CURABLE FLAME RETARDANT EPDXY RESIN COMPOSITIONS FIELD OF THE INVENTION The
present invention relates to a curable flame retardant epoxy resin 5 composition with increased
toughness and fracture resistance, which is particularly useful for preparing electrical laminates. -
BACKGROUND OF THE INVENTION Thermoset resins such as epoxy resins are commonly
used, for example, in teeyRigspelecuamcamthaAafrindostiaseThecomtainmafdoth the
microelectronic and 10 aircraft industries mandate the use of flame retardant epoxy resins. Typically,
flame retardant epoxy resins include epoxy resins containing bromine. However, increasing the flame

retardance of ?’ﬂ%ﬁ@% ,f%sé;p ﬁg?@@gaﬂng an epoxy resin, reduces its fracture resistance, making it
difficult to pro inished products. For example, a major problem in the
electronics industry is the gqillapility, of T aRER TURRIEA &mﬁms@fm&?&ﬁm‘apoméﬁed circuit board

[ ittl

fabrication, because brominated epoxy composites are known to be very brittle.” Thus, while
brominatidn ofepassitionmibsnmmsed invebresspdlinsvevesianaembiradistanicalatymesBioxies,
particularly Wh@pﬁ%ﬁ@ggﬁgﬁmegsed in microelectronic applications, brominated epoxy resin
materials used in microelectronic applications easily shatter during drilling procedures and, 20in turn,
limit their applBATBIGROUND QRIBIKIOVIENEIDN retardant epoxy resins useful in electrical laminates
applications are non-brominated epoxy resins, for example, phosphorous-containing epoxy resins
such as those described inTheSneataeringsueh408pR2Y eSS areremmaphl st oferaapmedeion No.
2002/011931 7y, AnddtiloRubiigalicn ARa¥R.9 9Midedudes e Aot aRiRR a6 AR AAESINS also

have the disadvantage of being brittle and may be difficult to drill during printed circuit board

fabricatiol)  ireraft jpdyaision manfats the dseRilanes wieder) apmdrsiBsolgiem 8B me epoxies are

too brittle to toughemedfpgelivebrsViRieqysio1ysEsias agihsipistmento Ughness, aidaitiaanexies often
t th f modyl d use t , creating 30 table limits on th
comes at the experise ofmodlus and Use qmperalire: cicalng, Jounaceepiaplg iy on the

resistance, making it difficult to process these materials into finished products.

For example, a major problem in the electronics industry is the drillability of
15  brominated epoxy composites used in printed circuit board fabrication, because brominated
epoxy composites are known to be very brittle. Thus, while bromination of epoxy
compositions is necessary to improve the flame resistance of the epoxies, particularly when
such epoxies are to be used in microelectronic applications, brominated epoxy resin
materials used in microelectronic applications easily shatter during drilﬁng procedures and,

20  in turn, limit their applications.

Other known flame retardant epoxy resins useful in electrical laminates
applications are non-bfonﬁnated epoxy resins, for example, phosphorous-containing epoxy
resins such as those described in U.S. Patent No. 6,403,220; U.S. Patent Application
Publication No. 2002/0119317 Al; and PCT Publication No. WO 99/00451. These

25  bromine-free epoxy resins also have the disadvantage of being brittle and may be difficult to

drill during printed circuit board fabrication.

Epoxies in general are known to be very difficult to toughen and some
epoxies are too brittle to toughen effectively. Moreover, increasing the fracture toughness
of brittle epoxies often comes at the expense of modulus and use temperature, creating

30  unacceptable limits on the applicability of these resins.



Recent efforts have concentrated on using block copolymer self-assembly to toughen epoxies with a
minimal impact on the glass transition temperature and modulus and with the advantages of simple
processing and low cost. For example, Dean, J. M.; Lipic, P. M.; Grubbs, R. B.; Cook, R. F.; Bates, F.
S. J "Micellar Structure and Mechanical 5 Properties of Block Copolymer-Moded Epoxies,” J. Polyrn.

Sci. Part B Polymer PhysiCReeff &iia® #:98%020drAiaciaseminab i esotenal yeris satipisembled

into vesicles and spherical micglles can significantly increase the fracture resistance of model

bisphenol A ef{8 ?’c%e%m&hal’é’m?i 8ﬁ%|°&§}ﬁ§l?83£ﬁ?ﬁ@%%ﬁ%§%%{8fﬁ?% JRAGH &Brelation

between the ratithahé¢hdwapgea id sihplveerepin catlonddite ParticlaglneterJappebisdd10 conform

to classical toygheni anis These, magphojogies share the s | herical shape, but
. llk% %?ru%%:}%cﬁ EO%ZR.W 3 uaéces%. QO} jﬁlrzsg(é _%%mgurg 9?1%%%% %a

the larger dimensions of the vesic eduptoaft increase In the Tracture resistance.

It would bé degiretiesiay GifBleaidtopyhmeey-Idotiftede Eimeiesiss RelyturScicisiBreymetRlasies.retardance
of epoxy reSi”§dﬁ|it,,h§§£‘z@é&-&ﬁﬁ%}%@&ﬂfé&ﬁ%@f&@&%ﬁ&%ﬁ SRR SEHIBISHEN RS dsEatRmPerature and

modulus. t'is desired to provide a composition with an improved fracture resistance, which

overcomes thesifierer arineles con Risaificentbninasaspaibactg astrcs i reafsbbisabeaslithg problems
of prior materigig,RlJ MMAFYHh @ Fetﬂflﬁd%\{ﬁ%Ei@iﬂ@e&@:ﬁ@cﬁ%}?&éeﬁﬁ@@eﬁé@ﬁ%ﬁ&&&éﬁiOn is directed

to a curable epoxy resin compasition including (a) at least one flame retardant epoxy resin; (b) at least
one amphiphilReBTSER s sEigmEReITPrrron Pﬁ%}?ﬁ%@%’ﬂﬁles and tha pastiele diametsr SPIRE SR sent
inventionlig diregifAHaARIRIREiphaiapatdbaaisuEaTace siopbolyisithadnhiuaing buiding: 25(a) at
least one flame retardant epoxy.sresin; (b). at least one amphjphilic block copolymer, and (c) a curing
agent. g’%ﬁrécrgloﬁ%%?éggﬁééf%?ﬁ?%%?gggﬁ |n(\)/e%11 |3ﬁFSJ }gi% ﬂ%@& erﬁelsl})n%p;?o uec(:a'f,f (')sﬁpch as a printed
circuit board, nededeamthhé&adtoeaesistatole resin composition. The present invention is also
directed to a new type of modifier mo(r‘gggogy including self-assembled nanoparticle structures such

as worm-like or spherical nficeneld hp dsigblertnfind anibe I RS SRLWBE the present
invention are QM) RiORRBIRIMNRAVOLT sk FatiaasSvERLT 84 diBRM £ VtliRg pibsehlackempolymer

self-assembles 5 into a worm-like micelle mora[%laolo%'1 and such that the fracture resistance of the

resulting Cure PISEIRISTR AS 158 fpmperature and modulus.

It is desired to provide a composition with an improved fracture resistance,

which overcomes the disadvantages of known materials, particularly which overcomes the

drilling problems of prior materials.
SUMMARY OF THE INVENTION

20 One aspect of the present invention is directed to a curable epoxy resin
composition including (a) at least one flame retardant epoxy resin; (b) at least one

amphiphilic block copolymer; and (c) a curing agent.

Another aspect of the present invention is directed to a process for preparing

a curable resin composition including mixing:
25 (a) at least one flame retardant epoxy resin;
(b) at least one amphiphilic block copolymer; and
(c) a curing agent.

Still another aspect of the present invention is a cured resin product, such as

a printed circuit board, made from the above curable resin composition.



BRIEF DESCRIPTION OF THE DRAWINGS Figure |A is a transmission electron microscopy
(TEM) image of worm-like micelles in an epoxy formulation cured with phenol novolac. This Figure IA
is one 10illustration representative of the block copolymer modified flame retardant epoxies of the
present invention and clearly shows the differences in size and shape between the cylindrical

geometry of the present '”V%E'ﬁ%s@ﬁﬂﬂ%ﬂﬁﬂmﬁ%/c&feﬂ?&l Rf'@ﬁaﬁttype of m&%ﬂ&pﬁb@gﬁi a
representation of the worm- like %geometry and confl%b%ratlon of Figu 15Fgure 2A js a TEM image

of spherical mitstisting seff IS RmeRaEiF e e eR SRR %Wﬂ%jpé%or spheriGalgpicelles- Mows a
representatlondiafetistetﬁmmrebﬁﬁidmtﬁeile&;ae@ﬁgﬁﬂmmw@ewtmmfoﬁugmm&émm Figure 3Ais
a TEM image of veS|cI sin an e%‘é}e/ lrlorm ttlﬁ) cured with ﬁ noI no VOle%%ﬁE qure g’lB shows a
representation 8?%?:%11\%35&&8%[1 VAo coﬁ @%"r%ﬁ%%n%’f igure g SRPOYH e 1S h graphical
illustrationsshoiing stoamldmmpﬂelmagmmwgyamd fucictietilf fpoxy re%mln@méﬁta retnlinpoxy
formulation for erical 25micelle, and vesicle modified epoxies; and neat resin.
Figure 4 showse{yf% @J&é%%“@é%@éﬁ%s increase the fracture resistance to approximately 1000 7/m2
even when the neat epoxy is too brlttle tQ machlne ples for mechanical testing (50 weight percent
epoxy). DESC stuvetip AL et DIMENTS In general, the present

invention is a curable oplgsm N Ancluq[[ m%mlg)l%g% 1%89511%?&%5‘30%@% gggégoﬁm_rﬁ@xtures of

several different epoxy resine Wherein a
micelles in an epoxy formulatlon cured with phenol novolac. This Figure 1A is one

VI'

10  illustration representative of the block copolymer modified flame retardant epoxies of the
present invention and clearly shows the differences in size and shape between the cylindrical

geometry of the present invention and the geometry of the prior art.

Figure 1B shows a representation of the worm-like geometry and
configuration of Figure 1A.

15 Figure 2A is a TEM image of spherical micelles in an epoxy formulation

cured with phenol novolac.

Figure 2B shows a representation of the spherical micelles geometry and

configuration of Figure 2A.

Figure 3A is a TEM image of vesicles in an epoxy formulation cured with

20  phenol novolac.

Figure 3B shows a representation of the vesicles geometry and configuration

of Figure 3A.

Figure 4 is a graphical illustration showing strain energy release rate as a
function of epoxy resin content in the epoxy formulation for worm-like micelle, spherical
25  micelle, and vesicle modified epoxies; and neat resin. Figure 4 shows that worm-like
micelles increase the fracture resistance to approximately 1000 J/m* even when the neat

epoxy is too brittle to machine samples for mechanical testing (50 weight percent epoxy).

DESCRIPTION OF THE PREFERRED EMBODIMENTS

In general, the present invention is a curable composition including a blend

30  or mixture of (a) an epoxy resin or mixtures of several different epoxy resins, wherein at
3



least one of the epoxy resins is a flame retardant epoxy resin; (b) at least one amphiphilic block
copolymer containing an epoxy miscible block and an epoxy immiscible block; and (c) a curing agent
or mixture of curing-agents. The block copolymer is used as a modifier for mechanical properties
enhancement of the blend. 5The composition of the present invention has a remarkably high fracture

resistance. The, ieae MGHNSITRY RALOREAUSR LAY Aaha Blosteeanaby e adiive that can

be incorporated into a thermoset at low concentrations é}ggexample, less than 5 weight percent) and
at a low cost; RRFGFERPIHITRT SOUAEINEES EUFBISEble BIskiARI AT FRATE FEMisethls eftdnvention
provides a mo(BjWiREMLESRHES Rikned btk siriad uade iR copslynrRimicusansidaraticng and is not
extremely sensitive to curing procedures. In additjo ,];[%e resent invention enables thermoset resins,
such as epoxid& W@@ﬂ%@@‘iﬂpﬁﬁ’&%eﬁﬁmgk/ﬁ% ’?ffelcture resistance is an issue. The present

invention provides a method,for prepayin epoxy resin 15 | matically
improving the fracture resis gﬁggonég%g}ﬁlg%%?ﬁger%%p%&%éo\%%%gg?ﬁ%ﬁ#ﬁﬁ%ﬁ@éﬁ%@%ss in modulus
(between 5 peresisteared Phepersat invehilends inffetardetrasgldstitizes siblnvkaommsdymeedditive  The
present inventigg demprnitaishad salabisanrise natkindaiahne s ainhenaosess, for

example, epoxy resins, such as a bisphenol A epoxy cured with phenol 20 novolae, even when the
epoxy formulatitsiebEPRERR) IsrdAtd asticapo aRidh B\ Franses O SPHSRE o938 e sent invention

has important L‘t&@yﬁg{i@ns to applications requiring tough flame retardant thermosets, such as epoxy
resins, such as in the microelectronics and advanced aircraft industries; and particularly for the
manufactlge of printed circdihdpeseist avemidreprapidisationphohesecisedemipenatunedfitatee retardance,

and toughness ar important.. .. _The present inventi r%}{' 35 itionyith a novel
morphology bydla%%qﬁgoenmg (éi%%lﬁl%g%%ﬁlfr%grlgl%ﬁf Senélco?%gtg%g 1 nﬁq’pégﬁ%n an agrog?hﬁectute'to induce
self-assembly intadditieasihdifessontspheniical endvish SlemnesTiresinic Blidsas PRSipTde dstUseddAtion are

those which hayg, 2 SICIHEGIHALLORIIRHICsiQ-Hie 0sreaaed toughness of the epoxy 30 resin matrix,

for example, worm-like or spherical in shape, as opposed to other geometric shapes such as vesicles.
Worm-like micelles self-asseraheséayigvamiplerbandwaellitarfnpigpanphblasikgapiymers

reproducibly improving the fracture resistance.up to, for.example, 190 time orm-like micelles are
circular of%llip[%éﬁ'ﬁ?ﬁ%ré@-%&%%‘ié%ﬁ e‘ﬂ‘g’fgm?%r@eew%crgrﬁﬁiﬁeg?nal%%ﬁlgs éar%erléﬁtaaffgaéllrg long in
comparison to tpexiayieith, avitinianlaceepigblakpe it fratidus {Ebued3) baratsadOpatensbly 5:1 or
greater; and MoksL 5%&%@?0'%%%% &ré.s%r&%{ion temperature.

The present invention demonstrates a remarkable enhancement in toughness

with thermosets, for example, epoxy resins, such as a bisphenol A epoxy cured with phenol

20 novolac, even when the epoxy formulation contains brominated epoxies to improve flame
retardance. The present invention has important implications to applications requiring
tough flame retardant thermosets, such as epoxy resins, such as in the microelectronics and
advanced aircraft industries; and particularly for the manufacture of printed circuit boards
and other applications where use temperature, flame retardance, and toughness are

25  important.

The present invention provides a composition with a novel morphology by
addition of block copolymers with the correct composition and architecture to induce self-
assembly into a worm-like or spherical morphology. The micelles of the present invention
are those which have a structure that contributes to the increased toughness of the epoxy

30  resin matrix, for example, worm-like or spherical in shape, as opposed to other geometric

shapes such as vesicles.



Flame Retardant Epoxy Resin One example of a flame retardant epoxy resin useful in the
present invention is a brominated epoxy resin. The brominated epoxy resin component used in the
curable epoxy resin composition of the present invention may be any brominated epoxy resin well 10
known in the art. Examples of the bromine containing epoxy resins of the present invention include

tetrabromobisphenoal A, dighygiylethes Al SlARQMARIANEARLAY, fath ARl REmIRglachepoxies

such as those commercially available from The Dow Chemical Company under the trademarks D.E.A.
560, D.E.R 548logk eopolersreprpdugBlyinpvinsihe resrs 16iSHRCe Rt S FEAOMENLS?. A preferred

epOXt))/ reSlanQiH@Hh "WoﬁEQHgd@&fééﬁéi m&&&hﬁ&%ﬁﬁﬁmﬁf&@ﬁmﬁ&ﬁsw | yEdpithEih eteof
tetrabromobisphen such.as D.E.R, 560 The presept.invent osition may contain at
least one or mﬁ?é%tﬂ%ﬁ%ﬁ%ﬁ@%@éom mﬁﬁ?éoaﬁ?tﬂf ‘ﬁ’r‘ghﬁWé% g el r%sé’e% may be
blended tagethgtdofaake 3P thardseeprefatinn: ejooxyeaemanhentfrtiestgderit sngenton. The 20
bromine content of the epoxy resin composmon may be from about 5 wt percent (wt percent) to about

50 wt percent e plmBedif wt percent to about 25 wt percent, and more preferably from
about 18 wt percent to about 21 wt percent Another example of a flame retardant epoxy resin

useful in the present inventidif EXEMPIEshilame sotad s cPagiH iR Heg B L S B RGPS I e ining
eploxy resin 2§Q§sl‘aﬁﬁﬁah L@dlépgxﬁietﬁﬂt'ﬂﬁﬂﬂ@ﬁﬁﬁ)&eﬁl&b&ﬁﬁt@mN@nbbﬁeaﬁﬁh%@ﬂ;ﬂtﬁa&&rdbtsentltled
'Flame Retardant Phosphorous Element Containing Epo esin oslitions Ub|ISh d August
29, 2002, incofBOFEEFHE? OW%&%@éeﬁdﬂYﬁ?ggﬁpéﬁggﬁ%%ﬁgﬁgﬁeepé’fgr ant ep%xy resins
disclosed (n thinatw\e HeSrtP aianipRishifchtibronnok ichaatming ajmgy mexiasl qftbspiesenisinvention
element- Contam"ﬁ%%@ 4 %rg%'lscl) ls&ecft%dirg%%ggsleegle opp ég?cg %}p t”g)s%%ﬂ%@m ,453,

incorporated herein erence, Including, ampe me onate, ethyl
diglycidyl phodphuirted sropigsdigly esdibghessphencialdy W@@gﬁg@mﬁpm%ﬁm@vmyl diglycidyl

phosphonate, e@ tth&l% BQ@éﬂt}eyﬁts R”S’ﬁb'ﬁi‘ﬁftt/ké rshigky syl piaeRboNsE RBEHY!
diglycidyl phosphate, ethyI glycidyl phosphate, n- propy |gfyC|dyI phosphate n- butyI diglycidyl

phosphate, isoB¢tA- Etﬁl?éﬁi %ﬁﬁ@‘t@e&mﬁ chopyeferes FRAHETE. SAMANANG BTORIIG SR Ehhate,

p-rnethoxyphemd HiglyeideRiQSRRRIGs RIS GRIRIIRR I rdighirishibRispisplopte sicipse BYIoRy phenyl
diglycidyl phosphate, p- 5isopropyloxyphenyl diglycidyl phosphate, phenylthiodiglycidyl phosphate,
triglycidyl phos%r?ate, tris(glycidylethyl) phosphate, p-glycidyl-phenyl ethyl glycidyl phosphate, benzyl

diglycidyl thiophosphate, anﬂlg 8@&%@&@&%&9%%%%0:1 may contain at least one or more

brominated epoxy resins. Two or more different brominated epoxy resins may be blended

together to make up the flame retardant epoxy component of the present invention. The

20  bromine content of the epoxy resin composition may be from about 5 wt percent (wt
percent) to about 50 wt percent, preferably from about 10 wt percent to about 25 wt percent,
and more preferably from about 18 wt percent to about 21 wt percent.

Another example of a flame retardant epoxy resin useful in the present

invention is a “bromine-free” epoxy resin such as a phosphorous-containing epoxy resin

25  disclosed in U.S. Patent Application Publication No. US 2002/0119317 Al, entitled “Flame
Retardant Phosphorous Element Containing Epoxy Resin Compositions™, published August
29, 2002, incorporated herein by reference. Examples of phosphorous flame retardant
epoxy resins disclosed in the above U.S. Patent Publication include non-halogenated .
phosphorus element-containing epoxy resin selected from those described in U.S. Patent

30 No. 5,376,453, incorporated herein by reference, including, for example, methyl diglycidyl
phosphonate, ethyl diglycidy! phosphonate, propyl diglycidyl phosphonate, butyl diglycidyl
phosphonate, vinyl diglycidyl phosphonate, phenyl diglycidyl phosphonate and biphenyl

-5-



Other examples of a non-halogenated phosphorus element-containing epoxy resin useful in the
present invention is one which is obtained by epoxidizing a phosphorus 10 element-containing
compound including the epoxidized product of a phosphorus element-containing compound such as
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide such as "Sanko-HCA," commercially available

from Sanko of daRafayPphphiased; %@m&}i&@@&iﬂ?ﬁ&gﬁ%@ﬁ&ﬂﬁ'b{g@y@dﬁq&ﬁcﬁﬁm@ﬁ% ilacher of
r

Germany; 1042%5% dihydroxypheny1)-9,10-dihydro-9-oxa-10-phgsphaphenanthrene-10-oxide (such
as "Sanko 15 )(9142%'139}/%(9{%961‘3@6SMMMHW&?H&YME&WD&B&WY@Pﬂbﬂosphine oxide;
dirr:jetf:y,la-Eizﬁ@wdﬁbpmmwpp&enﬁmm%ﬁ%gbﬁﬁm; ﬂri?]@mw?nyfﬁgymwa%waphosphine
oxide tris(4-hydrg nyhphasphine.oxide, bis(2- rox ylphosphine oxide,
bis(2-hydroxyp}ﬁfét§§%8%%%fgﬁ El i RapsP ﬁ%?ﬁ‘%ffd’@x%ﬁ%ﬁﬁﬁj%l%ﬁg%%)z'[éﬂeh’?é oxide; or mixtures
thereof. The epoypidizitgygihting] Aiplhykalybblorsshate mbeatytthioth g deinspbad, isiglyaalyy carried out
with an epihai j ' nwell | 0.t illed.] he
phosphorous #’2%%%?%@3%%%%%2%%%%&%@% Bt %j@}%grﬁggkﬁn%ﬁgf@%%o%%ﬁtg B?’uo phorous
epoxy resin cofighysiévhiiicnhaietiste. frodrmhbimbonstheredfal Company. 250ther
phosphorous-containing epoxy resins used in the present invention are described in U.S. Patent No.

6,403,220, and PCT PublicRfh Nemples Ya/perrbelagsiatest ahqrhois srporaptining envny
reference. ThergigseefulidehiigBseMPREHRNNAY GONRR BHigaatINDOdNang a phosphorus

phosphorqus-containing epaxy resins. Two.or.mote different phosphorpus,containing 30 epoxy resins
may be b‘%nde‘g%agfﬁ%}t%nﬁé&oénﬁﬁ% lﬁ(gﬁﬁién?e%?ﬁ%g’ﬁsgyr&%)rﬁtp%%e% BPIE" %r%%‘é%%nvention.
The phosphoreustgioitg néropehadepdxysredirdbydposivan- ghdphiphenaiiene- Dboxidpencknt to about
20 wt percent, é%“%%ﬁ?-'ﬁgfﬂmg%%&éﬁ%B@&ﬁgﬁg&tﬁ&?@h‘égooo X@ﬂ?&“‘s&»ﬁﬂ&‘%@a@ﬁrat"y from

about 0.2 wt percent to a ou’"t wt percent. The brominated epoxy resin and the
phosphorous-coifaimprragrsialyaspilablefgmpechilbd alenher of GanmsastofRe? or the epoxy resins may

_be cor_nbined %@Bﬁfpﬁgﬂi}@,@iﬂ%&@%lrﬁﬂésphaphenaﬂ&ﬁﬂalmﬁﬁm%nmﬁﬁhe present
invention, the flame retardant epoxy resin component may be mixed or blended with another

non-flam é5reta%i%%@@iFé%%?&ﬂyﬁah?éﬂ@%%ﬁ%ﬁw&mﬂ@mm&ﬂ%ﬁ, other
than bromine, epstiyiesiis(ilgdotysiamine.fhaisgesnieshenmis@hydawrel/for example, a
chlorine-containi epaxy resin. The non-flame retardant epoxy resin.m Iso be a
non-halogenatgé@%%%ﬁ@@&%%@éﬂ?&é%ﬁf%%ﬁg a#‘%rf@%?b%é%gfﬁﬂde’ %}/S&

hydroxyphenyl)phenylphosphine oxide, bis(2-hydroxyphenyl)phenylphosphinate, tris(2-

hydroxy-5-methylphenyl)phosphine oxide; or mixtures thereof. The epoxidizing of the

20  phosphorus element—containiﬁg compound is usually carried out with an epihalohydrin such
as epichlorohydrin well known to those skilled in the art.

The phosphorous flame retardant epoxy resins may also include, for example,
X792530, a phosphorous epoxy resin commercially available from The Dow Chemical

Company.

25 Other phosphorous-containing epoxy resins used in the present invention are
described in U.S. Patent No. 6,403,220, and PCT Publication No. WO 99/00451, both of

which are incorporated herein by reference.

The present invention composition may contain at least one or more
phosphorous-containing epoxy resins. Two or more different phosphorous containing
30  epoxy resins may be blended together to make up the flame retardant epoxy component of

the present invention. The phosphorous content of the epoxy resin composition may be



If an additional epoxy resin is used in addition to the flame retardant epoxy resin, there are numerous
epoxy resins well known in the art that can be selected to be blended in with the brominated epoxy
resin. Such additional epoxy resin compounds useful 15 in the practice of the present invention are
known polyepoxides. The polyepoxide compound useful in the practice of the present invention is

suitably a CompgHNAL QK. EHEE AL RTBOM AW RICERGSESHES MBH SUHAN RGehea1EROXY group. In

general, the polﬁepoxide compound is a saturated or unsaturated aliphatic, eyeloaliphatic, aromatic or

heterocyclic ¢ dAvhesasIboesaneerrBrabh frer b ort e yaBrtrahle aeEtSoRdsttRte 20
compound can be substitutzﬂﬁ ith gne qr more substituents such as lower. alkyls and halogens. Such
polyepoxide compounds ar gﬁ%@&?ﬁﬁﬂ% a‘ﬁﬁﬁﬁﬁwﬁt@& ; 5%1%8%%’86%Fsmﬂseful in the
practice of the jegdenistuvdodiz) orantxeé soradedt ior the doarydis mBiesihwithyokhde. Lee and K.
Neville, published in 1967 by McGraw-Hill, New York, and U.S. Patent No. 4,066,628, incorporated
herein by r%fe:}efﬁxgg.r%tg%g?%é%}'@eﬁg%fuI polyepoxide compounds, which can be used in the practice

of the present invention, armg@%gﬁ@ﬁm%@mw@mq&&@h{%gycH CH2-

0)n- Wherein R is substituted or unsubstituted aromatic, aliphatic, cycloaliphatic or heterocyclic
polyvalent grodFErMneaenhmay ks arsed o Rl drbwith IBores e ansstagdant epoxy 158k e noxide, as

used herein, alspelfcH-Hagdiariiati pyaReth apghe: sidEeihRl jsihe fleadiomatxpalyepdxide and a
chain extender, wherejn the g:ﬁé})lon roduct has, on a er%(g;e, morg tha&}(&)ne unreacted epoxide unit
per molecule. ALSRORRIEIPAH RIS SR RTENTEN "3 PTERRSt B WR e B TEERs 5 that may
be used intthe greserdsinyEhsaom-fahidetddaeapoyy essaliphptispblyepoxiddsgsnntbdapdhpse prepared
from the known reaction of epihalohydrins and polyglycols. Other specific examples of aliphatic
epoxides inclué%sﬁi?ﬁlé?%haﬁ?)?g %‘%@802?&’5” gﬁge |g%%idyl- 1,2-cyclohexane dicarboxylate.

Polyepoxides, which can b%@ﬂ%ﬁ%ﬁﬁ%{ﬁ%fé@ﬁ%%@eﬁ‘ﬁ%&lﬁtﬁﬁ%ﬁﬁ@ﬁﬁ]ﬁeﬁ’é@dﬂﬁ dpsgxample, the
glycidyl ethers of polyhydric phenols, that'is, 10 compounds having an avera%e of more than one

aromatic hydroSityiBers He PHARTEUSIEPSHY resias reslbianwpie. etk ah cthitdifols, bisphenols,
halogenated biplegisisa kadp gRtadhispRpaslsealk yiabhddinhanisalicddatadhisphaenatsfdrisphenols,

phenol-aldehyde novolag resips, substituted phenol-aldehyde novolac resins, phenal-hydrocarbon
resins, su stittfféél%ﬂr@ﬁ% ﬁw@a@t%’é?ﬁ)e@?ﬁlf’é’gﬂ@%ﬁr& W@oq)éu f'ﬁgﬁlor?sther&?fﬁyegomjae

compound usefill in the practice of the present invention is suitably a compound or a

mixture of compounds, which possesses more than one 1,2-epoxy group. In general, the
polyepoxide compound is a saturated or unsaturated aliphatic, cycloaliphatic, aromatic or
heterocyclic compoﬁnd which possesses more than one 1,2-epoxy group. The polyepoxide

20  compound can be substituted with one or more substituents such as lower alkyls and
halogens. Such polyepoxide compounds are well known in the art. Dlustraﬁve polyepoxide
compounds useful in the practice of the present invention are described in the Handbook of
Epoxy Resins by H.E. Lee and K. Neville, published in 1967 by McGraw-Hill, New Yok,
and U.S. Patent No. 4,066,628, incorporated herein by reference.

25 Particularly useful polyepoxide compounds, which can be used in the

practice of the present invention, are polyepoxides having the following general formula:

o]
/7 N\
(CHy—CH~—CH;—O)n—R

Wherein R is substituted or unsubstituted aromatic, aliphatic, cycloaliphatic or heterocyclic

- polyvalent group and n had an average value of from 1 to less than about 8.

-



15Preferably, the polyepoxides (polyglycidyl ethers of a polyhydroxy hydrocarbon) may be prepared by
reacting an epihalohydrin with a polyhydroxy hydrocarbon or a halogenated polyhydroxy hydrocarbon.
The preparation of such polyepoxide compounds is well known in the art (see Kirk-Othmer
Encyclopedia of Chemical Technology, 3rd Ed., Vol. 9, pp. 267-289). 20The epThalohydrins

correspond to the followingregppeideyauised HEte 4lsd héhabesaifiaNyiadvdiabagpoxpredeiably chlorine

or bromine, and most preferably.chlqrine; R is hydrogen, or C1.4 alkyl, and mare preferably methyl.
Polyhydroxy r%dﬁi}gﬁ %ﬁo %%saé) ‘ggﬁ‘f%’%ﬁ ﬁﬁ%%ﬁ‘f&%%%%ﬂb‘gr}? %%{(I:{k%%ﬁeg %E@édlﬁ?aﬁ)\%rage more

than one primanyaversgeomolaripiny oo xyreaciatigmxide fmiabpty twteordenore. Halogenated polyhydroxy
hydrocarbon means a compound with a hydrocarbon backbone, which is substituted with one or more
halogens and more than orfS #réiestplipnebthe preseat BIVAIERRcraBRBs Rk AV Bg K isHRfes. The

hydroxyl ngoietigs May B RIOM MGl aHeRlony loalip/ToHex Reliinigional diyesexh yeipcarbons
or halogenated dihydroxy h& rocarbons useful are wel| k%ﬁgg in the argsee,lfsorcg ample, Lee and

Neville, supra23RPEATE & e KRR eACH e 0 6 rifsadnokygyco ong even more
preferred classpecifiqaiynyisnahybite apbrides anduda ingetiipebpaiylepdride; Mmdidigteridghs are the
dihydroxy phenaqls; hiphenols..bisphenols;.5.halogen i ; i ols; trisphenols;
hydrogenated |§6¥%§%ﬁ}s{%eoc\l}8 2;(:% %‘ggﬁ%é,])t%lg }1’58% %S}eggg?fgf%%grgg@gﬁ f p%ﬁ%ﬁg? #ﬁl%ing

halogenated aindladleytmecresinsruid e tsirsiolal deglaeidylrbresaspolghydiie shgepisathat is,

hydroxybgnzaldehyde: ¥RUGUS P OMER ot Rsth B IffdRA A BoRYS B Mch
hydroca?kf){gns is the diﬂgg%)ggéo pher%alg including those Whictﬁrcongi%%a%%ﬂggg{;ts, thatcare

non-reactive vith &G fBﬂﬁéPh?Bgﬁa‘??PEeBPléubﬁpbﬁ%H‘Qaé‘?éenated bip
2,2-bis(3,5-dibkasatktoy GisphapbR iy diyeroRs bilsithtay diephenbnyiywirapdsn ehenol-
2,2-bis(3,5-dichloro-4-hydroxyphenyl ane: bis (4- roxyphenyl) methane;
1,1-bis(4-hydr BP{%?&g 9%pi$81r?§1 %%ﬁéﬁ‘%"'@%f“ﬁis%%@ ?8%n%g ,éé-%ﬁ%é’t ?ffzth%‘;f&%’ﬁ?f%enyl)
propane; bis (4ebipsy subystiteed heoifohglrbisbin t6iny dindxppempinsiofidhensedorcinol and :
hydroquinone. Preferred dihydroxy phenolic compounds are 2,2-bis(4-hydroxyphenyl) propane
(bisphendPA), trimethylolprBEFrably; hs Belyqpoxides aqfuatinidyl sthersigl folYIEIIRY 3H 5H)-trione, and
2,2-bis(4-hydraxirearishRy @@ b sy br &1 6p anRtitiieud igiveishydiherth a polyhydroxy

hydrocarbon or a halogenated polyhydroxy hydrocarbon. The preparation of such

polyepoxide compounds is well known in the art (see Kirk-Othmer Encyclopedia of

Chemical Technology, 3rd Ed., Vol. 9, pp. 267-289).

20 The epihalohydrins correspond to the following general formula:
R
HgC—CCHgY

\Vals

wherein Y is a halogen, preferably chlorine or bromine, and most preferably chlotine; R is

hydrogen, or C;.4 alkyl, and more preferably methyl.

Polyhydroxy hydrocarbon means a compound with a hydrocarbon backbone
25  and on average more than one primary or secondary hydroxy moieties, preferably two or
more. Halogenated polyhydroxy hydrocarbon means a compound with a hydrocarbon
backbone, which is substituted with one or more halogens and more than one, preferably
two or more, primary or secondary hydroxy moieties. The hydroxyl moieties may be
aromatic, aliphatic or cycloaliphatic. Polyfunctional dihydroxyhydrocarbons or halogenated
-8-



of resorcinol, catechol, hydroquinone, bisphenol, bisphenol A, bisphenol AP (1,1-bis(4- 20
hydnoxylphenyl)-l-phenyl ethane), bisphenol F, bisphenol K, tetrabromobisphenol A,
phenol-formaldehyde noveilac resins, allcyl substituted phenol-formaldehyde resins,
phenolhydroxybenzaldehyde resins, cresol-hydroxybenzaldehyde resins, dicyclopentadiene-phenol

resins, dicyclopppirekomodectaskistiadpenotstnswalia metnthipenetample, Lee and Neville,

tetramethyltetrabromobiphenol, tetrarnethyltribromobjphenol, tetrachlorobisphenol A and any 25
combination tﬁ@?@%ﬁ?ﬂgﬁm éﬁ%lggtWﬁgp%Q?ée%g i‘ra“i‘ﬁc&zyﬂ?@é? }in the present invention include

diglycidyl ether of 2,2-bis(4 henyl). prepane lly referred,to.as bisphenel A) and
diglycidyl ether of 2,2-bis(3?§¥§%%§¥n€8- %gé%%%ﬁ%ec%%gp%%%{ﬁ&e‘y g%%%ﬁ??g%dr%égﬂt‘g as
tetrabromobisalogenatgd pelsiudsrofadyorabans me thesbhydpayithenclshtibberiobs Usephinaigthe practice
of the present iaisliagd ABRESE ik GRRAER AeRRP vIRHANCH GRRLRIF B R practice of the

present invention, are cycloaliphatic epoxides. A cydoallphalic epoxide consists of a _saturated carbon

ring having an®8y8%s BRiRethas dhdescreactivn Rivduel ofiphsecks: ineledinsdilnsnated eadpiaisteds illustrated

by the followinghguls;raidermitndl dats] prefisaBly Gnfineiinide varmddisraAdritngstabave. 5The
cycloaliphatie eg&éﬂg maéﬁ,be a monoepwdde, a diepoxide, a polyepoxide, or a mixture of those. For
example, any 8 AB&NSRStic epoxide described in U.S. Patent No. 3,686,359, incorporated

herein by reference, may be,used jn t I t invention. Hlustration, the.cycloaliphatic
epoxides that may be used%%tﬁeSI sppéesq:e#(lf;%g%t&?r%{ g&ﬁﬁ%&%& gg?zfr%rstf) gs is the &h}y&&y

(3,4-epoxdfrycietivanid instudipg-dosepdiigh donieje kyhetiaertsc drisowg et erictil®, widphrynheorittexy)
adipate, vinyCyElghe 8RR AR B S oo TAS AROU: g retardan

epoxy resin component used in the present invention may be greater than 10p’in a typical varnish

composition. The Bisiblmdsrmehee Natsremsi 2 O SHRBFRYALS P ¢ about 90
phr, preferablynfi@akaieuyl) m4@apbr 10 -BR@Hy@oLyPress1RIeiaad viia ahovisEheribients phr, based

SOt Ifthe AU BT 4 gEAPFSRI LR BoRE D i ZEFA DS gy resin il become
extremely Hrittheydnogyphkryd) welfydd;Hesodtitohmddtgdridiniecamount of epoxy resin
Preferred dihydroxy phenolic compounds are 2,2-bis(4-hydroxyphenyl)
propane (bisphenol A), trimethylolpropane, 1,3,5-tris-(2-hydroxyethyl)-1,3,5-triazin-2,4,6 -
1H,3H,5H)-trione, and 2,2-bis(4-hydroxy-3,5-dibromophenyl) propane, the diglycidyl ethers
of resorcinol, catechol, hydroquinone, bisphenol, bisphenol A, bisphenol AP (1,1-bis(4-

20  hydroxylphenyl)-1-phenyl ethane), bisphenol F, bisphenol K, tetrabromobisphenol A,
phenol-formaldehyde novolac resins, alkyl substituted phenol-formaldehyde resins, phenol-
hydroxybenzaldehyde resins, cresol-hydroxybenzaldehyde resins, dicyclopentadiene-phenol
resins, dicyclopentadiene-substituted phenol resins tetramethylbiphenol, tetramethyl-
tetrabromobiphenol, tetramethyltribromobiphenol, tetrachlorobisphenol A and any

25  combination thereof.

Examples of diepoxides particularly useful in the present invention include
diglycidyl ether of 2,2-bis(4-hydroxyphenyl) propane (generally referred to as bisphenollA)
and diglycidy! ether of 2,2-bis(3,5-dibromo-4-hydroxyphenyl) propane (generally referred to
as tetrabromobisphenol A). Mixtures of any two or more polyepoxides can also be used in

30 the practice of the present invention.

Other useful epoxide compounds, which can be used in the practice of the

present invention, are cycloaliphatic epoxides. A cycloaliphatic epoxide consists of a
-9-



component used exceeds 90 phr, the resultant epoxy resin may not achieve an adequate 20 flame
retardancy and the epoxy resin may lose stiffness or modulus. As aforementioned, the epoxy
resin component useful in the present invention may include, for example, both halogenated and
non-halogenated epoxy resins. For example, brominated and non-brominated bisphenol A type

epoxies cured WihDRABASHAABAA LSS AABRSER NSRIAN Z30sPhexamAle of one

embodiment of the present invention, the component of the present invention may be
formulated by FREIGTEFETRIR @5 Skduatsid ot e &dlemiseEsperahfaspuldes, one epoxy resin with
brominated aromatic rings, such as, for example, D.E.R. 560 (available from The Dow Chemical
Company) having a IsAv, of 900 g/mole and E of 430;ang one epoxy resin without bromination,
such as, for example, -10- D EL 383 (availablg fromq Plow Chemical Company) having a M of 360
g/mole and an FEW of 178. Both epoxies may ith stoichthmetrie amounts of a hardener
such as phenol novolac hardener, for example @ phenetic %rdener having a M", of 472.5 g/mole and
an OH numbered average of 104. The phenolic harder is also available from The Dow 5 Chemical

Company. Kogﬂ]rggégléiis as deﬁﬂgbea%@_égﬂﬁ m%?gtg%gé%g%g%amphiphilic block copolymers containing

an epoxy misci and an epoxy Immisci . Examples of the epoxy immiscible part of the

block copotymer include 101pIxotR4gRG R QPUERE{I R ) RABsRME N BRlyigeRrene, polydimethyl

siloxane, polybutylene oxide, palyhexylene oxide, polyallcyl methyl methacrylate, such as polyethyl

hexyl methacrytREPRN itk PEE e A GRORS AR FEETER thEnE SO (HISCRIIBRBHESEBTHE block copolymer
include polyethidsnbadit &) patyrae iyl A6303E9, andpoaederdie Bakithace) s hiindriticie
composition may contain at least one.or more 15 Eunphiphilic block copalymers. Twoe aof more different
amphiphilic blok esggfxo‘{/er%%?rsl' né‘éya%‘i“ﬁf&ﬁ &4 ]'t:%egc tﬁép??@’zﬁhgfgot}bhﬁ%%géoc?eégﬁgﬁrﬁn;ﬁ gomponent of
the present inverstient itmegtioeiatlwiscibteskipiniCcibtpanc/dnbekibohethyhmfseiioky-More than one
block copeymes aheine aifikathical AddoatlsRRYS Labe DRIRSHNIER. Hehdyahape and
dimension. ZOSmda amou?ﬁs 0 fhomopo ymers from each’of the respeciive blocks may be

and mixtures thereof.

The amount of the flame retardant epoxy resin component used in the present
invention may be greater than 10 phr in a typical varnish composition. The amount of flame
retardant is suitably in the range of from about 30 phr to about 90 phr, preferably from about

15 40 phr to 70 phr, and more preferably from about 55 phr to 65 phr, based on the total weight
of the varnish composition (herein defined as resin + curing agent + catalyst + solvent). If
the amount of epoxy resin used is less than 10 phr, the resultant epoxy resin will become
extremely brittle and will be very difficult to handle. If the amount of epoxy resin
component used exceeds 90 phr, the resultant epoxy resin may not achieve an adequate

20  flame retardancy and the epoxy resin may lose stiffness or modulus.

As aforementioned, the epoxy resin component useful in the present
invention may include, for example, both halogenated and non-halogenated epoxy resins.
For example, brominated and non-brominated bisphenol A type epoxies cured with phenol

novolac may be used in the present invention.

25 As an example of one embodiment of the present invention, the epoxy resin
component of the present invention may be formulated by mixing two poly(bisphenol-A-co-
epichlorohydrin) epoxies, one epoxy resin with brominated aromatic rings, such as, for
example, D.E.R. 560 (available from The Dow Chemical Company) having a My, of 900

g/mole and EEW of 450; and one epoxy resin without bromination, such as, for example,
-10-



present in the final amphiphilic block copolymer of the present invention. The amphiphilic type
of block copolymers used in the present invention preferably increase the fracture resistance, at

preferably low loadings of block copolymer in a brominated epoxy resin composition. The increase in
fracture resistance in an epoxy resin 25can be generally greater than 5 times, preferably greater than

10 times, and HYR MeILIRMIIP A0ARARAIRERI AN ERBAIn IRl RO CARAYEBR B REIEPOXY resin
composition may be enerallg from about 0.1 wt percent to about 30 wt percent, preferably from about

0.5 wt percent 8 BBMATAG St i sray e sRed it sivichisnetnc apmnts Af I aBese #8°vt percent;
and rrr]lost IOref@ﬁéﬁi&nﬁﬂiﬁv@hﬁﬂhﬁi&ﬂgﬁ?&%ﬁ&ﬂ%@fagihéxﬁﬂi&\ﬁzf@@éﬁ?*ﬁaﬁﬂ@HDMLyoﬂim@%cﬁ@mhabOl;]t 5
weight percent or, less.is used. |t is believ the increase.in fracture resistance. occurs when the
block copolym@?é %%f?lésé‘élgﬁﬁ iﬁYg%gﬁgfﬁéa%?ﬁ%%ﬁéﬁg‘@dgﬁf 22 Wﬁ‘f?%l%k PBr SPhiefital micelle
morphology. WChitenii Gahpaaly.understood how the worm-like or spherical micelle morphology occurs,
it is believed that factors that determine the self-assembled 5 morphology may include, for example, (i)

the choice of nilednSspolmee block copolymer, (i) the degree of asymmetry in the block copolymer,
(iii) the block copolymer malecular weight, (iv) the composition of the epoxy resin and, (v) the choice of

curing agent for the epoxy. AISAREFHyICREoRHEliAes AurBIRBIEE Y pRAROROIHRASS FRIHAPHIE # creating

toughness in agpeRPMYsERIIbRIGCME oh QB MplssHbIsitakle block copolymers useful in the present
invention include amphiphilic block copolymers such as, for example, poly(ethylene

oxide)-bpoly(ethylene-alt-pibpamies) R ECREFmpishibia etiyb ity kol justiyle

th )b iyl - _ran-qlycidyl
etnaeny ) B By a1 st
the physical chizaibisyleneexideaobbsiser et peheisieiavhmetadumnspereenelsetsd epoxy

miscible block jp.theRiRek-AROMIBliiiROINGKFORRMIBRS BIAIRGHS Waighiicanst Hrenaalvdispersity.
Table L Molecular Characteristics of Block Copolymer Modifiers Weight percent epoxyPk (total)MW/M"
copolymer include polyethylene oxide, polymethyl acrylate, and mixtures thereof.

The present invention composition may contain at least one or more
15  amphiphilic block copolymers. Two or more different amphiphilic block copolymers may
be blended together to make up the block copolymer component of the present invention. In
general, one block is miscible and one block is immiscible. More than one block copolymer
- can be combined to gain additional control of the nanostructure, that is, shape and

dimension.

20 Small amounts of homopolymers from each of the respective blocks may be

present in the final amphiphilic block copolymer of the present invention.

The amphiphilic type of block copolymers used in the present invention
preferably increase the fracture resistance, at preferably low loadings of block copolymer in
a brominated epoxy resin composition. The increase in fracture resistance in an epoxy resin
25  can be generally greater than 5 times, preferably greater than 10 times, and more preferably
up to about 50 times. The loading of block copolymer in the epoxy resin composition may
be generally from about 0.1 wt percent to about 30 wt percent, preferably from about 0.5 wt
percent to about 20 wt percent, more preferably from about 1 wt percent to about 10 wt
percent; and most preferably from about 2 wt percent to about 50 wt percent. Typically, a

30  loading from about 5 weight percent or less is used.

-11-



Diblocebmiscible block(Wmole) PEO-PEP-15328,0001,04 PEO-PEP-94816,800 20'first block denoted
is epoxy resin miscible "PEO: poly(ethylene oxide); PEP: poly(ethylene-alt-propylene) A
description and preparation of the block copolymers useful in the present invention-is described, for
example, in a) R.B. (Jmibbs, J.M. Dean, F.S. Bates, "Methacrylate Block Copolymers through

Metal-Mediated Living FreexRaglicalRahmssiartiondas #amedification sl-ThemRasstingEpoxy,”
Macromolecules, 34, 8593 (2001); b) R.B. (3rubbs, J.M, Dean, M.E. Broz, F.S. Bates, "Reactive Block

Copolymers fofWRSERRESS ‘%?quﬁf@ﬁﬂgétﬁﬂ’é’%ﬂsm%%frﬁ‘éﬂ]é8%]‘@%‘?‘3@{‘@81‘2?]&‘6%); and c) MA.
Hlllmyer, ES. Bajgk mowsHftegis avkilchaasteriptinitefovional el yalankolsibytaneoxide) Block

Copolymers,"” Macromolecules, 29, 6994 (1996). The -PEP blgck ol r generally has
a molecular w 8???5?%%%%??65@1 %gﬁ%é%%& %ﬁfﬁ‘ggéaﬁ e,%ree gg?—x%fg%%p about 5,000
g/mole to &bouhar3d08Pmimimende) domsrenple @) dinchivien clhootdeBintitelblockatspatybis)00 g/mole.
The PEO-PEP blogk opaypel denetalbuas iR SO RGN TAGISN, OWake) A amabay 0L t
about 0.8; pref{e %@‘%t%?m agom%labo% .b;a diﬁ‘oérgé)l):%ra&y fro Ol%Oe.fZ%}go about 0.5.
The PEO-PEPvisighk Guptily coamgsitionsdiftreaepexp by yherubaiesof/mrivengertderdherom about
1.001 o about @P@ﬁp@é}lﬁﬁ%&&%&h@&ﬁ&@@%ﬁ%% mefishOiRkeiatahh fameabout 1.01 to

about 1.2. Curing Agent The curing agent component (also referred to as a hardener or
cross-linking alfeRtFRRETESH #ed¥eésent invention may be any compound having an active group

being reactive with the epoxy gro og the ep resin.. The chemistry. of such curing agents are 15
described th the previously%‘f’é‘r‘gﬁ%@ SB&S@S%&&%@%’%‘?&?S@e%@F r%sﬁ%tnl?‘t’ﬁngf?ﬁ in the present
invention includledudiemgsnphiitblnthgauiypermisisas oasxample eyt thdinciexidatibes;
oxygen-containing, ¢ ounds a §3;@(Jc Qé&nﬁ% 'qﬁéﬁgb lyestse ydrides,
phenol-formaloper1 @%%Fné‘%g %#1‘%@?8?@ e y(}éI?g i s,%%eno , %@pheno%&% cresol novolacs,
phenolic-termimastbecagaey baxihéocmstudnehapgaormndnoymeaibyl methacrylate-ran-glycidyl

methacrylate)-poly(2-ethylhexyl methacrylate) (PQMMA-ran-GMA)-PEHMA may be used.

15  TableI lists the physical characteristics of various block copolymers including the weight
percent of the epoxy miscible block in the block copolymer, the block copolymer molecular
weight, and the polydispersity.

Table I

Molecular Characteristics of Block Copolymer Modifiers

Weight percent epoxy M, (total) M,/M,
Diblock™® miscible block (g/mole)
PEO-PEP-15 32 8,000 1.04
PEO-PEP-9 48 16,800 1.10
20 . “first block denoted is epoxy resin miscible

’pEO: poly(ethylene oxide); PEP: poly(ethylene-als-propylene)

A description and preparation of the block copolymers useful in the present
invention is described, for example, in a) R.B. Grubbs, J.M. Dean, F.S. Bates, “Methacrylate
Block Copolymers through Metal-Mediated Living Free-Radical Polymerization for

25  Modification of Thermosetting Epoxy,” Macromolecules, 34, 8593 (2001); b) R.B. Grubbs,
J.M. Dean, M.E. Broz, F.S. Bates, “Reactive Block Copolymers for Modification of
Thermosetting Epoxy,” Macromolecules, 33, 9522 (2000); and c) M.A. Hillmyer, F.S.
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20 as polysulfides, polymercaptans; and catalytic curing agents such tertiary amines, Lewis acids,
Lewis bases and combinations of those curing agents. Practically, polyamines, dicyandiamide,
diaminodiphenylsulfone and their isomers, arninobenzoates, various acid anhydrides, phenol-novolac
resins and cresolnovolac resins, for example, may be used in the present invention, but the present

invention 25is pakiesivaieditaiiTHRgREINARA 6OMBRIPERlkane-PARSINRROARY BISHL Of

cross-linkers ugefu] in the present invention are described in U.S. Patent Application Serial No.

09/008983, (?nﬁﬂB‘b‘y'l’fﬁﬁ%%%ﬁ%@‘f@ﬂ@ﬁo@é@?ﬁ@%ystems," filed January 20, 1998, by Gan, et
al., which is incorporated h %'?é’%é?{ﬁﬁg&e??%n w“’cﬁlrl‘%%feég@ xam lﬁbﬁf) %g%%g%%f styrene and

maleic anhydride having 30 a'mo arweig range of rrom 8% and an
anhydride contbnticii9dgimblarioldpe R0 Cy meke wiskrkbnfipmsiofut tee0rpamelidis dbaltide SMA

1000, SMA 2096)0@@9/&&%&19990%%%%%@&@@ H@tBaa%‘BﬁtqfsgdéO%ﬂénﬁQ.dﬁi&’ -13-

respectively, and havmr%@molecular eights ranging from 6,000 to 15,000; and which are available from

Elf Atochem SPEQRERDopk spralrrasn penseatts bas aBERisrsightfaction@homobrt rerrbesbBiytaer, and

curing agent, thgys BWARIZRRNHERSIBRR DD aSHIRN: o dha PRSI Prinyani eR MabolineudaA catalyst as
an optional component. The catalyst qg{?g be a single component or a combination of two or more

different catalytEailRiL EOFRE R precemerrormdy bavaprledipsrsiyERIENVELMR)ze the
reaction of a pplyepesdeeiBbug ICoTING agrn(ssrefndly dom hadaErenboassSnke médreferred

catalyst is one ngcq)izzgainﬁélate ff'n thg §r915§nce of an inhibitor at 10low temperatures (that is,
non-curinié)ten% 10 fnf'-"? & b;izﬁﬁé e faly'st is latent at temperatures of about 140C or below,
and more pref%rﬁgm g% ghout 150C or below. Latency is demonstrated by an increase of at lea-st
about 10 percéntin"gel'time as determined by a stroke cure test performed at about 150C to about

170C. Examples of preferreghgaiziystaaficsRPiRen HRCRRAKE 08 MiARicAROSIRTE-1heIggOCycClic
nitrogen, ammonium, 15 phosphonitun, arsonium gr sulfonium moieties. Examples of more preferred

phosp :

catalysts are tfEREISEY R RFGHEHRYRI AN &Y S A% PO U RE S A AHES SO MR Y& Sreferred
compounds areefuties eaticlie siisag groaeofdiviaghLpregoumte chemistry Ayidf dhngrafiektsamen catalysts
described in U.S. Patent No. 4,925,901 .incorporated herein by.refefence. may b USﬁ?l in the present
inventionc.1 %As adr?slﬁﬂg?gaﬁohr!{? Qf?‘g)%%%?yp{ Ieefgr 8%?1%% ?\%erll gg?ng%%glﬁﬁa r%ay 58 & eélgl}?le el%#éese nt
invention inclutesséot imxentipheinclydabiutoghnnsontaininia covmnopuis sush sa etminsseand riitheny
Phosphonium geelikeliRNGRMARE SRR aeslalexaaals ceith samplexa fisjaulagine. methy
diethanolamine, benzylditne ?/Iamlne, and irnidazole compounds such as 2- )

anhydrides, phenol-formaldehyde resins, amino-formaldehyde resins, phenol, bisphenol A

and cresol novolacs, phenolic-terminated epoxy resins; sulfur-containing compounds such

20  as polysulfides, polymercaptans; and catalytic curing agents such tertiary amines, Lewis

acids, Lewis bases and combinations of those curing agents.

Practically, polyamines, dicyandiamide, diaminodiphenylsulfone and their
isomers, aminobenzoates, various acid anhydrides, phenol-novolac resins and cresol-
novolac resins, for example, may be used in the present invention, but the present invention

25  isnotrestricted to the use of these compounds.

Another embodiment of cross-linkers useful in the present invention are
described in U.S. Patent Application Serial No. 09/008983, entitled “Latent Catalysts for
Epoxy Curing Systems,” filed January 20, 1998, by Gan, et al., which is incorporated herein
by reference, and include, for example, copolymers of styrene and maleic anhydride having

30 amolecular weight (My,) in the range of from 1500 to 50,000 and an anhydride content of
more than 15 percent. Commercial examples of these materials include SMA 1000, SMA

2000, and SMA 3000 having 'styrene-maleic anhydride ratios of 1:1, 2:1, and 3:1,
-13-



rnethylimida7ole, 2 ethyl-4methyl imida7ole, 2-phenyl imidazole and benzimidazole. 25The catalysts,
when present, are employed in a sufficient amount to result in a substantially complete cure of the
epoky resin, with some cross-linking. For example, the catalyst may be used in an amount of from
about 0.01 to about 5 parts per hundred parts of resin, with from about 0.01 to about 1.0 parts per
hundred parts g resiheing Rl ies RaftambarLA D2JA 8l90y 015 oatakist Raichurdred parts of
resin being more preferred. noted. The "resin" in the definition of "ph?* herein refers to the
polyepoxide, th@&%ﬁ@@&bg%‘?ﬁ’@f’hﬁ%sﬁfe curing agent together in the composition. Another optional
component useful in the epaxy resin composition of the present invention is a reaction inhibitor. The
reaction inhibitorFne ST C tid, 5 Lewis acids containing boron such as allcyl borate, alkyl
borane, trimethoxyboroxin i ' n ik j rghloric acid,
tetrafluoboric acid, and org%nglgdgfcﬁ; st %%% g@%&ég%r%%oﬁgéﬁﬁiﬁg?ﬁg%ﬁéﬁ oxalic acid and
maleic acftl. Boxehierpony tesiacmepesitive pfthappyntinvsation saniagiiss arefaldst Adiding metaboric
acid and boric ApBydrideARchcomBinaligns Rl 8 suisiacishpitfhoronealisueh saralied 10 borate or

trimethoxybormdne. When an inhibitor is used in the present invention, baric acid is preferably used.
The inhibitor aereiEkFeRt Raipligss Sosased b T RLRRF aePoHO BEC PSR RIS Ry i
composition otihgyRéererhiiaiaboBiepoaldbiads edias aeamne kndhaomartithef sherdsdibitor

present relative fo the catag st jn the epoxy resin compositjon of the present invention can be adjusted
e O %ﬁ%ﬁ’&af%strg's?gec ﬁh%’ rgfﬁon.ﬁ,& e ?ese 3 o#n Ao

to adjust the g 0 FTERSEERPIEVErS Sf 888 ys{, an increasing
amount ditinhihitotewitesdimicta(ihat iespandiriogifeoiperstriesth BrgfetdhlyghAcaatiest isddtenttally st level the

relative amount of Inhibitorcan bs ARrEASSHLIO R RIGASEHsP L MEu T PEsAsAdAe gel time the

amount of inhibitdr can be increased without changing the catalyst level. The molar ratio of inhibitor (or

mixture of diffdrarmdsifiidiemes)stenicd o ircrraseefiatdarstohesh 18 RemraicaEe SmnardsRRPIAfibIt the
reaction of theyol\ERAXIAR A5 EHIBIRCH Y BBUNDIERSR IbER! T AT LAMNR Biefadige composition

free of inhibitor.” Simple experimentation can detefmine the particular |evels of inhibitor, or mixtures,

which will incréAE/RS g8 HmeBRLS GBI SRR REASPERE RiteiRsHa PERESE AR Dy example, a
preferablgsmolgidsptierdiang ersirnpiliutpkaialisiciieh eBxaniples df auird fiebért«df catalysts are

the heterocyclic nitrogen and amine containing compounds and even more preferred

compounds are heterocyclic nitrogen containing compounds.

Any of the well—know‘n catalysts described in U.S. Patent No. 4,925,901,
incorporatéd herein by reference, may be used in the present invention. As an illustration,
20  examples of the known catalysts that may be used in the present invention include, for
example, suitable onium or amine compounds such as ethyltriphenyl phosphonium acetate,
ethyltriphenyl phosphonium acetate-acetic acid complex, triethylamine, methyl
diethanolarmine, benzyldimethylamine, and imidazole compounds such as 2-

methylimidazole, 2 ethyl-4methyl imidazole, 2-phenyl imidazole ;md benzimidazole.

25 The catalysts, when present, are employed in a sufficient amount to result in
a substantially complete cure of the epoxy resin,‘ with some cross-linking. For e)‘cample, the
catalyst may be used in an amount of from about 0.01 to about 5 parts per hundred parts of
resin, with from about 0.01 to about 1.0 parts per hundred parts of resin being preferred and
from about 0.02 to about 0.5 catalyst per hundred parts of resin being more preferred.

30 Concentrations of components used in the present invention are measured as

parts by weight. of components per hundred parts of resin by weight (phr), uniess otherwise

-14-



25 boric acid is used, is from about 0.1:1.0 to about 10.0:1.0, with a more preferred range being from
abOL(Jt’ 0.4:1.0 to about 7.0:1.0. Another optional component, which may be added to the curable
epoxy resin composition of the present invention, is a solvent or a blend of solvents. The solvent used
in the epoxy resin composition is preferably miscible with the other components in the resin 30

composition. In, AgalTiag 436 iR HlE EARRGET AP HRRRITRRRI R eRERtINCUR Ay be a clear

solution or a stable dispersion depending on the optional solvents used in"the composition. The
solvent used isceeabEnsteRd harpabeserobingubedntherampgsiiestrical -15- laminates. Examples of

suitable solvents employed in the present invention include, for example, ketones, ethers, acetates,
.&é,

aromatic hydrocarbons, cytSREA S8R SABRRDRE AT SROFLIRP LRSI B8R ons thereof
Preferred solvemsein irthaibaidbystanidothmbithititorereptiar imbiveoismdyaneuds bieiahaold, having from 1

to 20 carbq@n atoms, such as, for example, met |, provide good solubility and volatility for removal
from the r::-%sin Er;:ea e when %Pé%?gg)‘gé) %)rges grrﬁseaquqbb%tqa@g%gf%%giﬁ%&%émgﬁ%% ﬁ%{eful to
dissolve inhibitasid bitingie wea oudlenplslincivion ewites,fpembbaioacit, tieadlolosoheadtandre hydroxy
containing, thege, iRt amRRTan eyl iR AR by e b anivdiida dgseen the
hydroxy- moiety of 10 the solvent and the secondary hydroXyl formed on opening of the oxirane ring.

Thus, polar solBereadithishusedhsranrmefmstioGppivyctd cledistyalizes destrofondydingonetapsiethy 1-2-
pyrrolidone, diggihyisuigsideyainsthiermamite.3nd IRWawaaalmesb-tisaisaiularaidinydroxy and

trihnydroxy hydrocarbons optionally containing ether moieties or glycol ethers having twq or three
hydroxyl dfbuporBgRrdtimmhersdrsieC Y oey %PWH%FSW@G‘&\%%W&%}WW@%E%@SZ-WOpane
dial, ethylene glysefautiydlyetrine. ikibipebiaydtsyy tuagieseiueftaedss)wentfetititpie e solvent
serving as a chaln?gxtender Qrasa cocros%-#ér%ker according to the g@(%snal , echanlswxprewously

described conceri egeggiggrrgglsﬂi%pgs ‘Fﬁ%? %rr%sgﬁtnlpg?nso VRt iffife Tutsbie epoxy resin
composition 20 generally Myl BeiYG - A At Ani L0 IRLRS el AGlptegly Detween

about 30 and about 50 weight percent, and most preferably between about 35 and about 45 weight
percent. The cepam@v)@swgﬁ@smeé@mmmn cradyradingies teedipstthstgelirriohiia 890%¥ntain usual

additives sgich RsidilghgodiRs. PAGRRRISTRVNIGRIAAGRNS 1SERGIR B eunt of inhibitor will
yield a corresponding increase in the gel time. At a desired catalyst level the relative
amount of inhibitor can be decreased to decrease the gel time. To increase the gel time the

amount of inhibitor can be increased without changing the catalyst level.

'The molar ratio of inhibitor (or mixture of different inhibitors) to catalyst is
20  that ratio which is sufficient to significantly inhibit the reaction of the polyepoxide as
exhibited by an increase in gel time as compared to a like composition free of inhibitor.
Simple experimentation can determine the particular levels of inhibitor or mixtures, which
will increase in gel time but still allow a complete cure at elevated temperatures. For
example, a preferable molar ratio range of inhibitor to catalyst, where up to about 5.0 phr of
25  boric acid is used, is from about 0.1:1.0 to about 10.0:1.0, with a mote preferred range being
from about 0.4:1.0 to about 7.0:1.0.

Another optional component, which may be added to the curable epoxy resin
composition of the present invention, is a solvent or a blend of solvents. The solvent used
in the epoxy resin composition is preferably miscible with the other components in the resin

30 composition. In addition, the curable epoxy resin composition of the present invention may
be a clear solution or a stable dispersion depending on the optional solvents used in the
composition. The solvent used is selected from those typically used in making electrical
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25fluidity control agents, stabilizers, diluents that aid processing, adhesion promoters, flexibilizers,
tougfhening agents and fire retardants. Preparation of Blend In the preparation of the blend or
composition of the present invention, the  components are mixed together by known means in the
art at conditions to form a curable 30 composition, preferably in liquid form. The curable epoxy resin

composition of i ALeSeRLIMENIPR AT REIRIAT UsRIb R RG RhecampenREHEse composition

together in any order. Alternatively, the curable epoxy resin compasition of the present invention can
be produced B BrElsa kg% RS AR BRI ERROB o REE By resin component and

block copolymgaiylferareans saoueniionantisiagdheisuesty agent component. All other
components useful in making the epoxy resin composition may be 5 present in the same composition,
or some may be present inPiedefiest odvente Sitithe, catadysbané thre inbibidaoweinebinibesitn overirst

compositian is, g e WIS S6 Y AURRSURR 1o IBIB L IARGRRGRES RbGaMPOSiion.

The curable epoxy resin composition mixture is then cured to produce an epoxy resin thermoset

material. Prefeuilithand yeldilits fontpmeunh Eomibesnimme Ml o Bueet &5 @Fdwherein the 10
components of the composition are dissolved in a solvept. Sych solutign or varnish is ysed for
producing a coated article, Polar solxentsse-paiq df%&iéﬁ#ﬁ?%%ﬁ/@hﬁ%?%é’%%ﬁ%é@a in the blend
to facilitate homagsasay admixnER Heohl oEkhe@obly OBl araindiedyeponiagdieneintisgent. The
preferred optional solvent used in the ent invention.may include, for exa o) and
MEK. In additiBﬁt?Bfﬁﬁb?%Wgﬂf’%% ié‘é@gﬁc &8’%’21%%% %né@ﬁé%gwgﬁgéﬁ\?ﬂ%ﬁﬁ%%o IaE?onents.
Time and tem sy adtirendisili éhp seceshup ydtanlifadnbd by epertify off theomirgrenimgts Taus: helatixed at a
temperature of fom, abaut 10 G190 AbgHS 69 G RisteRb R ANRHLER. GdaaRRUEAG.C and more
preferably frorﬁog egbst‘ﬁ%wé %E%Eocg?%%%%%? a?’ 20 sufficient time’period ugri]tl’l cbmple}tqe homogeneity is
achieved. pyrrolidone, dimethylsulfoxide, dimethylformamide, and tetrahydrofuran. Also useful are

dihydroxy and trihydroxy hydrocarbons optionally containing ether moieties or glycol ethers
having two or three hydroxyl groups. Particularly useful are Cp.4 di- or trihydroxy

15  compounds, for example, 1,2-propane diol, ethylene glycol and glycerine. The polyhydroxy
functionality of the solvent facilitates the solvent serving as a chain extender, or as a co-
cross-linker according to the possible mechanism previously described concerning co-cross-
linkers.

The total amount of solvent used in the curable epoxy resin composition
20  generally may be between about 20 and about 60 weight percent, preferably between about
30 and about 50 weight percent, and most preferably between about 35 and about 45 weight

percent.

The curable epoxy resin composition according to the present invention may
contain usual additives such as fillers, dyes, pigments, thixotropic agents, surfactants,
25  fluidity control agents, stabilizers, diluents that aid processing, adhesion promoters,

flexibilizers, toughening agents and fire retardants.

Preparation of Blend

In the preparation of the blend or composition of the present invention, the
components are mixed together by known means in the art at conditions to form a curable
30  composition, preferably in liquid form. The curable epoxy resin composition of the present

invention can be produced by mixing all the components of the composition together in any
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Curing Process The mixture of epoxy resin, curing agent, block co-polymer, solvent, catalyst
and any other modifiers present in the composition can be cured according to typical processes
practiced by the industry. These processes include ambient temperature cure to 25 elevated
temperature cures using thermal, radiation or a combination of energy sources. The curable

compositi_on can (f%? %rtgrcxi] %}v%pe tﬁgecpur%l%nulg Ier Stens sugsrfn%s 'Ai’ tgeﬁ%g’e%giﬁ%ﬁﬁ o?th‘EH 1g)eracticed in -
the electrical laminates an cor‘ﬁposnes ISdustries. 6r, the curable co position can be post-cured
using a differepreénspdbatorepuing oy cwupestivhaothprisiitihe broreipefed gpegyiEwsivlectrical laminate
cure schedule ipyglyes A AURE %ﬁ&%&ﬁ%ﬁi@é&%@é&%@k&i@ﬂ%ﬁﬁﬂﬁ%@% dRrAQLA10C for about

1 minute to about 15 minutes followed by a B to C stage cure in a consolidation press at for example

from about 10FTXRPHBUAD ST sepRensniE pesfitlircmakingihe SOURIFHRSSORRTLICR Y5 ire of from
about 50 Nycmgrégeabialth®SHhbl emMposition, or EHRCHIAINE HBRKY IFESHERSBRApHAD A Mespresent

invention may be used to coat any, article for which a coating is desired. The article may be coated with
the 5 composit%%ﬁ?ﬁ%“ﬂl@éﬁ?ﬁsgﬁ}ﬂn%ﬁ@ﬁr‘f@%@fm‘é"tﬁ%'gmﬁdﬂ% LR in the art,
including, for examldiipowdemcthaitagbipspyxeoaingompebitionteThinguthideaspiety wifla a bath containing
the compositior&.} Sucs : 1a0£ticLe can btgecoate t\(/)vitho(tlh((ewe 0x Xre;igl ﬁ&@&%sgtiondtgrgaq the coating can be
partially cured orl?gﬁ’y curen&il.xfhlr 1 eS0T meRt Where s cga?lng IS par%aﬁ?/ cured, the article may be
further processuferablytiat tmabbactioty resirechrgsisitinnys 10the ffimalbf ceoktiom whartioléheoated can be
any subsifgte. {ghGHAMRIEe MPLBh SEMERLALGIVAHILINAIe! 3\ CREGBPOIMETL Jo aricle is a
fibrous reinforcing material for composites, prepregs or laminates. The curable epoxy resin
composition acd@sinymEHcredaridevention can be employed to make composites for, inter alia, the
electronics, construction, aviation, and 15 gutomobile industries. The curable epaxy resin composition
of the present invention maybAMRIEE§HE gk%még YM@E’&IS’WQ&%M&@%WKnown in the
industry such aadilytire hregipetioghanieififoodithe bhade dapolythenhitermnatedissotypthdasiringagedst.resin
transfer molding, filament winding, pultrusion .or RIM (reaction injection [ nd qther moulding,
encapsulation?%l}ec%g ?rﬁrﬁ%ggrhﬂ?%sesflﬁs‘gfﬁ% cui r%’be%’glgé%\@t}g}é?ﬁégolﬁrg%gft%’ﬁ)g§ é\%bording to the
present in\fentie¢etoan ol MERloJe additioncothen ssdvienhehoices e alve it vsed apong setidisselveh as a
glue, coating, @@lﬁg@&){gpﬂﬁe&@bedding resin, encapsulating resin, sheet molding compound, or bulk
molding compound. The epoxy resin composition of the present invention is particularly useful
for making B-staged prepegpiasddaeimiet-iosfanaprtessSarmptioigdaly bingddeantistiey well- 25 known
techniques in the industry. que resent invention is feral%: g'r gted to laminates far use in the
electronics indSSW?HE%%%‘Pa ﬁ'i%“iﬁg @60’%??8%%&)8%%8%3 %u #@héﬁﬁr%%%%%fgﬁrﬁ%as found
that even whenfittra sbsin 2016 po shimn 68 itssethoresinefdaidif Grooti ebait @5 St @ abpoth S fahe
combinatiQ@ of Jﬁ% 6%9%89395' ﬁgﬁﬁor%;g%ggﬁgﬁ%&%i?%%@gygd] will give excellent properties for
application in the electronics In ustry.? enerally, Taminates for use in the electronics industry,
particularly for @@@m@g boards, are produced by impregnating a supporting or reinforcing material
with the epoxy resin composition of the present invention, followed by the resin being cured

The mixture of epoxy resin, curing agent, block co-polymer, solvent, catalyst

and any other modifiers present in the composition can be cured according to typical
processes practiced by the industry. These processes include ambient temperature cure o

25  elevated temperature cures using thermal, radiation or a combination of energy sources. The
curable composition can be cured in one step or multiple steps such as A, B staged cures
often practiced in the electrical laminates and composites industries. Or, the curable
composition can be post-cured using a different temperature or energy source after the initial
cure cycle. A typical electrical laminate cure schedule involves an A to B stage cure at for

30  example from about 90 °C to about 210 °C for about 1 minute to about 15 minutes followed

by a B to C stage cure in a consolidation press at for example from about 100 °C to about
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-18- wholly or in part. A reinforcing material impregnated with a partially cured resin is usually referred
to herein as the "prepeg". To make a printed wiring board from prepegs, one or more layers of prepegs
are laminated with, for example, one or more layers of a metallic material such as copper. 5The
reinforcing material, which may be impregnated with the epoxy resin composition of the present

invention, incluskp aeraisiial whiRh Y auik B SRy dhe.Skiled aiseRdR ERAIPR GhoRposites,

prepregs and laminates. Exgmples of the forms of such reinforcing materials are woven fabric, cloth,
mesh, web, or# ,O(QrWF‘Phe form of a cross-ply laminate of unidirectionally oriented parallel

filaments. Generally, such 10Q reinforcing materials are made from a variety of materials such as glass
fibers, paper, plastics suchlﬁéeé:?gf%gﬁ@Wﬁgﬂﬂ&gﬁpﬁﬁgﬁﬂiP&’%ﬁ%ﬁ%e&m%f%é}r%ﬁﬁ)ﬁg%ﬁtﬁbers, and
organic fibers soataag afticlenbstamitieh arauatidg e idesir<ly rietatitie palybtyrental witréparticularly to make
laminates for pyj i oards. In.one preferred embgdiment. the reinforcing .materials include
glass or fiégrg |é%??ﬁ¥§i§£§f§m’é%§%€ﬁe g%gnuﬁfﬂét?n iglﬁ% %&@%&@éﬁtﬁ%@c&%ﬁ the epoxy resin

composition adaghfiing. tiotieamplsapavidoreorsing spiaigeiyvtiogitatledoienting Sruticg Wish ekafple,
woven glass fakfitifigehk RIS ion, Such SHERIERHP RIRGHGHTRY g%ﬂbtt@slﬂ%x%{o fing the

curable epoxy resin composition at a temperature of from about 100 C to"about 230 C and preferably

from 20 about #sbbeeratieg cardeasiabvrrede: BHsoradma G rabadine whasdhe setitfinutes and

preferably fromgAffny st @baticROnhi by asieppidnalyd raekdast aeps @i eursd ediRtagyct may be
farther post-cuzg% at a tem e[ﬁ%ﬂe _(%g from f;ﬁbou 120C to abogﬁ 25000 {or a tim%ggrio%;%f from about
30 minutés to % FEHS ORI, CFR RS B T RAR SO R oS B HE2Did-free, and

fully cured eporefesting masteriil. ZhFonlyenbodinentjhe siiolrssadibeciroreiife o abiterdd foposition of the

present invention con iningpthe wolrm-.likg micelle morphology have at least three unusual
COmMpoOSsy esdp[l(‘) 6’ S O1 181N ate:

characteristics compare er composﬁl‘ons containing block copolymers self-assembled into other

morphologies, such as vesigigsafistial 3N dlaNals abndn RGNS AERIRAYET

temperature of these blends as measured using dynamic mechanical 30 spectroscopy not explained
by the glass trR<HOHYSH ihER6 cRBBPBISHTY: e rliacbe slratipaicts usiypiien akiaigeredse in the
modulus 0f theggomatsiéatsuértbil dTiiathisice dpekeassn dothipostiibedd e preitenibfastany sk, as
measured fromuge%qt“l&) r%c é%%%%gsﬁé( %%EQ&QLSY t-e]é%ﬁiques well known in the industry such as by

impregnating a reinforcing material with molten or dissolved resin, or via resin transfer

molding, filament winding, pultrusion or RIM (reaction injection molding) and other

moulding, encapsulation, or coating techniques. Also, the curable epoxy resin compositions

20  according to the present invention can be émployed wherever use is made of conventional
epoxy resins, such as a glue, coating, molding resin, embedding resin, encapsulating resin,

sheet molding compound, or bulk molding compound.

The epoxy resin composition of the present invention is particularly useful
for making B-staged prepegs and laminates, for example, for printed wiring boards, by well-
25  known techniques in the industry. The present invention is preférably directed to laminates
for use in the electronics industry incorporating the epoxy resin composition of the present
invention. It was found that even when the resin composition is based on simple
difunctional epoxy compounds, the combination of resin components according to the

present invention will give excellent properties for application in the electronics industry.

30 Generally, laminates for use in the electronics industry, particularly for
printed wiring boards, are produced by impregnating a supporting or reinforcing material
with the epoxy resin composition of the present invention, followed by the resin being cured
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The strain energy release rate, Gc, is calculated using linear elastic fracture mechanics and, thus, the
improvements in Go is a combination of both the reduction in the modulus and, more importantly, the
increase in K10. An advantage of the present invention is that epoxy compositions containing 5
brominated epoxies, which are known to be very brittle and subject to drilling problems, can now be

used in microelgegignic aalicalipasrarRUsRININR NN AL YIABKIRAROUTELS Wil e correct

composition and architecture to induce self-assembly into a worm-like morphology, it should be

possible to cirdfRvehtatRERiaRYeo rBRes WA aake;d pritebwirina Sand FOBEREESoPIR8Ee materials.
10In the dilute }iipit IBjesiocprpbaNas salfrass ek e oo o o MnETyise dhicaliasier spherical
micelles. Each of these morphologies can be generated in cured brominated and non-brominated
epoxy resins am%‘ﬁié hia60BPFhages are shown in Figures 1-2. Spherical micelles, shown in
Figures 2A.and 2B, contain.g hydracarbon core, surraunded by an e G atible corona. In
contrast, ?Sylindrical ("worm-li %X?%??gglﬁlgsr?%n%&vﬁﬁa?n %%?é%%ﬁg{%é@i@%gé% ﬁ)nr?é?'ﬁ??ﬁntubes where
the epoxy miscébepoidictnfof the presenbinashisidingudranpmejeiinlmibisb wodihdesddisride. The two

morphologies afeifay %ﬁ&:@%ﬁ%ﬁﬁﬁ&'&’t‘%ﬁ@%ﬁéﬁgwﬁé@%ﬁ MR %ﬁ-@é‘%&%ﬁ%@ﬁﬁ?efs’ where

the equilibrium phase is largely determined lock copolymer asymmet at Is, the relative

length of the ef6sychweisorsiBeTaRIcrialearn WVl Sbyiss dafinpreshewsh, gidihasap the&aered block

copolymer-resig dﬁié@&i[?la\ﬂﬂﬂﬁ&B?ﬁﬁl&?&tﬂﬁi&ll?@ﬁ@ﬁ'ﬁé&'ﬁﬁ@lﬂvﬂ%%%ﬁ@féﬂ&aﬁﬁ%cﬂhe epoxy resin
used for Figures 1-3 is a 3:1 hlend of D.E.A. 383/D.E.R. 560 epoxy formulation. Modifying an
epoxy resﬁ? witiF R BiERRe Mt Aee mads %%@ﬁﬁ@%&i‘%ﬂ[ﬁ’&aglﬁ’fﬁ%ﬁﬁw Sbsiiearthy. However,
Figure 4 showslimicihiadchtsa i @nai@poietpades) giapHia, gl fudn) chiten) nddietbenoxids (for example,
D.E.A. 560) incr}gg&es‘? ramatitcallyé even as the amoy t of brgmtiglc%tgd ;ﬁg}g in the formulation
increases to 50’ \ﬁelgch Sercer .als—’ig(ﬂrrléls PhiSo oS the macUre e Sittance of h%%’feepoxy resins, for

S s
percen
example, D.E.Ra8E0aN et rebmismizgtealfu juiviedeviting towdsedriisp burdotdl epbagitBRAB48, M = 348
g/mole, cured %%%g}ﬁ&i&iﬁ@%@ﬁ@é'gﬁsMP@aya@gwléi&ﬂfﬂ?@)é%%&ﬂ%@&ﬁﬁé&&ﬁ%ﬁwﬁme”ts In

30 Go, as shown in Figlre 4. hé present invention demonstrates a way to simultaneously
increase the frdbeieseatrplitaion the spREY EREPFARE B episepTiiag 8 therrespak Erveptiseoiery has -20-
important impligglions.feelRat: therpicioelerl eximpRMWIveraldRdusiides where regulations mandate
the use of flame retardant epoxy resins. Typically, increasing the flame retardance of an epoxy resin
reduces its fragiuredrBsidtatice, making it difficult to process these
A cured resin product may be obtained by heating the curable epoxy resin
composition at a temperature of from about 100 °C to about 230 °C and preferably from
20  about 165 °C to about 190 °C for a time period of from about 1 minute to about 200 minutes
and preferably from 45 minutes to about 90 minutes. Optionally, molded forms of the cured
product may be further post-cured at a temperature of from about 120 °C to about 250 °C for
a time period of from about 30 minutes to about 12 hours under vacuum. This desirably

produces a homogeneous, void-free, and fully cured epoxy resin product.

25 Fully-cured compositions made from the curable composition of the present
invention containing the worm-like micelle morphology have at least three unusual
characteristics compared to other compositions containing block copolymers self-assembled
into other morphologies, such as vesicles. A first trait is an elevation of up to 50°C in the
glass transition temperature of these blends as measured using dynamic mechanical

30  spectroscopy not explained by the glass transitions in the block copolymer itself. A second
trait is no appreciable decrease in the modulus of these materials. A third trait is an increase
in the critical stress intensity factor, K}, as measured from compact tension experiments.
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materials into finished products. For example, a major problem in the microelectronics 5industry is the
drillability of brominated epoxy composites used in printed circuit board fabrication. This deficiency is
evident in the inability to machine test samples, for example, from neat 1:1 DER 383/DER 560
formulations. The materials of the present invention are easy to process since self-assembly occurs

spontaneously Hpas-RICARY RIAIOEIC D e aRASI VsingBataiplliaisaird medhadevupock

copolymer loadings described here, 10(5_ften an increase in fracture resistance comes at the expense
of the use tempF IR YREEHR & G it oradsatamnlhetHbs seAurtienindhe et ahd flame
retardanee is agbie\egotihdy) ki Majesseadugtion in the modulus and with an increase in the use
temperature. Thus, a way has been found to circumvent the typical trade-off in epoxies where

toughness comes at the expenstvafiaghef itie gl jpreoptotiastheterexsucyipesitions efnt&iting toughest
resins of the pr 1 ' I ; . t while
o PESSACOLIS RO AL e g

their Tg increases, for example ercent. ) A als of the present
invention do ndBhepekipriansiceteiciperlinatipes disssiseorvighbsipdfitienatblodk ronolymas
previously congliferk il PRe SNBSS IR RILYS irnies e neiaslivaly o SRHRSIRPOXY

thermosetting composition of the present invention has a good workability and pravides a cured resin
product havingfgrRaleah HebeuiigR ravsijaim A ey sichis trllingPhlemayih fAtefutthennore,
high heat resistataanrdidonchet eieadasrtpiigr ratio and high stability of these characteristics. As an
illustration, a cured resin product of the present invention has, for example, a strain energy release
rate (GIC)LOf at least about Bbthedilita Zindhdlachleclyansiticli-tesopblatuedfaliatdmenstiEbout 100
¢ A numpenelareleces smhadiments ptibeRiGsebbaLeaion a6 disiaieg the following
specific examples. However, the present invention Is not limited to such"examples. General Procedure
for Preparing abR@sinaieibang anertwemipabes fnorsstiing sudveerealpiuaiame s @stshewsiBmployed to

facilitate homo@?@@%ﬁﬂ%ﬁ@r@aﬁn‘ﬂ@%é}@%ﬂ?ﬁwﬂiQﬁ&%@?&ﬁ&n%ﬂ@cﬁ&%@ﬁ &gent at room
temperature (about 25C), typically addinlgﬁ.23 mL of acetone to a 40 gram batch of resin containing 1

to 2 grams of bFJERWEISE BB ERIRR &0 Lt EFRRmdg SRR ckinfoald FraendtssireisefSral minutes
to severalidaysghét@ GORigiaEsS] FeaRaVES] At ligigy Bt tibeaivberle figy poeyhnistitiasdihyhadditional
drying of the homogeneaus resin mixture at Z5C for gne hour and 5 then at.100C for 30 minutes. This
procedure mini‘r’ﬁ’f?g %’)%%13%2%%8%0’% fﬁiémesﬁg%/cﬁ]laggfc%%gpﬁrg%%%P {%hg%) |‘?1ng.lre %nn&u

by the PEO-PEP and P(MMA-ran-GMA)-PEHMA diblock copolymers, where the

equilibrium phase is largely determined by the block copolymer asymmetry (that is, the

relative length of the epoxy miscible block). The morphology is established in the initial
20  unreacted block copolymer-resin mixture, which becomes permanently fixed during the
curing stage. The epoxy resin used for Figures 1-3 is a 3:1 blend of D.E.R. 383/D.E.R. 560

epoxy formulation.

Modifying an epoxy resin with a block copolymer may reduce the modulus,
although not significantly. However, Figure 4 shows that the strain energy release rate, G,
25  of worm-like modified epoxies (for example, D.E.R. 560) increases dramatically even as the
amount of brominated epoxy in the formulation increases to 50 weight percent. Figure 4
also shows the fracture resistance of neat epoxy resins, for example, D.E.R. 560. Neat
resins may also include amine cured bisphenol A epoxy (BPA348, My, = 348 g/mole, cured
with 4,4methylenedianiline, MDA). Worm-like micelles gave the best improvements in

30 G, as shown in Figure 4.

The present invention demonstrates a way to simultaneously increase the
fracture resistance and flame retardance of epoxy resins. The present discovery has

-20-



Uniform and bubble-free plaques are obtained by heating the resulting dried resin mixture to 150C and
quickly pouring the resulting liquid into a preheated mold. After curing (in air) overnight at 150C, the
resulting casts are slowly cooled to room temperature, 10 demolded, and subjected to a post-cure for
one hour at 220C under vacuum. This produces a homogeneous, void-free, and fully cured epoxy

plaque approisagigit Sou AT AT MRS S AR mechined nin Gempagkisasion,

tensile, and three-point bend specimens. As one illustration of the general procedure ‘above, 17.62

grams of D.E.Andlas g use gE fanergadapienciestsndmitals itvesisghe famassashme R. 560

and 1.85 grameHin\dpbsof Sesibrbiubid :Orhlqale eaniviachakm added taithe fiasiss dddL of acetone is
added to the mixtgre nd th@gﬂx Ire is shaken untiI}the D.E.R. 383 starts to dissolve. Then the
!

mixture is stirredon a s RERINGEH SRR EIER S HaRIonBIPbLeR Bos aHsEoelpRicRias phenol
novolac is &ddenkdtettids thixtitabllitg 66t RN ePyFURPPSITieNuset iagppRds20in Boaid ratio of the

D.E.A. 383 to the D.E.R. 560 weight) cured, with a stoichiometrjc amount of SD-1731 phenol
novolac for the@ﬁ%&%@ﬁoﬁ%@y ﬁlr%lgﬁégi?} @%’%‘Eﬁ%@%ﬁ%?ﬁ?ﬁ%ﬁ%&?ﬁgg ZH 8B dtional 2
days until all th@mmabhéri?@&r@é@ﬁﬁlé@fm@aﬁmm‘ Themﬂeﬁaﬁseoﬁﬁivmmirﬁwmm @ a vacuum
line to make a leak LARIUINGE Eé}f?aQsgﬁ'ﬂﬂﬁ&éa&é%éb%%éﬁﬁsyhﬂ%eB%}&eBn gk lgdne. 25The

acetone is removed in a series of stages to minimize exposure o . to temperaturé and
foaming. First, WEatsTearsisplyRitstad obbiciorobleckesopdymentoddinandesmibethstethe mixture is
heated to 50C using an oil bath with temperature control and held at 50C for one hour. Next, the
temperatUr® is increased to 95ER AR HFERICHBH BB FRATISHIGH SReR Ak it e TR RESRE P 4D0C and held
for 30 minutes téhpeoitdatndsitbdrhse L3thépibsdCianddis betoirhaite rdigaitegnthBaaample is
removed from vacuum line at.a temperature around 140C (15 minutes later).and then poured
quickly into a p%%red;atgegg 1(91%: 3’?%0 (ﬁl OQamaj%ﬁ%&rﬁgﬁ’& 8 p a]éleoa i Saafhgo%%\?gﬁn anacdre overnight
in air. The sampse tempieatyreodlod, baok s boen femp by aiteenaod thetypza dade6fbin ¢hexieold. A
post-cure al 22fefPlob IRl RS YRR UILENEILHRP ol L By CHIES 1BPIRARETIRIR [y void-free

indicating complete removal of the solvent and has dimensions of 10 cm x 8 cm X' 0.4 cm. 5The
sample ishen Bidonskethessina Ofithe BsmLRRRiTc e ATpedilis safuntionndifor sremmm aniic
mechanical spmqwﬁﬁm@i@&eﬁegﬁfﬁgg;@gmg&m@gu@ about 16 pdeEAynamic mechanical
spectroscopy (DMS) samples were test specimen bars machined to 28 mm long x 6 mm wide x 2 mm
thick. Modified and unmodifiéi¢arly, the materials of the present invention do not follow the patterns

described in the epoxy toughening literature where it was previously concluded that some

epoxies were too brittle to toughen effectively.

20 ‘The epoxy thermosetting composition of the present invention has a good
workability and provides a cured resin product having high toughness, high elongation, high
modulus, low internal stress and, furthermore, high heat resistance and low water absorption
ratio and high stability of these characteristics. As an illustration, a cured resin product of
the present invention has, for example, a strain energy release rate (GIC) of at least about

25 100 J/m2, and a glass transition temperature (Tg) of at least about 100 °C.

A number of preferred embodiments of the present invention are illustrated
in the following specific examples. However, the present invention is not limited to such

examples.

General Procedure for Preparing a Resin Blend and Samples for Testing

30 A neutral solvent, acetone, is employed to facilitate homogeneous mixing of

ablock copolymer, a brominated epoxy, and a curing agent at room temperature (about

D]



10 samples were tested in a three-point bend configuration in a Rheometrics Scientific Mark 1V
Dynamic Mechanical Testing Apparatus (DMTA). At least two, but typically five, DMS samples of each
material were tested. A test on a steel bar was always performed first to ascertain whether the
rheorneter needed calibration. The DMS samples were subjected to a sinusoidal deformation to

measure the 1@ﬁﬂ)@%@cﬁlﬁﬂﬁiﬁ%b@%@?&@nﬁ%%%%}Qxﬂlﬂﬁéh%ff%ﬁﬂ f:(ﬁﬂélﬁiﬁ%yl 9f 30 rad/s and

strain of 0.01 percent while increasing the temperature at 2C/minute from 25C to 185C. The Tg was
identified as thSTRTSSRAAGKLINERIHh LoretRmplst RSkt ihis srasEpbisRig to a peak
in the tan 8 curudnviete SverilMaysheoaRdermpenive Heiabmecilse’Horo glass transition

temperature, T ere, rec d for.each le. The 20 modulys decr up to 50 percent (around
1.5 GPa) depe%5 &ﬁ&%n%??ﬁ?%?&%%ﬁlﬁ %%%5@%888. r&ﬁ%&’?&&?eafﬁgd%ﬁ%’é%hﬂ’frﬁ“éoc to 50C
depending®n thebib dREGFohdderinutes. Thi§rdtedisfretnbaimglesidmsatinpactieasian 461T) fracture

tests were macg'g&glfégm d0.R &(}éggﬁ t. Compact tension experiments were performed on samples
that were 4 mm thick {0 ensure p(?ane strain testing conditions. The critical plane strain fracture 25

toughness, Kt, for the block ggpg¥agd mggi&%@e%q fadetaladriermined LsiRg g eompact
tension geometry method descriped in ASTM D5045, The Sam%@ﬁ were preeracked using a fresh

razor blade tapf5eth fHSERIN e eind Eicdroens tharsruling figHtytasmrmberd woldutfdirogen
chilled razor blagrip @ineifackiight a0160°T yRicaliithesesanirdywaedifl cobnadmpatags,due to

their high tue t . Jest 3 t TS testing frame in tensile mode with
2 cross hald SHEE SFAGTIIRELL 1 FE CATICA e Aot o AP VBFIBh A0 PRSP

trun/mMute and hmmpgaicduﬁdm&egmmﬂysmabm;sphambmmmgd faneaslemmaierial. From
the peak -23- ladiaagdnesampleAmensionsy s silsalalissiRnsity fagior was ajculated and

then the strain energy release rate was ¢ g linear élastic Fracture mechanics. The fracture
toughness for ¢EFBEMple was calculated using the following equation: 5 P/1 Kic=' fk7 ) BWX W

As one illustration of the general procedure above, 17.62 grams of D.E.R.

15 383 is added to a 200 mL round-bottom flask. Then 5.8735 grams of D.E.R. 560 and 1.85
grams of MMG(0.4)s sEHa0 0 block copolymer are added to the flask, 21 mL of acetone is
added to the mixture and the mixture is shaken until the D.E.R. 383 starts to dissolve. Then
the mixture is stirred on a stir plate. When well stirred (around 1 day), 11.80 grams SD-
1731 phenol novolac is added to the mixture. The resulting epoxy composition corresponds

20  toa3:1 ratio of the D.E.R. 383 to the D.E.R. 560 (by weight) cured with a stoichiometric
amount of SD-1731 phenol novolac for the epoxy and epoxy groups in the block copolymer.
This blend is stirred an additional 2 days until all the components are completely dissolved.
The acetone éolvent is removed on a vacuum line to make a clear cast using a 24/40

connector to hook the round bottom flask to the line.

25 The acetone is removed in a series of stages to minimize exposure of the
blend to temperature and foaming. First, the acetone is slowly removed at room temperature
for an hour. Then the mixture is heated to 50°C using an oil bath with temperature control
and held at 50°C for one I;our. Next, the temperature is increased to 75°C and held for one
hour. Then the mixture is heated to 100°C and held for 30 minutes. The oil bath is then set

30  to 150°C and as the oil bath is heating, the sample is removed from the vacuum line at a
temperature around 140°C (15 minutes later) and then poured quickly into a preheated
(150°C) mold.

0.



where P." is the maximum load at failure, B is the sample thickness, Wis the overall length, a is the
crack length and f(alW) is an expression accounting for the geometry of the sample identified in ASTM
D5045. The strain energy release rate, Ge, was calculated-from Kk using the 10 following
equation: G =ICI2(1 v2)(plane strain) E where v is Poisson's ratio, taken to-be 0.34, and E is

the Young's modulus. Youngts medubisiabesnesaissyantieceame/Mdishimmne. atib e

cross-head speed used 15 for the compact tension experiments. Typical strain energy release rates
S A0 R HRGe et Fvd R O BBl b PEAGERTE bolymer

increased from
modified epoxy22ei@ fosltbsuvended ebenminiadhoy domas Mhedidly etreal| avliidasgpis (okMied EM was

performed on AgRIBRISSEIAINERISES Sl iad ARl deIsing fisopaody &y

. X
representative piece € epoxy sheet was microtamed at room temperature using a

uitra-micrefome S equipbed WA NATRAF IR, TP IS G e RARRARDHA AR Reichert

Ultramicrotome S at a speed of /s using a diamond knife to cut samples around 70 urn thick.
The thin (ca 70 ﬁgﬁﬁ?%@%mléﬁ eevlEsd on copper grids, and 25 stained with

the vapors of aié)zé%%\lllt,[)es{lcenfgrgqbléeous solution of Ru04. The samples were placed on a 400 mesh

copper grid an St<of a 0.5 weight percent Ruat aqueous solution for 20 minutes.

For the PEP-PRO blends, Q%%%E%gg%wgﬁ%%g@ﬂﬁ%%a%g% v@?ﬁﬁé&%ﬁ% PEP; for the

methaerylic based block copolymers, Rua’ stains Ingorder: e) > epoxy > EH.
While PMMA déféshghineddariaminpgsgipm wide x 2 mm thick. Modified and unmodified

10 samples were tested in a three-point bend configuration in a Rheometrics Scientific Mark IV
Dynamic Mechanical Testing Apparatus (DMTA). At least two, but typically five, DMS

samples of each material were tested. A test on a steel bar was always performed first to

ascertain whether the rheometer needed calibration.

The DMS samples were subjected to a sinusoidal deformation to measure the
15 dynamic elastic (£") and loss (E™) flexure moduli at a fixed frequency of 10 rad/s and strain
0f 0.01 percent while increasing the temperature at 2°C/minute from 25°C to.185°C. The T
was identified as the temperature where the elastic modulus drops precipitously,
corresponding to a peak in the tan J curve where 6= E"/E'. The room temperature flexural
modulus, E', and glass transition temperature, 7}, were recorded for each sample. The
20 modulus decreased up to 50 percent (around 1.5 GPa) depending on which block copolymer
was used. Anincrease in 7, ranged from 30°C to 50°C depending on the block copolymer.

(2) Void-free samples for compact tension (CT) fracture tests were machined

from an epoxy sheet. Compact tension experiments were performed on samples that were 4
mm thick to ensure plane strain testing conditions. The critical plane strain fracture

25  toughness, K|, for the block copolymer modified epoxy material was determined using the
compact tension geometry method described in ASTM D5045. The samples were
precracked using a fresh razor blade tapped into the notch end. Cracks were initiated by
lightly tapping a new, liquid nitrogen chilled razor blade in the machined notch. Typically,
these samples were difficult to precrack due to their high fracture toughness. Tests were

30  conducted on an MTS testing frame in tensile mode with a cross-head speed of 10
mm/minute. The samples were pulled apart in tension at a rate of 10 mm/minute and the

peak load was recorded. Six to ten samples were tested for each material. From the peak
-23-



the stain apparently penetrates the epoxy around the PMMA to a greater degree than the bulk epoxy.
In addition, any unreacted g,lycidyl groups in the epoxy miscible block will also react with Ru04 and
this combination of effects gives the appearance that the MMG(X) is 5 stained black. The staining time
with Rua’ for either type of block copolymer was 20 minutes. The stained samples were then

imaged with a Je4alarkPkQ shEd AliaRAkeR! the iR MPUREE lchel I heRe Samplasiipg.g, worm-like

micelle morphology with diameter of 10 nrn and aspect ratios of around 20:1. 10 Example 1 Two
grams of PEO-PEPBIB REER At Hp rascaieogiadusmglinger glasitdracturemeghpnifere added to
24.00 grams D.E.R. 383 in afound hottom.flask,. 23 mL of acetone was added t %&eglglask and the
contents were stirred until tﬁléilg%%&hggé%x} mgsrsv%(gse%%rﬁ 8y’ ?ﬁgg}gf@éﬁ 886?0%2 & %o weeks).
Then 14.00 gragagagipphenol novolac 15 were added to the flask and the contents of the flask stirred
until the phenol novolac dissolved. The flask was attached to a vacuum line using a 24/40 connector.
The acetong solvent was sloy]ygeﬁmv?g(gct)room temperature until any resultant foaming subsided
(thirty minutes). An oil bath was plazet nd the flask and a temperature was set to 50C. The

solvent was removed for 1 hour at 50C and then the temperature was increased to 75C 20 (1 hour),
and then to 100C (thirty mintiessy. Fiacivibbodxiarmp dradatdailers, fetstthd S0@latidelatess, Waising for 10

minutes, the flagl wasdliagansAICAdiam e IASHIRANS TS A AR bR FRpglymer blend was

poured into a 4 mm thick rectangular mqldépreheated to 150C) coated with Sprayon Dry Film P.T.F.E.
mold release sFEneehthrdampleddraifisd imOBTHIEHGA in air. After the oven was turned off, the
resultant sample was cooled {o 25 room temperature. The sample was removed from mold and the

blend was post-cured at 220C S8 BREITERGITAS 0% Gar 2A P Hte b fram K&l Bt B off, the cured

sample wd$é codddidveiogwytaionom temperature. The resultant cured sample was machined into
compact tension, tensile, and three point bend samples. The compact tension tests were performed
using a 10 mm/minute test speedk3d (glthﬂrecra@lfgngmg%% d by liquid nitrogen chilled razor blade

(new) on a 4 mm thick sampl€. Tegsi thsts we performed using a 10 mmiminute test speed. Three

point bend tests were performed on a Rheometrics Scientific Mark IV Dynamic Mechanical Testing
-25- Apparatus on 28 mm long, 6 nun wide and 2 mm thick samples at 0.01 percent strain and 10

tad/s. Temperature was incr‘%ﬁ%%q,li)yl%gm&gtﬁ 50@135?}%})?@65%%;%%% é\‘é‘z'flgg elastic
ts h i ; :

flexural storage and loss moduli were measured. Results for this sample: Kic = VIPa m3,

E== 2.4 0.1 GP&uAg s moddusrs mepurd gnite seomdhpkame at the sappetgsainadsREOREP block
copolymen §linofg: éhé SetthacSidif0 Mw/M. = 1.04) were added to 23 mL acetone and stirred
until the polymer was dissolved (two days). 24.00 Grams D.E.R. 383 were added to the flask and the

contents of the flask stirred Ugtilcdissalvetddonecteatan@daimycddae ndd SDIgrAmsie0 phacnel novolac
were added 1650 J/m>

(3) The morphologies of block copolymer modified epoxy composites were
determined by transmission electron microscopy (TEM). TEM was performed on a
20 representative piece of cured material to determine the morphology. A representative piece
of the epoxy sheet was microtomed at room temperature using a Reichert Ultra-microtome S
equipped with a diamond knife. TEM samples were prepared using the Reichert Ulira-
microtome S at a speed of 1.0 mm/s using a diamond knife to cut samples around 70 nm
thick. The thin (ca 70 nm) sections were floated on water, recovered on copper grids, and
25  stained with the vapors of a 0.5 wt percent aqueous solution of RuO,. The samples were

placed on a 400 mesh copper grid and stained in the vapors of a 0.5 weight percent RuOy4

aqueous solution for 20 minutes.
For the PEP-PEO blends, RuO, preferentiaily stains in the following order:

PEO > epoxy > PEP; for the methacrylic based block copolymers, RuO; stains in the
-24-



10 and stirred until dissolved. The flask was attached to a vacuum line using a 24/40 connector and
the solvent NSW slowly removed at room temperature until any resultant foaming subsided (thirty
minutes). An oil bath was placed around the flask and the temperature was set to 50C. The solvent
was removed for 1 hour at 50C and then the temperature was increased to 75C (1 hour), and then to
100C (thirty migsiiesingd bri@H MBIGEORREEREEELD WasSEIMOIAR6s abthbabiey taaiting 4@iminutes, the
flask was discopnnected from the vacuumtii}ne. The epoxy and block copolymer blend was poured into a
4 mrn thick recfgﬁgﬁﬂf?ﬁﬁﬁl RIS 1BorBeE) %8%&@%“5\/? é‘ilﬁrgf?x?é?ﬂqg. R 1B mold release

spray. The molbikapatyreth atdifof; myanmglittdd difcidvierdine ovie spasytriseito totexitisidtant
sample was coole%to te rature.. The sample was removed from the o&?ﬂw he blend was
20 post-cured A% %ﬂf%%{g'ﬁééﬁg%rs in %’P\a}g%ﬁﬂrrrr%g&ﬁ% & OVentwas ﬁ’r%&%% e cxaelcsj sample
was cooled slowjoes! e (Ehastuiningdinieheite Buthfoceitea taegfiblogksopabminedan2® compact
tension, tensile,and three point bend samples. The compact tension tests were performed
using a 10 nun/minute test speed with precracks initiated by liquid nitrogen chilled razor blade (new)

on a 4 mm thick 25 sample ThgR@if-BHE R RRE HRIMBLHERENS IBoNMTUNHN askspeed. Three
point bend tests'wgre performed %E a Rheometrics Scientjfic Marlié(\%Dyn mic Mechanical Testing

Apparatus on 28 VBRI RS ARRIRS Jaf i R EEPRRAMENEN O rad/s.
Temperature WdisnirereaSEhhyanCispbatietios o renmdtediperature to 185C while the elastic flexural
storage and loss moduli were measured. Results for this sample: Kic = 1.64 30 0.06 MPaE = 2.96
0.35 GPalfg Exsome IGo = 803 47 J/m2. Example 3 Two grams of PEO-PEP block

copolymer (fpEo = 0.25, M= 8,000 g/mole, MW/MU = 1.04? were added to 19.05 grams D.E.R. 383
and 6.35 grams D.E.A. 560 T8 S5t BBRO FR dlocksoRp y&@é{&ﬁﬁ%%%%e‘—aﬂrg%s/waé% and the

contents of the ffgl,5-gtorgderotiliteg RloalooeRrelvDE. WEBTamtRielbOitss e (2BpEDdMmately two
weeks). Then 12.6 grams enol novolac, were added and stirred unfil dissplved, The flask was
attached to a v&% ?ﬁﬁ Wﬁ%a%fg?ﬁ? 03%%28‘38%&%?8&5&3 W}eéeggweeén‘tmv‘f} S%\%‘fg ?8%9(19%% Affoom
temperature untirtipéetelg ditaolviddapirgsnlatilyao ¢tivietisiniibea Iy . Ahgmbisatfiphemtageldcaround the

flask and the (SPRELBHIR RS AL BHIC The Solvanl Hag MBS B IRAUAAS0C and then the

temperature was increased to hou ento _ (thirty minute e oll bath
temperature wakissdved. 15odlagkavastatiechaitito frrcronpineiveingth a414Q koneeriers dbasediend from the

vacuum line. TRe RRexw% AshiNeth SRROIY IS el uaR RAtes niatm B Haick sesirrgular mold
(preheated to 150C) coated with S r%{l/on iD/Wr‘i Film P.T.F.E. mold release spray. The mold was cured
&R

at 150C overni§Rit Pauiesaay il aoetarrd s daskeintmteemeriart esssbied4Groom
temperature. THasURpIE Wwaasdesney ad irasutihesotddnanbehi dlanpkinaspos auedeatt2 267C for one
hour undey vacuum. After.the qven was turned off, the cured sample was cooled slo rqom
temperatﬁir%. Tﬁeuhroe%rzﬂ%rqt ¢t °d%§8r§gf8%¥f‘é%”ﬁ%‘§8 in%ﬁeiﬂqg EonPEE %ﬁ%ivgﬁsf gtr?giﬁg,%g(t‘r%ﬁ%{ree point
bend samples. &BT haitiogoato teinsios, tes rskersspistonmetdiSing thd Goumitimnuitepospeed with

precracks infiajed B HouigVHGAARNISLSARARAYE (R M ANA A MNNCk BRIpEJ B1Sie tests

were performed using a 10 nun/minute test speed. Three point bend tésts were performed on a

Rheometrics SN cartadwith Spiasen Dw EdahiEdl Fasghlgdgssasates dhomekhvassyred Alun wide

and 2 mm thickisaraRies Ak BlaRC/CRAUEY BiRAREs ki I Be TQTIRAIAMMBINRS iBSTIRASS DY
2C/minute from room temperature to 185C while the elastic flexural storage and loss moduli were

measuredResREBATALEF: dike seRnela was remoysd\em ppld iBd ghe blend s BOgSATer 4t 155,
00=1101 47 .TP2®C for one hour under vacuum. After the oven was turned off, the cured sample was

cooled slowly to room temperature. The resultant cured sample was machined into compact

tension, tensile, and three point bend samples.

The compact tension tests were performed using a 10 mm/minute test speed
30  with precracks initiated by liquid nitrogen chilled razor blade (new) on a 4 mm thick
sample. Tensile tests were performed using a 10 mm/minute test speed. Three point bend
tests were performed on a Rheometrics Scientific Mark IV Dynamic Mechanical Testing
225-



Example 4 Two grams of PEO-PEP block copolymer (fpEo = 0.25, Mn = 8,000 g/mole, 30 Mw/Mr,
1.04),fwere added to 23 mL acetone and stirred until the polymer was dissolved (two days). 19.05
Grams D.E.R. 383 and 6.35 gams D.E.A. 560 were added to the flask and the contents of the flask
stirred until dissolved (one to two days). Then 12.6 grams of -27- phenol novolac were added and

stirred until dissoppetbhe A8 shvREDEIFHAMAAR MY IcHHThIREHSHG & SV PLRANRLIRI ARG dhe
solvent was slolyv Sre{;noved at room, temperature until the resultant foaming subsidoacil)ét}jk:}irté minutes).

An oil bath was BiAced ARS e SHE reasiy BYe( (TPE ARG ITHRPEES PR

removed for 1 htastiafls0Eabstortige Mmddospearaduliovera snicuseede R toulth G i euiplendthen éo 100C
(thirty minutes)&%rb@m@kwagg ggcdoalr adgth:?lf s}&a&dg&gﬂpﬁr Iuge was set to 150C and after
waiting 10 minutes the flask Was disconiected ffom the Yaéduum'lin€” The ‘epoxy and block copolymer
blend was gourgghipif2 4 mm thick rectangular mold (preheated to 150C) coated with Sprayon Dry
Film P.T.F.E. mold release spray. The mold was cured at 150C overnight in 10 air. After the oven was

turned off, the resultant sampi Wame e RO PEPHIB R BopeIAtdqLhe @gg)g&ga\@mg@yﬁg from the
mold and the bl as post-cured.at 220C for one hour under vacyum. After the gven was turned off;
the cured samp@%uéo%%ﬂ%rﬁ)e%ﬁéoﬁ%mﬂéﬁﬁﬁg? é@‘r‘ﬁ%‘-}@ PR F AR s machined
into compact teftwiodgston )Gty EcHRI B3R ereck sddep testht Thkleand thp achtemsidithtediskwere

'I(Iagd razor

e

f d using. | t d wit initiat liquid nit
Piaia (new) o 3 A B e e et e

. S were periorme Ing a nun/minu

Three poinPberadstteduril distelved dlba Barkhesmidaehss Scievatiionvimkusmp e ddiocchactianical
Testing Apparais 88 & B TGS 8967 ARGk SaPG) FLOAL Rt Svan and 10

20 rails. Temperature was increased C/minute from room temperature to 185C while the elastic

flexural storagesitfrd<Lhiry amifvRye Areillintivrealined rspunistaeflapieand fhe temmerauig WasL Pa E =
2.84 0.2 GPa, $dftz IBBC 106 50196 whik Al F D BliPat 30T s SHe i BEf-RESWhlock copolymer
(5E0 =0.25, M11 = 8'89??2/‘;80%‘?’ /14,13&1 = 1.04l)®%§§hladded to 13.5 ralgg géE.R. 383 and 13.5
grams D.E.R. SEFHR S bbHeh 288 B i LU S SRS R Leah TS HePALSRMRHEHHES contents of
the flask stifredwastibtive 151@¢kand pathermesitiras] O ampiete thdikshived dispmexiaddiety theoavanks). Then
11.0 grams of n C | il dissolved, The flask was attached to a 30
vacuum line usqlglg a%glg%g &#ﬁé&%ﬁ%ﬁ%@%ﬁ%ﬁ?ﬁ% Ls‘%)gﬁl%}r/%?n%%t{gf %org%ﬁa?g?%aﬁé?g{%re until

any resultant fo@rehsates tosia8 € iteortpchirithSerpyom Iy Bith RvAd Haveld glsagecntay.fEbkmold the

temperature Wag,seig a0 5070 8RASRGHAS TRIE YRR WhorkAlRRC AR MeRBadamparature
was increased to 75C (1 hour), and then to 100C (thirty -28-
cooled to room temperature. The sample was removed from the mold and the blend was

20  post-cured at 220°C for one hour under vacuum. After the oven was turned off, the cured
sample was cooled slowly to room temperature. The resultant cured sample was machined

into compact tension, tensile, and three point bend samples.

The compact tension tests were performed using 2 10 mm/minute test speed
with precracks initiated by liquid nitrogen chilled razor blade (new) on a 4 mm thick
25  sample. Tensile tests were performed using a 10 mm/minute test speed. Three point bend
tests were performed on a Rheometrics Scientific Mark IV Dynamic Mechanical Testing
Apparatus on 28 mm long, 6 mm wide and 2 mm thick samples at 0.01 percent strain and 10
rad/s. Temperature was increased by 2°C/minute from room temperature to 185°C while the
elastic flexural storage and loss moduli were measured. Results for this sample: Kj, = 1.64
30 0.06 MPam®’, E=2.96 + 0.35 GPa, T, = 152 °C, G, = 803 47 J/m®.
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minutes). The oil bath temperature was set to 150C and after waiting 10 minutes the flask was
disconnected from the vacuum line. The epoxy and block copolymer blend was poured into a 4 ram
thick rectangular mold (preheated to 150C) coated with Sprayon Dry Film P.T.F.E. mold release spray.
The mold was cured at 150C overnight in air. After the oven 5 was turned off, the resultant sample was
cooled to room f@pgkadure. The sample was removed from the mold and the blend was post-cured at
220C for one hour under vacuum. After the oven was turned of the cured sample was cooled slowly to

room temperature. The resuffant gratiech SAETPREN dRRAGDEIAHHF YR 0RBCHERY @0 tARIIE, and three

point bend sam 10 com nsion tests were performed using a 10 mm/minute test speed
with precraeks %ﬁg{’éd E‘@%?qﬁ?ﬁ%%gé%ﬁghaﬁt%%‘%@ 2AB0S-on R A RicRO R le. Tensile

tests were perfapsdbotiimg Zad0 2miin iveteneosissuided 1 theefagloint Benddrats wake pagformed on a
Rheometrics Scigntifi | nical Testing, Apparatus on 28 mm long, 6 mm wide
GEReHigMARS %ﬂrfﬂ&@ﬁkﬁ%&ﬁ&%@@ te}%sciws lsve%tlgg mal ei éﬁé

and 2 mm thick samples at 0.01 percernit strain a a é’%%’pera ﬁ%’%\,‘é"g reased by
2C/minute from éraparaniihescl so 0o wertd dad stié stevadratsit disaglyesh dlosHasioetedi were

measured. Resgiigfien this vRmRiidtend- R On 981G GO = 943
27 7/m2, ExamPIe 6 Two grams of PE(s)h-1 ég%?l%%%%ﬁ/gnﬁgﬁ%gg%%%%%%&q%%%%?Fn0Ie 20

M,,, JM" = 1.04) Q0B dpeais vatihihe esuitant iapming rehsidedi(thistyminutons 4 odibeth @av days). 13.5

Grams D.E.A. i8@ahdddtpsdmk iR taafonrnie added (ostve flask andibe sorianisohihe flask
stirred untjldissglved (ong to t s). Then 11.%rams of phenpl novolac were added and stirred

d
until dissolved. The Tlask was Strathas FrREAR NI IS 6 24540 hemherdiberdoh0stivent was
slowly removedthirfporinuessip Szt oitbathticamyr @breesaitan téaa0id and drsisiedi(Ehirkyrgnute;). An oil

bath was placegﬁ{%g]@lmgg%sa&gcmﬁe@w%%{g%rev\évas s%tf%? %)C. The sglgfgrc\: was ¥emoved for 1

hour at 50C and then the temperature was increased to Aour ,%%’%Yﬁ%len ggee W?fy
minutes). The SiBdiWasRapesdinieiims bitkocasalantelft roreitiedtd 05070 testeavitask was

disconnected fisyhujo wAGHI ATer. ENG APRRA ARl RORINEL inig,a 4 mm
thick 30 ri tangular mc])??;(preheated to 150C) coated with Sprrglyygcl}lrel5 CDHrllyg&lll r\?ﬁ??%g . rﬁ%ﬁéﬂ release

spray. ThémolBwASEn FRGoXFE BEe taved o Hbrresvitant samme s sagles toFaeen tsmperaiuaeyltant

sample was coblecsimphowndesnpeedia hoensRMAENaaIMaYBeilamiheBe'd apdibadiend was
post-cured at 2200C for one hX%r ut%der vacuum. Aj{te tg%oven was_-29- turned off, the cured sample
U, Afer p

was cooled slowly fo Foomm temparatre THE g SRrdsempriewas soelef slawlnte Mpact
tension, tensileteamdritvee Joanebdtdtsamndhesple was machined into compact tension, tensile, and

three point bend samples.

20 The compact tension tests were performed using a 10 mm/minute test speed
with precracks initiated by liquid nitrogen chilled razor blade (new) on a 4 mm thick
sample. Tensile tests were performed using a 10 mm/minute test speed. Three point bend
tests were performed on a Rhéometrics Scientific Mark IV Dynamic Mechanical Testing
Apparatus on 28 mm long, 6 mm wide and 2 mm thick samples at 0.01 percent strain and 10

25  rad/s. Temperature was increased by 2°C/minute from room temperature to 185°C while the
elastic flexural storage and loss moduli were measured. Results for this sample: Kj, = 1.72
+0.15 MPam®, E=2.37+0.16 GPa, Ty=155°C, G, = 1101 £ 47 J/m?.

Example 4

Two grams of PEO-PEP block copolymer (fppo = 0.25, M, = 8,000 g/mole,
30 Mu/M;=1.04) were added to 23 mL acetone and stirred until the polymer was dissolved
(two days). 19.05 Grams D.E.R. 383 and 6.35 grams D.E.R. 560 were added to the flask

e ARGAIEN

and the contents of the flask stirred until dissolved (one to two days). Then 12.6 grams of
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The compact tension tests were performed using 10 mm/minute test speed with precracks initiated by

liquid nitrogen chilled razor blade (hnew) on a 4 mm thick 5 sample. Tensile tests were performed using
a 10 mm/minute test speed. Three point bend tests were performed on a Rheometrics Scientific Mark

IV Dynamic Mechanical Testing Apparatus on 28 nun long, 6 mm wide and 2 mm thick samples at

0.01 percent Sgﬂéﬂo@ﬂgvéﬁa%éé-am‘a R REFIUIRIMES ISR aTRe NI inAted e veariemperature
to 185C while the elastic flexural storage and loss moduli were measured. 1:I?gésults f%ré%sm%ample: Kie

= 10 1.67 0.021051Re # $4/40caunecior zadthepglyeqiougs slowly semoves 35709 mHGIReLT 1.85

Grams of poly (madyinist faenipeistelyicyy meiactylaie)tbaty (Rasathytdegimé thatrslated block
copolymer (VINIG(0.4)5,5EH20.0:weight. fraction MIYIG block O ole fragti idyl methacrylate
in1?43,4G bloghe:t(eﬁ?a, Rﬁ“é"é’?%ﬁgg%k%?e,% Rﬂlﬁ%wé‘sf.“é‘i vvevde%r%a Sgﬁa{t%gé .g%@gms D.E.A. 383
and 5.87 gfamipEr#Rurs 6@sinereared tbii5AC (1 hask), 21d thended i€ (thiry adaidesio Mot dsfhand the

contents of the flas?a%gﬁrﬁg&ﬁ%ggagg ﬁ%ﬁ%ﬁﬂws{é’% |elelyEissoivat(Qagidayd Then 11.80

grams phenol novolac were ad ved. The flask was attached to a vacuum line

using a 24/40 connisstbe Satkties Jisvameoted iawie raswotking: fdsrrorsy priblork eapslyecany
resutant foamipg,spsiclstniEh MVBHFIcAR bt Wor PASRGTRIShYtS dasiaand the

temperature was set to 50C. The solvent was removed for 1 hour at 50C and then the, tgm erature

was increased Y8126 PrHgim PahE-Fh el retsaee serivry TRl s st Hdm%éndy as set to
150C and gfter,wailifer i BlismHes thedipak trsdiseonnecirofiotodid wamoumelnerakive. epoxy and
block copolymer blend was poured jnto a 4 mm, thick 25 rectangular,mold, (pr. ted to 150C) coated
with Sprayon DHEEHHRE i’;’?ml%v rkf%‘?ég%een% E\TA eebrﬁécﬂ‘?v\/vv%g oShaned, ggg@)\%ﬁ%& (t)%gi:air. After
the oven was tundegivatiitine Adfsniisiveampichwas! o b dored samplemas caeled sivdysarreie was
removed from the mold angd.the b | 05 G RQUEARAE T UlY: After the
oven was turnetfam cﬁ'f’r% eet:l?;%edr%%ﬁp é:\qv%%s%go%’;gy E%HV?E%Q%%% temperature. r?e resultant cured 30

sample was méaluisarranihondsemies tension, tensile, and three point bend samples. The compact
tension tests were performed using a 10 taro/minute test speed with girllgocramcs m@%sc%d %Xélqwd

nitrogen chllled razor blade THEGAIERRCE HASIAR {AFEIVEE PLEIE B9RR & RIS (S8 led using a
10 nun/minute {@gk pReedkAiRa@UNtiGedchiesisn dailiepesboriviedsgne RineotmeinidsBcientific Mark IV
Dynamic Mechanical Testing Apparatus an 28.mm long, 6 mm wid bick samples at 0.01

percent strain éﬁﬁllfﬁ rfwgﬂgﬁﬁgggﬁgg?ﬁﬂ%‘%ggﬂ? (?r&gle% y {ﬁr%%@ S%m({?ggim emperature to 185C

while 5 the elastigSiemerpirfioradomnBiosvetisd HtinsitcMads Iy Rbrraiuledbrnierl Tesge: Kt, = 1,16
0.12 MPa m’s, Kﬁpczu'Ztﬁs S %‘E}oﬂ-é 6k 2a&3md 4 ﬁﬂn?tgiclé%ples at 0.01 percent strain and 10

20  rad/s. Temperature was increased by 2°C/minute from room temperature to 185°C while the

elastic flexural storage and loss moduli were measured. Results for this sample: Ki.=1.75
+0.05 MPam®, E=2.84 % 0.2 GPa, Ty = 153 °C, G, = 955 = 31 J/m’.

Example 5

25 Two grams of PEO-PEP block copolymer (fpeo = 0.25, My = 8,000 g/mole,
My/M,= 1.04) were added to 13.5 grams D.E.R. 383 and 13.5 grams D.E.R. 560 in a round
bottom flask. 23 mL acetone was added to the flask and the contents of the flask stirred
until the block copolymer was completely dissolved (approximately two weeks). Then 11.0
grams of phenol novolac were added and stirred until dissolved. The flask was attached to a

30  vacuum line using a 24/40 connector and the solvent was slowly removed at room
temperature until any resultant foaming subsided (thirty minutes). An oil bath was placed
around the flask and the temperature was set to 50°C. The solvent was removed for 1 hour

at 50°C and then the temperature was increased to 75°C (1 hour), and then to 100°C (thirty
8-



Example 8 Two grams of PEO-PPP block copolymer (fpEO = 0.39, Ati, - 16,800 g/mole,
Mw/M" = 1.10) were added to 23 mL acetone and stirred until the polymer was dissolved 10 (two
days). 24.00 Grams D.E.A. 383 were added to the flask and the contents of the flask stirred until
dissolved (one to two days). Then 14.00 grams phenol novolac were added and stirred until dissolved.

The flask was gitachedin.3;Y BEaHEM IR MAINMALANBOTRRTIdARGBAG FPlHRtewas Sially removed
at room temperature ‘until any resultant foaming subsided (thirﬁqminutei})én%r#%{l’gath was e[alaced
e

around the flasteafdigcenseead i ihe Vaweding 1HSMexTRS BIGE 5PR0 J#PIFour at s0C
and then the teppPeIaHMHENRSdRGHRARE idd(pfehichibdty ).507T) dratedor il @priotPmifilites). The oil

bath temperature was set to 150C and after waiting 10 mi the flask was di neged from the
vacuum line. T%@E}?O%ﬁgﬁal%ecf?ﬁ%’p(ﬁ%}ﬁfg\gﬁlgﬁ%cv%rgg%oure nto & tr%“n%“fh%ﬁ%%ctangular mold

(preheated to ¥aPGymdatdivitbsGpnatywambdeyweslpodd 6 rEomicidneisuse TheagmPléavatold 20 was
cured at 150C overni(gprtrirrll tﬁgm%ﬁﬁﬁgg]ogﬁarﬂ g{\.@% n?é%]_ggrggtﬁ&?f@%yg% SaPRRvaseaaled to room
A e mold and the bl

temperature. fﬁrg%vamp e was removed from tr end was post-cured at 220C for one
hour under vad\fienthafresntivesdvaredeft thersatpdsiotnte Bapcaolad il 4 ream &IEBHI %o room

temperature, T@?g%aﬂ&ﬁ%ﬁea%%aw@ Wagmachipeskipie consieactiensiand tersilpiand three point

bend samples. e compact tension tests were performed using a 10 Trim/minute test speed with
precracks initidtend B3meRd nitrogen chilled razor blade (new) on a 4 mm thick sample. Tensile tests

performed using a 10 nun/mjnute test speed. Three point.bend tests olay-¥1
Rheometfis Scientific Marﬁ?/%ﬁ?ﬁfg%%%ﬁeé%ﬁiggfp %S ?r%le 616511 %ﬁs‘%{ Wg%ﬁn%?gsnéﬁ 6 mm wide
and 2 mm thickvapetesed BiQatatbgdiguitnaimgmichili@oazsadedneydrenaré wadhiskreased by
2C/minute from mom temperature to 15 il elastic e SIQrReE ancbiosidnaguli were
measured. Regﬁﬁgi%rf ?g%fﬁ%lge?gpg%%\%%%é aMiIia mm, E=2.56 0.09 GPa, Tg = 103 C, G=
411 43 Jim2. EstamptererbwoedeaRbeeRoiE Sk RenmRs Mechwisablesis00 g/mole,

= 1.10) were ag&%%%&&@&l%ﬁm ARchStIE shnhROARYWAR FiS 60V e ébmaseanshdl®05 Grams
D.E.R. 383 and 6.35 grams D.E R. 560 were added to the flask and the Scontents U&ew&xa%k stirred
red until

until dissoi¥ed teie (BhalemPEANTT Wen T BGRhHS SBREOEPVORE PSS vt
dissolved. The flaglewiasiatisahestigeaspssmoion weinmeasdéd0 Resulle fotianshtiges diuent was

s piaced arob At R TR e e M abels e BOE: Toe ol chiias removed for 1 hour
at 50(_: and theE }EQI% e06Iemperature was increased to 7_5C<(1 .hogr), and then to 100C _(th_irty minutes).
The oil bath tenmerg%me_ was set to 150C and after waiting 10 m nutes the f §__k8\6/ |s&onnected
from the vacuum line. The epf¥Famd N@@QC%E%R}H?EFWQ?WW% u?)e%%ﬂ#g a4 @nﬁfﬁlcﬁ rectangular
mold (prehgatesyimi 50Q05aniRauih SpmMORLE i Riffel ntihaitreieasedpniyedtromold was
cured at 150C %XyesS?i??FSigr%:in@rﬁsg.tE&{t.h??Sg\z{gg f’sv%sg}‘%%%jlgﬁ g%‘a were added to the flask and the
contents of the flask stirred until dissolved (one to two days). Then 11.0 grams of phenol
novolac were added and stirred until dissolved. The flask was attached to a vacuum line
using a 24/40 connector and the solvent was slowly removed at room temperature until any
25  resultant foaming subsided (thirty minutes). An c;il bath was placed around the flask and the
temperature was set to 50°C. The solvent was removed for 1 hour at 50°C and then the
temperature was increased to 75°C (1 hour), and then to 100°C (thirty minutes). The oil
bath temperature was set to 150°C and after waiting 10 minutes the flask was disconnected
from the vacuum line. The epoxy and block copolymer blend was poured into a 4 mm thick
30 rectangular mold (preheated to 150°C) coated with Sprayon Dry Film P.T.F.E. mold release
spray. The mold was cured at 150°C overnight in air. After the oven was turned off, the
resultant sample was cooled to room temperature. The sample was removed from the mold

and the blend was post-cured at 220°C for one hour under vacuum. After the oven was
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15 resultant sample was cooled to room temperature. The sample was removed from the mold and the

blend-was post-cured at 220C for one hour under vacuum. After the oven was turned off, the cured

sample was cooled slowly to room temperature. The resultant cured sample was machined into

compact tension, tensile, and three point bend samples. The compact tension tests were performed

using a 10 My et SREGRANI BssRtRalwipiatshylisiieuritr ope realiilaoteadr blade

(new) on a 4 mm thick sample. Tensile tests were performed,using a.l%&@égnﬂ%retg test speed. Three
C

point bend tesTERRE & oSS B L BRI SRR R RO DYREMIC Methanical Testing

Apparatus on 26 mm long, i1 wide, and 2 i dhick, sa0IRIGe 6.0 R AsTReRkskaiag 10 tadls
Temperature was increased by Minute rom room emperature to 150C while the Z25elastic flexural

storage and lowiinpochutickesintiated by tspiRkeibwisrfohiitid mammbledwiae) ora How ik m" E = 2.37
0.16 (Pa, Je :&%é?ﬁc.,ﬁn@gqgsgw%@m%gg 10435 AhRIRC e QRO Mk BBifk bend

Phosphorous- aining Epoxy Resi _Two grams of PLO-PEP block copolymer (fpBO = 0.25,
M = 8,000 g/mieis Weshperfopagdpe %@@Mﬂ%@@ﬁﬁ%@k&%%ﬂﬁ&%@%ﬁﬁ?ﬂ%oxy resin,
such as 30 XZggaR0hiesimidAnaung Oatomdiasi Paminrkasinacanodngdechtatam dask@nd the

contents are stirred until the block copolymer is cgmpletely dissolved (approximatglytwo.weeks). Then
14.00 grams dffiehbf W@%ﬂ@&%ﬂﬁ@ﬂ&&’%ﬁ@%ﬁwmﬁggﬁ%@P f#g g\/ }iﬁ Stirred until

the phenol novaiag-disspives THhe:fesikipatachttheramensutsd [Rsulsifiy thid4stplontiestor. The

acetone siilve t ‘ﬁ %&@/%ﬁg@f%%té%g? r@s@gﬁgawtg fg};tll(?fky r;g%t@ritsfg%ping subsided (thirty

minutes).”An olf ba f and & teimperatufe is set t0 50C. The solvent is
removed for 1)€}g rak 0C and then the 5temperature is increased to 75C (1 hour), and then to 100C
(thirty minutes). i"bath temperature is set to 150C and after wilting for 10 minutes the flask is

disconnected from the vacuugs linend HE,6R@tRNE dHRck Bepelysmeidyancdiamyboerpolyo a 4 mm

thick rectangular mold (preheated to 150C) coated. wi ayon Dry Fil T.F.E. release spray.
The mold is cufRe W?ﬁﬁ%ﬁ%ﬁ%%%&f@ﬁfﬁﬁé@%ﬁ %’E}egfﬁh%lsu a%t%slgcr:{n(ple is
cooled to room=tenm efele facihedaidpl enishemiateih vviGrhbickandl4hdstel b RO ghsoleured at 220C
for one hour ungeg vackt After s ovends Jier) ff e HIPd SRS i5 egolesbsipyly to room

. 62 grags D BLR, . EX

= 0 . , )
temperatdre. Th& résultant cured sampleéis Ined into compact ténsion, tensile, and three point

bend samples xdind bottepafinseniomkeasttoneevows iddehte theflgsk aolhgrpaisatecibe dsekd
stirred until block copolymer was completely dissolved (one day). Then 11.80 grams

phenol novolac were added and stirred until dissolved. The flask was attached to a vacuum
line using a 24/40 connector and the solvent was slowly removed at room temperature until
20  anyresultant foaming subsided (thirty minutes). An oil bath was placed around the flask
and the temperature was set to 50°C. The solvent was removed for 1 hour at 50°C and then
the temperature was increased to 75°C (1 hour), and then to 100°C (thirty minutes). The oil
bath temperature was set to 150°C énd after Waiting 10 minutes the flask was disconnected
from the vacuum line. The epoxy and block copolymer blend was poured into a 4 mm thick
25  rectangular mold (preheated to 150°C) coated with Sprayon Dry Film P.T.F.E. mold release
spray. The mold was cured at 150°C overnight in air. Afier the oven was turned off, the
resultant sample was cooled to room temperature. The sample was removed from the mold
and the blend was post-cured at 220°C for one hour under vacuum. After the oven was
turned off, the cured sample was cooled slowly to room temperature. The resultant cured

30 sample was machined into compact tension, tensile, and three point bend samples.

The compact tension tests were performed using a 10 mm/minute test speed
with precracks initiated 'by liquid nitrogen chilled razor blade (new) on a 4 mm thick
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15with precracics initiated by liquid nitrogen chilled razor blade (_new) on a 4 tnni thick sample. Tensile
tests-are performed using a 10 mm/minute test speed. Three point bend tests are performed on a
Rheometrics Scientific Mark IV Dynamic Mechanical Testing Apparatus on 28 mm long, 6 mm wide
and 2 ram thick samples at 0.01 percent strain and 10 rad/s. The temperature is incr- aced by

2C/minute fromsenple (Fapdtsteverd Baforrdda,s04he Clashin it sioraoeRndgssygduli are

measured. Clajms: 1.A curable flame retardant epoxy resin composition with incre sed.tough_ness
comprising: & 3)“56{?&)55{% ohe f%ﬁé{%‘l’gﬁﬁﬁf pletiieMark QWMH‘?@QWE%QQSMW ofa
brominatec! epagpresiss ama%nph sy harsvwids @id DERRBY 5esiles atfoéﬁbi’@?emh BhiR Q#]@Igllockk
copolymer; an { '99 agent. 102.The cytable composition of Claim | w erein the bloc
cogolgmer is p?gagéshtﬁi?ejﬁﬁ%ount s%ﬁ%%%egégnagzwﬁ@gﬂq%@%fﬁmﬁa%ﬁ {ﬁé_GIW@F@%opolymer
self-assemﬁlesﬂ?ﬂ@lﬁsﬁ%ﬁﬁﬂmmbgtﬁiwmmsphmmﬁmqmmeﬁe Resulh IO peEFIRS Mreugh the
curing of the com@i@gw’c@g@tﬁh@d@&gg’ 5%%31@?6‘& 81‘0 @gﬁeg%l?&gured product

increases. 15

Example 8

Two grams of PEO-PEP block copolymer (fozo = 0.39, M, = 16,800 g/mole,

My/My =1.10) were added to 23 mL acetone and stirred until the polymer was dissolved

10 (two days). 24.00 Grams D.E.R. 383 were added to the flask and the contents of the flask
stitred until dissolved (one to two days). Then 14.00 grams phenol novolac were added and
stirred until dissolved. The flask was attached to a vacuum line using a 24/40 connector and
the solvent was slowly removed at room temperature until any resultant foaming subsided
(thirty minutes). An oil bath was placed around the flask and the temperature was set to

15 50°C. The solvent was removed for 1 hour at 50°C and then the temperature was increased
to 75°C (1 hour), and then to 100°C (thirty minutes). The oil bath temperature was set to
150°C and after waiting 10 minutes the flask was disconnected from the vactum line. The
epoxy and block copolymer blend was poured into a 4 mm thick rectangular mold
(preheated to 150°C) coated with Sprayon Dry Film P.T.F.E. mold release spray. The mold

20 was cured at 150°C overnight in air. After the oven was turned off, the resultant sample was
cooled to room temperature. The sample was removed from the mold and the blend was
post-cured at 220°C for one hour under vacuum. After the oven was turned off, the cured
sample was cooled slowly to room temperature. The resultant cured sample was machined

into compact tension, tensile, and three point bend samples.

25 The compact tension tests were performed using a 10 mm/minute test speed
with precracks initiated by liquid nitrogen chilled razor blade (new) on a 4 mm thick
sample. Tensile tests performed using a 10 mm/minute test speed. Three point bend tests
were performed on a Rheometrics Scientific Mark IV Dynamic Mechanical Testing
Apparatus on 28 mm long, 6 mm wide and 2 mm thick samples at 0.01 percent strain and 10

30  rad/s. Temperature was increased by 2°C/minute from room temperature to 150°C while the
elastic flexural storage and loss moduli were measured. Results for this sample: K= 1.03
*0.17 MPam®’, E'=2.56 + 0.09 GPa, T; = 103 °C, G, = 411 & 43 J/m?.
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3. The curable composition of Claim 1 wherein the block copolymer is present in an amount such that,
upon mixing in the un-cured state, the block copolymer self-assembles into a spherical micelle
morphology; such that the morphology persists through the curing of the composition; and such that
the fracture resistance of the 20resulting cured product increases. 4. The curable composition of
Claim 1 wherepxihgiBlock copolymer is a diblock copolymer. 255.A curable flame retardant epoxy
resin composition with increased toughness comprising: (a)at least one flame retardant epoxy resin
selected from the group coﬂ‘sist'gnmfoa‘MEBﬂﬁdokmpylmmeﬁﬁp&erwQOanWning epoxy

resin; 30(b)an ip blo k h I

oxide)- poly(ett@jiz% a?[liﬁr) pyﬁce %E@ié%‘fgéﬁ)g r%‘r%re %? c%?g%gdr%%&ggl%l dy o
methaerylate)qlm@(zlﬂ*@dr@aymﬁbﬁﬁdﬁmaﬁ WWN&MM?WE‘@ weapdan theEpalctndifeagent.M C
SL.L.P %Th%&ﬂéﬁg'm@iﬁ%&fz&@tﬁlﬁmsb%@(&&ewmmtﬁm‘@%m dsvfrom about

0.1 weight percent to about 30 weight percent. 5 he curable composition of Claim 1 including a

non-flame retﬁ%ﬂcﬁmelﬁméﬁwmi@?%@? oﬁﬁﬁ?ﬁéﬁ’éﬁ attachedgo #acuinlng composition
of Claim | Whe{@iﬁé@@@%'@&lﬁﬂﬁ&ﬁdﬁd@@%t was slowly removed at room temperature until any

resultant foaming subsided (thirty minutes). An oil bath was placed around the flask and the
temperature was set to 50°C. The solvent was removed for 1 hour at 50°C and then the

10  temperature was increased to 75°C (1 hour), and then to 100°C (thirty minutes). The oil
bath temperature was set to 150°C and after waiting 10 minutes the flask was disconnected
from the vacuum line. The epoxy and block copolymer blend was poured into a 4 mm thick
rectangular mold (preheated to 150°C) coated with Sprayon Dry Film P.T.F.E. mold release
spray. The mold was cured at 150°C overnight in air. After the oven was turned off, the

15  resultant sample was cooled to room temperature. The sample was removed from the mold
and the blend was post-cured at 220°C for one hour under vacuum. After the oven was
turned off, the cured sample was cooled slowly to room temperature. The resultant cured

sample was machined into compact tension, tensile, and three point bend samples.

The compact tension tests were performed using a 10 mm/minute test speed
20  with precracks initiated by liquid nitrogen chilled razor blade (new) on a 4 mm thick
sample. Tensile tests were performed using a 10 mm/minute test speed. Three point bend
tests were performed on a Rheometrics Scientific Mark IV Dynamic Mechanical Testing
Apparatus on 28 mm long, 6 mm wide and 2 mm thick samples at 0.01 percent strain and 10
rad/s. Temperature was increased by 2°C/minute from room temperature to 150°C while the
25  elastic flexural storage and loss moduli were measured. Results for this sample: K= 1.17
+0.20 MPam®, E =2.37 +0.16 GPa, T, =111 °C, G, = 582 56 J/m”.

Example 10 - Use of Block Copolymer with a Phosphorous-Containing Epoxy Resin

Two grams of PEO-PEP block copolymer (fogo = 0.25, M, = 8,000 g/mole,
My/My, = 1.04) are added to 24.00 grams of a phosphorous-containing epoxy resin, such as
30  XZ92530 resin in a round bottom flask. 23 mL of acetone are added to the flask and the
contents are stirred until the block copolymer is completely dissolved (approximately two
weeks). Then 14.00 grams of phenol novolac is added to the flask and the contents of the
-32-



10novolac, a dicyandiamide, or an anhydride. 9. The curable composition of Claim 1 including a
solvgnt. 10. The curable composition of Claim 1 including a catalytic amount of a 15catalyst for
accelerating the reaction of the epoxy resin with the curing agent. 11. The curable composition of
Claim 10, wherein the catalyst is an imidazole. 2012.The curable composition of Claim 2 wherein the

brominated epyyistelARIQMARIRNIRRC! Al ik ptietnl ARG IRSING QfkeRmpriSing a tire

retardant epoxy resin containing a block copolymer self-assembled into a worm-like micel|

morphology. 25sing a24/4R enseestomnEhe aetons RILm HtloR L HMENE ) RIMFRPREGIRYA curable
epoxy resin CompQesitinmeraaidinabeifdamity mindies)T e thanteisislsced comp dsittasi iotbaof Claim

naving an sl BRGRBARG S Bpcty FEBIEATTBIEO BT o I 5 A propreq
comprising (ajtanpavamncfatinieeaed to 75°C (1 hour), and then to 100°C (thirty minutes). The oil bath

temperature is set to 150°C and after waiting for 10 minutes the flask is disconnected from

the vacuum line. The epoxy and block copolymer blend are poured into a 4 mm thick

rectangular mold (preheated to 150°C) coated with Sprayon Dry Film P.T.F.E. mold release

spray. The mold is cured at 150°C overnight in air. After the oven is turned off, the

10 resultant sample is cooled to room temperature. The sample is removed from mold and the
blend is post-cured at 220°C for one hour under vacuum. After the oven is turned off, the
cured sample is cooled slowly to room temperature. The resultant cured sample is machined

into compact tension, tensile, and three point bend samples.

The compact tension tests are performed using a 10 mm/minute test speed
15  with precracks initiated by liquid nitrogen chilled razor blade (new) on a 4 mm thick
sample. Tensile tests are performed using a 10 mm/minute test speed. Three point‘bend
tests are performed on a Rheometrics Scientific Mark IV Dynamic Mechanical Testing
Apparatus on 28 mm long, 6 mm ﬁde and 2 mm thick samples at 0.01 percent strain and 10
rad/s. The temperature is increased by 2°C/minute from room temperature to 185°C while |

20  the elastic flexural storage and loss moduli are measured.
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(b) a curable epoxy resin composition of Claim 1. 518.A laminate comprising: (a) a substrate

including a resin composition of an epoxy resin of Claim 1; and

(b) a layer of metal disposed on at

least one surface of said substrate. 1019.The laminate of Claim 18 wherein the substigdtesfuirther

comprises a r%pf%g,ement of a woven glass fabric, wherein the epoxy resin composition is

impregnated on e woven glass fabric. 20.A printed wiring board (PWB) made of the laminate of

Claim 19. 15 21.A prbcess thrcprepariimgna cirabiet rgginycenipositipnstdrnprishngertxsad: (a) at least

one flame rete}rdaﬂt eROX resin: (b) an amphiphilic block copolymer; and (c) a curing agent. 20 22.A
oughness ¢ TISiig. - : .

process for prepgrlng 2cured resin product comprising heating a mixture of: (a) at least one

flame retardant epoxy resin{a) at leagbyranfrmp hehifinbkpok copolysalectech @b (e acumpng agent.

5

10

15

20

25

30

consisting of a brominated epoxy resin and a phosphorous-containing
epoxy resin;
(b) an amphiphilic block copolymer; and

(c) a curing agent.

2. The curable composition of Claim 1 wherein the block copolymer is
present in an amount such that, upon mixing in the un-cured state, the block copolymer
self-assembles into a worm-like micelle morphology; such that the morphology persists
through the curing of the composition; and such that the fracture resistance of the

resulting cured product increases.

3. The curable composition of Claim 1 wherein the block copolymer is
present in an amount such that, upon mixing in the un-cured state, the block copolymer
self-assembles into a spherical micelle morphology; such that the morphology persists
through the curing of the composition; and such that the fracture resistance of the

resulting cured product increases.

4, The curable composition of Claim 1 wherein the block copolymer is a

diblock copolymer.

5. A curable flame retardant epoxy resin composition with increased

toughness comprising:

(a) at least one flame retardant epoxy resin selected from the group
consisting of a brominated epoxy resin and a phosphorous -containing
epoxy resin;

(b)  an amphiphilic block copolymer selected from the group consisting of
poly(ethylene oxide)-poly(ethylene-alt-propylene) (PEO-PEP) and
poly(methyl methacrylate-ran-glycidyl methacrylate)-poly(2-thylhexyl
methacrylate) (P(MMA-ran-GMA)-PEHMA); and
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23.A process of producing a coated article, comprising coating an article with a curable epoxy resin
according to Claim 1, and heating the coated article to cure the epoxy resin.

. MCSLLP
(c) a curing agent.

6. The curable composition of Claim 1 wherein the amount of block

copolymer is from about 0.1 weight percent to about 30 weight percent.

7. The curable composition of Claim 1 including a non-flame retardant,

non-halogenated diglycidyl ether of bisphenol A.

8. The curable composition of Claim 1 wherein the curing agent is a phenol

10 novolac, a dicyandiamide, or an anhydride.

9. The curable composition of Claim 1 including a solvent.

10.  The curable composition of Claim 1 including a catalytic amount of a

15 catalyst for accelerating the reaction of the epoxy resin with the curing agent.

11.  The curable composition of Claim 10, wherein the catalyst is an
imidazole.
20 12. The curable composition of Claim 2 wherein the brominated epoxy is

tetrabromobisphenol A diglycidyl ether.

13. A cured resin product comprising a fire retardant epoxy resin containing
a block copolymer self-assembled into a worm-like micelle morphology.
25
14. A fiber reinforced composite article comprising a matrix including a

curable epoxy resin composition according to Claim 1.

15.  The fiber reinforced composite article of Claim 17, which is a laminate

30  oraprepreg for an electric circuit.

16.  An electric circuit component having an insulating coating of the epoxy

resin composition according to Claim 1.

-35-



10

15

20

25

17.
(a)
(b)

18.
(a)

and

(b)

19.

MCSLLP
A prepreg comprising:
a woven fabric, and

a curable epoxy resin composition of Claim 1.

A laminate comprising:

a substrate including a resin composition of an epoxy resin of Claim 1;

a layer of metal disposed on at least one surface of said substrate.

The laminate of Claim 18 wherein the substrate further comprises a

reinforcement of a woven glass fabric, wherein the epoxy resin composition is

impregnated on the woven glass fabric.

20.

21.

A printed wiring board (PWB) made of the laminate of Claim 19.

A process for preparing a curable resin composition comprising mixing:

(a) at least one flame retardant epoxy resin;

(b) an amphiphilic block copolymer; and

(c) a curing agent.

22.

mixture of’

A process for preparing a cured resin product comprising heating a

(a) at least one flame retardant epoxy resin;

(b) an amphiphilic block copolymer; and

(c) a curing agent.

23.

A process of producing a coated article, comprising coating an article

with a curable epoxy resin according to Claim 1, and heating the coated article to cure

the epoxy resin.
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