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Abstract

BLOX™ Adhesive and Bamer Resns ar the first
commercilized poymers fiom a new famiy of
them oplastics, namely polyhydioxyam noethers PHAE).
These resins offer a unigue property set, ichiding excellent
adhesion 1o a variety of substrates, high gas barrer, superior
clriy, and good mechanical spength and toughness. T
additon, these resis are amorphous and can be easily
processed usihg  conventional  therm oplastic processing
tedmigues. Som e comm ercial applications to-date utlizing
PHAE rwsihns hiclide barer padkaging, sexch-based foam
packaging, and pow dercoatings.

EPOXY BASED THERM OPLASTICS
Phenoxy Type Products
Epoxyased therm oplastic resins are notnew m aterials, w ih
polhydioxyether polymers EKHH™) (@) mntoduced

aom m excially overthity yearsago. These phenoxy resins are
produced In a batth process nvolving the macton of
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Taffy Process

ID epending on B igphenol A /Epichlorhydrin rato, different chain engths are cbtained
'n’ may vary from 0 to 60 in anom alG aussian D istrbution.

epichbrhydrin and bisphenol A in desired  stoichiom etric
1atos t© achieve high molecular weights. These esins are
preparrd In olvents wih st mmoval and solvent
Sripping/fecovery, a cogly manufaciring wute which
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contrbutes © ther ehtively high s=lling price (ypically
between $3.00 - $500/b), thus wlegating their use t© Iow
volm e gpplications such as resin modifiers and specialy
aoatings.
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“Fusion (©OrAdvancem ent) Process

Dependiig on DGEBA BE A mtb, differentchain kngths are obtahed.

‘h”mayvary iom 0 to 60,BUT EVEN VALUES DOM NATE, because ofbuill up ofchain
feven num berof B A unis fiom BisphenolA and DG EBA added i each step).

Exampk :n@vemge)=5,contahsn=24,68,10,wihmapry4 and 6.

Alhough n @verage) m ay be the sam e as Taffy Process, distrbuton ofn w flbe different.

This cost Iin iation for epoxy-oasad therm oplastics has been
altered through the developm ent of reactive extrusion REX)
tedhnology. W ih this processing tedmigue, a conventional
Tiquid epoxy resin, such as diglycidyl ether of bigphenol A
DGEBA), can be advanced to a s0lid, high m olecularw eight
1esh I a neat solventless process refened t© as a “Fusion
Process” Q).

Resins made via the REX process are fully converted n a
m atterofm utes, significantly reducing m eanufacturing cogts.
A dditonal benefits incluide duced otto-bot varatons n
m olkaulr w eight distrbution, the flexibiliy to make anall
Tots of varying m olecular w eghts w ith m Inin al waste, and
the ability to custom m ake resins w ih a varety of addiives
such as pgments and flow modifiers. Pethaps most
Inporantly, REX alo albws for oost effectve
m anufacturing of a varety of epoxyased chem istries w ith
differentm olecularw eights and properties.



Tabke 1 details the physical and chem ical properties of
extruderm ade polyhydroxyether products to solution-m ade,

comm erxcially so1d polyhydoxyether resins.

Tabkl.
Com parative Polyhydroxyether Properties

Analysis Solution Dow ExtmderResin
Polym erization

Mw 55492 53946

Mn 14237 14069
MwAMn 33898 33834
Hydolyzable 233 618
Chlrides fopm )

Tensile Stiength fosiy) 10767 10995

HDT (C),264 psi 669 718

Notch Izod o/ 097 1.00

The tensile stength, In pact resistance, m olecularw elght, ete.
are sim ibr and shoud provide com parabk perform ance n
m any applications.

PHAE TypeProducts

O f reoentcom m excial hterestare epoxy-ased them oplastics
produced  through the 1eaction of lgquid epoxy resins and
prin ary am nes. This highly exothem ic chem istry is Yeally
auited for REX, and the resultent polyhydioxyam hoether
PHAE) polymers edhbit ntgung pedomance
characteristics.  This new fam iy of them oplastcs has a
propetty ewvelpe that nclides excelent bamer ©
atm ospheric gases, optical clarity, rem arkable adhesion t© a
varety of sibsmates, noebke mel spength and good
mechanial behavibr. A series of PHAE products have
becam e iem s of commere under the ttade name BLOX
Adhesive and BLOX Bamder Resins and is the basis for the
follow ing discussion.

Basicsof PHAE Polym er Chem istry

The parent polyhydroxyam hoether PHAE 1) of the PHAE
fam iy is m anufactured by eactive extmision @) of DG EBA
w ith ethanolam ine as Indicated 1n e 3, am eltpolym erization
gopwach that allows soichiometric contiol of product
mokaulbr weight. As emphasized h the htroductory
comments, PHAE 1 can be a genunely high-polym eric
therm oplastic; at soichiometric balbnee, eq 3 yieds a
polym er w ih an absolute welght average m okcular w eight
Mw) of around 60,000 and a polydigpersity M w M n) of
dbout3 5. This value ishigher than the M w M n= 2 expected
foran deal sEp-grow th process @) and indicates that some

branching acoom panies the prin arily Inear chain grow th of
eq 3 by am echanism discussed I detailelsswhere @).

PHAE 1 is an almost wobrless (I = 20), tensparent
am orphous resin that undergoes a glass tensition near 80°C .
The materal disolves I highly polr solvents such as
din ethyfom am e but is basically unaffected by aliphatic or
arom atic hydmwcarbons; solvents of interm ediate polrity,
such as acetone, sw ellbutdo notdissolve the resin .

Becausse of is themopbsticity, PHAE 1 cn be
aonventionally processed by injection molding, cast film
extmsion, blown fim extusion, them ofom Ing, extusion
foam Ing and blow m oding. Coextrusion of the m aterialw ih
polyethylene terephthalate PET) and varbus polyolkfins
which m=quire an adhesive layer, such as a makated
pPoypropykne) alo i stabhtforward. Fabrication
conditons for1 is process dependent, and m olcular weight
of the m aterizls can affect process param eters. T general,
however, PHAE rwsins, iciiding 1, ar easily processed
between 180° and 220°C. H igher tam pemture processing
may mEquir howomtin of one of severl avaibbk
proprieary sabilizerpackages.

M echanically, PHAE 1 is a m odemately ductile, mther obust
them oplstic w ih sufficient htegrity for digpossble and
many durebk end uses. W ih a bresk soessof about 7000 psi
Tabke 2), pctonmolded PHAE is shonger than
com pasbly ductle, high-in pact polystyrene HIPS) orABS
oth of which show tensile elongations resem bling that of
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PHAE 1

PHAE 1) and sin ibrto general purpose polystyrene, which is
considersbly m ore brittle than polymerl. Tabk 2 dicates
that the polyhydroxyam noether is a rather sHff themm oplastic
(its m odulus is close to that of PET'), yet has good practical
toughness, dan onstrated by the polym ers ductile mther than
brittle failire h Dynatup experiments. These tests wveal
penetration energies 86 ftb) for polymer 1 that are only
slightly Jow er than values of about 100 ft=b measured for
Thpcton-m oded polycarbonate, a wellknown enghesring
resin that com bines rigidity and in pact resistance. How ever,
toughness I poymer 1 is sensitive to scratches and surface
dam age the m aterial is "notch sensitive") . The notched Tzod
In pactenergy for njpcton-m oded PHAE isa respecteble 2 -



3 e/ and com parbke t© those of w delyused ABS and
HIPS

Tabk2.

M echanicalproperties of njection-m olded polhydroxy-
am hoetherl

Property Perform ance
Physical Form Pellets
Densiy 12gml
Tg (@m orphous) 78° C
Y #d Stength 8300 psi
Biesk Stength 6900 psi
E Iongation 46 %
FlexualM odulus 351,000 psi
N otched zod In pactEnergy 2 b/
D ynatup Tn pactEnergy 86 fitb Cuctk failne)
H eatD istortion UnderLoad 70°C (66 psi)
HDUL)

butm uch Iow er than the value of 17 fi=b/n that is typical of
polycarbonate. The heatdistortion tem peratire HDUL) of 1
(70°C) i slghtly below is Tg. This w sofftening
tEm perature m akes polym er 1 deal for is use  multibyer
PET basad contamners, which are blow m olded around 100°C
but t is a dissdventege for many dureblke applications.
Conssquently, new PHAE wih the potentil for higher
HDUL presently are underdevelopm ent.

A mapr Impetus o polyhydioxyam noethers was the
Tkelhood that the pendant hydroxy groups that populate the
backbones of these polymers would contrbute t© srong
terhan hydrogen bonding, high tem olecular cohesive
enelgy density, and ultn ately good barrer to oxygen and
other atm osgpheric gases 4, 5, 6, 7), makig the materials
attractive forprotective packaging. A s indicated atthe outset,
such is nde=d the case. At60% rEhtdve hum ity and 1oom
Empeature, fiins of poymer 1 exhbi an oxygen
trenam dssion @te O,TR) of 08 ccm 1400 I’-day-am ©.,)
Bamer Unis or BU; Tabk 3) and a catbon dioxide
tranam ission Tate CO,TR) of39BU (0% w=htve hum dity).
Thus, PHAE 1,has4 -5 tin es the oxygen and catbon dioxide
barrerof the PET O,TR = 4 -5BU and CO,TR = 25 - 30
BU) B8) commonly used in soft drink packaging. (o put
theee O,TR values In pergpectve, most commerial
them oplastics are quite perm esbke w ith O,TR of 50 to 500
BU). Tmly highbarier chamacteristics 1n the PHAE fam ily
can be achieved by aopolymerizing ethanolm he w ih
DGEBA and resorcholdiglcidyl ether RDGE) to yed
polymerssuchas2 -5 nTabk 3.

These amorphous them oplbstics, which have hceasd
opporiniy for nterchain hydrogen bonding com pared w ih
poymer 1, exhbit O,TR as Iow as 004 BU bamier
perfom ance. This is com parsble © thatof the ethylene vinyl
akohol

Tabk3.

O xygen tranam ission ratesof RDGE m odified pokm ers

%oﬂ/ﬁiooﬂ/ﬁio%

StructureNo. x O ,TR*
2 10 080
3 0.75 038
4 07 020
5 05 004
*acm /100 i’ -aim -day

aopolym ers EVOH ), barriernyins based on adipic acid and
xXylylene diam ine) orpolyvinylidene chloride resins cunently
used I rigid and flexdole barrier packaging. Polymers 2 -5
also are excellent barrers t© carbon dioxide w ith CO, TR of
s then 25 BU. Valies, which mpresnt oxygen
tenam dssion m@tes O,TR) as com 1400 I’-day-sm  ©.,)
Eexpressed here as Bamder Unis or BU) were detem ned
according o ASTM m ethod D3985-81 for3 -5milfiimsat
23 °C and 60% rhtvehum diy.

Th additon to thefrunusual barrer properties, PHAE shongly
adhere to a varkety of substates, a probable consequence of
the abilty of pendant hydwoxy fimctons on these
m acrom olecules to undergo nterfaci], polar nteractionsw ih
otherm aterials. Forexam plk, the lap shearstength of
polymer 1, bonded at 180 °C to cod-wled steel, is about
3500 psi. This behavior is consisent w ith that of two-part
epoxy themm osets which can have Ip shear stengths across
the range of 1500 t 5000 psi ©). T additon, poymer 1
chow s evidence for bonding to PET at tem pemtures well
below the m elting pointof the polyeser. Fracture energies or
G 10),meagured forthe nterface of 2 -5 molded to PET at
220 °C, vary fiom 45 t© 60 Jf°; ;1 contast, high-banier
nylon show s virtually no adhesion t PET w ih G ¢ less than
10 Jfn® . On an absolute basis pethaps, these differences
appear snall, but 1 dwp tess of blow -molded, muldlbyer
PET bottles ncorporating various barrer layers, those bassd
on PHAE are ten tines m ore resisant to delam hation than
are constmictions containing EVOH orbamernylon.

The adhesive propertiesof PHAE also m anifesttham selves n
the behavior of the polymers filled wih mieml and
1enew abke fillers. T filled therm oplastics h which adhesion
betw een the m atrix polym erand the filler is poor, m echanical
properties, pardoulbrly tensile stess, decrease w ith creased
Tading. Polyhydroxyam noethers bond effectively wih a



rum berof fillers and actually display ncreased stength when
Jaded w ih m i, t8le, calcim catbonate, wood flour and
even granubr sarch. As an examplk, bresk stess of
com pression-m olded, 40-m il plgues of polymer 1 clinbs
fiom about 6300 psi unfilled t© over 11,000 psi after the
materil is m el blended wih 30% hardwood fourwih a
particle size of Jess than 125 um . Tensilke m odulus ncreases
fiom 415,000 psito 813,000 psihave been m easured 1n these
gecinens aswell T fact, tensile srengths as high 13,000
psi for poymer 1 filled wih 20% m ica or vk have been
m easured.

COMMERCIAL APPLICATIONS

R gid Contahers

Phgtic PET bevereage contehers are a sepke packagig
medim for catbonated soft drinks and have been
conmercilly avaibbke shce the 1970s. Alhough an
adequate barrerm aterial, PET barrier properties are usually
not sufficient for em all contaners (ess than 20 ounce sored
atmoom tem peatie), or forbeverages w hose flavorand shelf
life are very sensitive to oxygen exposure, such as beer and
judoes. Forthese applications, m ulb-layer containers of PET
and a high barmerpolym er are currently under developm ent.
The most commerwilly advanced muld-byer contahers
antain ether EVOH, MXD6 nyln, or polyethylene
naphthalete PEN ). These resins all provide adequate shelf
life for oxygen sensitive beverages. Significant differences
center on pricing, processbility, and adhesion to PET.
Adheson o PET is a sgnificant advantege of PHAE,
allow Ing forgreater packaging desion flexibility and superior
1esistance to delam hation due o shipping and handling.

LOOSE FILL

T a otally unrelbted packaging application, PHAE has found
comm ercial value as a binder n enviorm enally friendly,
garchJoased foam packaging such as Joose fill (ie., packing
“Yoeanuts’) and cormugated cheet.  This epoxydoased
themm oplstics exhiits excellnt adhesion t© the sarch
matrix, offers good ductlity and resiliency to the foam
product;, allow s foreasy processability of the garch, enablesa
Trger percentage of the hexpensive, renew ebke resource In
the fomulbton, and Mmproves overll econom s over
com peting com m erxcial form ulatdons.

The excellnt adhesive characteristics of PHAE ar a
probable conssquence of the ability of the pendant hydroxy
finctions © undergo interfacil, polr nteractons wih
materals such as me@l, ghss, other polr polym ers, and
cellibbosics such as cotton, paper; and garch. T addibon t©
excellent adhesion to sarch, PHAE offers the theological
profik and themm al characteristics necessary for sarch foam

extusion. Not often thought of as an extwdable
themm oplastic, sarch can be m el processad w ith sufficient
plasticizer, tem peature, and shear conditons to denature the
granules nto a them oplstic mass. Addidonal needs for
foam extusion nclude sufficientblow g agentand pressure
diop across the die for adequate cell size and stmicture.
A dding to this com pkxity is thatw ater is used asboth a cost
effective plasticizer and blow Ing agent, which m eans the two
wles cannotbe independently controlled. A binder system , a
necessity for final product resiliency and toughness, must
therefore conform o the delicate balance of theological and
therm al hisory rquirem ents of sarch processing. And
finally, am ajpratrbute of PHAE Aarch loose fill over other
comm ercial fomultions is the PHAE endbles hexpensive
native garch t© be used 1 the fomultion, and at higher
¥kvels, favorrbly mpacting eonomics. T fact, the
econom ics of PHAE tedmology allow s for the potential of
sarch-based foam packaging o favorsbly com pete against its
polystyrene rival

POW DER COATINGS

Ancther hteresting comm ercial gpplhication for this new
fam ily of epoxy-ased therm oplastics is n pow der coatings,
an area where therm oplastics stuggle prim arily because of
Tadequate adhesion o substates such as metal, glss, and
wood. PHAE has found aniche as an econom ically atractive
wpkbeanent for high performance nylns uch as 1
autom otive and display 1=k applications) and developm ent
aontinues 1 applications w hich require excellentm echanical
durability, toughness, and superioradhesion.

Summ ary

Polyhydroxyether themm oplastics  possess a unique property
profile which includes excellent adhesion t© a varety of
substates, m echanical stiffness and durability, optical clardty,
and ease 1n them al processing. A new type of epoxyasd
plstic, PHAE, has reoently been added to this fam iy, one
that exhibits superior gas bamer perfom ance.  Through
mwactive extwusion technology, this versatile collection of
polym ers are now comm excially avaibble w ih a significently
m ore attractive pricihg stuctire, w hich should spur theruse
T avarety ofnew applications.
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