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Abdgtract : The low molar mass PPE/ TAIC blends were shown to have the upper critical solution temperature
(UCST) type phase behavior , and cloud point curves intersect the glass transition-composition lines at a PPE con-
tent of about 50 %. Phase behavior and cure behavior were investigated by different techniques: light transmission
measurements, fourier-transorm infrared spectrometer , and different scanning calorimeter. The cured morphology
of the PPE/ TAIC blends was studied by atomic force microscope. With increasng PPE content for PPE/ TAIC
blends, the diameter of the dispersed PPE particles has a sgnificant increase, and the thermal stability of the blends
isasincreased. The cured PPE/ TAIC systems exhibit good chemical res stance and thermal stability.
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Thermoset (TS)/ thermoplastic(TP) blends are materials resulting from the mixing of a TP polymer
and TS precursors and the subsequent reaction of the precursors. Usually theinitial mixtureis homogene
ous, but the molar massincrease of the TS precursorsinvolves a decrease in the conformational entropy of
mixing and a liquid-liquid phase separation occurs. One of the advantages of usng the reactiornrinduced
phase separation is the broad variety of morphologies that can be generated. One important factor control-
ling the phase separation process and the generated morphology is theinitial composition of the blend. Be-
sdes theinitial blend compostion, theintrinsc miscibility of the TSprecursorsand TP polymersinvolved
and the competition between reaction kinetics and phase separation process. Poly (phenylene ether) is
widely used in the manufacture of advanced composites™ . Thisis due to major advances in composite
mechanical properties that have resulted from the use of tough, high glass transtion temperature and low
dielectric constant thermoplastics. The high Ty, however , requires processng to be carried out in the 300
- 350 temperature range. Due to the oxidative and thermal senstivity of PPE, processng in this tem-
perature range resultsin severe degradation , and therefore PPE could be classfied asintractable. The deg-
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radation problem can be solved by blending with polystyrene to reduce the processng temperature. By
blending , however , heat resstance is sacrificed. TAIC is alow viscodty liquid at room temperature and
can be cured by peroxide, for example Dicumyl peroxide (DCP) , to provide athermoset of high heat res st-
ance. PPE/ TAIC systems are often applied in copper clad laminate matrix , but reports about their basc
properties are few. Thispaper reportson the phase behavior , cure behavior , and morphology of PPE/ TA-
IC blends.

1 Experimental

11 Reagents

Poly (phenylene ether) (PPE) of very low molar mass used throughout this work was obtained from
General Electric Company (PPO857) . Triallylisocyanurate (TAIC) was supplied by Liuyang Chemical Co.
(Mn=250). The curing agent was Dicumyl peroxide (DCP).
1 2 Blend Preparation

The TAIC and PPE were dissolved at 20 % of total polymer in trichloroethylene. The solution was
cast onto a cover glass(for microscopy) . The cast film wasfurther dried under vacuumfor 12 h. The phase
behavior of the PPE/ TAIC blends was studied using a light microscope with a temperature programmable
sample stage. Thefilm was heated between two glass slidesin the stage until a homogeneous sol ution was
obtained. The onset of phase separation upon cooling(2 - min™") was observed under the light micro-
scope. Based on this observation, the phase diagram of the PPE/ TAIC blends was deduced. For blends
containing more than 60 % PPE, the glass transtion temperature was determined by usng differential
scanning calorimeter (DSC) with a scan rate of 10/ min.

Cured blend specimens were prepared asfollows. The PPE and TA IC were mixed on a hot mold set at
160 . The homogeneous mixture was then allowed to cool down to 100 , and DCP(2 % ) was added.
After mixing for 2 min, the compound was poured into a preheated mold and cured under ambient condi-
tionsfor 2 h at 180 . After curing, the sample was allowed to cool sowly to room temperature. The
cured specimens were used for atom force microscope(A FM) observation, thermogravimetric analysis and
the solvent extraction tests.
1 3 Apparatus
1 31 Fourier-trandorm Infrared Spectrometer

The Fourier-transform infrared(FTIR) spectrometer of PPE/ TAIC(40 %PPE) blends was investigar
ted usng a WQR-310 FTIR spectrometer.
1 3 2 Atom Force Microscope

The surfaces of PPE/ TAIC blends were observed with a CSPM-3000 atom force microscope(A FM) .
1 3 3 Differentia Scanning Calorimeter

The curing reaction of PPE/ TAIC (40 %PPE) blends was made on differential scanning calorimeter
(DSC) NETZSCH-STA449C with three different scan rates(5 - min™*,10 - min"',15 - min*'
and20 - min"'). NETZSCH-STA449C was a so employed to investigate the thermal stability of PPE/

TAIC blends with a scan rate of 10 - min ',

2 Resultsand Discussion

2 1 Phase Diagram
The cloud points were determined by light transmission, and the vitrification( Ty) curve was calculat-
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ed by Fox relationship. The cloud point curves exhibit an upper critical solution temperature(UCST) be
havior , commonly observed for polymer solvent system. Fg 1 sends several messagesfor PPE TAIC system.

First, relative low temperatures, between 90 and 110  are required to obtain homogeneous solu-
tions. The cloud point temperatures reported in the literature" for high molar mass PPE/ TAIC blends are
inthe rangeof 150 . As expected, the decrease in the PPE molar mass enhances the miscibility of the
system, resulting in a considerable shift of the cloud point curve to lower temperatures. The process ng
temperature of PPE was greatly reduced , avoiding degradation or scorch problems of PPE. For example,
PPE/ TAIC (20 %) mixturesare homogeneous solution at 110 , whichiswell below the cure temperature
(about 180 for DCP).

Second , in al blendsinvestigated , the phase separation was completely reversble such that raising the
temperature above the measured U CST caused rehomogenization of the mixture. This verifies the existence
of the thermodynamic phase boundary. Furthermore, the measurements were reproducible even af ter mul-
tiple heating and cooling cycles, suggesting minimal degradation during testing, and little reaction of the
PPE and TAIC in the absence of initiator.

Third, the intersection of the cloud point and vitrification curvesis called Berghmans point'™ and cor-
responds to a PPE percentage of approximately 50 %. This valueis again lower than that reported® for
high molar mass PPE/ TAIC blends due to the shift of the cloud point curve to lower temperatures and the
decrease of the thermoplastic Ty. According to thisintersection point , the phase diagram can be divided in-
to two regions: solutions containing less than 50 % PPE will show phase separation upon cooling, and
the obtained material s are heterogeneous with two phases (TA ICGrich and PPErich) . However , complete
phase separation process will be arrested as soon as the PPErich phase vitrifies (at a PPE content of
50 %) . Asaresult of thisphenomenon, all of the phase separated solutions will exhibit a Ty of about 30

, Schematically represented in Fig 1 by the dashed horizontal line. That is to say, the heterogeneous
material s are with a concentrated phase of constant composition, and consequently with a constant Ty, e
qual to that at the Berghmans point. solutions with a PPE content exceeding 50 % will vitrify upon cool-
ing before any phase separation can occur , and are homogeneous over the entire temperature range, which
Ty s depend on the composition.

Fourth, the structure formation during cure should be via the reaction-induced spinodal decompos-
tion, asin the case of PPE/ epoxy systems'®”!. According to the classic Flory- Huggins theory for polymer
mixtures® | the mixtureisinitially in the single-phase regime at the cure temperature; however , the sys
tem will be transorm into a two-phase regime as the molecular weight of TAIC increases with cure. S,
the spinodal decomposition is expected to take place during cure.

2 2 FTIR Spectrometer

Fig 2 showsinfrared spectra of PPE/ TAIC system before curing reaction (a) and cured at 180  for
2 h (b). It isseen that the absorption bands at 1 700 cm™* and 933 cm™* are present in these spectra. The
first of theseis attributed to the carbonyl band stretching of the isocyanurate ring and the other is due to
C—H vibrations around the vinyl double bonds. The vinyl double bonds are the great reductioninintensity
of the 933 cm™ ', but not disappearance, of the vinyl bonds as compared to the ring band after curing. The
result indicates that curing reaction is incomplete even after 2 h of curing at 180 , which may be the
crosslinking reaction involving gelation and the vitrification by the T, elevation caused by the increase in

molecular weight of TAIC with curing.
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2 3 Morphology of PPE/ TAIC Bends

Fig 3 showsthe AFM of different PPE content in the cured PPE/ TAIC blends. The PPEphaseisdis
persed phase, even when PPE is morein composition(60 %) for cured PPE/ TAIC blends” . Increasng the
content of PPEin a cured blend with TAIC from 30 %, to 40 %, to 50 %, corresponding to micrographs
3a, 3b and 3c, the average sze of the digpersed PPE phase morphology increases from 5 8 nm, to 28 3
nm, to 94 1 nm. Withincreasng PPE content , a significant increase in the diameter of the dispersed PPE
particlesis observed. This effect is related to the volume fraction of PPE and the kinetic hindrance of the
process of the spinodal decomposition. The dtes of phase sgparating PPE may overlap and coalesce into
larger domains with PPE volumefraction increas ng, and moreover , anincreasein the viscosty of the solu-
tion with PPE content , sgnificantly retards the process of the spinodal decompostion, which result in a
more coarse morphology. As already discussed, one can expect the spinodal decompostion driven by the
cure reaction. Theresultsin Fig 3a, 3b and 3cimply that the cured material s have the two-phase morphol-
ogy fixed at the early stage of spinodal decomposition. That isto say, the rate of spinodal decompositionis
delayed and the decomposed structureisfixed by the network formation in TAIC phase. Soinodal deconr
position is delayed by theincorporation of small amount of graft copolymer!®*"!
polymer in PPE/ TAIC system is conceivable because the methyl group of PPEis easly attacked by radical
from TAIC . The graft reaction means that the PPE chains are bound to TAIC network. The bound PPE
chain will be difficult to extract with a good solvent for PPE. PPE/ TAIC(40 %) blendscured at 180  for
2 h are dipped in methane chlorideat 25 for 24 h, and then are dried in vacuumoven at 70  for 12 h.
The results show no lossof weight after drying. Solvent extraction tests may support the incorporation of

. Theformation of graft co-

(a) 30%PPE (b) 40%PPE (¢) 50%PPE

Fg 3 APRM Micrographs o Different PPE Content in the Cured PPE/ TAIC Blends
2 4 Curing Reaction and Ther mal Degradation of the Blends
Fig 4 shows the dynamic DSC scans of PPE/ TAIC (40 %) system loaded with 1% DCP at three dif-
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ferent heatingrates (5 - min"*,10 - min*,15 - min‘and20 - min '), with corresponding
peak temperature 182 1 ,190.9 ,197.1 and 202 3 | respectively.

The peak temperature data obtained from DSC as a function of heating rate were processed further to
obtain the activation energy for curing reaction employing the well-known Kisserger relation!™ "%

oy _ _Ea
In@/ T3) = RTp+C (1

Wherep is heating rate, T,ispeak temperature, E.is the activation energy for curing reaction, Ris the
gas constant , Cisintegral constant.

We can obtain alinear relationship for In(/ T3) versus1/ T, as shownin Fig 5, Activation energy for
curing reaction E. obtained from the dope of Fig 5is 115 2 kJ/ mol.
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bility of PPEis higher than that of TAIC.

3 Conclusions

Blend of low molar mass PPE and TA IC were studied, exhibiting a typical upper critical solution tem-
perature(UCST) behavior. The low molar mass of PPE enhances the miscibility , leading to critical tem-
peraturesfar below those reported for PPE/ TAIC blends. With increasng PPE content for PPE/ TAIC
blends, the diameter of the disgpersed PPE particles has a sgnificant increase, and the thermal stability of
the blendsisalso increased. The cured PPE/ TAIC systems exhibit good chemical resistance and thermal
stability.
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