R /}L\B('(OC/‘,

&4\ Eastern Michigan University : RECD N RED

. Ypsilanti, Michigan 48197 JUN 288 1994
April 21, 1994 4 f
Mr. Carroll Collier 1’? @5 (
Office of Agriculture ' )

Bureau fer Science & Technology
Agency for International Development
Room 420 SA-18

Washington, D.C.

*Dear Mr. Collier,

I understand that you have not received the final technical research report from Dr.
Stoil Dirlikov on the project entitled “Reactive Diluents for High Solids Coatings Based
" on Vernonia Oil".

" This pro;éct‘ resulted in 4 papers recently pubnshed in the proceedings of the American
Chemical Society Division of Polymeric Materials: Science and Engineering, 69, pp.
390, 32, 392, and 394, as well as a mare complete paper in the Proceedings of the
Society for the Plastics Industry, Boston, March 7-8, 1994.. The enclosed package of
five papers constitutes our final report on the project. All of these papers acknowledge
the Agency for International Development financial suppoﬂ Just this week we received
a request from a scientist in Mexico asking to be put in touch with a source of Vernonia
g. seeds.

Please let me know if this format is acceptable. Dr. Dirlikov is no longer with the
University and | write this letter as project administrator in his absence. As a new
researcher at the University, | would be interested in hearing more about your Agency’s
research interests. | am interested in developing resins for coatlngs and paints based
on sugars and derivatives.

Yours truly,

%ﬁs« MQM..-:?&O
John L. Massingill, Ph.D. REOEIVED

D:rector .
APR 28 1994

REC’D IN R&D/R -
DCTL

MAL 5 1994

Coatings Research Institute
(313) 487-2203 or 483-3401
Fax=(3B3) 487 BI85 — ~rr ot e 2



THO-PHASE EPOXY THERMOSBETS.
. DIGLYCIDYL RTHER OF BISPHENOL A, VERNONIA
OIL, AND 4,4/-DIAMINODIPEENYL SULFONE

fsabelle Frimchinger and Stoil Dirlikov
Eastern Michigan University, Coatings
Research Institute, Ypsilanti, MI 48197

Recently, it was reported that homogenec.is
mixtures of diglycidyl ather of Bisphenol A
(DGEBA) epoxy resins and commorcial diami:ies
containing epoxidized vegetable oils form w.der
cartain conditions two-phase ef -y thermciets
which consist of a rigid DGEBA ep..y matriz and
randomly distributed small “vegetable® rubbery
particles (1,2). In the present paper, the
morphology, particle size, and phase inversion of
two-phase epoxy thermosets based on DGEBA,
vernonia oil, and 4,4’-diaminodiphenyl sulfone
{DDS) have been described.

BEXPERIMENTAL

Vernonia oil was kindly supplied by Dr. Jim
Elmore (Rhéne Poulenc). DGEBA is solid epoxy EPON*
resin 828 from Shall Company.
4,4’-Diaminodiphenylmethane (DDM) and DDS ware
obtained from Aldrich Chemicals.

Vernonia liquid rubber (VR) was obtained by
prepolymerization of a mixture of 100g of verncnia
oil and 25.63g (twice the stoichiomstric amount)
of DUDM under nitrogen at 180°C for about 37-40 h.
The time of prepolymerization varied slightly from
batch to batch depending on the quality of the
o0il. The axact conversion of tha rubber is not
Xnown byt further heating for several hou-s leads
to gelation. <erponia rubber consists of solubl.
oligomers . .with = a broad molecular waight
distribution in ‘addition to a small amount of the
unreacted initial oil (3).

Thae two-phase DGEBA/DDS/VR(x) thermosats ware
prepared from homogenzois stoichiometric mixtures
of DGEBA and DDS, containing varying amounts of
VR. The content of tha ligquid rubber (x) was

varied between 0 and 100 w.igh“ percant. X equal '

to 0 corresponds to neat DGEBA/DDS thermosat,
whereas, x equal to 100 is a puras vernonia rubbar.
The rubber was dissolved first in DGEBA at 70°C.
Then, DDS was added and the mixture stirred (at
70°C) until the diamine was dissolved (about 15
mnin.). The homogeneous (one-phase) transparent
mixture was then degassed before reaching its
cloud point (phase separation). The formulations
were cured at 150°C for 2 hours.

Tha morphology of tha fracture surfaca of the
neat and rubber modified epoxy resins was examined
by ccanning electron microscopy (SEM) using an
Amray Electron Microscope, Model 1000B. SEM
specimens vore coated with a thin fila of gold by
sputtering. Some spacimens were staired with an
aqueous solution of osmium tetroxide (0s0,) and
then, coated with a layer of carbon by
avaporation. Backscattered alectron imaging
tachnique was also used eipecially to visualize
the phase inversion phenomena.

A DuPont Thermal Analyzer 2100 inst.—uent
with DMA model 983, based on a flexural bending
deformation measurement, and rectangqular bar
specimens with approximate dimensions of 45mm X
7.8mm x 3.5om wera used to study the dynamic
mechanical properties over the temperatura ranga
from -130°C to +200°C at a heating rate of 2°C/min.
Specimen preparation was described previously (3).

RESULTS ANXD DISCUSS8ION

Vernonia oil was selected in this study
because it stains with osmium tetroxida. The
selactive reaction of the aelactrondenze 0s0, vith
vernonia carbon-carbon double bonds provided a
contrast in SEM between the rubbery phasa (a
lighter appearance) and DGEBA epoxy phase (a
darker shade). This enabled us to identify easily
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thermosets.

Vernonia oil, a naturally epoxidized
vegatable oil, consists mainly of a mixture o¢
similar triglycerides (1):

CHy (Ci;) CY=CH. . CH=CH- (CH;) 1000CE, :
crg(cn,)‘qsgx.cuz.al-m. (cH,) ,coocn
€y (Cuty) CF=6H. Gl CHCH. () ;C00CH,

Vernonia oil has relative low average epoxy
functionality of 2.4. Its rubbers with diamines,
therefore, have relative low cross-~ linked density
and polarity.

N i , the plant that produces
vernonia oil, is a potential industrijal crop
presently at developmental stage.

The initial attampts on rubber toughening
epoxy resins were carried out directly with
vernonia oil. For this purpose, homogencous
mixtures of DGEBA, a diamine, and vernonia oil
wera cured initially at 70°C. The diamines have a
much higher reactivity with DGEBA than with
vernonia oil. They, therefora, react first with
DGEBA and form the rigid epoxy phase at 70°C.
Vernonia oil separates at this stage as a second
phase of small randomly distributed verncnia oil
droplets with a diamster in the range of 1 micron
(3).

Unfortunately, at a higher temperatura in the

‘range from 120 to 220°C, vernonia oil droplets do

not cure with the unreacted diamine fast enough to
form rubbery particles and two-phasa thermosets.
Instead, varnonia oil appears to dissolve and
plasticize the rigid DGEBA matrix and one phasa
homogeneous final thermosets wara obtained.

Two-phase thermoscts were obtained under the
same curing conditions by using vernonia liquid
rubber instead of the initial pure vernonia oil.
Vernonia rubber has lower reactivity than DGEBA.
Vaernonia droplets, therefore, again phase
separated at 70°C from the initial homogeneous
mixture of DGEBA, dianine and liquid rubber. 1In
contrast to vernonia oil, the liquid rubber has
higher molecular weight and lower miscibility with
the epoxy DGEBA phase. The liquid rubber also has
an advanced degree of prepolymerization closa to
the gel point. It rapidly cures at higher
temperature (150°C) with the remaining unreacted
apino groups and cross-links. As a result, the
final thermosets, aftar being cured at 150°C,
consist of two phases: continuous phase (matrix)
with randomly distributed small spherical
particles. DGEBA forms the rigid phasas, whereas,
vernonia oil forms the rubber. The dianina,”
molecules on the interface react probably with
both the epoxy groups of the DGEBA and the
unreacted apoxy groups of vernonia rubber and form
chemical bonds between the continuous phasa and
the particles.

Tabla I summarizes the raesults on the
morphology, particle size distribution, and phase
inversion in DGEBA/DDS/VR thermosets. Their
morphology is illustrated on Figure 1 and 2.

At low rubber content (below 13 wt percent),
the DGEBA/DDS/VR formulations form two-phase
thermosats with continuous rigid DGEBA phass
(matrix) and randomly distributed small spherical
vernonia rubbery particles of several microns.

At 15 wt percent of rubber, the DGEBA/DDS/VR
thermosets undergo phase inversion which is
characterized with the formation of small (several
microns) and large (several hundred microns)
rubbery particles dispersed in the DGEBA matrix.
The small particles are formed by neat

vernonia phase in :hpéc.‘; Dtvfyphmgmns-linked vernonia rubber. Thae large rubbery
J EIt3 UG
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icles contain many small spherical occlusions
(sevezal microns) of rigid DGEBA resin.

DMA confirmed this result. It shows two
glass transition tamperatures: Tg = =-36°C and Tg
2 +10°C for the small and the larqge rubbery
pazticlas, respectively. In good agreament with
our previous results (3) DMA shows that a certain
amount of rubber has plasticized the rigid DGEBA
satrix and decreased its glass transition
rexparaturs from 185°C (urmodified) to 171°C at 20
pexcant rubber content.

At the end of the phase inversion (30 wt

ent rubber), small (several microns) and large
DGEBA particles (several hundred microns) are
dispersed in the continuous vernonia rubbery
hase.
¢ Further increase of the rubber content leads
to a complete phase inversiun with the formation
of tvo-phase thermosats with a continuous rubbery
phase and randomly distributed small DGEBA rigid
particles.

CONCLUSIOM

Homogenaous formulations of DGEBA epoxy resin
and DDS diamine containing liquid rubber, based on
vernonia oil and DDM diamine, form two-phase apoxy

thermosets. Phase inversion 1is observed at
intermediata rubber content (15-30 wt percent) .
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Figure 1. SEM Micrograph of the
F .
of DGEBA/DDS/VR(15) Specimen. racture Sarface

Figura 2. SEM Micrograph of the Fracture Surface
of DGLCBA/DDS/VR(50) Specimen.

Figure 3. DMA Temperature Dependence ©of the
Dynamic Loss (Flexure) Modulus, E" (Solid Line)
and Tan Delta (Dashed Line) of DGEBA/DDS/VR(20)

Specimen.
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TWO~FEASE KFUXI TAERHOBETS.
‘ II. DIGLYCIDYL ETHER OF BISPEENOL A, VERNONIA
OIL, AND 4,4’-DIAMINODIFPEENYLMETHANE

Isabelle PFriaschinger and Stoll Dirlikov
Eastern Michigan University, Coatings
Research Instituta, Ypsilanti, MT 48197

It was reported in Part I (1) that
homogeneocus mnixtures of diglycidyl ether of
Bisphenol A (DGEBA) epoxy resin and a commaercial
diamine (DDS) containing vernonia liquid rubber
(VR) form two-phasa epoxy tharmosats. In the
present paper, the morphology, particle size, and
phase inversion of two-phase epoxy thermosets
DGEBA/DDM/VR (x) based on DGEBA, 4,4~
diaminodiphenylmethane (DCM), and vernonia rubber
are described. The content of the ligquid rubber
(%) was varied bestween 0 and 100 weight percent.
X equal to O corresponds to neat DGEBA/DDM
thermoset, wvhoreas, x equal to 100 is a pure
varnonia rubber.

EXPERIMENTAL

The initial materials, and the preparation
and charactariz .ion of vernonia liquid rubber and
the two-phase epoxy thermosets were carried cut as
described in Part I (1). The DGEBA/DDM/VR
formulations, however, were cured first at 75°C
for 4 hours and then at 150°C for 2 hours.

RESULTS RMD DISCUBSION

The fracture surfacas of DGEBA/DDM/VR
thermosets with increasing content of vaernonia
rubber ware itudied by SEM and DMA. The results
on the morphology, phase invaersion, and particle
size distribution of these two-phasae thermosets
ara’ surmarized in Table I.

The initial neat DGEBA/DDM formulation forms
honogenscus one-phasa epoxy tharmosets.

The introduction of $ percent vernonia liquid
rubber results in two-phase epoxy thermosets.
DGEBA/DDM/VR(S) consists of a rigid DGEBA/DDM
matrix and randomly distributed small +vsrnonia
spherical rubbery particles (0.5 to 2.0 microne)
with unimodul distribution.

Similar two-phase thermosets are observed for
the formulations with 10 and 15 percent vernonia
rubber. The particle size, however, gradually
increases with the rubber content ranging from 1
to 4 microns in DGEBA/DDM/VR(10) and from 1 to §
microns in DGEBA/DDM/VR(15). The rubber particles
at the DGEBA/DDM/VR(15) fracture surface and their
internal structure are especially clearly obsarved
by backscattered electron imaging techniqua on
spacimens stained with 0s0;, (Figqure 1). Osnmium
high electron density produces higher intensity of
backscattered electrons from verncnia particles
and increasas the contrast (1).

Most of the rubbaery particles at the fracture
surface of thaese three formulations have undergone
internal (partial or complete) cavitation with the
formation of voids obazerved as dark circlas within
the particles or at tha particle/matrix interface
(Figure 1). Once formed, the voids grow upon
Stress and dissipate eneryy. The remaining
"cavitated rubbar is observed distinctly az a
Iining on their walls. The cavitation phenonenon
increases with the increasing rubber content. It
can greatly aenhance tha sahear yielding process
(2,3) and is the main epoxy toughening mechanisn.

The matrix surrounding the particlas is
charactarized with ripled fracture surface with
striations. It appears to exhibit plastic shear
daformation.

Ejaction or debonding of rubbery particlaes is
not observed under the shear deformation during
fracture. This indicates a good adhesion batween

2

the DGEBA matrix and rubbery particles. As
mentioned @arlier (1) the diamine molecules on the
interface react probably with the epaxy gqroups of
both DGEBA and rubber and form cheajcal bonds
between the two phases. Although some debonding
is obmarved as craters at higher rubbar content,
it is not a major toughening mechanism.

A different morphology is observed at 20
percent of vernonia rubber. The DGEBA/DDM/VR (20)
thernosats contain two typez of particles: larger
and smaller (Figures 2-5, Tahle I) and are
characterized by a bimodal particle size
distribution. It indicates a beginning of phase
inversion phenoxenon.

The snaller rubbery particles (0.5 to 2
microns) correspond to the rubbery parxticles
observed in the thermosets with lover rubber
content (below 20 percent). Cavitation and shear
banding as wvell as the voids formed by debonding
of the smaller particles from the DGEBA matrix are
Clearly observed.

The larger particles have a very broad
particle siza distribution (20 to 100 microns).
Some of them are characterized by the so-cali.d
“"salami® type of morphology (3). Figures 3-S5 show
the same section of the fractura surface with
gradually increasing magnification. Tigure 3 is
a conventional SEM nicrograph of the inicial
unstained speciman. Figure 4 shows the sime
section of the fracture surface after staining
wvith 030, using backscattsred electron inaging

technique. A single salami type of particle is
shown in Pigure S at hicher magrification.
Obviously, the larger particles are formed

predominantly by vernonia rubbery phasae (in
lighter shada). The smaller spherical DGEBA/DDM
particler (1 to 8 =microns) in darker shade,
dispersed within the larger vernonia domains, are
a result of local phase inversion phenomenon.

. DMA of DGEBA/DDM/VR(20) confirmed its bimodal
particle size distribution (Piqure ). It shovs
tvo distinct glass tranaition temperatures for the
rubbery phase which are assigned tentatively to
that of tha two typas of rubbery particles. The
lover glass transition temperatura of -35°C is
assigned to the small particles of neat vernonia
rubber. It corresponds to the T. of tha small neat
vernonia particles observed in the formulations
vith lower rubber contant and unimodal particle
size distribution (4). <The larger particles are
balieved to have glass transition at higher
tomperature (+10°C) due to DGEBA occlusion
(probably coreacting and nixing). The glass
transition temperaturs of tha DGEBA matrix of
DGEBA/DDM/VR(20) is observed at 172°C. It is
slightly depressed by 18°C below that of a neat
DGEBA/DDM thermoset (1.90°C) prepared under the saue
coniitions (5). Thisz indicates that DGEBA/DDM
matrix of DGEBA/DDM/VR thermosets is plasticized
by a small amount of vernonia rubbe:. These
results are in agrcement with a mnass balance
calculation based on the rubber content.

Larger particles (100-200 microns) are Xnown
to act an bridging particles and to induce the
cavitation and shear banding of the small
particlaes in their vicinity (6). They create a
large deformation zone with the formation of very
sharp and wide ridges between the neighborirg
large particles. Pigure 2 shows a large vernonia
particle fractured across the equator, a part of
a second particle incorporated in the matrix, and
a crater left by a particle debonded from the
matrix.

In summary, the DGEBA/DDM/VR(20) thermosats
display two different types of toughening
mechanism depending on the particle sizae.
Internal cavitation and shear banding are observed
for the cmall particles. Bridging, fracture, and
debonding are exhibited mainly by the larger
particles. Although recently Yea (6) disputed,
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- the bipodal particle size distribution could laead
‘to synergistic toughening effect (7).

In addition, an extsnsive plastic deformation
of tha matrix is evident by the appearance of
mumerous striations. In general, the fractura
surface of DGEBA/DDM/VR(20) is more rough than
that of the thermosets with lower ®“varnonia®
content. At higher rubber content tha higher
concentration of particles leads to a smaller
distance between particles. This is probably the
reason why the plastic deformation becomes a more
prominent toughening mechanisa in
DGEBA/DDM/VR (20) .

At higher rubbar cortant, the DGEBA gpoxy
becom®s progressivaly the dispersed phase.
DGEBA/DDM/VR (J0) thermosets are characterized
still wiih a bimodal particle size distribution.
vurther studies (8) show that their morphology is
exactly the reverse of that of DGEBA/DDM/VR(20):;
a continuocus rubbery phasa contains both small (2
to 4 nmicrons) and large (20 to 250 microns) DGEBA
particles. The large particles are axpected to
contain rubber (within the particle). These rigid

icles, however, do not undergo fractura when
surrounded by a continuous rubbery phase, and dn
not revaal their interior. DGEBA/DDM/VR(30)
morphology appears to raflect the end of the phzse
invarsion phenomanon.

Purther increase of the rubber contant leads
t> a completa phase inversion. DGEBA/DDM/VR(50)
therzosat consists of continuous rubbery phass in
whiich s23all spherical rigid DGEBA particles (0.5
to 2 microns) ara randomly distributed (Pigure 7).

As expectad, the neat vernonia liquid rubber,
cured ‘ander the same condition, forms a
lL.omogancouys cross—linked rubbar (Table I).

CONRCLUSION L. .-

Homogeneous formulations of DGEBA epoxy resin
and DDM dianine containing liquid rubber, based on
vernonia oil and DDM diamine, form two-phase epoxy
tharmosets. At lowver rubber content, they consist
of a rigid DGEBA matrix and randomly distributed
small “vernonia®™ rubbery particles. At higher
xrubber content, the thermosats are characterized
by continuous “vernonia® rubbery phase and small
rigid DGEBA particles. Phase inversion is
cbserved at intermediate rubber content (20-30 wt
percent).
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Figure 1. SEM Micrograph Using Back-Scattered

Electron Imaging Technique of the Fracture Surface
of DGEBA/DDM/VR(15) Specimen Stained with Osunium

Tetroxidae.
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TNO-PHASE Eroxy TRERMOSETS.

IIX. DIGLYCIDYL BTHER OF BISPNENOL a,
EPOXIDIIED SOYSEAY OIL, amp
4,4/-DIANINODIPRENYT, S8ULroNz

Isabella Prischinger and Stoil Dirlikov
Eastarn Michigan University, Coatings
Research Institutae, Ypsilanti, MT 48199

Homogeneous mixtures of diglycidyl ather of
Bisphenol A (DGEBA) and commercial diamines
containing vernonia liquid rubber form tvo-phase
epoxy thermosats (1,2). In the pPrasent stucy, the
morphology, particle size, and phase inversion of
tvo-phase spoxy thermosats,
based on DGEBA, 4,4'-diaminodiphony1 sulfona
(DDS), and epoxidizad soybean liquid rubber (ESR)
have been evaluated. The content of the liquia
rubber (x) was varied betwean o and 100 vaight
percent.
DGEBA/DDS thermoset, whareas, x equal to 100 ig a
Pura soybean rubber.

EXPERIKENTAY,

Epoxidized Soybean ojl
Plasticizer EPo, with average epoxy functionality

Shell Company. 4,4’-Diaminoti-
phenylmethane (DDM) and Dps ware obtained fronm
Aldrich cChemicals. ESR  was obtained by
Prepolymerization of a mixturae ogf 100g of ESO and
22.8g (stoichiometyic amount) of DDM, at 13s°%c
undear nitxrogen for about 37-40 1. Two-phasa epoxy
thermosets vere Prepared and characterized as
previously described (1).

’ RESULYS8 AND DIscusaion

ES0 is industrially Produced at $o0.s0 per
© 7 It -consists of a mixture of different
triglycarides-with an average molecular structura:

cmm%hq;wqupmJGQﬂmm,
c%m%hq;mx%qﬁpnm%hmmm
QUQMrﬁ;”LW%haqu

Table I Summarizes the results on :the
sorphology, particle size distribution, and phase
inversion in DGEBA/DDS/ESR thermosets. Their

matrix) and randomly distributed small spherical
soybean” rubbery particles of Several microng.
DMA of DGEBA/DDS/ESR(20) (Pigure 7) shows two
lasas transition texperatures: at -43°'C and
166°C, for the
SEBA/DDS matrix, respectively.

At 30 wt percent of rubber, the DGEBA/DDS/ESR
-ernosets uvndergo Phase inversion which, is
aracterized with the formation of smal} ({several
crons) and large (savaral hundred microns)
bbery particles dispersed ir the DGEBA matrix.
@ small particles ara formed Ly npeat
oss~)inked 30ybean rubber. The large rubbery
rticles contain many small occlusions (several
frong) of rigid DGERA resin.

At the end of the phase inversion (38 wec
’cent rubber), sma)}] (sevaral microns) and large
BA particles (sevaral hundred microns) ara
iparsed in the continuous "soybean® Tubbary
sa,

Further increase of the rubber content leads

t0 a complete phase inversion wity the formaticn
Of two-phase thermosets with a continuoug rubbary
phase and randomly distributed small DGemyp rigid
particles.

oraulations of DGEBA ana pps
containing 1liquid rubber, based on ESO ang ppu,
fora two-phase epoxy thermosets. Phasa inversion
is observed at 30-35 wt percent of rubhar,
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TWO-PHASE EPOXY THERMOSETS.
IV. DIGLYCIDYL BTHER OF BISPNENOL A,
BPOXIDIZED BOYDEAW OIL,

AND 4, 4/-DIAMINODIPHENYLMETHANE

Isabelle Frischinger and Stoil Dirlikov
Bastern Michigan University, Coatings
Research Institute, Ypsilanti, MI 48197

It vas reported that homogenecus mixtures of
diglycidyl ether of Bisphenol A (DGEBA) epoxy
resin and a commercial diamine (DDS) concaining
vernonia liquid rubbar (VR) or aepoxidized soybean
liquid rubber (ESR) form two-phase epoxy
thermosets (1). In the present study, the
morphology, particle size, and phagse inversion of
epoxy thermosets, DGEBA/DDM/ESR(x), based on
DGEBA, 4,4’-diaminodiphenylmethane (DDM), and BSR
have been evaluated. The content of the liquid
rubber (x) was varied between 0 and 100 wveight
percent. X equal to 0 corresponds to neat
DGEBA/DDM thermoset, whereas, x equal to 100 is a
pure soybean rubber.

EXPERIMENTAL

The injtial materials, and the preparation
and characterization of tha ESR and the two-phase
epoxy thermosets were carried out as described in
Part III (1). The DGEBA/DDM/ESR fornmulationsg,
howaver, ware .curad first at 75°C for 4 hours and
then at 150°C for 2 hours.

RESULTS AND DISCUSSION

Table I summarizes the results on the

morphology,; particle size distribution, and phase’
Their -

inversion  in DGEBA/DDM/ESR thermosets.
morphology ‘is illustrated in Pigures 1-§.

At lovw rubber content (below 30 wt percent),
the DGEBA/DDM/ESR formulations form two-phase
thermosets with continuous rigid DGEBA phase
(matrix) and randomly distributed snall spherical
"soybean™ rubbery particles with a diameter below
one micron.

The dynamic wechanical analysis (DMA) of
DGEBA/DDM/ESR(20) (Pigqure 7) shows two glass
transition temperatures: at -33°C and +165°C, for
the small rubbery particles and the DGEBA/DDM
matrix, respectively. DMA shows that a certain
small amount of rubber has pPlasticized the rigid
DGEBA/DDM matrix and decreasaed its glass
transition temperature from 190°C (unmodified) to
165°C at 20 percent rubber content.

The phase inversion of the DGEBA/DDM/ESR
formulations proceeds without formation of larger
particles and transitional states with bimodal
varticle siza distribution. These internediate
stages of phase inversion found in the other three
formulations: DGEBA/DDS/ESR (1), DGEBA/DDM/VR (2),
and DGEBA/DDS/VR (3) have not been obsarved here.
DGEBA/DDM/ESR phase inversion is completed in a
very narrow range of rubbar content (botween 30
and 15 percant). The morphology of continuous
rigid DGEBA matrix and rubbery particles at 30

percent rubber changes into continuous rubbery -

phase with rigid DGEBA particles at 35 percent
rubber content. Obviously, the phase inversion
in DGEBA/DDM/ESR follows a different mechanisnm
from the other threae types of formulations. It
proceeds practically without DGEBA partition in
the rubbery particles.

Further increase of the rubber content leads
to the formation of two-phase thermosets with
continuous rubbery phase and randomly distributed
small DGEBA rigid particles.

CONCLUSION

Homogeneous formulations of DGEBA epoxy resin
and DDM diamine containing liquid rubber, based on
epoxidized soybean o0i] and DDM diamine, form
two-phase epoxy thermosets. Phase inversion is

completsd in a very

harrow range of intermedia
rubber contaent (30 - te

35 wt percent).
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Figure 1. SEM Micrograph of tha Practure Surface

of DGEBA/DDM/ESR(1S5) Specimen.
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cigure 2.
af DGEBA/DDOM,ESR(20) Specimen.

¥ "

figure 3. SEM Micrograph of the Fracture Surface
of DGEBA/DDM/ESR(J0) Specimen.

Figure 4. SEM Micrograph of the Fracture Surface
of DGEBA/DDM/ESR(35) Specizen.

399

2 SEM Micrograph of the Tracture Surface Figure 5. SEM Micrograph of the Fracturs Surface
of DGEBA/DOM/ESR(40) Specimen,

Figure 6. SEM Micrograph of the Fractura Surface
of DGEBA/DDM/ESR(60) Specimen.

Figure 7. DMA Temperature Dependence of the
Dynamic loss (Flexure) Modulus, E" (Solid Lina)
and Tan Delta (Dashed Line) of DGEBA/DDM/ESR(20)

Specimen.
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TWO-PHASE EFPOXY THERMOSETS
THAT CONTAIN EPOXIDIZED TRIGLYCERIDE orLs!

JIsabelle Frischinger, Patrick Muturi, and Stoil D1r11kov
Coatings Research Institute
Eastern Michigan University
122 Sill Hall, Ypsilanti, MI 48197

ABSTRACT

Homogeneous mixtures of diglycidyl ether of bisphenol A epoxy resin
and commercial diamines that contain an epoxidized triglyceride oil
form, under certain conditions, two-phase thermosetting materials
that consist of a rigid epoxy matrix and randomly distributed small
rubbery "vegetable® particles (0.1 - S microns). These two-phase
thermosets have excellent toughness, better than CTBN-modified
epoxies, low water absorption and very low ionic (sodium and
. chlorine) content. In comparison to the unmodified thermosets,
"the two-phase epoxies exhibit slightly lower glass-transition
. temperature and Young's moduli; their dielectric properties do not
change. . ~.The epoxidized soybean- oil 1is avalable at a price
($0.53/1b) -below that of the commercial epoxy resins and CTBNs and

it appears to be very attractive for epoxy toughening on an
industrial scale.

INTRODUCTION

Recently, it was found out that homogeneous mixtures of diglycidyl
ether of Bisphenol A (DGEBA) epoxy resins and commercial diamines
ccntaining epoxidized triglyceride oils form two-phase
interpenetrating epoxy thermosets under certain conditions (2).
Their morphology, particle size, and phase inversion depend on the
nature of the epoxidized vegetable oil and the diamine used for
their preparation. The two-phase epoxy thermosets, especially
those based on the commercially available inexpensive epoxidized
soybean o0il ($0.53/pound), appear to be very attractive for
different ifidustrial applications. In the present paper, their
potentiat application €or toughening commercial epoxy thermosets
and ceatings is described.

EXPERIMENTAL

The initial .naterials as well as the preparation of liquid rubbers,
based on epoxidized triglyceride oils and final two-phase
1nterpenetrat1ng thermosets have been described in detail in the
previcus paper (2). " The epoxy morphology and transition
temperatures were determined by scanning electron microscopy (SEM)
and dynamic mechanical analysis (DMA), respectively, as also
described in Ref. 2.

lExcerpted with permission from Ref. 1. Copyright 1994 American

Chemical Society.



Fracture Toughness

Single-edge-notched (SEN) specimens with approximate dimensions of
100mm long x 12.7mm width x 6.7mm thick were machined from castings
(3). A sharp crack was introduced into the specimen by the strike
of a razor blade, previously chilled in liquid nitrogen, with a
rubber mallet. The tests were carried out with a three-point
bending assembly, which was monitored by a servohydraulic materials
testing machine (Instron 1331) with a span of 50.8 mm and a piston
rate of 2.54 mm/s. A computer interface controlled the machine and
recorded the data. An 4P model 310 computer was programmed to
calculate the critical stress intensity factor, K., using the
following relation (4):

2 psv\a

It w

KIC=Y

where: P is the critical load for crack propagation in N,
S is 'the length of the span in mm,
a is the crack length in mm,
w is the width in mm,
".%.. t-.ts the thickness in mm, )
- Y is- the non-dimensional shape factor given by:

Y = 1.9 - 3.07 (a/w) + 14.53 (a/w)? - 25.11 (a/w)? + 25.80 (a/w)*!
The following relationship, which holds in case of

Linear-Elastic-Fracture Mechanics (LEFM) under plane strain
conditions, was used for determination of the.fracture energy, Gic:

(1 -42)(Ke)?

Gy =
E

where J is the Poisson ratio and E is the elastic or Young'’s
modulus. At least 8 specimens of each formulation were used for
determination of average fracture energy Gic.

Uniaxial Tensile Test

Dog bone bars with dimensions of 6" x 0.5" x 1/8" (152mm x 12.7mm
x 3.5mm) were cut with a high speed router and their external
surface polished with very fine aliminium oxide sandpaper 220 (3M).
A screw-driven Instron (model 1185), equipped with an extensometer
for determination of the longitudinal strain and a computer
interface type 4500 series, was used at a stroke of 60 mm/min.. At
least ten specimens of each formulation were used for determination
of their average tensile properties at room temperature.

Differential Scanning Calorimetry (DSC)

DSC measurements were carvied out on DuPont Thermal Analyzer 2100
instrument with DSC model 2910 over the temperature range £rom
-130° to +200°C at a heating rate of 2°C/min.

2
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Water Absorption
Maximum water absorption was determined on rectangular specimens

with approximate dimensions of 45mm X 7.8mm x 3.5mm which were
predried in a vacuum oven at 60°C to constant weight and then kept
in boiling water for 3 to 4 weeks until saturation (e.g. to
constant weight).

Dielectric Properties

Dielectric constant and dissipation factor were measured at 1 MHz
and room temperature on specimens with 3* x 3* x 1/8" dimensions on
a Genrad 1687 B Digibridge equipped with an LD-3 cell and by using
the two-fluid method (air and DC-200, 1 cs).

Sodium and Chlorine Content

Sodium and chlorine content were determined by Galbraith Analytical
Laboratories, Inc. (Knoxville, TN). Paint Research Associates
(Ypsilanti, MI) confirmed sodium content by analysis with Perkin-
Elmer 2380 Atomic Absorption Spectrophotometer.

'* PROCEDURES AND FORMULATIONS

* The -initial materials: DGEBA, 4,4*-diaminodiphenylmethane (DDM),
4,4'-diaminodiphenyl sulfone (DDS), vernonia, and epoxidized
soybean o0il have been described in detail in the previous paper
(2), together with the procedures for preparation of liquid rubbers
and final cure of two phase thermosets.

Three types of formulations have been evaluated in the present
study: DGEBA/DDM/VR(x), DGEBA/DDM/ESR(x), and DGEBA/DDS/ESR(x).
Vernonia (VR) and epoxidized soybean (ESR) - liquid rubbers were
prepared from DDM and the corresponding oils. The DGEBA/DDM/VR(x)
thermosets were obtained from initial homogeneous stoichiometric
mixtures of DGEBA and DDM modified by vernonia rubber. The content
of the liquid rubber (x) was varied between 0 .and 100 weight
percent. X equal to 0 corresponds to neat DGEBA/DDM thermoset,
whereas, x equal to 100 is pure vernonia rubber. Analogcus
abbreviations are used for the other two types of.formulations.

TOUGHENING COMMERCIAL EPOXY RESINS

A small amount of discrete rubbery particles with an average size
of several microns, randomly distributed in a glassy, brittle epoxy
thermoset is known to dissipate a part of the impact energy, thus
improving crack and impact resistance without significant
deterioration of other properties (5,6).

The epoxy toughness is usually achieved by separation of a rubbe;y
phase with a unimodal particle size distribution from the matrix
during the curing process. Different reactive liquid rubbers,
based on low molecular weight carboxy- or amino- terminated
oligomers of butadiene and acrylonitrile (CTBN and ATBN), are
usually used for the formation of the rubbery phase. Low molecular

I\
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weight amino-terminated (methyl)siloxanes offer other alternatives.
However, some of these oligomers are quite expensive.

Epoxidized triglyceride oils such as vernonia, epoxidized soybean,
and linseed o0ils provide new opportunities. ~ Epoxidized
triglyceride oils react with commercial diamines to form epoxy
resins which are elastomers at room temperature with low glass
transition temperatures in the range of -70°C to 0°C, depending on
the nature of the amine used for their curing. Epoxidized soybean
rubber, therefore, was evaluated for toughening commercial epoxy
resins. For this purpose, DGEBA/DDM and DGEBA/DDS formulations were
toughened by the addition of 10, 15, 20 and 30 percent of
epoxidized soybean liquid rubber. The resulting thermosets consist
of a rigid DGEBA matrix and small *soybean* rubbery particles
(Table I). Their morphology is discussed in detail in the previous
paper (2).

Table - I. Average range of “soybean® particle size
distribution of the rubber-modified DGEBA/DDM/ESR and
. DGEBA/DDS/ESR thermosets

Thermoset ‘Particle size

Formulation microns
DGEBA/DDM/ESR(10) no phase separation
DGEBA/DDM/ESR(15) 0.1-0.5
DGEBA/DDM/ESR(20) 0.1-0.4
DGEBA/DDM/ESR (30) 0.1-0.8
DGEBA/DDS/ESR(10) 1-2 .
DGEBA/DDS/ESR(20) 1-5
DGEBA/DDS/ESR(30)* 1-17
DGEBA/DDS/ESR(30)® 5-10, 100-200

* Tensile specimens
® Fracture toughness specimens

Glass Transition Temperature (T,)
The transition temperatures were determined by DMA from the
temperature dependence (maximum) of their tan delta (Table II).

The glass transition temperatures of the neat DGEBA/DDM and
DGEBA/DDS thermosets are observed at 190° and 185°C respectively.
Both exhibit also beta-relaxations at lower temperatures: -30° and
-35°C, respectively. The pure epoxidized soybean rubber (ESR),
cured under the same conditions in the absence of DGEBA/diamine
component, shows a glass transition temperature of -25°C by DSC.

The two-phase DGEBA/DDM/ESR and DGEBA/DDS/ESR formulations exl:xibit
two transitions at higher and lower temperatures. The higher
temperature transitions in the range of 145° to 190°C have been

4
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assigned to the T, of their DGEBA matrices. T; gradually decreases
with an 1ncrea51ng amount of soybean llquld rubber due to
plasticization of the DGEBA rigid matrix. As previously discussed
(2,3), the noupolar soybean rubber has higher solubility in less
polar DGEBA/DDM than in the more polar DGEBA/DDS matrix. The
plasticization phenomenon, therefore, is more pronounced for the
DGEBA/DDM/ESR formulations. The depression of the glass transition
temperature of their matrices 1is about 25°C at 15% to 20% of
soybean rubber content, and almost 45°C at 30% loading. The less
miscible two-phase DGEBA/DDS/ESR formulations exhibit smaller
depressions; 15°C at 10% soybean liquid rubber to approximately 25°C
at 30% loading.

Table II. DMA lower and higher temperature transitions of
pure DGEBA/DDM and DGEBA/DDS thermosets and their rubber-
modified DGEBA/DDM/ESR and DGEBA/DDS/ESR formulations

Thermoset Transition
Formulation °c* ock
" ‘DGEBX7DDM =30 190

DGEBA/DDM/ESR(15) =35 161
DGEBA/DDM/ESR (20) -33 165
DGEBA/DDM/ESR (30) -39 145
DGEBA/DDS =35 185
DGEBA/DDS/ESR(10) -45 168
DGEBA/DDS/ESR (20) -43 166
DGEBA/DDS/ESR(30) -30 - 161
ESR® -25 .

* The lower transition temperature corresponds to an overlap
in the glass transition temperature of the rubbery particles
and the beta-transition of the DGEBA matrix .

b Glass transition temperature of the DGEBA matrix

¢ Determined by DSC

The lower temperature transitions of the DGEBA/DDM/ESR and
DGEBA/DDS/ESR formulations, observed in the range of -30°C to -45°C,
are assigned to an overlap of the glass transition temperature of
the ESR rubbery particles and the beta-transition of their matrix.
In general the glass transition temperature of the rubbery
particles in the two-phase thermosets corresponds to that of the
pure ESR rubber. This indicates that the rubber phase in these
two-phase thermosets does not contain a significant amount of the
DGEBA component and is formed by practically pure soybean rubber.

Fracture Toughness

The fracture toughness, in terms of stress intensity factor, K, and
fracture energy, Gy, is given in Table III. The fracture surfaces
of both formulations DGEBA/DDM/ESR and DGEBA/DDS/ESR show extensive

13
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particle cavitation as shown in (2), which is the main toughening
mechanism.

A better toughening effect, which gradually increases at a higher
soybean rubber content, 1is observed for the DGEBA/DDM/ESR
formulations. It is probably due to the plasticization phenomenon
which occurs at a larger scale for these formulations (2). The
*soybean" component, which acts as a plasticizer of the matrix,
improves its toughness.

A smaller improvement of the fracture toughness and an optimum
toughening effect at 20% ®"soybean® content is observed for the
DGEBA/DDS/ESR formulations. The DGEBA/DDS/ESR(30) specimens at 30%
soybean liquid rubber, which were used here for determination of
fracture toughness, have a bimodal particle size distribution which
is characteristic for the beginning of phase inversion phenomena
(2). At this point the physico-mechanical properties start to
deteriorate rapidly and we observe lower fracture toughness.

....Table III. Stress intensity factor, K, and fracture energy,
Gic ‘'of pure DGEBA/DDM and DGEBA/DDS thermosets and their
rubber-modified DGEBA/DDM/ESR and DGEBA/DDS/ESR formulations

Thermoset Kie, Gy,

Formulation MPa .m!/? J/m?
DGEBA/DDM 0.75 175
DGEBA/DDM/ESR(10)* -
DGEBA/DDM/ESR (15) : 1.24 : 564
DGEBA/DDM/ESR (20) 1.33 802
DGEBA/DDM/ESR(30) 1.40 1008
DGEBA/DDS 0.75 145
DGEBA/DDS/ESR(10) 1.09 374
DGEBA/DDS/ESR(20) 1.19 596
DGEBA/DDS/ESR(30) 0.54 145
DGEBA/DDS® 162
DGEBA/DDS/CTBN(10)® 242

This formulation does not phase separate due to better
miscibility of its two phases (2). 1Its fracture toughness has
not been determined

® Ref. 7

In summary, the soybean liquid rubber significantly improves the
fracture toughness of commercial highly crosslinked, brittle
DGEBA/DDS and DGEBA/DDM epoxy thermosets. This toughening effect
is due to boch rubber toughening due to particle cavitation and
enhanced ductility of the matrix through plasticization (2).

4



Tensile Properties

Young‘’s moduli were determined from the corresponding tensile
stress/strain curves as an average value of several independent
measurements (Table IV). In contrast to fracture toughness, where
DGEBA/DDS/ESR(30) specimens with a bimodal particle size
distribution were used, all tensile specimens used in this study,
had a unimodal distribution (Table 1I). It is difficult to
reproduce the exact morphology of DGEBA/DDS/ESR(30). This
formulation is very close to its phase inversion point and small

deviation of the experimental conditions leads to different
morphologies.

As expected, the elastic moduli gradually decreased with the
increasing soybean fraction. Linear relationships can
approximately fit for both types of DGEBA/DDM/ESR and DGEBA/DDS/ESR
formulations and a slight deviation is observed only at a higher
content of soybean rubber. The tensile properties of the
DGEBA/DDS/ESR formulations, however, decrease faster with the
. increasing soybean content than that of DGEBA/DDM/ESR.

.TabIé*IV. Young modulus, E of pure DGEBA/DDM and DGEBA/DDS
thermosets and their rubber-modified DGEBA/DDM/ESR and
DGEBA/DDS/ESR formulations

Thermozet E

Formulation MPa
DGEBA/DDM 2840
DGEBA/DDM/ESR(10)*
DGEBA/DDM/ESR(15) 2410
DGEBA/DDM/ESR(20) 1950
DGEBA/DDM/ESR(30) 1720
DGEBA/DDS 3420
DGEBA/DDS/ESR(10) 2810
DGEBA/DDS/ESR(20) 2100
DGEBA/DDS/ESR(30) 1780
DGEBA/DDSP 3360
DGEBA/DDS/CTBM(10)® 3000

* This formulation does not phase separate and its t.nsile
properties have been determined
> Ref. 7

Water Absorption

High water absorption is another major disadvantage of commercial
epoxy resins in addition to their poor fracture toughness. The
maximum water absorption was determined by placing predried samples
in boiling water until constant weight was achieved. Although the
results are somewhat lower than expected, the water absorption of
both formulations decreases gradually and 1linearly with the

1%
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increasing soybean content (Table V).

Obviously, the highly hydrophobic long fatty chains of the
epoxidized soybean o0il reduce the water absorption of its epoxy
thermosets. As expected, the DGEBA/DDS/ESR formulations at
different .soybean liquid rubber contents have a higher water
absorption than the corresponding DGEBA/DDM/ESR formulations, due
to the more polar character of DDS in comparison to DDM.

Table V. Maximum water absorption of pure DGEBA/DDM and
DGEBA/DDS thermosets and their rubber-modified DGEBA/DDM/ESR
and DGEBA/DDS/ESR formulations

Thermoset Water Absorption

Formulation 3
DGEBA/DDM 2.42
DGEBA/DDM/ESR (15) 2.22
DGEBA/DDM/ESR(20) 2.00
DGEBA/DDM/ESR(30) 1.62
'-DGEBX/DDS 3.61
DGEBA/DDS/ESR(10) 3.33
DGEBA/DDS/ESR(20) 3.13
DGEBA/DDS/ESR(30) 2.80

Dielectric Properties

The introduction of epoxidized soybean oil, with its long aliphatic
chains, was expected to lower simultaneously the dielectric
constant and dissipation factor of the commercial epoxy resins,
despite the formation of free hydroxyl groups by the opening of its
epoxy rings. Surprisingly, the dielectric properties of both types
of formulations do not change with the increasing content of
soybean liquid rubber (Table VI). '

Table VI. .Dielectrical properties of pure.DGEBA/DDM and
DGEBA/DDS thermosets and their rubber-modified DGEBA/DDM/ES
and DGEBA/DDS/ESR formulations .

Thermoset Dissipation Dielectrical

Formulation Factor Constant
DGEBA/DDM 0.033 3.78
DGEBA/DDM/ESR(15) 0.035 3.78
DGEBA/DDM/ESR (20) 0.036 3.77
DGEBA/DDM/ESR(30) 0.037 3.77
DGEBA/DDS 0.025 3.95
DGEBA/DDS/ESR(20) 0.033 3.88

8
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Sodium and Chlorine Content

A requirement for the application of epoxy resins in the
electronics industry is their low ionic content, often below 10
ppm, especially for sodium and chlorine ions. Electronics grade
epoxy resins are more expensive due to the additional purification
procedure needed to lower their ionic content.

The epoxidized soybean oil without any purification has a very low
content of sodium and chlorine of below S ppm (Table VII). This is
due to its hydrophobic nonpolar molecular structure lacking free
hydroxyl or carboxyl groups. Thus, epoxidized soybean rubber is
especially suitable for the toughening of epoxy resins for
electronics applications.

Table VII. Ionic content and bulk price of epoxidized soybean
oil (ESO), vernonia oil (V0O), and CTBN

ESO vO CTBN*

Sodium, ppm 4.2 4.3 380

""-Chlorine, ppm <5.0 906 952
Price, $/1b 0.53 b 2-2.50

* Hycar® CTBN 1300 x 16 (B.F. Goodrich Chemical Co.)
P Not industrially produced

Epoxidized Soybean Liquid Rubber v.s. CTBN .

We also compared the effect of the epoxidized soybean liquid rubber
with that of CTBN (Hycar® CTBN 1300 x 16, a product of B.F.
Goodrich Chemical Co.) which is commonly used for epoxy toughening.
The introduction of 10% CTBN liquid rubber into a DGEBA/DDS epoxy
resin produces similar two-phase thermosets with CTBN rubbery
particles (about 5 microns). The fracture energy of the unmodified
DGEBA/DDS thermoset increases from G, = 162 J/m* to G, = 242 J/m?
in the presence of 10% CTBN, that is with &G, = 80 J/m?, whereas
its Young modulus simultaneously decreases from E = 3360 MPa to E
= 3000 MpPa (7). Our unmodified DGEBA/DDS thermoset exhibits
similar fracture toughness (G, = 145 J/m?) and Young’s modulus (E
= 3420 MPa) (Table III and IV). The introduction of 10% soybean
liquid rubber, however, more than doubles its fracture energy from
Gie = 145 J/m? to Gy = 374 J/m? (Table III), that is with AG, =
229 J/m?, whereas the Young modulus decreases from E = 3420 MPa to
a slightly lower value of E = 2810 MPa (Table IV)!. The soybean
liquid rubber appears to have better toughening effect than CTBN.

Another advantage of the epoxidized soybean rubber is its low
sodium and chlorine content (an important characteristic for
electronics applications) in contrast to that of the carboxy-
terminated CTBN (Table VII).
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The carbon-carbon dbuble bonds of the butadiene monomeric units of
CTEN undergo a variety of cross-linking reactions at higher
temperature (>100°CN. as a result, the rubber toughening effect of
CTBN rapidly deteriorates during a prolong exposure of its two-
Phase epoxy thermosets at higher temperature. Improved toughness
at higher temperature requires a rather expensive hydrogenation of
CTBN. Epoxidized soybean oil and its rubbers do not have carbon-
carbon double bonds. Better weathering, isothermal stability, and

toughness at higher temperature are expected for their two-phase
epoxy thermosets.

Epoxy thermosets that contain liquid rubbers based on epoxidized
triglyceride oils are also environmentally friedly. The o0il
undergoes rapid enzymatic degradation to carbon dioxide and water
by hydrolysis followed by Knoop and Krebs cycles.

Finally, epoxidized soybean o0il is industrially produced and
available at about 50 cents per pound, a price below that of CTBN
. (in the range of $2.25 - $2.50 per pound) and DGEBA (about $1.50
‘Per pound). It makes the toughening of commercial epoxy resins by
.epoxidized soybean oil very attractive for commercial applications
"in large.scale. v

STRESS RESISTANT TWO-PHASE EPOXY COATINGS

These two-phase epoxy thermosets are also attractive for
preparation of crack- and stress-resistant coatings (1). In order
to evaluate their morphology and physico-mechanical properties,
model two-phase interpenetrating epoxy coatings, based on a
DGEBA/DDM stoichiometric formulation modified by the addition of 5,
10, 15, 20, 30, and S0 weight percent vernonia liquid rubber were
studied (Table VIII). Below 20 percent rubber, they consist of a
rigid DGEBA matrix and randomly distributed small *vernonia®
rubbery particles (0.2 to 1.0 micrometer) . Phase inversion is
observed in the range of 20 to 30 percent rubber. Above 30 percent
rubber, the thermosets consist of continuous ‘*vernonia® rubbery
phase and small rigid DGEBA particles (0.4 to 1.0 micrometer).

Initial results show that similar two-phase interpenetrating epoxy
coatings based on epoxidized soybean rubber can be obtained.

These coatings have excellent physico-mechanical properties and
appear to be suitable for container applications (1). This in situ
approach for zero VOC two-phase (epoxy) coatings is an attractive
alternative to the core-shell reactive latex technology.

DISCUSSION

Further research indicates that the introduction of vernonia oil in
other formulations such as urethanes (a mixture of
methylenediphenylene diisocyanate and 1,10-decanediol) also results
into two-phase thermosets under similar conditions.
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In general, initial homogeneous formulations based on two
components with different polarity and different reactivity and a
suitable curing agent are expected to undergo phase separation by
2 two-stage (condensation) polymerization. In the formulations
discussed above, the commercial epoxies (and urethanes) are the
polar components with very fast cure rates. As these formulations
cure at lower temperature (first stage), they form the rigid phase.
At this stage, the hydrophobic epoxidized triglyceride oil (or
rubber), which is the nonpolar component and has a slow cure rate,
phase separates and forms a liquid phase. The liquid phase cures
later at a higher temperature (second stage) with the unreacted
curing agent (diamine, etc.) to form the rubbery phase.

Similar two-phase thermosets have been prepared via two-stage
addition polymerization as reported recently by Widmaier and
coworkers (8) for two component formulations based on methyl
methacrylate (or butyl acrylate) and diallyl carbonate of Bisphenol

‘CONCLUSIONS

'Epoxidized-triglyceride oils and especially epoxidized soybean oil,
which is commercially available at a low price, are very attractive
for preparation of two-phase interpenetrating epoxy thermosets.
Two potential industrial applications have been evaluated:
toughening commercial epoxy resins and preparation of stress
resistant coatings.

Thermosets with DGEBA matrix and “soybean® rubbery particles have
excellent toughness without deterioration of other physico-~
mechanical properties. Epoxidized soybean liquid rubber is
environmentally friendly and has a better toughening effect, lower
ionic content, lower price, and probably improved weathering than
CTBNs.

Stress and crack resistant two-phase epoxy coatings, especially
those with a continuous rubbery phase and rigid DGEBA particles,
are suitable for coil and container applications. This in situ
approach for preparation of coatings with two-phase morphology is
an attractive alternative to hard-core/soft-shell and soft-
core/hard-shell reactive latex technology.
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Table VIII. Morphology and physico-mechanical properties of DGEBA/DDM/VR coatings

Particle size Impact resistance®

Coating
Formulation (microns) Direct
DGEBA/DDM Homogeneous 70
- DGEBA/DDM/VR(S) d 70
DGEBA/DDM/VR (10) 0.3-1.2 90
DGEBA/DDM/VR(15) 0.2-1.0 150
DGEBA/DDM/VR (20) 0.5-47¢ 150
DGEBA/DDM/VR (30) 1-27¢ >160
DGEBA/DDM/VR (50) 0.4-1.0 >>160
VR Homogeneous >160

* in in.1b (1 in.lb = 0.01152 kg.m)
5B corresponds to 100% adhesion

n v

not studied by SEM
passed maximum and minimum diameter
phase inversion '

~ 8 O

skd6/bostonl.jad

passed maximum but failed minimum diameter

Reverse
50 50
40 46
80 45
150 50
160 38
>160 41
>>160 21
>160 8
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!Hardpess
Rocker Pencil

>8H
>8H
SH
S5H
3H
H
H
6B

Adhesion®

5B
5B
5B
5B
5B
5B
5B
5B

Flexi-
bility
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