The Preparation and Morphology of PPO-Epoxy Blends

RAYMOND A. PEARSON** and ALBERT F. YEE

Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109

SYNOPSIS

Poly (phenylene oxide) (PPO) was found to be miscible in diglycidyl ether of bisphenol A
(DGEBA) based epoxy. The PPO-DGEBA system exhibited upper critical solution tem-
perature (UCST) behavior. The cloud point temperatures were measured and found to be
sensitive to the mol wt of the epoxy resin. A series of PPO-modified epoxies were cured
with piperidine at 160°C, which is above the cloud point temperature. Upon cure, two phase
solids were formed, which contained discrete PPO particles. However, the two-phase par-
ticulate morphology was not uniform and numerous large, occluded PPO particles were
observed. In order to improve the uniformity, several styrene-maleic anhydride copolymers
were evaluated as potential surfactants for PPO-DGEBA bends. The formation of a uniform,
particulate morphology was facilitated by the addition of a styrene-maleic anhydride co-
polymer, containing a 10 : 1 ratio of styrene to maleic anhydride. To our knowledge, this
is the first time that an emulsifying agent has been added to improve the morphology of

thermoplastic modified epoxies. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

The technology of toughening epoxies with ther-
moplastic particles is a relatively new concept. Since
the pioneering work of Bucknall and Partridge’ on
epoxies modified with poly (ether sulfone), there
has been much activity in this area, as suggested by
the number of articles in the scientific litera-
ture.’”*® Most of the focus of such work addresses
the amount of toughness obtained and those ma-
terial parameters that enhance the toughening ef-
fect. It is useful to divide these works into two
groups. In the first group, custom-made reactive
oligomers were utilized to toughen epoxies, while in
the other, commercial thermoplastic resins were
used. Both approaches for producing thermoplastic-
toughened epoxies have shown moderate success as
long as a two phase morphology is observed. Unfor-
tunately, there has been little progress made in de-
termining the toughening mechanisms in these novel
materials, and even less progress in controlling the
morphology.

* Present address: Lehigh University, Whitaker Lab #5, Be-
thlehem, Pennsylvania 18015.
¥ To whom correspondence should be addressed.
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The purpose of this work is to prepare a new type
of thermoplastic modified epoxy, a poly (phenylene
oxide ) -epoxy blend. PPO was chosen to modify a
ductile DGEBA-piperidine epoxy system, since its
refractive index (at room temperature) closely
matches that of the DGEBA-piperidine epoxy sys-
tem. The result is a transparent material, which
should lend itself to optical microscopic observations
of the toughening mechanism(s). The toughening
effect and toughening mechanism(s) will be reported
in a subsequent article.’ For this article, we shall
focus on the synthetic means used to produce these
epoxies and describe the use of a styrene-maleic an-
hydride copolymer to stabilize the particulate mor-
phology of these two phase materials.

EXPERIMENTAL

Materials

All materials used throughout this work were from
commercial sources and were used as received. The
epoxy system consisted of a diglycidyl ether of bis-
phenol-A based epoxy (DGEBA), cured with pi-
peridine. Two types of DGEBA epoxy were used,
which were DER 331 and DER 332 resins, obtained
from the Dow Chemical Company. This epoxy sys-
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tem was modified by dissolving polyphenylene oxide
(PPO) in the hot epoxy. Two types of PPO resins
were examined, which were PPO-1 and PPO-2 resins
from the General Electric Company. PPO-1 resin is
a standard injection molding grade material with a
mol wt of 42,500 g/ mole. PPO-2 resin is a low vis-
cosity injection molding grade with a mol wt of
34,000 g/ mole.

The Epoxy-PPO alloys investigated were com-
prised of two glassy phases, where PPO was the par-
ticulate phase. Unfortunately, the particulate mor-
phology was not uniform. Therefore, the work re-
ported here focuses on the stabilization of the
particulate morphology. Several parameters con-
trolling the morphology of PPO-modified epoxies
were examined: (1) the PPO mol wt, (2) the addition
of low mol wt styrene-maleic anhydride block co-
polymers, (3) the addition of high mol wt styrene-
maleic anhydride block copolymers, (4) the mol wt
of the DGEBA resin, and (5) PPO content.

A list of materials used in this work can be found
in Table I, and the chemical structures are shown
in Figure 1.

Chemical Preparation and Apparatus

A schematic diagram of the apparatus used to pre-
pare the blends is shown in Figure 2. The list of
equipment includes (1) a disposable flint glass re-
actor, (2) a lab jack for raising and lowering the
reactor, (3) a mechanical stirrer, (4) a heating
mantle, (5) a type J thermocouple connected to a

TableI List of Materials

temperature indicator, (6) a vacuum line with vac-
uum gage, and (7) a vacuum pump. The apparatus
allows the PPO/epoxy formulations to be mixed
under controlled heating. The thoroughly mixed and
degassed resin is poured into a preheated mold and
cured for sixteen hours at 160°C.

Series 1: The Effect of PPO Mol Wt

The two PPO resins, supplied by the General Elec-
tric Co., having weight average mol wts of 42,500 g/
mole and 34,000 g/mole, respectively, were exam-
ined. The PPO powder, at a concentration of 10
parts per hundred epoxide resin (phr), was dissolved
into the epoxy by mechanically stirring the mixture
at 190°C for 2 h. The solution was cooled to 150°C
and the curing agent piperidine was added using a
syringe. The needle of the syringe was submerged
in the hot epoxy to reduce the amount of piperidine
that boiled off. The solution was degassed and was
poured into a preheated mold and cured for 16 h at
160°C in an air-circulating oven. The mold was re-
moved from the oven and was allowed to cool to
room temperature.

Series 2: The Use of SMA Diblock Copolymers

A series of oligomeric styrene-maleic anhydride
block copolymers, from the Sartomer Co., was eval-
uated as possible surfactants. Since polystyrene is
miscible in PPO and maleic anhydride reacts with
epoxy, SMA block copolymers are expected to be
good surfactants between the two phases. Three

Product Code Designation Description Mol Wt PS/MA Ratio
DER 332 Resin® DGEBA-1 DGEBA-Based Epoxy 342 —
DER 331 Resin® DGEBA-2 DGEBA-Based Epoxy 378 —
DER 337 Resin® DGEBA-3 DGEBA-Based Epoxy 480 —
Piperidine® PIP Secondary Amine 80 —
PPO-1 Resin® PPO-1 Poly(phenylene oxide) 34,000 —
PPO-2 Resin® PPO-2 Poly(phenylene oxide) 42,500 —
SMA 1000 Resin? SMA-1 SMA Block Copolymer 16,000 1/1
SMA 2000 Resin? SMA-2 SMA Block Copolymer 17,000 2/1
SMA 3000 Resin? SMA-3 SMA Block Copolymer 18,000 3/1
DYLARK 332 Resin® SMA-4 SMA Copolymer 180,000 4.5/1
DYLARK 232 Resin® SMA-5 SMA Copolymer 231,000 7.5/1
DYLARK 132 Resin® SMA-6 SMA Copolymer 260,000 10/1

& Supplied by the Dow Chemical Company.

b Supplied by the Fischer Chemical Company.
¢ Supplied by the General Electric Company.

9 Supplied by the Sotamer Chemical Company.
¢ Supplied by the ARCO Chemical Company.
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Figure 1 Chemical structures for the materials used in this investigation.
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types of SMA resins were examined: SMA-1 (PS/ 3/1; MW = 1800). These SMA resins were added
MA ratio = 1/1; MW = 1600), SMA-2 (PS/MA at the level of 1 phr. Higher concentrations of SMA-
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Figure 2 Schematic diagram of epoxy preparation apparatus.



1054 PEARSON AND YEE

the best results. PPO and SMA were added to the
epoxy at room temperature and were heated to
200°C while stirring. After the SMA and PPO were
dissolved, the solution was then cooled to 150°C.
Piperidine was added at 150°C and the remainder
of the cure conditions was the same as described
above.

Series 3: The Use of SMA Random Copolymers

Higher mol wt SMA random copolymers, from the
ARCO Chemical Co., were tried as possible surfac-
tants for PPO-modified epoxies: SMA-4 (PS/MA
=4.5/1), SMA-5 (PS/MA = 7.5/1), and SMA-6
(PS/MA = 10/1). PPO and SMA were added to
the epoxy at room temperature and were heated to
200°C while stirring. After the SMA and PPO were
dissolved into the epoxy, the solution was then
cooled to 150°C. Piperidine was added at 150°C and
the remainder of the cure conditions were the same
as described above.

The formulations for series 1-3 are shown in Ta-
ble II.

Series 4: The Effect of DGEBA Mol Wt

Three different DGEBA resins, from the Dow
Chemical Co., with average mol wts of 348, 372, and
480 g /mole, respectively, were examined. The curing
conditions were the same as those described above.

In addition to preparing plaques for mechanical
measurements, the cloud point temperatures of these

Table II Formulations for Series 1-2

DGEBA-PPO mixtures were measured using an
optical microscope equipped with a heating stage.
The cloud point temperatures of larger samples were
determined by visual observation of the reactor dur-
ing the cooling period.

Series 5: The Effect of PPO Concentration

Four PPO concentrations were examined: 5, 10, 15,
and 30 phr. The combination of the lowest mol wt
epoxy, the lowest mol wt PPO resin, and the SMA-
6 copolymer were used in an effort to stabilize the
PPO morphology. PPO and SMA were added to the
epoxy at room temperature and were heated to
200°C while stirring. After the SMA and epoxy were
dissolved, the mixture was then cooled to 150°C.
The remainder of the curing conditions were the
same as those described above.

The formulations for series 4-5 are shown in Ta-
ble III.

Analysis

The morphology of the cured plaques was deter-
mined by visual examination, optical microscopy,
and electron microscopy. In some cases, visual in-
spection of the fracture surface was sufficient to as-
sess the morphology of the material, since improp-
erly stabilized formulations exhibited gross phase
separation. Differential scanning calorimetry was
used to assess any shifts in the glass transition tem-
perature that would be indicative of miscibility.

DGEBA-2 Piperidine PPO SMA CTBN
Designation (&) (mL) (g) (& (g)
Series 1: The Effect of PPO Mol Wt
DGEBA/PIP 500 29 — — —
DGEBA/PIP/PPO-1 (10) 500 29 50° — —
DGEBA/PIP/PPO-2 (10) 500 29 50® — —
Series 2: The Use of Low MW SMA Copolymers
DGEBA/PIP 500 29 — — —
DGEBA/PIP/PPO (10) 500 29 50° —_ —
DGEBA/PIP/PPO (10)/SMA-1 (1) 500 29 50° 5 —
DGEBA/PIP/PPO (10)/SMA-2 (1) 500 29 50° 5 —
DGEBA/PIP/PPO (10)/SMA-3 (1)° 500 29 50° 5 5
DGEBA/PIP/PPO (10)/SMA-3 (5)¢ 500 29 50° 25 5
DGEBA/PIP/PPO (10)/SMA-3 (10)°¢ 500 — 502 50 5

® Denotes that PPO™! resin was used.
b Denotes that PPO ™2 resin was used.

¢ Denotes that 1 phr CTBN has been added to aid in the visual examination of the morphology.
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DGEBA-2 Piperidine PPO SMA
Designation (g) (mL) (@ ()
Series 3: The Use of High Mol Wt SMA Copolymers
DGEBA/PIP 500 29 — —
DGEBA/PIP/SMA-4 (5) 500 29 — 25
DGEBA/PIP/SMA-5 (5) 500 29 — 25
DGEBA/PIP/SMA-6 (5) 500 29 — 25
DGEBA/PIP/PPO (10)/SMA-4 (5) 500 29 50° 25
DGEBA/PIP/PPO (10)/SMA-5 (5) 500 29 50° 25
DGEBA/PIP/PPO (10)/SMA-6 (5) 500 29 50° 25
DGEBA/PIP/SMA-5 (P) 500 29 — ?7?
DGEBA/PIP/PPO (10)/SMA-5 (P)® 500 29 50* 2?
Series 5: The Effect of PPO Content
DGEBA/PIP 500 29 — —
DGEBA/PIP/SMA-5 (2.5)/PPO (5) 500 29 258 12.5
DGEBA/PIP/SMA-6 (2.5)/PPO (10) 500 29 502 12.5
DGEBA/PIP/SMA-6 (2.5)/PPO (15) 500 29 75° 12.5
DGEBA/PIP/SMA-6 (2.5)/PPO (~20)°¢ 500 29 ~ 1002 12.5

* Denotes that PPO™ resin was used.

® Denotes that the low mol wt oligomers were extracted and that the exact SMA concentration was unknown.

¢ Denotes approximation since not all of 30 phr dissolved.

RESULTS AND DISCUSSION

Series 1

PPO dissolves readily in the hot epoxy melt with
time. The time needed to dissolve the PPO is less
when lower mol wt PPO resin is used. The cured
plaques were clear, which at first glance suggests
that both PPO resins form miscible blends with
epoxy. However, visual inspection of the fracture
surface of broken specimens revealed that large
PPO-particles were present (see Fig. 3). The clarity
of the plaques must be due to the fact that the re-
fractive indices for PPO and DGEBA-piperidine
epoxy are similar.

More evidence for complete PPO phase separa-
tion was found using differential scanning calorim-
etry and electron microscopy. DSC results show that
the glass transition temperature of the epoxy matrix
was unaffected by the addition of PPO (see Table
IIT). Inspection of the fracture surface using SEM
corroborates this finding since both large and small
particulate matter are observed. After soaking the
fracture surface in methylene chloride and inspect-
ing it in the SEM, we found that the particulate
phase had dissolved, which indicated a lack of sig-
nificant crosslinks in the PPO. Thus, it is safe to
conclude that these particles consist of noncross-
linked PPO. Interestingly, the large, heterogeneous

particles of PPO actually contain epoxy inclusions
that are interconnected (see Fig. 4).
The existence of small homogeneous and large

Figure 3 Optical micrograph of fracture surface of a
DGEBA/Pip/PPO(10).
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Figure 4 SEM micrograph of the fracture surface of a DGEBA /Pip/PPO(10). Note
the presence of small 2-micron PPO particles as well as large PPO particles. Treating the
surface with methylene chloride revealed that the PPO large particles contained epoxy

domains that are interconnected.

heterogeneous PPO particles are corroborated by
TEM experiments. Ultra-microtomed thin sections
of this version of PPO-modified epoxy were stained
with RuQO, and were examined using TEM (see Fig.

5). These micrographs show a fine dispersed phase
of PPO, together with some larger heterogeneous
PPO particles containing occlusions of smaller
epoxy particles. Because this system was inherently

Figure 5 TEM micrographs of DGEBA /Pip/PPO(10) stained with RuQ,. (a) shows
the presence of small 2 micron PPO particles; (b) shows that the large PPO particles
contain epoxy inclusions.



unstable, the specimens used for the TEM contained
smaller occluded particles than those used for the
SEM studies.

In order to reduce the presence of these large ag-
glomerated particles, a lower mol wt PPO resin was
tried. The lower mol wt PPO dissolved more readily
into the hot, liquid epoxy. However, large hetero-
geneous PPO particles were still found. The elimi-
nation of these large particles required the imple-
mentation of another method. Therefore several
styrene-maleic anhydride (SMA ) block copolymers
were tried as possible surfactants for PPO-modified
epoxies in the next series. The lower mol wt PPO
resin was used for the remainder of this work since
it was easier to process.

Series 2

The emulsification of immiscible polymer blends by
the use of block copolymers has been reported by a
number of investigators.!>'” Sjoerdsma et al.'® have
shown that the addition of a small amount of an
hydrogenated PS-PB diblock copolymer in an im-
miscible polystyrene /polyethylene blend could im-
prove the adhesion between the phases, resulting in
enhanced mechanical properties. Welander and
Rigdahl'® used an hydrogenated SBS triblock co-
polymer to reduce the particle size in a similar poly-
styrene / polyethylene blend. The emulsifying agent
commonly consisted of blocks containing chemical
structures identical to those which required emul-
sification. However, the work by Fayt et al.” has
shown that the use of diblock copolymers containing
blocks that are structurally different, yet chemically
similar, may be more efficient emulsifiers as long as
these chemically similar blocks are soluble in the
polymers to be emulsified.

To apply this same emulsification scheme to
thermoplastic-modified epoxies, several styrene-
maleic anhydride block copolymers were evaluated.
The anhydride chemically reacted with the epoxy,
thus guaranteeing miscibility.’® Polystyrene has
been shown to be miscible in PPO by a number of
authors.!®?! Therefore, the addition of SMA copol-
ymers to Epoxy/PPO blends should result in a more
uniform and a finer morphology.

Three different low mol wt SMA resins were
evaluated as possible surfactants for PPO-modified
epoxies. Unfortunately, inspection of the fracture
surface revealed that the large PPO particles were
still present. The number of large particles appeared
to be the lowest for the formulation containing
SMA-3, thus several other loadings of SMA-3 were
tried. However, the sample containing the 10 phr
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SMA-3 gelled prematurely. The reason for the in-
ability of these SMA block copolymers to act as sur-
factants is most likely their low mol wt, which ren-
ders them unable to reduce the surface tension of
the particulate phases. Therefore, this approach was
abandoned and higher mol wt SMA resins were tried
in the next series.

Series 3

Three higher mol wt SMA copolymers were evalu-
ated as possible surfactants for PPO-modified epox-
ies. At 5 phr SMA, visual inspection suggested a
greater degree of compatibilization than any of the
materials in the previous series. However, the SMA
pellets did not completely dissolve. We suspected
that this may have been due to the presence of in-
soluble high mol wt fractions. Consequently, a
scheme was employed to extract the soluble oligo-
mers. SMA resin was added to a jar of epoxy and
this mixture was stirred for several hours at 40-
60°C. Unfortunately, the mechanical properties of
the resultant blends were not consistent and the re-
active nature of the two SMA copolymers caused
sporadic premature gelation. Therefore, the use of
SMA -4 and SMA-5 was abandoned and the remain-
der of this investigation focuses on SMA-6.

The SMA-6 copolymer had a higher polystyrene
content than any of the previous SMA copolymers.
The SMA-6 pellets completely dissolved at 5 phr
loading and proved to be the best surfactant for
PPO-modified epoxies. The morphology appeared
much improved. SEM examination revealed that
even though there were a few large particles, they
were still smaller than those seen before. In an effort
to completely rid this system of large PPQ particles,
a lower mol wt DGEBA resin was tried in Series 4.

Series 4

In retrospect, the influence of the mol wt of the
epoxy resin on PPO miscibility was initially under-
estimated. The article by Verchere et al.?? showed
that for CTBN modified epoxies, the cloud point
temperature was extremely sensitive to the epoxide
equivalent weight. Our crude measurements of the
cloud point temperature of PPO modified expoxies
revealed a 30°C increase when the epoxide mol wt
was increased from 348 to 480. In fact, when the
mol wt of the epoxide resin was increased to 480 g/
mole, the PPO was not miscible, even at 250°C. The
use of the lowest mol wt DGEBA resin, that is, Dow’s
DER 332 resin, in combination with the SMA-6 co-
polymer, resulted in a compatibilized particulate
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morphology. The next series evaluates the influence
of PPO content on this stabilized morphology.

Series 5

Encouraged by the elimination of large particles in
the 10 phr PPO epoxy, a series of materials with
varying PPO contents was made, namely 5, 10, 15,
and 20 phr PPO. The morphologies of these blends
are shown in Figure 6. Uniform morphologies are
seen for 5, 10, and ~ 20 phr PPO, but in the 20 phr
PPO blend, the PPO phase is not particulate but
cocontinuous. Large PPO particles with occlusions
can be seen in the material containing 15 phr PPO,
but there were also regions with small 2 micron par-
ticles. Therefore, at this PPO content, there is a
transition from a particulate morphology containing
discrete PPO particles to a commingled morphology,
consisting of cocontinuous domains of PPO and
epoxy.

SUMMARY AND DISCUSSION

The series of experiments leading to the develop-
ment of PPO-modified epoxies has provided the fol-
lowing observations (also see Table IV):

1. The addition of 10 phr high mol wt PPO to
the DGEBA-piperidine epoxy system leads
to a two-phase solid, consisting of small, 2
micron particles and large, 1 mm particles.
Also, the large particles are heterogeneous in
composition and consist of cocontinuous do-
mains of PPO and epoxy.

2. Decreasing the mol wt of the PPO from
42,500 g/mole to 34,000 g/mole does not
eliminate the occurrence of large particles.

3. The addition of low mol wt (< 4000 g/mole)
SMA copolymers also does not improve the
uniformity of these two-phase materials.

4. In contrast, the addition of a small amount

Table IV Summary of Observations for Series 1, 2, and 3

TL’
Designation (C) Comments
Series 1: The Effect of PPO Mol Wt
DGEBA/PIP 82.3 Unmodified epoxy (Control)
DGEBA/PIP/PPO-1 (10) 81.2 PPO precipitates a few large particles
DGEBA/PIP/PPO-2 (10) 82.0 PPO precipitates many large particles
Series 2: The Use of Low MW SMA Copolymers
DGEBA/PIP 82.3 Unmodified epoxy (Control)
DGEBA/PIP/PPO (10) 82.0 PPO precipitates a few large particles
DGEBA/PIP/PPO (10)/SMA-1 (1) 85.4 Nonuniform morphology
DGEBA/PIP/PPO (10)/SMA-2 (1) 815 Nonuniform morphology
DGEBA/PIP/PPO (10)/SMA-3 (1) 814 Somewhat better uniformity
DGEBA/PIP/PPO (10)/SMA-3 (5) 84.6 Still not uniform
DGEBA/PIP/PPO (10)/SMA-3 (10) —° Gelled prematurely; approach abandoned
Series 3: The Use of High Mol Wt SMA Copolymers
DGEBA/PIP 82.3 Unmodified epoxy (Control)
DGEBA/PIP/SMA-4 (5) —* Gelled prematurely
DGEBA/PIP/SMA-5 (5) —= Gelled prematurely
DGEBA/PIP/SMA-6 (5) 81.8 Dissolves completely
DGEBA/PIP/PPO (10)/SMA-4 (5) -—n Pellets do not dissolve; smooth meniscus
DGEBA/PIP/PPO (10)/SMA-5 (5) — Pellets do not dissolve; smooth meniscus
DGEBA/PIP/PPO (10)/SMA-6 (5) 80.9 Smooth menicus; morphology still not uniform
DGEBA/PIP/SMA-5 (P)? 80.9 Epoxy with SMA oligomers (Control)
DGEBA/PIP/PPO (10)/SMA-5 (P)® 81.7 Smooth menicus; morphology still not uniform

DGEBA/PIP/PPO (10)/SMA-4 (P)®

— Gelled prematurely; approach abandoned

¢ (—) Data not available.

b L.ow mol wt oligomers were extracted and the exact SMA concentration is unknown.
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of a particular styrene-maleic anhydride co-
polymer to the DGEBA /PIP epoxy system
can eliminate the occurrence of the large PPO
particles in these blends. The styrene-maleic
anhydride ratio of the copolymer was shown
to be important.

5. The effectiveness of SMA-6 to eliminate the
occurrence of large, occluded PPO particles
is a function of PPO content. At 15 phr PPO
there are signs of a transition in morphology
and at 20 phr the morphology consists en-
tirely of cocontinuous domains. It should be
mentioned that no synthetic effort has been
made on our part to tailor the structure of
the SMA copolymer. Presumably, a more ef-
ficient compatibilizing agent could be made.

The use of a compatibilizing agent in thermo-
plastic-modified epoxies has not been previously re-
ported in the literature. The results from this work
should encourage the use of compatibilizers in sim-
ilar systems and increase the number of useful
blends. Compatibilized blends in thermoplastics
materials are common and the transfer of this tech-
nology to thermoplastic-modified thermosets should
increase the number of useful blends.

The authors wish to acknowledge the generosity of Dr. P.
Yang of the Dow Chemical Co. for providing the epoxy
resin, to thank Mr. Jack Huang for the TEM support,
and to thank Prof. Jin of the Institute of Chemistry, Aca-
demia Sinica, Peking for the chemical analysis. This work
was funded by a Materials Research Group grant from
the National Science Foundation (DMR-8708405).
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