilizationbeing
lesseffective on methyl groupsfurthest from the
carborane unit in the longer dimethylsiloxane
sequences.In air, the shapeof the TGA curves
was influencedby the formation of the oxidesof
silicon and boron. Evidence of oxidation was
observedas low as 300°C. At high temperatures
(700°C) the weight losswasagainproportionalto
the dimethylsiloxanesequencelength.The impor-
tanceof the oxidation in poly(siloxane-carborane)
elastomerswasstudiedby following the stiffening
of thepolymerswith oxidativeaging.1,2 Significant
embrittlementoccurred,correspondingto theonset
of oxidationasobservedin theTGA.

In light of the previouswork, poly(diacetylene-
carborane-siloxane)polymerswouldbeexpectedto
havevery little weight lossin inert atmospheresto
500°C andpossiblyto showsignsof oxidationat
300°C. Thehigh crosslinkdensityshouldresultin
low weight losseson inert pyrolysisto 700°C.

TGA scansat 1 °C minÿ1 underargonwererun
for both DS andDSCSthermosets.Both materials
had under 2% weight loss to 400°C, under 7%
weightlossto 500°C,andunder20%weightlossat
700°C. Theresultswerecloseto thoseobtainedon
largersamplesannealedunderargonfor 6 h eachat
400,500,600and800°C asshownin Table2.TGA
scans in air did not show significant oxidation
below400°C, thereforeamoreextensivestudywas
undertakenwith dwellsat elevatedtemperatures.

TGA experimentson 300°C-cured thermosets
consistedof 6-h dwells in argonat 340, 370 and
400°C (Fig. 4A). Weight lossesof lessthan2 wt%
were observedin all polymers after the 370°C
dwell, andlessthan4 wt% after400°C.Theweight
loss curves for DS and 90:10 copolymer were
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parallel after an initial loss at and below 340°C.
The higher initial weight loss for 90:10 thermoset
may have been an artifact due to moisture
absorptionor it could have beendue to a lower
polymer molecularweight resulting in significant
uncrosslinked end-groups with lower thermal
stability (polymer molecularweightswere 5 000–
10000g molÿ1). Most significant in this seriesof
experimentswas the much higher rate of weight
loss for DSCS at 400°C. The weight loss rate
would beincreasedby chainscissionandreversion
reactions,and diminished by subsequentcross-
linking reactions.It is possiblethat for DSCSthe
secondarycrosslinkingwasreducedrelativeto the
otherpolymers.Anotherpossibilityis thatthelower
crosslinkdensityof DSCSallowedlargerfragments
to leaveduringdegradation.In thissetof polymers,
the 50:50thermosetappearedto representthe best
compromisebetweenthe improvedthermalstabi-
lity due to increased carborane content and
decreasedthermalstability due to lower crosslink
density,whenannealedin an inert atmosphere.

The samesampleswere then run under air, in
which casetherewereinitial increasesin weightof
2.3,1.5 and0.8wt% for DS, 90:10copolymerand
DSCSfor the 6-h isothermaldwell at 340°C (Fig.
4B). For these three thermosetsthe oxidative
weightincreasewasleastfor thesamplecontaining
themostcarborane.After the initial increase,there
wereslightly slopedplateauswherea slow weight
gain occurredin thesethree thermosets.On the
dwell at 370°C, DS and 90:10 copolymer lost
weight, whereasDSCScontinuedto gain weight.
Theresultsmayindicatethatanoxidesurfacelayer
wasformedthatwasrelativelystableat 340°C for
all polymersandstableat 370and400°C for only
the samplescontaining the most carborane.The
50:50thermosetappearedto beananomalyin that
it had the highestweight gain during the 340°C
dwell and the second-highestcarboranecontent.
Closer inspection revealed that the onset of

Table 2 Annealingof diacetylene–siloxane–carboranepolymers

Annealingtemperative

Polymer 300°C 400°C 500°C 600°C 800°C

DS E (MPa) 2160 1650 1870 11100 —
Density(g/cmÿ3) 1.092 1.089 1.033 1.175 1.549
Charyield (%) 100 97.3 89.9 84.9 80.9

DSCS E (MPa) 1510 1380 1560 11700 —
Density(g/cc) 1.056 1.062 1.025 1.157 1.783
Charyield (%) 100 97.1 90.2 84.1 81.4

Figure 4 TGA scansof four thermosetswith 6-hourdwellsat
340, 370 and 400°C. (A) in argon: weight loss is low.
Surprisingly,rateof weight lossat 400°C is highestfor DSCS.
This maybedueto lowestinherentcrosslinkdensityor lowest
rate of thermally induced crosslinking to counter other
degradationreactions.(B) In air: the sampleswith the least
carboranegainthemostweightat 340°C with theexceptionof
the50:50copolymer(seetext). At highertemperaturesDS and
the 90:10 thermosetlose weight while the 50:50 and DSCS
thermosetsslowly gainweight.
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oxidative weight gain was betweenthat of 90:10
thermosetand DSCS, as expected.The higher
plateauvaluecouldhavebeendueto alowerrateof
reversion and chain scission reactions in 50:50
copolymer.In inert annealingthe 50:50 material
hadthelowestweightloss.Longer-termtestingin a
circulating oven for 100h at either300 or 343°C
resultedin small weight losses(less than 4 wt%)
andcrackedandbrittle residuesfor DS and90:10
thermoset.For the300°C annealthe50:50samples
hadseveraldeepsurfacecracksbut remainedvery
toughandDSCSsampleshadno obvioussignsof
oxidativedegradation.

Pyrolysis

The starting polymer, DS, was a semicrystalline
materialwith multiple melting peaksthat is fully
melted by 75°C. The 90:10 copolymerhad very
similar melting behavior except that the crystal-
linity wasvery much depressedby the incorpora-
tion of the carboraneunits. The DSCSand 50:50
polymerswereviscousliquidsatroomtemperature.
Therefore,unlike thepoly[(dimethylsilylene)diace-
tylene]s and other diacetylenes,these materials
were in the melt state when crosslinked.Wide-
angleX-ray scatteringfrom the cured thermosets
revealedonly diffuseX-ray peaks,includinga low-
anglepeakcommonlyobservedin siloxaneelasto-
mers. These peaks sharpenedand shifted only
slightly on annealingfrom 300 to 800°C. More
definitive assignmentsof these peaks may be
possibleafter annealingto highertemperatures.

Changesfrom 300to 800°C arebetterfollowed
by densityandmoduluschanges,asshownin Table
2 for DSandDSCS.Between300and400°C there
weresignificantmodulusdecreasesfor both poly-
mers.Thesemayreflectthechangesin thenatureof
thecrosslinksfrom ene-ynestructuresto polyacene
structuresobservedby IR. Furtherinert annealing
of bothpolymersto 500°C resultedin weightlosses
of about 7% and resulted in density decreases.
Surprisingly,therewerecorrespondingincreasesin
modulus.Heatingto 600°C resultedin densifica-
tion andthe startof a sharprise in modulus.Both
polymers had similar moduli, densitiesand char
yields.A major differencemay havebeenstarting
to occur by 800°C, in that DSCShad reacheda
muchhigherdensitythanthe materialscontaining
lesscarborane.A more detailedstudy of this and
further pyrolysisto 1400°C is underway.

CONCLUSIONS

A family of poly(carborane-siloxane-diacetylenes)
were characterized as thermosets and chars.
Thermosetswere cured by heating to 300°C, at
which point the backbonediacetylenegroupshad
completelyreacted.At thispoint,DSCShadaglass
transitionof 94°C andDSandthe90:10and50:50
copolymers did not undergo a glass transition
below 350°C. The modulus and strength were
low comparedwith other high-performancether-
mosets.This is not surprising,given the dimethyl-
siloxanesequencesin thepolymerbackbone.DSCS
and50:50copolymerhadhigh failure strains.This
is notablefor the 50:50 thermoset,which did not
showa glasstransitionto 350°C. The thermosets
also showed anomalously high linear thermal
expansioncoefficientsfor polymeric glasseswith
such high glass transitions. The polymers had
exceptionalweight retentionon annealingin either
inert or oxidativeenvironments.After 100h in air
at 316°C, DS and 90:10 thermosetswere brittle
whereasDSCS and 50:50 were tough. Increased
carboranecontentimproved integrity after oxida-
tive annealingbut alsodecreasedthe glasstransi-
tion of thethermoset.The50:50thermosetwasnear
the optimal for this family of materials;however,
more toughnessmay be gained by increasing
carboranecontent beyond 50:50 until the glass
transition beginsto decrease.DS and DSCS had
charyieldsgreaterthan80%afterinertannealingto
800°C, but the carborane-containingcharattained
muchhigherdensity.
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