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Abstract

Frequency-dependent dielectric measurements have been used to monitor and characterize the phase separation process in high-perfo
mance thermoplastic—thermoset blends of 2,6-dimethyl-1,4-phenylene ether (PPE) with an epoxy diglycidylether of bisphenol A (DGEBA)
and 4,4-methylene bis(3-chloro-2,6-diethylamine) (MCDEA). The systems studied are 30, 45 and 60% PPE/DGEBA—MCDEA blends. The
results are compared with dynamical mechanical measurements and the developing morphology.

Both dielectric and mechanical measurements are shown to be good techniques to monitor the phase-separation process and the reactio
advancement. Dielectric measurements monitor the buildufy in both the PPE-rich continuous phase and in the epoxy-rich occluded
phases. Dielectric measurements are advantageous as they can be made in situ continuously on a single sample throughout the entire cur
process. The results show that the phase separation process initially occurs rapidly involving a large amount of the epoxy—amine diffusing
into the occluded phase. The rate of the epoxy—amine reaction in the epoxy-rich 30% PPE mixture is approximately equal to that in the neat
epoxy—amine system due to two opposing effects, a slower reaction rate due to dilution and a lower level of conversion at vitrification due to
the presence of highy PPE. In the 60% PPE mixture, the dilution effect of the PPE has a large affect on the decreasing the reaction rate and
achievement of vitrification. The continuous thermoplastic-rich phase is observed to vitrify first, followed by vitrification of the thermoset as
occluded particles. Finally, the results show as evidenced by the size of the occluded particles and the composition of the continuous phase
that the morphology is strongly influenced by the kinetics, diffusion, and viscosity conditions during phase separk$e8.Elsevier
Science Ltd. All rights reserved.
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1. Introduction With the recent development of high-temperature, high-
performance thermoplastics, examples being polyether
The development of high-temperature, high-performance imide (PEI), poly(2,6-dimethyl-1,4-phenylene ether or
thermoplastic polymeric materials presents several major oxide) (PPE or PPO) and poly(ether ether ketone)
challenges. Besides possessing a high glass transitionPEEK), the blending of thermosets with these high glass
temperature, the polymer must have the toughness of a thertransition thermoplastics is a potentially novel way to
moplastic and the strength of a thermoset. In addition, the improve their processability [6—13]. Often because of
polymeric material should have a processable viscosity at antheir high glass transition temperature and high viscosity,
acceptable temperature. One of the most promising these thermoplastics are too difficult to mold or suffer degra-
approaches for achieving these often opposing materialdation at temperatures where viscosity makes processing
properties is through thermoplastic—thermoset blends. Thepossible. The addition of an appropriate reactive solvent,
use of thermoset—thermoplastic blends has been widelythe thermoset precursor, significantly reduces the softening
studied as a means to toughen the polymer network, totemperature. This unique approach has been termed “reac-
improve the surface finish of molded parts, to reduce tive processing” [1,6,7].
thermal stress and to introduce structure such as micropores The advantage of blending the thermoset precursor with
[1-5]. the thermoplastic is that the softening temperature is
decreased significantly. But this advantage creates addi-
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the thermoset precursor reactivity. As it reacts increasing its ether of bisphenol A (DGEBA) from DOW, DER 332,
molecular weight, the entropy of mixing decreases. The 345.5 g/mol and a stoichiometric amount of 4,4-methylene
entropy termAS™ usually dominants the free energy of bis(3-chloro-2,6-diethylaniline) (MCDEA) 380 g/mol, sold
mixing AG™ = AH™ — TAS". Thus as the molecular weight by LONZA.
increases, an average molecular weight is reached where a The DGEBA and the MCDEA were mixed at 8Dusing
homogeneous mixture is no longer favored, and the thermo-an IKA dual blade mixer. The epoxy—amine mixture was
plastic-reacting thermoset system separates into two phasesntroduced into a twin screw corotative extruder from Clex-
One phase is called thephase, which is rich in thermoset. tral and extruded at 176. After extrusion it was deter-
The other is called thB-phase and is rich in thermoplastic. mined the PPE—-DGEBA—-amine blend advancement was
For most thermoplastic—epoxy resin ratios with 25% or between 0.03 and 0.07.
more by weight thermoplastic, the new phase separated Dynamic mechanical measurements were made using a
system is a continuoug-phase with occludedx-phase Rheometrics RDA Il in both laboratories using 25 mm
spheres. At this point as a result of both phase separationplates, 1.5 mm gap, strain< 3% at 10 rad/s in a temper-
and advancement of the epoxy—amine reaction, the viscos-ature-controlled chamber.
ity increases rapidly. It has been shown that the viscosity at Frequency-dependent complex dielectric measurements
the cloud point and the conditions of phase separation canwere made using an impedance analyzer controlled by a
have a strong effect on the final morphology and mechanical microcomputer. In the work discussed here, measurements
properties [13]. at frequencies from Hz to MHz are taken continuously
As a consequence, while making processing of high- throughout the entire cure process at regular intervals and
temperature thermoplastics possible at significantly lower converted to the complex permittivitg* = €' — ie”. The
temperatures, there are new concerns and quantities thatmeasurements are made with a geometry-independent inter-
need to be monitored. One quantity of concern is the time digitated electrode [16]. The sensor is inserted into the blend
of the onset of phase separation. This is the point at whichand the impedance is measured with either a Hewlett
the viscosity starts to rise. Second, the advancement of thePackard or a Schlumberger impedance bridge. This system
reacting thermoset precursor needs to be monitored. Thepermits multiplexed measurement of sensors. The sensor
time—temperature history of both the onset of phase separaitself is planar, 1x 1/2 inch in area and 5 mm thick. This
tion and reaction advancement are important in knowing sensor—bridge microcomputer assembly is able to make
and controlling the morphology. Finally, achievement of continuous uninterrupted measurements of bethand
an acceptabldy and full cure needs to be known for both e”’and over 10 decades in magnitude at all frequencies.
phases. The sensor is inert and has been used at temperatures
This paper discusses the use of dynamic mechanical andexceeding 400 and a pressure over 1000 psi [16].
frequency-dependent dielectric measurements to monitor
the time of phase separation and the reaction advancement
as monitored by the buildup i, The dielectric sensor 3 Background
measurements discussed in this report have the additional . .
advantage that they can be made both in the laboratory as Frequency—depende.nt measuremgnts of t_he d|g|ectr|c
well as in situ in the fabrication tool in the production envir- |mped_ance of a material as characterized by its equivalent
onment. The systems studied are 30, 45 and 60% by WeightcapamtanceQ) a“q gqndlictan?e(z()_ "f‘,re used to calculate
PPE/epoxy-hardener blends. A reactive precursor solvent of '€ COMPlex permittivitye* = e’ — ie’, wherew = 2f, f
epoxy and hardener was chosen which reacts slowly and'S the measuremen_t frequency aglis the equivalent air
which has been well characterized [14,15]. The dielectric replacement capacitance of the sensor.

measurements are sensitive to interfacial charge polariza- C(w) material

tion and have the ability to detect the onset of phase separa< '®’ = - Gy @
tion. The onset of phase separation is also detected by

mechanical measurements through the increase in viscosity. , G(w) material

Dielectric dipolar relaxation peaks at longer times monitor € (w) = T WGy

vitrification through thex-relaxation process in both phases.

The mechanical relaxation measurements of the loss modu-This calculation is possible when using the sensor whose
lus peak also monitor the vitrification processes. geometry is invariant over all measurement conditions. Both

the real and the imaginary parts &f can have dipolar (d)
and ionic (i)-charge components.

2. Experimental € =ey+ e 3]

Mixtures of 30, 45 and 60% PPE distributed by General _» _ » , »
Electric as PPE800 and PPE820 witkl, = 1200Q @

M,, = 25000 g/mol were blended with an epoxy diglycidyl- Plots of the product of frequencyj multiplied by the
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imaginary component of the complex permittiviey(w)
make it relatively easy to visually determine when the low
frequency magnitude af’ is dominated by the mobility of
ions and when at higher frequencies the rotational mobility
of bound charge dominate$. Generally, the magnitude of
the low-frequency overlapping values©é” (w) can be used

to measure the change with time of the ionic mobility
through the parameter where

o(ohm *ecm™) = eqwe! (w) 3)

€ =18854x10 “c?Jytemt

The changing value of the ionic mobility is a molecular
probe which can be used to monitor changes in the viscosity
during cure. The dipolar component of the loss at higher
frequencies can then be determined by subtracting the ionic
component.

" (w)dipolar= €"(w) — 2. (4)
wEe(

The peaks ire” dipolar (which are usually close to the
peaks ire”) can be used to determine the time or point in the
cure process when the “mean” dipolar relaxation time has
attained a specific value = 1/w, wherew = 2=f andf is
the frequency of measurement. The dipolar mobility as
measured by the mean relaxation timés monitoring the
a-relaxation process associated with vitrification and it can
be used as a molecular probe of the buildupTy For
example, the time of occurrence of a given dipelaielaxa-
tion time as measured by a peak in a particular high
frequency value ok”(w) can be quantitatively related to
the attainment of a specific value of the glass transition
temperature [16—-23].

Interfacial polarization processes which occur in hetero-
geneous dielectrics will be present at the onset of phase
separation, that is beginning at the onset of the transition
from a homogeneous to a heterogeneous two-phase system
[24—-33]. These effects arise at the interface of two media
having differing permittivities and conductivities. These
interfacial effects can be quite strong sometimes creating
increases ire’ by factors of 10 and a charge polarization
relaxation time. The effect is dependent on the magnitude of
the conductivity differenced, — o,) between the occluded
phaseo,, and the continuous phase;.

The most well-known theoretical model of this effect is
the Maxwell-Wagner—Sillars model [34-36]. Using the
Maxwell-Wagner—Sillars model, the complex dielectric
permittivity of the mixturee*(w) of orientated occluded
ellipsoids with complex dielectric constanty(w), at a
volume fractionv, dispersed in a continuous matrix with a
complex dielectric constant¥(w), can be calculated from

Fig. 1. TEM photos of the final morphology after TZ5asothermal cure and
a post-cure at 20C€ for a 10% (top), 30%, 45% and 60% PPE/DGEBA-
MCDEA mixture.
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the following equation: morphology after curing isothermally at IT5 for 5h
followed by a 2-h post-cure at 280 to fully cure the
11— )1 = A) + (1 + AL — 1)) (5) epoxy. For 30, 45 and 60% by weight PPE, the photos
€1+ Al = p)(e*2 — ) show phase separation withphase occluded particles in
where AQ = A = 1), is the depolarization factor of the & continuouss-phase as opposed to the reverse in a 10% by
ellipsoidal filler particles. It depends on the shape of the Weight PPE mixture. The photos also show a variation in
particles (length of the long to b short axis ratio for spher- particle size as the weight% of PPE increases. These results
oids) and of the orientation of the field relative to the parti- &re reported in Table 1. _
cle. For prolates spheroids (rod or needle-like) oriented As a re.presentatlve plot of the mechanical measurement
along the shorter axid\ lies between 0 and 1/3, while for ~ results, Figs. 2-and 3 show the results at°C7&t 10 rad/s,
oblates spheroids (disc-like) oriented on the shorter axis, Strain < 3%, using 25 mm plate, 1.5 mm gap for the 45%

* — g

€

lies between 1/3 and 1. For spheres- 1/3. PPE blend. The values &', G”, § andn* all show distinct
g - - ; d/
Separating the real and imaginary parts leads to Debyeischanges.wn'h tlmg. First at 35 min, there is a sharp ns@ of
equations or n* which is attributed to the onset of phase separation. It
_ is known for PPE—epoxy blends that in mixtures of 25% or
€ =€, + &7 o (6) greater PPE, phase separation—inversion occurs where the
1+ (wr)?

continuousB-phase is rich in PPE [6—8]. This results in the

continuoug3-phase becoming richer in PPE, less plasticized
@) and the viscosity rises rapidly. The important practical

consequence of this effect is that by blending a reactive
where o = 2nf with explicit formulae for the low-and  epoxy with PPE the initial processing temperature for flow
high-frequency limiting permittivityes, €., and ryws the of this otherwise high-viscosity, high-performance thermo-

wT

"_ . _
€ =6 ) 1+ (w7)?

relaxation time of the interfacial charge polarization. plastic is significantly reduced even below Tigof 213°C.
The onset of a PPE-rich phase vitrification peak for 10 rad/s
s = €0—2 + AL = Vo)(er — ) ®) is observed ind (and G”) curve at 70 min and peak at
o1 + Al = vo) (02 — o) 86 min. The elapsed times in minutes to the mechanically
observed onset of phase separation are reported in Table 2
ot [A(L - Vy) + Vp](0p — 07) o for the three mixtures and the four isothermal reaction
ST o+ Al = Vo) (o, — ay) 271 temperatures.
Mechanical measurements are difficult to make in a
x [o1 + Aoz — 01)](e2 — 1) — [€1 + Alez — &1)](02 — o) processing tool environment. Furthermore they reflect
[o1 + Al — Vo)(0p — o) macroscopic force—displacement changes. Thus it is of
9) interest to examine the ability of dielectric, electric field

o molecular force—displacement measurements of ions and
wheree, denotes permittivity offree space; ando,arethe  gingles to detect the phase separation and advancement of
conductivities of each phase, ande, are t_h(.e.hm/nmg low- cure in this reactive epoxy/thermoplastic system.
frequency permittivities for which by def'_”'t'c’d =0.An Figs. 4 and 5 display the dielectric in situ sensor measure-
extended MWS model for randomly orientated ellipsoids y,ents of logoe”(w)] and €. Both €’ ande€’ and show a

shows that in such a case a distribution in the morphology sharp rise due to an interfacial charge polarization at 36 min.
(shape and/or orientation) of the occluded ellipsoids leads to ;g large increase i’ ande” is due to the onset of phase
a Qistribution of the relaxation times because of the distrib- separation of occluded regions rich in a more conductive
ution of theA values. epoxy—amine surrounded by the much less conductive PPE-
rich continuous phase. Table 2 reports the elapsed time of
the dielectric observed onset of phase separation.
The dielectric measurement detects the onset of phase
The three mixtures of 30, 45 and 60% by weight PPE separation as a charge polarization which arises with the
were cured at four temperatures 150, 175, 200 and@25 onset of phase separation over molecular dimensions. The
The TEM analysis photos in Fig. 1 display of the final dielectric sensitivity to change in capacitance can be

4. Results and discussion

Table 1
Morphologies of various PPE/DGEBA—-MCDEA blends

Wt.% PPE Initial volume % PPE Final volume % continuous phase Average diameter of occluded pattigles (
30% 27.3 28+ 2 23x27
45% 40.5 43+ 2 1.3+ 0.09

60% 58 64+ 2 0.76x= 0.3
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45% PPE in DGEBA with MCDEA
10 175C isotherm

wa

(Pa)

 Vitrification of
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Fig. 2. Dynamic mechanical values of modul@sandG” versus time for the 45% PPE/DGEBA—MCDEA cured at 175

thought of as a charge/distance ratio, which can be largethermoset precursor generating a morphology which
even for small values in charge polarization if the molecular immediately involves large enough particles to be seen by
distance is small. On the other hand, changes in mechanicala macroscopic measurement of mechanical properties.
properties are generally observed when the change involves The position of the charge polarization phase separation
the buildup of a connective molecular structure which relaxation peak ir” can be compared to the predictions of
manifests itself over macroscopic portions of the sample. the Maxwell-Wagner—Sillars (MWS) equations, where in
Thus we might expect the dielectric charge polarization Egs. (5)—(9), the subscript 1 refers to the PPE-rich contin-
arising from the onset at the phase separate interface to baious B-phase and the subsript 2 refers to theghase,
observed first. epoxy-rich occluded particles. Assuming spherical particles
The fact that the onset of the phase separation chargewherebyA = 1/3, with a volume fractiofy, of the occluded
polarization is seen at approximately the same time as in phase equal to the initial thermoset precursor percent and
the mechanical properties suggests the initial rate of changeusing the values ok, and o , for the neat DGEBA—
from a homogeneous system to a heterogeneous two-phas®&ICDEA epoxy—amine system at the respective cure
material is rapid and involves initially a large amount of the temperatures and farg and o of the neat PPE; Eq. (8)

45% PPE in DGEBA with MCDEA

10 7 l?SC isotherm 100.0
: Vitrification of j
: Continuous PPE Phase 90.0
i wamvvwwwed |
]0‘ i /U\-\N_\ l f‘,«*— 1 s00
hd . J
- *
o %, 4 700
- %
= .5 % 1«00
< 10 [ . X o
6\ 5 g “' % h I'-.' ~
- = N -, A Jds00 =] :b
=~ 5 | % A A
&3 . L .
& 10" | Onsct of Phase Separation % . - 400
o - ]
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3t s
10 p . - 200
- -
. ..,..-ﬂ“t . ] 10.0
- \ » -
| “ravs e KH d
102 R R | U N I SR R 0.0
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Fig. 3. Dynamic mechanical values of viscosity and loss addier 45% PPE/DGEBA—-MEDEA cured at 175.
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Table 2
Monitoring onset of phase separation time to phase separation (in min). Frequencies: meehdgicatl/s, dielectrie= 31 400 rad/s (5 kHz)

Composition of initial Phase separation Time in min
homogeneous mixture
(wt.% PPE)

150C 175C 200C 225C
30% Mechanical/Dielectric Heterogeneous from the beginning 15/18 11/15 716
45% Mechanical/Dielectric 54/46 35/36 2117 12/10
60% Mechanical/Dielectric 166/130 82/77 43/43 23/24

can be used to calculate, with these assumed values, the Following the onset of phase separation a number of
MWS relaxation timer. This relaxation time is related to interrelated processes are occurring. First the epoxy—amine
the respective frequendy= (277) ' where are” loss peak n-mers are diffusing out of the homogeneous system as the
should initially occur. These predicted peak valuesebf epoxy—amine reaction advances and thereby they becomes
using the initial volume percents as reported in Table 1 less soluble, thus the number and size of thegghase
for a 27.3% by volume PPE/epoxy system range from 1.0 epoxy-rich particles is changing with time. Similarly the
to 2.9 kHz over 150 to 250for 40.5% PPE from 1.2 kHzat composition of both thex- and thep-phase is changing.
15C°C to 4.1 kHz at 22%C and for 58% PPE from 1.3 kHz at  As the epoxy—amine reaction advances, dheepoxy-rich
150°C to 5.2 kHz at 22%C. The observed frequencies for all phase becomes more viscous and its conductivity decreases.
of the temperatures and the three compositions are in theAs the epoxy—amina-mers diffuse out of the PPE-rich
high kHz frequency range when thépeak is first observed ~ B-phase, thef-phase also becomes more viscous as it
as seen for example in Figs. 4 and 5. becomes richer in PPE. Thus thig of the continuous
The fact that the MWS predicted relaxation times and the PPE-rich phase increases from below the cure temperature
observed peaks ig"(w) differ by a factor of ten to several  both because th&; of the pure PPE is higher 213 and
hundred is troubling. Since the exact valueggioyg, €, o because the residual epoxy—amine in the continuous phase
and v, are not known at the onset and during the phase is advancing. Insight into these rate processes, is acquired
separation process because of the ongoing diffusion andby observing the mechanical and dielectric properties and
reaction advancement processes described, other MWSmay provide an explanation for the high frequency peaks in
predictions ofryws were made using different values for €”(w). A phase diagram schematic of the processes is shown
the particle shape, and differing valuesegfog, €, and o, in Fig. 6.
assuming a mixture of PPE and epoxy in each phase. The In Table 3 the time of occurrence of the mechanical
effect of these “possible values” was at a maximum, a factor relaxation peak in5 as shown in Fig. 2 for each of the
of 10 to either increase or decreasgys. Thus use of other  temperatures and compositions is tabulated. No peak is
possible values ofr ande in the MWS equations could not observed for the 22& reactions as this temperature is
fully account for the initial high-frequency peaksdfi(w). aboveT, of the neat PPE. The results showamelaxation

45% PPE/DGEBA-MCDEA 175C isotherm

7
r Build up in Tg with epoxy-amine
6 + MWS phase separation loss _—— advancement
500kHz
5 250kHz
_ 50kHz
;E 4 25kHz
g 4 —-:_/ Tg, alpha-relaxation of PPE
g 1
2 SkHz
ST 500Hz
T 250Hz
Onset of phase separation 125Hz
27 SOHz
+ T sHz
1 —t——t——t——t—

66.7 100.0 133.3 166.7 200.0 233.3 266.7 300.0 333.3

(=]
w
w
w

Time (minutes)

Fig. 4. Frequency dependent values of logf(w)] versus time for 45% PPE/DGEBA-MCDEA at 15
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45% PPE/DGEBA-MCDEA 175C Isotherm
| MWS charge polarization

Vitrification of PPE

Onset of phase separation

0 — -ttt F—t—t—+—+
0 333 667 1000 133.3 166.7 200.0 2333 266.7 300.0 333.3
Time (minutes)

Fig. 5. Frequency dependent values:bf/ersus time for 45% PPE/DGEBA—-MCDEA at IS

peak associated witFy which occurs at increasingly longer  a-relaxationT, relaxation for the three systems and three
times as the starting homogeneous blend becomes richer itemperatures examined are reported in Table 3.
thermoplastic and shorter times as the temperature The dielectric relaxation peaks associated with Théo
increases. We can assume the phase separation process tilse 3- PPE-rich phase in Fig. 4 are identified in the 5 kHz—
stopped by the vitrification of the PPE-rich phase. At this 125 Hz range. The-relaxation process in polymer systems
time thep-phase has become rich enough in PPE such thatcan be observed at higher frequencies, e.g. 5 =500 kHz, but
its Ty is equal to or in the range of the isothermal cure these peaks are masked by the much larger charge polariz-

temperature.
The dielectric output is also sensitive to the vitrification

ation increase in the value ef. Nevertheless, it is certainly
likely that lack of agreement between the measurexhd

of the PPE-rich phase. As indicated in Figs. 4 and 5, the the predictedyws is at least partically a result of the peak in

a-relaxation associated with tig of the PPE-rich contin-

€”(w) during the onset of phase separation arising from a

uous phase can be observed after the magnitude of thecombination of arys interfacial relaxation process and the

charge polarization decreases due to the decreasg &s
the epoxy—amine component reacts.
measurements of the-relaxation glass transition process

high frequency onset of thex-relaxation vitrification

The dielectric process of the PPE-rich phase.

Next, the net time involved in the phase separation

are made at high frequencies relative to mechanical processes as monitored by the elapsed time to mechanical
measurements and thus they occur at shorter times.vitrification of the PPE-rich phase minus the onset of phase
The 500 Hz dielectric measured times of occurrence of the separation is examined. These times are reported in Table 4.

1 Phase Liquid
§ l
£
L -~ T«
=
Y
£ 4 ?“’é\o o N\ ./
2 / S “| g
b} ¥ N7 LE
g 2 ¢ Glass
ﬁ 2Phase Liquid ki i

S0 100%

0% 75

% Thermoplastic
Fig. 6. Schematic of the changing phase diagram of the PPE/DGEBA—

MCDEA mixture as the epoxy—amine reaction advances forming less
solublen-mers.

The time decreases as the temperature increases indicating
the kinetics of the epoxy—amine reaction are occurring
faster as well as the diffusion rate of the phase separation
process in a less viscous media. Thus the higher isothermal
temperature has a greater effect on the kinetics of the newly
forming n-mers and their diffusion into the-phase then the
increase in purity of the PPE-rich phase required to reach
the higherT, associated with the higher cure temperature.
Second the smaller difference in time at each temperature
for 30% PPE, relative to 45% PPE and 60% PPE again
suggests the kinetics of this reaction are initially very
rapid in the higher concentration, lower viscosity 30%
PPE, 70% epoxy—amine system such that this system is
almost able to catch up to and attains a pure enough PPE-
rich continuous phase to vitrify before the initially much
richer 60%, PPE, highly viscous, system.

Table 5 reports values of therelaxationT; peak for the
occluded epoxy-riclu-phase as observed by the dielectric
measurements. Also reported in Table 5 are the values for
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Table 3 Table 5

Monitoring buildup inT, of continuous PPE phase as epoxy diffuses out Monitoring reaction advancement, build up Tg of epoxy-rich occluded

time to vitrification of PPE phase (min). Frequencies: mechasick) rad/s, phase fromux-relaxation peaks. Elapsed time in min to dielectricelaxa-

dielectric= 3141 rad/s (500 Hz) tion peak ine”

Composition PPE phase Time in min to PPE Composition of  Frequency Elapsed time (min)

of initial vitrification continuous phase vitrification initial (kHz)

homogeneous homogeneous 150C 175C 200C

mixture 150C  178C  200C mixture (wt.%

(Wt.% PPE) PPE)

30% Mechanical/Dielectric ~ 0/65 63/26 47/19 0% 5 228 140 126

45% Mechanical/Dielectric  153/108 86/60 59/29 30% 5 231 144 127

60% Mechanical/Dielectric  243/233  132/115 90/65 45% 5 255 199 143
60% 5 392 N/A 230
0% 50 197 121 69

the neat DGEBA—-MCDEA system under similar isothermal 30% 50 189 108 83

temperatures. From Table 5 it is quickly apparent that the 45;’/0 50 224 141 99

epoxy—amine-rich 30% PPE system has elapsed times forgoo/f’ ggo ig? 2;8 1251

the dielectric vitrification peak of the-phase which are 35, 500 150 84 67

close to those for the neat epoxy, indicating this dielectric 459 500 177 112 73

loss peak is due to the vitrification of the epoxy—amine. The 60% 500 291 167 104

fact that the dielectric measurements are sensitive to the
vitrification of the occluded epoxy—amine-rich phase in an phase. For the 30% PPE, the richest system in epoxy—
already vitrified continuous matrix is undoubtedly due to the amine, the results in Table 6 show a shorter time to vitrifica-
fact that the epoxy is highly polar, particularly relative to the tion from the onset of phase separation compared to the neat
PPE. Initially it was thought that the mechanical measure- epoxy. In Table 4 the absolute total times to vitrification are
ments would be most sensitive to the vitrification of the similar. This suggests the epoxy—amine is advancing prior
continuous phase. Little if any sensitivity to vitrification to phase separation at probably a reduced rate due to dilu-
of the occluded phase, particularly when the continuous tion and that vitrification is achieved at a lower level of
phase vitrifies first was expected. But when torsion speci- conversion than in the neat epoxy—amine because some of
mens were cast and advanced, it was possible to detect ahe high T, PPE thermoplastic remains in the occluded
vitrification peak of the epoxy-rich occluded phase in both phase.
the 30% PPE and the 60% PPE mixtures. However this On the other hand in the 60% PPE, system with the lowest
measurement process is much more time consuming andconcentration of epoxy—amine, the elapsed time to vitrifica-
less accurate than the dielectric measurements do to theion after phase separation is slightly longer than the vitri-
need to advance the reaction, quench and restart in thefication for the neat system. This suggests that as the system
rheometer. becomes richer in PPE, because of the decrease in concen-
In Table 6 the elapsed time from the onset of phase tration of the epoxy—amine in the homogeneous system, a
separation to vitrification of the occluded epoxy—amine dilution effect, the reaction rate is decreased significantly.
rich a-phase is reported. If these values were similar to The relatively close agreement of the elapsed time to vitri-
the neat epoxy—amine values in Table 4 at the samefication after phase separation with the neat system also
temperature and frequency, one could assume the epoxy-supports the view that the major portion of the epoxy—
amine reaction rate is significantly decreased up to the time amine in the starting mixture phase separates immediately
of phase separation due to dilution effects in the homoge- with the onset of the phase separation process at which time
nous PPE epoxy—amine mixture. After phase separation thethe epoxy—amine reacts in the more highly concentrated
epoxy—amine goes into a high concentration as the occludeda-phase.

Table 4
Time to mechanical vitrification of PPE phase minus (Dielectric/Mechanical) phase separation (min). Frequencies: meecHaniedl's, Dielectric=
3141 rad/s (500 Hz)

Composition of initial PPE phase vitrification Time to mechanical vitrification minus time of
homogeneous dielectric or mechanical phase separation
mixture (wet. % PPE)

150C 175C 200C
30% Minus Dielectric/Minus Mechanical - 45/48 37136
45% Minus Dielectric/Minus Mechanical 107/99 50/51 40/38

60% Minus Dielectric/Minus Mechanical 113/77 55/50 46/47
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Table 6 _ _ _ _ o in Ty of the PPE-rich continuous phase following the onset
(EDlleIec(tjn:? a—rglaxa_tlotn pelak t|tme)—b (D|Z|ectr|c prllz:_\;‘e separation time).  of phase separation as the epoxy—anmimreers diffuse out.
apsed fme in nin fa-Teaxafion based on pea The dielectric measurements are also sensitive to vitrifica-

Composition of Frequency (kHz) Elapsed time (min) tion of the highly polar occluded epoxy—amine phase. For
initial all three PPE epoxy—amine systems, the continuous thermo-
homogeneous 15¢C 175C 200C 225C

plastic-rich phase vitrifies first, followed by vitrification of

; . . .
g‘;‘é‘;re (wt.% the thermoset as occluded particles. Finally, the results show
as evidenced by the size of the occluded particles and the
0% 5 228 140 126 N/A composition of the continuous phase that the morphology is
30% 5 N/A - 126 112 N/A strongly influenced by the kinetics, diffusion, and viscosity
45% 5 209 163 136  N/A e ; :
6% . %62 NA 187 N/A conditions during phase separation.
0% 50 197 221 69  N/A
30% 50 N/A 920 68 N/A
45% 50 178 105 92  N/A Acknowledgements
60% 50 215 139 98  N/A _ _
0% 500 167 99 45 N/A Support from CNRS in France, the NSF Foundation INT
30% 500 N/A 66 52 N/A 9726207 and NSF Center of Excellence at VPI MR 912004.
45% 500 131 76 66  N/A
60% 500 *161 90 61  N/A
References

Finally, it is |mportant to report that as al.ready shown .m [1] Williams R, Rozenberg B, Pascault JP. Adv Poly Sci 1997;128:95.
Table 1, the final volume percentages in the PPE-rich |5 rubber-modified thermoset resins. In: Riew CK, Gillham JK, editors.
continuous phase are close to but slightly larger than the Adv Chem Ser 208, Washington, DC: Am Chem Soc, 1984.
initial volume percentage of PPE. The variation is higher [3] Rubber toughened plastics. In: Riew CK, editor. Rubber toughened
in the 60% PPE mixture. This supports the conclusions " g'_aSti%‘kAi‘_’?himAierTzzzhwasdhinlgtotﬂvDf“_“-Chemasocalgsg-

. . . . lew , KInloc . loughene astiCs 1. science and engineer-
already discussed that the. epOXy_amm? rapldly diffuses ing. In: Riew CK, Kinloch A%, editorg. Adv Chem Ser 223, Wasghing-
out as the occluded phase in the lower viscosity 30% PPE ton, DC: Am Chem Soc, 1993.
mixture and that this process is slowed down due to dilution [5] Sperling LH, Heck CS, An JH. In: Utracki LA, Weiss RA, editors.
and viscosity in the lower epoxy concentration more viscous Multiphase polymers: blends and ionomers. Adv Chem Ser 395.

60% PPE mixture, so much so that residual epoxy is appar- " ‘é"k?szifﬁ“;/l’" DQFAgtCTfm S‘F’f' |319|89. 1997:38(5)-1047

. ) ind H, Mauer F, Stechman P. Polymer ; :1047.
ently trapped in the continuous phase. . [7] Venderbosch R, Meijer H, Lemstra P. Polymer 1994;35(4):4349.
Table 1 also supports earlier results, that the final (g poncet s. cNAM Report: Transformation of PPE with the aid of a

morphology as evidenced by the size of the occluded parti- reactive solvent and an extruder C.N.A.M. Lyon, 1996.
cles is strongly influenced by these kinetic dilution effects, [9] Mackinnon AJ, Jenkins AD, McGrail PT, Petrick RA. Macromole-
diffusion, and viscosity conditions during phase separation. __ cules 1992:25:3492.

[10] Raghava RS. J Polym Sci—Polym Phys 1987;25:1017.

[11] Murakami A, Sanders D, Ooishi K, Yoshiki T, Saito M, Wantanabe
O, Takezawa M. J Adh 1992;39:227.

[12] Kinloch AJ, Yuen ML, Jenkins SD. J Mat Sci 1994;29:3781.

[13] Girard-Reydet E, Vicard V, Pascault J P, Sautereau H. J Appl Polym

. . . Sci 1997,65:2433.
Both mechanical and dielectric measurements are good|14) Girard-Reydet E, Riccardi CC, Sautereau H, Pascault JP. Macromo-

techniques to monitor the onset of phase separation and lecules 1995;28:7599.

reaction advancement which produces a builduggrin [15] Eloundou JP, Ree M, Gerard JF, Harran D, Pascault JP. Macromo-
both the continuous and occluded phases in thermoplas-im] ECU'ES 1&9;;?9:?015 sitor. Dielectri . Comvmer
. . . ranbuehl D. In: Runt J, editor. Dielectric spectroscopy of polymeric
tic—thermoset reactive processing systems. In the case o mats, 303. Washington, DC: Am Chem Soc, 1997.

the PPE/DGEBA-MCDEA system, the phase separation [17] aiig 1, Jenninger W. J Polym Sci B Polym Phys 1998;36:2461—2470.
process initially occurs rapidly involving a large amount [18] Mijovic J, Winnie Tee CF. Macromolecules 1994;27:7287—7293.
of the epoxy—amine diffusing into the occluded phase. [19] Parthum MB, Johari G. Macromolecules 1992;25:3254—3263.
The rate of the epoxy—amine reaction in the epoxy-rich [20] Mathieu C, Boiteux G, Seytre G, Villain R, Dublineau P. J Non-Cryst

. . . : Solids 1994;172:1012—-1016.
0 ;
30% PPE mixture is approximately equal to that in the [21] Deng Y, Martin G. Macromolecules 1994;27:5141-5146.

neat epoxy—amine system due to two opposing effects, a[22] Companik J, Bidstrup S. Polymer 1994;35:4823-4840.

slower reaction rate due to dilution and viscosity and a [23] Kranbuehl DE. J Non-Cryst Solids 1991;130:930—936.

lower level of conversion at vitrification due to the presence [24] Brown JM, Srinivasan S, Ward T, Loos AC, Hood D, Kranbuehl D.
of high Ty PPE. In the 60% PPE mixture, the dilution effect Polymer 1996;37:1691-1696. , ,

of the PPE has a large affect on decreasing the reaction ratd?>! gﬂgf’;f;'gnggsgj_’ézgkms SD, MacGrail PT, Pethrick RA. Polymer
and achievement of vitrification in each phase. Both the |5 MacKinnon AJ, Jenkins SD, MacGrail PT, Pethrick RA. Macromo-

dielectric and mechanical measurements detect the buildup  lecules 1992;25:3492-3499.

5. Conclusions



6820 S. Poncet et al. / Polymer 40 (1999) 6811-6820

[27] Delides CG, Hayward D, Pethrick A, Vatalis AS. Europ Polym J [32] Friedrich K, Vinh-Tung G, Boiteux G, Peytre G, Ulanski J. J Appl

1992;28:505-512. Polym Sci 1997,65:2529-2543.
[28] Maistros G, Block H, Bucknall CB, Partridge IK. Polymer [33] Lestriez B, Maazouz A, Gerard JF, Sautereau H, Boiteux G, Seytre G,
1992;33:4470-4478. Kranbuehl D. Polymers 1998;39(26):6733—-6742.
[29] Korkakas G, Gomez CM, Bucknall CB. Plastic Rubbers Composites [34] Sillars RW. J Inst Electr Engng 1937;80:378.
Process Appl 1993;19:285. [35] Van Beek LHK. Dielectric behavior of heterogeneous systems. Progr
[30] Kranbuehl D, Kim T, Liptak SC, McGrath JE. Polym Prepr Dielectrics 1967;7:69-114.
1993;34:488-489. [36] Banhegyi G. Colloid Polym Sci 1986;264:1030—1050.

[31] Vinh-Tung C, Boiteux G, Seytre G, Lachewal G, Chabert B. Polym
Comp 1996;17:767.



