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Accelerated Aging and Characterization of a 
Plasticized Poly(ester urethane) Binder 

] 

Deb.'a A. Wrobleski' , David A. Langlois', E. Bruce Orler\ Andrea 
J .. abotlrlau \ Muriana Uribe', Robert Houlto 2, .loci D. KI'(~SS"\ Brian 

Kendrick) 

I Polymer and Coatin~s (MST-7) 
2Structurel Properties Relations (MST -8) 

-'Theoretical Chemistry and Molecular Physics (T·12) 
Los Alamos National Laboratory , 1.0 ... Aillmos, NM 87545 

This chapte r <.It:sc nb l!s two acccil'r:ued ;.ging slud il:s 
t:mphasil.ing l~i lher oxidative degradation wr hydro )'lic 
degradat ion uf a plusticized commerc ial po lyh:~tcr ur.:lhane) 
(ES(imC® 5703). Tile ;lgi n" conditions n:: sull in uominancc of 
, 1[H~ of thi.! degwtl:tliof\ mCl'hanisms ov,:r Ihe otheL Th~~ 

ox idoliv..; degwd:.lt iorl sludy is fll t.:uscJ 1m the kinclics of (he 
ox idation of the hard sl:gm..:nls ~nd its impact nn mechani,'aJ 
properlies. Th.: hydrolytic uegrad ali .,n 'it ud)' h focused on 
("hain lic i . ·~ion n.:actions of thL' polyester soft ~cgrw:nt!' . These 
propcl1ics have hCl'n modeled for difk r,~ n t aging hllmiditil.!s 
using a lifeti me redic liol1 hvc1roly~is nhllll'l BOlh ~llId i .; , 

\;;v· IU,He d 'gralla tiol\ hy 'H NMI<. and ,PC I1ln\ecu\;tr \wighi 
ana lysis. III NMR sp n-:,pin relaxatiun limes have hl'en 
cvu lu(Jwo for hydrolyt ic degradation uf blanc indicating thaI 
I yurnlY/cd Esl:llle ~hl)w~ grulIt!f <.:Imi n mobility. 
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Introduction 

"'Vc h;1Ve ~ I udil:tl :.!cccleral ,d a/;; ing t)f Ihe high explosive, PH X 950 I, h lllt,k:1 

:.l~ U means of under tand ing degradat ion mt:(;h:m i ~ms umkr ~irnll l :Jt t:l( i.lging 
cllnd ilil)ns, Accclenttoo aging stud ies an: important hccau~ it provide!> InsIghts 

011 H ing lcchanisms il lld hdp~ m()deli ng crfllfts for li fe time prl'di<:ti\l!\~ . Tlw 
': l)mrO~ i ljo ll uf PB X Y50 I i ~ 95'k HMX and 'i 1Jc hinder. The hi nder u)n s i ~ l s uf 
50'lt: ESI;,tm:~57(J1 (Estane) and 50% nitropla,lic izer (NT') and a ~ lIlall ilf!luunl of 
hmdc ('~d phenol ;,labili",er, lrgano.'( 10 10. Eslnnc I::' a ~l'g.rncn((.:d poly( c~ "l'r 

ufl' lhanl:) cl msist i llg or poly(butylelll: :tdirutc ) J.S lil \: n ... xibk soft '>cglllcnr :lm! 
4,4 'lnclhyk n '-diphL'llyl- l, l '-diisocyanalc (MDI) cll il in-exlendc,l with ! ,4-
hutilnl'diol (BDO) !IS the ('igid had segment shown in fi gure I. !ncumplIl ihility 
or U1C h.lrc..l and ~on segmen ts w uscs plH1Sl: scpar"ti,lIl inlu JOn1;J ins( !), The 
dOrlJai n Slrlic lurc increases lhe mechanical 5[[englh 0[' thl: material . The 
IlllrllpJ:.l\l ic izCI· is t: lI tcctic mi xlure of hi s(2.2-dinitrnprop '1 )fonnal IHDNPF} 
.tTl I 1)j,(2.2· L1in iLrupflJpyl )IlCcl al ( BD~PA) , Til' n it ropJ a s li ~i"~' r j , ml rl(;d 10 Ih,: 
hinder to improve Ih~ perfunnancc or the hi:li t:xrlo~ j \i c . Slll ce I!ll: hi ndl' l" 

11, 
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pmvid1!5 mechan ic.,j\ inlq;rity of lh..: PBX 950\ Lllmp()~ite . il is ..:::;,c lll II I,) 

understand how its llk:chanicai pmperr.i<.: s change with aging and id~1 liry tile 
dll'rJ1!cai degradatiun mecbanisms. 

I'WI) sl' paWl\; aging mcch:.mism;; have heen identI fi ed: hyd roly tic ;.ll1d 
oxid:ltiv i..! lkgrudaLion . Under acccicraLeJ agi ng mnditions with '.\I.1t 'r prescnt. 
clia in ,c iss ioll of the poly(e";[lT ur.:thanc) uominatl's dUl' to hydrolysis or the 
pulyc\(L'r soft scgrn' llIs or Eswne(2.1). l)n(kr dry ('()ndirions and inert 
Allltlsphcrc, E~t;lf\l' in I he prc~<~ncc l,f NP undergoes oxidati 1'1: dc'gradation in 
\\IIiLil th' hriJging melhylL:nc group or the hardscgnK!nl MDI unit i:o. 
t1X!lil7.l:d(4) . WI.: identitieJ this dcgradatiun prodUl'tlhrough isotopic b bding 
of the MDI unit in prcvio u~ ~ tudi(;s . In add ition. we 113 ·c ohsl.: ~ed an illcrease 
in the Estu!lt: molecular wei gh t J lIC to hranching r,Jf ~ampk~ aged at dl! ';lteJ 
h!mpera(u rt!s in ih.:: pn:sellcc lJC NP . cVl'nlua\ly kauing Ii,) fllnnalitln or ,In 

lnsoluhk. L:ro~s-Ii n h:d gcl(5) . Our pre~t:nt :lud} Ii 'cell y t:{llfl,:latc ; ph 'sic:]1 
properties and I-inctic modds with Ihc~(; t Wt) dcgraJi.t iot1 11lc::chanism, 

Experimental 

Materials, 

Thl: F. ... lilrU!'O> 570:'1 was ohtulned as pellels from Th liP ,()()dri ~h Co. 
:.stancO 570, Gonlains approximately 23<;, hard !>egllleO ts c:on<;ist ing of 4,4' · 

llll.!Ihylc nediphl'rly l- l . l ' -d iisocyanalc (MDI) and t A-butancdiol (BDO) chuin 
ext 'nuer(6) ant! poly(b utylcuc ad ipiUle) soft segment cotnpriseu of Illl)lc:{'ular 
wd hI In Ih : range: of 1000 AMU. Spt:ctro~copic grauc Jimelhylformarn idc 
(DMF) and mcthyklhyl ke{om: (MEK) wcn~ l'btaincd fid m Fish;;;)' Sci~nlifir.: . 

I hl' lIitmplastici/c r, a (50/50) eutect ic rni:<turc (\ 1' hi,(2.2-dinilropropyl)krmai 
and his(2.L-dinitropropyl)acl'wl \II;l ~ oblain..;d [mm th" high (' xpln<;iv,:~ grpup 'jl 

LAN\" lrganox 101 0 was ohtain.:d from Ciha C' i"y. 

Binder sample prcpm'ation . 

.Estanc sarnpks \\il~rC clllllpre%ioll molJed ;It I !(j"c. Thl' hknds of L,t,me") 
5701 ;tnd NP ( I: I w! ratiu) or EslanelNP (I" wi rali,,) :mJ irganox 1010 (2 Ck) 
I.I.Clc prcpared hy disso lving the comrll)ncn\:-; )11 MEK to CdS! thin fil m, 1'"II"wcd 
hy air -dryi ng a! room lempcralun:. Ii.: films were dri .. (J ill \'fJUJO f,) r :. day" 
flJI\(1Wni by drying at 65"C ti.)r 16 hour, at 41mhici1l rrcs~ur<.! . Samples v~rc 
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t:1''11fln!<;"lOn n O!dl~d a XS "C intu appro;.;, 1 111m tl iiek <;ill'~ I S and rlu.:cd in <Iging 

cllilrnhers for tlt l' various ~tlJdic' . 

Oxidutive binder Ilnd hydrolytic hinder dcgrndatioll nging studies, 

hI;': (lx iUali e binJer sumple ~, 0 1' FslUnt /NP wer..: placed In ghts: ampoules 
Lind Ileum; s~al i!d unda argon o r pl:llX'd in fl l~wl llgi n!,; chan lhns Illr h~n\lIc 
spceinh:nli. l' vacu:lIed ~Uld haek fil k:d with ;trgon \.I provide ,1 tlry ,.lxygcn r 'c 
-:f\VirLlI1mcnl for aging study . he ampoules and aging l h , llTlhef~ w 'I' : pia<.:cd in 
:lging ovens fit 55 , 65 and 75"C nnd removed pcri lld icaliy h)r :lOulysis. 

I'ht~ i yLl rolyl /C 11 111(1<;1' samples of [,1:1m:. E,.lundNI' or ES!iolndNPllrgarlo;, 
were placed in metul cans in which an aqueous salur:tted salt ~olul i on suppliul :l 
Clln~lanl rdative humidi ty (lUI). Salurated nqucou~ ~alt soluuons w.:rc lTI1_'JSUr~J 
ill .,iru 10 gi v~ humidi lY of 73 (Nul' I), 5.1 (MgCl ,), :l:'i (N'] r) lind 15' .. i,RH 
([ j(,I). rhL: .'>luTtpks WI,:I'C plu"I!J in the cllamiJt:[s, 1l11~ht'd with ;lr~on and 
pluL:l.:d in a 7Qoe (well. Sumplc\ were n:mtl \'cd pt.riodi...:alty 1'01' l,ilIulYSI'i . 

instrurn 'nt.ation. 

(,ei pCllllcuti n ci uoll'la(ogr;lphy (( ire) \\"l~ B:eel to cll:) l i tlt' mnlcnl lar 
\eights ilnJ Il1nkClilar wl: ighr dblribulion'i. M.J Mn' of po l ncr sump] 'S with 

re "I'lCct to polystyrene stanJards . The CPC <':olhi:;ld of an lIiancl: 269{) rum\) 
L'quipped with a Wyult Rex Dl fkn:nl ial R ... fw.Clivl.; Ind,~ x lklct:lllr and lJlili/.cd 
lhr",.; Pnlymer Lab~ PI- Mixed R GPC Colu mn'i J l 7We (DMf') or 40~C en-H" 
It a llu y rate of I.U mLfmin . f he n1\licl.:ui<lf weigh1" wcre calcul<lkJ n.:lativc lc.1 

h' rch:n titJn times Ill' [1()Iystyr'cne and puly ' (hy lcnL: nx i' l' ~Iandurd: fllr n 11' or 
1'"1),tyn.: n,, ;.mel ptllyLel rahyJrofuran la j,lrJs Cor THF j~ing W;llt'r~ 

Corporation's El11ruwL:!" sOrtw;Jre . 
I H NMR ~ rK' <': l ra we re ohlaincll on a Bntker AVANCI:: :~on NMR 

spt:ct!lIInelCr al ;\()(). I J 175 MHI. u~ inl' 11.0 ~!~ 90" [,u ls!.: wi th a (d) flS rl'<.:yek: 
d lay . Samples were dissolved in J 7-dilll<.:thyl f()rn1<lmlde rur th t; t)(iddiv\: 
binde d..: 'raliulilln ~lldy ;lI1d in CDCI ) for th<: hydllll ysis bmder d'gnIJaU()!1 

siudy w,i!l' ~I~ an i ll[erl1;'! ! rdcn;nee. T2 Im::lSlJr,~nh.:n1~ or hyJf'lllyl.t:d L'!<lm.: 
,\'crt: I, I'I:.Iin(;d u~in~~ Il le Illinj ,p ' J.: Pmhk:r by Ijruk-:r ()pti,', usiflg Ihe CP.'vl(, 
PI. lSI. s~qucll('e on thc Nl'vlR Mobile Um v'lrs.!I 'iurf;lcc Exp!r.lrcr ( L \fIR 
MO j"lE) 

For t..:nsi k p rop1..:nii.'~ . log-bone samples Wl'f" die CUi from lh,: aged 
\PCcilllCllS using sLUndardized dies fro m the Onlar 0 Die Company. TILL: 
m<!chauic;J.] properties wt:re measured us ing two ddkrcnt instruments: ;,,) an 
Instrol1 (mode! # 44X.1) load fram with a 1 KN h)uJ ce l l (taker) 0 hrc<tk) and h) a 
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luad I'rarllL! i"rcli 1 the Ernest F. FullUlTl CompaJlY using the Fullam Malt!rials 
Tl,:stilll, Sy~lem. For the lnslnm, the inilial ~frai n ralt~ W;t~ IOOO ',1.!min. 'I'h.:: 
l\1<!chan ical dala W<l$ un;\l)'7t:d Ilsint,; , 'eric's 1 ' Automaled Materi als '1'051 

Soitwan: (Vnsion 7.2:tOO). TIle Fullam syst.em lI Sl' S Ih" :JUtomalcu uata 
;lcqui$i ti 'ln packa g..: ·1TESTWinuo\\lsl"M from ADMl:T, 111(;, (cyc lic mod.: taken 
tl) 4()O'1(, ~lr3i ll ). For Ill" cydic measurements IbL: ~Irilin rales fHlm 
:lpproxinUltdy J.j to 1.6 1Tl00/ l;CC . Samples Gin e cyc lica l! y ,trained t( ) " lIow 
for hy,lcn:tlc data fo be gathered as Ihe lCnsi h: ~t<lgc 'cwms til it 's initial swrling 
rl)il1t E"ell data sct is an average o f 5 samrl 'so 

Results and Di.'lcus. ion 

Esw c/NI' binder .. vas ngl.~d unucr innl atJllmph:;'c at r)~, 75 and K5 C for 
lht: u~iui.lLive dcgnld:ltiDn ,tudy. These Mllli P Il'. 'i \\Il'W anui ylcd hy , I NMR ~Ind 
(;PC annlysi.. . 'TIll' firs t order "indies wu~ cxamined hac;cJ IJn Ih<.. n; I;llivc 

JIIlllUnl or oxidatiun in Estall\!. Mcchanicul prOpc rl le, of this 1lgt'd h im.kr were 
..:,XaJllinl'd and w.:rc cundall'd to the alTltlunf t) f Est~ .:: oxidation . 

The hydwlyliL (kgrmJalion ~tUlJy examined lht aging 0 Eli tanc;;1 vari,)lIs 
hUlllidity usi ng saturaled sail sol ulions. The (iPC and 11-/ NMR ;nli.Jlysi~ 
<.Juantilicd the amoun t of hydrolyt ic cha in scission . These resu lt.. WCd: utililcd 
Il) v;; lidak a hydrolyt ic degmdatinn mod 'I ro r priqinc Es'an~' dnd Eslane wilh 
"ll' ,Ifld Irganox lOW. Bst:l Ilc!NP v.-i Lhnut Irga ll llx shll",,'d sIgns 01 hol.h 
hydrolYli.: cgradatiQn and ox i dil t i \'l~ dq;radalion . 

'I hl's\.' slUJies aft' dis u.' scu in deta il in the Icxt ' l'cf iOI1". 

L Oxidative llindt>r De~radation Study 

Under dry c lnditiurls and inc i'l atmosphere' , ESla ne in the prc,cllc ' P 
undergo,:, o xida tive degradat iufI in which the hli dging ll1l'thyklll' ",roup 01 !he 
hald ~"grn 'nl MDl unil is oxiJih'd . Tht" GPC of aged EstaneiNP i ll DMF (II" 

rHF s0lvl'n t showed an i ncrease in lhc poiyuispcrsilY inde , (Mw/?vln ) CrOll I. . 
t() >10 upon ag ing. T his could !-'l' tl ll t: to bram;hillg o r cm:,s-!inking of" Es £Inc . 
, t e . .(tenud agi n,.: tim.;-;, gel ptlrtide.- wer.: \,tN!J"\cd whik lii!ering GPC 
~"!111 k~ . Tht: usc of (iPe PDI d<!ta hJ ueten l ine kine tic." r lJ" Lil io; systt:m IS 

dis'"\I~sl'd in (ktail in another chapler in th is olull1c (7) . 
The aged stanl'fNP sumplc:s wac analyzed by proton '1M .I" 'l' n i ii 

FI!!.ure 2. ",Ie identin"u these !'-jM R f(' .tltm~s assoc i,l\cu with Ihe "", idation (lith' 
}'IIJ! In F~t:ln'~ in our l:arii er work us ing "N lahcled l-"SUllld4). DClltl'nlled DMf' 
\II:!'; IStJ as the soh.:n! bt:cuuse Lht: NH resonam;cs \lete \wll Sl'PCtflll\:(j from the 
afOlTlillic prulons. Upon <\giil£ Es tanelNP, a new NI-j reS(lIUnCC for oxidized 
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!::smile' at JO .O:'ippm grows in inl;:nsity relative to "' .-"ppm fiJI' unagc:d blanc. 
I hL' phenyl prul.l.lns t.:ullapsc l'c\Jln :1 duuhkt or d\Jublt.:t~ at 7. 17.()ppm to a 
\ ingkl al 7,iip m. lill~gratioll or these lWII ~I:L, of n.;sonanc;c'i ,I! 1m.,. 'd u: I I'I 

qllunti(:Hc [he amount llf oxidized MOl in th..: !,olymer. . ~ilrnm:lry oj' th iS dala 
j, P11:Wfl ll'J in i':.Ihk 1. It' i ~ readily seen tilal illl('gration (JI c' ilhcr !hl: NH >r 

fh";'lll! r.:.r\~n!!:<; -'i,i".::;' 11~J~ I~S~l~ - 1 , .... .... ...... . ................ .. .. ............ . .. 
~ : !J ; 

I ~, ,C I : ~ : 
I 0 l/ 'Y '( """ 0 I: 0 /.~/'.'l/" .. ~ : 
I ~. I rJ I t'l /t: I 1 !I [I J 1,1 ,l?! ; 

J>/ ' N/ "'~/ '-0 N' .... O-R I . .C,. ,/. ",' '-,. ,'Y . . , C, . . 
I Fh.' H" " ; A 0' N ~~ ~'tl O-R : 
.. ____________ _ _ J · .. ... ...... H ........ .. ... ...... ... .. rl. ...... .. .. · 

MOl Jrnll1 [s tane Oxidill'u MDI from E)tan c~ 

'--I llMF r l-- rl 
I I I I 
I A I 42 days "l! 'e~~ .... I / I 
I ;l I I • I : I I , . I 1 r 'T -' + ( " _0' 1 

.J 
I 

I J I 

I t I 
J.~~ 

2X days 

7 d:.Jy 

11 
: I 

I 
I 
I . 

: ~ 
I 
w _ . \ 

: : ~ ~ 
~ J) \ } . 

} : . , \ 

- '- : : ~, '-- - J--..... . - - --

, 
I 

I 

.. ,......--,-'_., i '---1 I !.~~ . 

'0 H pml(1Il.~ S 8 Pht.: ilyl pmtons {ppm] 

f-lg"I': 2 J II NMN sp/:' 'Ira of thf FSlalldNP (Iil!d('/' (H:~'J at;.:5 QC /lIltll:' l (1I)I')fC. 

Pro[{Jn NMR dalll for the relative amount ot' \I,\I\1i/cd MDI L <lU lJ ' ploltt:u as 
run.:tion of aging lime lo (!vuluutc the kinetic L,f 1I1i ~ rroce~s . T lte firs t oltk r 

kinel iu , t"il of the Nt-.1R da ta is shllwn ill Figure 1. Rale (s!o!x' ) or ()OOl l/duy 
(N-H) ano 0.00 12/day (Ph..:nyl ·})) agrecs wdl wit h Ihc rute ( I!rivcu \HI NO, I'<IS 

:.JO;dYS1S dala(S) ,rnd from the earlier NMR st udy All Arrhcniu, treatment of tht: 
d.,t:! ,It 65 , 75, S5"C (;,dcul 'l led the ~ICli v(lt illll CJlf:rg y as E,,= 25.5 kC J.l!moj 

6 



Table 1. Percentuge Oxidation of Estnne H ~t:d on IH NMR integration of 
Binder Aged at 85~C 

Dilys aged 

() 
"7 , 

28 
4~ 

57 
70 
105 

11 '" '; ; O:<id .l l no 

% Oxid. (N·H) % ()xid. (I'fl -H) 

0.2 i 

0. 15 

_~ 0.1 

.05 

0 0 
0.79 () 90 
2') 1 ] .90 

6.69 () . Z.1 
X.OO 7.7/1. 
7.52 8.56 
J 1.46 12.3 1 

- - v = O. 031439 + O.OO11044x R= 0.9722 

. • . .. y = 0.0035185 + 0.001 lnx R= 0.99379 

. '. 
~

-.. - .. - . 
-+- NH P!,(J\Ofl 

• -. - - Ph prcton 

50 100 

Time ( ays) 

-Ill! I-rd 

() 

0.00902 
O.D 1'\22 
(J.ON7" 
0.0641 7 
(J.OX95 .1 
O.1J147 

150 

Fi '/m~ }. Fint ordrr kim'ric', h(lsed OT! NiHR data oj' % (i tid(/I /IITI oj' (lilt'flvl <lIltl 
N /1 f'rr>lOl/ s. 

Th~' me(:hanical properties we' re el"aJu::Il,'d hy two ~.:l.~ of llnsik 
nh.;,hun:ml.:nls . Typical stn:,,-stra in curves arlO shown in Figure 4 . The modulus 
and sln.:<;s deerc.:IlM: wiilt in or ';J,i ng agi ng ti m\: . Similar rL!~ults ,m. oh,('r'YL!d fur 
;III :\ging sarnph::s at till: 111rl:':: aging ternpt:r:llUf.:. of 65, 75 emu X5"C. B,lli l 
lesting '[h( s provillcd I!~~.::n(i ;jll. lh~ sam~ \cn~ile data at OOr,~ cxtcn'ion . 
I\.1l'l.hanieal rroperti~s 'or SUJl1plc~ ag'd at ::Ill lI.:mpcr<1lL1r(;s Wl:rc pl,)tl.:d a: a 
fll11d illn of' ox idation in FigurL: 5. a = rL!i,l li \'(: illflO!IIl1 III MDI oxidilcJ ... nl! -
lnll-Ll.) == solution to fi rst onkr kindies eqUflli\\ (e >,p\)l1c.ntml gro\\Ul). rh" 
, (atll? IIi' the tensile data obscrvl:o for each using l:olld ilion compa s wdl \ ~' i!h 

Ih..: l'Xpt:ri llll:l1lal a rm aS~Ol: i :ll L:d wi lh the measurement. Ovcr<ll1 , there is a nil:c 
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{\n:eieratcu .tging a t clcyalc(\ tcmpt:ralur.:s i·; k own to perturb lie J~ IJ1lajll 

slrud UI< . .' . TId. ~implisli c eorrelation bc(w<;(.'11 o;;;idation and ~ln~ ~, m.:glccl'; Ill..: 

,-onlri bUli lln (If the physical domain structure lO th..: cchunic ,11 properties of III • 
I1 l'\work( I) . '111 i ~ is purlieularly impml:Hll ",here: .:ns:-.·· linking at ck~~lt..:d 

tClllpL"mlun:s prev('nts the domains from rc r\J lmi!l~ UP,lIl cr o ling. Future w Irk 
nt: -us [) i curp rat..: (mode ) mo·rpho logi;;al c\i;.wg. \ induced by . cct.: lt: r:lll.'d 
aging \-vith the chemic;" and mechanicill pw rcrt ies. 

n. Hydrolytic Binder Degradation Study. 

ESl"nc ha~ becn shown to hydnJI)'l.t~ via an acit.!-t'ala!YI.<.:d IIlc' .:hafllSl fJ in 
which it walt: r rllolccule altacks an ester link <Jill! illrt l~ an aLiu cnd group all af 
• .11:0[\\1 1 Cf\U group on the pol)mcI chllin. The brca \" ing of the cst-.:r link:; leads to 
d tI 'ere:.; ,..: ill m()I~l'u l ar weight (MW) for JSlanc exposed to humid L:ondilior s. 
Thl.: hydr'1!ylk degradation of bl<tnd NP ha~ hCl'n studied with ll Ll d without 
~tat"'1 111 .:r . T he ~tahili"t:r. Irgunox lO W, is a fr..:t: l adi('~d ~;cayengu . ,PC 

anail'SI~ j ~ s(;n~ i livc 10 bOlh cha in sciss ion and hr :~ lidlin;~ n'k:chani~rns . Tnt.' 
chro!l1ulogrums or hydruiY/.<.:d E~li..l!\c ur E~lanclNP "ilh lrgann). !'.how a ~ll\n\\ h 
dcc n':J~C in molecu lar \ 'eight I-I-ith li llie 'h:mgl' in peak width I PO!) indll'al in g 
Chilill sdssiol1 rcacli o!l ~ dominale (Figure ha ). J'ri stinc blanc hydrolY7.es at a 
fash.:r f~lc thun 12stane/NP with $(.ilh il il.cr im lying Iha l s lahiliz~ r s l,)\\ ., the 
hydml,'sh proces~ . 

Whell E,lanefNl' i .~ hyumlY7cd wir.huu t ~t:lb iJ iLc r, hoth a d~cp~asc in 
[J1uh:;(ular weigh! and ,J incrc, $l' PDt were ol \CI\TJ (Figure 6h). For ~al!lp l cs 

afed lor grcaicr tilan 2Schtys, a high mo lecular we igh! lail is obM'r vcU bcl()\\ i9 
minulc, rL'll~nl.i() n li nlL' . This i ndicat~s hl)lh <.:ha i scission alld bntllLhin", 
renc ions may be occurring with uoed ES l;.lllt: / j IP hi nuer. Nrv-m analysis of lhe 
;lgcd ESI;.lIlc!NP binder WiU10UL sla b i l i l ~r' ~h<lwc d :,jgn~ of o)( idJtion of lhl~ 

hndgin:' rn';lhy lenc group similar to thaI see n ill Hgure 2. In COn(ra~l , SaiIlPlL'S 
0 1 :lg~d ESf<lne and Eslanc/ ' p hinckr W il <; fahili/. :r sho',\! I1IJ signs of o xidJli \c 
d·'grali:J! il\.l1 chclni ... try . 
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Figlll'l' 6, GPC ( ~r il)F.\ttlll(,/NP ~ t ilh "gillLoX lU I(} 11"t! h)f"talle/Nl' it;'{h"II'Zc"j 
(I[ 70"C. 73 ,( lUI. 

IH NMR <Hlalysis of hydru lY/.c:u ESUlne in Jl.'lIlClal<~d chlorui'Unll is i\lIows 
\)hscrv ~t{illn 01 hyJllllysis product~, Examinatioll or Ihl.! rrnhlll NMR 01 aged 
hnJt:r revealed ft:aturl' a~sodatl:d wit h hydrolysIs ur tile pll lyesl'l' .'on 
;.q;m..:nls of ESlane(4) ,IS ~~Cll in Figure 7, Tht: C\kr hydroJyf.es to gIve: an ac id 
:;roull urld an aicollo) cfld group r~lr each chajn ~..:is'l\lfI rt'uc;t llll as sh\)~\n hdow. 
Idc:m il'iclli,m or Ihe rl's,)nun..:,! al 1 65 flfli11 a. Iho.: 'H;. gr()up adp e ' nt In lh~ 

hyur,) yl group ft C the alcoho! hydrolysis pn,)UUCl pr\.lvided l m<'iI 1~ 1\' YIJarll!'Y 
Ih.:: ~lm, )Un\ or p\llymcr hydrolysis \)c~urring ul1lkr eli Tcro.:nt humidity <.;onoilinns. 

'I'll..: n.: l:lr.ivl: amoun t or alc,)hlll groups is cJe tcr!l1 incJ hy dh i i llf! Ill,.; Ifli\' grmi\ln 
of tht; ulcohu l pc::tk ( L) al .. 65 r pm in it c ngl.!d si.lIl1plc hy al11l1unt I akl. lll l in 
Ih ... Ullaged ESllI lI l: (I .\I). 
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Figure 7. 'H NMR (Coet,;) of J::.\/{ilielNPllrga!iu IOllJ (;;:('(1 at 7J r,·;, RH 7()" ., 

Thl' . MR and GPC 1I:.'lIlis \~erc pnwldt:J 10 validat..: predi'::livL: moJd ' 
hJs~d n E~tan~ hyurnlysis(2), Estanc h:'b b.::t:n sh()l,\r1 lH hydrolY/l' vi., JfI ;Kid .. 
..:u\;dYI -0 ) 'It; ;.:han ism in wh ich it wala rno lcclIiL' auacks Llil L'stcr link and I<mns 
a acid end group and an alcoho l end group 011 til l! polymer ch:.tin, Thc hrcaki ll' 
of th.:: t:<; lcr links Icad~ to a decrease in molccula weighl (MW) for E. .. lnm: 
cxpoC><!d t humid conditions. A single set of rale cu..:fricicnls fN thi, mcchani';J1l 
wa~ ,lbtainl'd(2) hy rillin to St.,vcr::d different hydro lyt ic aging npcrimcnh Illr 
Il':ill E>!(;Inc 'm.! 1I1ore n;cently(3) rur UK hi nde r' in pnx 9501 (which contains 
E~I.lIlt!, NP alld Trgannx 1010). 'hc rale COil I;mls an; l'lI1ploycJ in ,I kinet ics 
rllOlk , Lin Ihe nil!: cli llation,; <Ire integrated nUlm:ricall j lQ simn hw; tltt! chall)2e in 
MW with lime, 1n lht: presel1l work,lllt rate ll )t: fficiC nl II r WaleI' aliSllrplillfl W.:lS 
d~'<:n: ascd slightly I besL (;LlpIUrC lhl: cilange in l\iIW or the binder over lhe wick 
rmlgc of relativl' humid ity va lues , Al l 01 Ii e nthe!' (hydrolY:1S) rule 
cpc!:fH.:i" nts(\) were kh unchanged. This slight changc in Ih\~ il ler mJsorl't iofi 
raIl: is pruhahly du..: to Illt: d ii't'l:rcncc in wate r upt ake hctwc .. 11 pure bimlcr (usc.! 
in thIS ;tully} unu tlie biJ1dcr lViLI1in PBX 950] wl'i,; 1 is ,ulTotmdcd hy lIMA. As 
, ..:en in Figure 8. good <lgrcemel11 is l)b~<,; rvcd bt:lwc.:n the hydmlysis modd and 
lhl. ,,:xI1crirncnt;11 moil'cllhif 'Ne igh t hydw l y~i s daia fur ,cvc:ra l humidi!l(!'; . 

,\c..~ sYlllpo~ i lllll scri~, JXlpnDA WPrintcd 1,1/5/2007 J I 
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Figurt' S_ COIli{ll/l'i.\{)1/ (~r the e.\J1<· l'i lll(,Tlllii d ll ill (, P('/I !narl.en) ~I'ilil iryJmiysi.l 
lIluriei ( \'/11 iii lille )ji,r r: \'ulllelNl'll rgw (I. ' . vi 70'C (II gll'en IWI/litlil\' 

In adJitlOn to pn:dicfing fI1lJiL'': l.llar \\'ei,~hl " I' F~t;tfl': ulluL'r \,:riou~ humidity 
~llnditi('lls , rhO:! mo(kl can preilicllhc n: lati\'c Ull lO fI! l1f hyl1f\ilysh pl"Udu~l~ '.vith 
ilkllll II end-groups. Pri~linc E~lanl' Cl>n l,\in, a )!rtatl 'm(lunl ,If 3kllilol l'l" 
g,ours du.: \(J the manufucturing pruct'ss . By NMR . we have mcu,ureu lite 
reluc i\'(; :1I110Ul1! of aleDh,)1 cnd -gruurs lUlu) in E,lanc ~dto.:r aging. .\n 
~x p,m" llli<l1 ref li unship in Figure ( is secil h :twecn L1Lo aod the n l,)le~ulal 

we ight I'M hoth ESlanc , nu EswociNP/Jrganox bimkr hydrolyzed under SCH!f,l! 

it '<-'It'll!. hlil11 iliilics at 70"C, Even though. the rail:" pt' hjum!y:-.il> lor IIl'St' 
~(IfI1p lc~ wen~ Liillerl'r t, 11 n:blinn,hip MW hdW •. ·l' 11 Ill.o wa~ oh,.: rY<.:d. 

'1 h.: ·.-penmental datu rur n ukcul ar wei!;ht a Ill! lJL(I ugrl't' \ ~i.:l i wi!" llle 

h~·JroIY l i .; dcgruualiol1 pn:dictivc model lor Lt:1il ,: a~ slltJ\\n i ll Figur..: 10. O£1-
g(l in~ c'l:pcri l11l'IlIUI work vulidating the Eswnl~ hyJr/Jlysi\ moJt:i I-,)r Est..! ll\.. 

b ' nder >il! c< IlLI ihutc to pro" id in;; il r\liluSl jitl:limc prcLii<;tion ror PliX 9"iOI 
l'''rh ,iws. 

::..t·S ·.yn posiu!l\ SL'fics rapL' rlJA WPrintcJ 9/5 /2007 
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:,gure il) . . 'ollJ/JarisoI1 lI/(').pl'I"ifl1l'l!tai "lIta (, pt'il markers) H'ilil model (l'llC 
;;)/"//1 dmlYlic aging of [Sial/('. Dashed line I, Ihl' lIIodd jiJ,. II/IIIt!CII/ar 1I't'i t;11I 

,lIl1i .,olid /ill e is Ill(' model j iJl" rda/iv/! ,!leoh,)/ conle/II i ll rill: f'O/JIllt'(, 

If) aJJilioJl . wc; hLl '!t: pmht:d hydrolyzcu Estilr1e ~umrk wilh Lhe NMR 
Mol)i\": Uni versal Surface Expll1n:r (NMR MOUSE) ( 10), This technique i, .\ 
quic l1()n·im asiVL" tL"<.:hniqlll' 10 ddenn i!\~ fhl.! dTl.'! thal r o lym<.:r dl'!.lradalion 
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h,I,' on !l'> phY'ii 'ti l propenicb, Polymer chai n nluhility can he dt:lcClt~d by pn>llH 
spin-spin relaxation tHne mc:asurements o t' hyJroIY/c-' blanc lIsing the NMR 
MOtiSF This wdmiquc hm; ('xam ineu f-<'"IClllc s:Jmpl's r!l;ll ha\'L~ b.:cn 
hyLirolY/,c:d in (lJll lmlicu humidity condlt iol1'i, Tht..: spin-l>pi ll n;laxatill!l lim\.! 
J,\.:ay curve:: show)) incrca,;cd (hain mobility upon hydrolysi·; (rigure 11), TI1(: 
t]..;cay cur v!.: is fi lll'd wirit a hicxponcnriul dl.'L:;IY funuioll to giv..: two T .. \':I tu~~ , 

'1'1 Ie Tn u~s(\t: i ,tlt:J viith Ihe own: whi le jlolymu chllin:; sh~)ws an im .: rse 
rdatiow.hip to Ihe molec ular we ight d!.:crl'a~,; a~ \\ould b' expected , 'nli, 
tCl'hn iqll.:hnw\ prurnisc ,lS an in sitll fl rdoc Ill' hyJr\)iysi.' in high LXpJU, jvcs IIlll 
non- 'L~S[rllel i ve manner, 
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flg ur,. ! 1. 1'1'0111/1 spill -sp in re/a,wrioli dl!(,(I ,~ (,U/I'(' ufJ! ,I{wl( ' il.n/ro/Y::" 'd 0/ 

5.\ I,RH al/(I riJI! , 'o/'rl'/ut j(/ II )/ilg ing 1;1/1(' Ivilil 1111 /1" u/ur \I'd '/11 and it/vL'l'.';,: 'T~ : 

Conclusion 

A,xdcralC:U aging f PBX 950! binder i s :m t'xlrcmdy powcr['ll l \(;Chlll<jUC 
It)r developing and validat ing mod l~ls I'M lirCl irnc prcdi 'l ions, Under"I JnJ ing the 
.Igin.,! mccklili sms will prov ide experimental da ta to til<.! n;,)ucling d't',Irt l; ,r 
predicling the liklilTlc or thc binder in Lhe high C:XpillSivL:, We kl"C proh<.:d lwo 
diff~rclli L1egmd:J lion p;}lhw:Jy~ 1'01' [he HE bin cr: llx idali vc uegmdaliun ;md 
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hydroIY!I ' llcgradation or ["lanc . Oxidall\" dl.:gradaliol 11omin;}I!!S \/hl.:l 
L,lanelNP i<; lhcfllull y ageu in the abscnce of waler. Thruugh NMR 3n~ly, i s . 

the (l'dJa[i()11 or the bridging rm:lhykne group has been qU<lnlificd . Th.:sc datu 
11<Iv\: COtllrihuled to d ' v~lllpmc nt of kine tic lTIlldeh fo r prl'u iction ( ) t oxidat ive 
dl'gradutilln . Whiil; we !1 ye established a l:;Uihl c"r dation hl'lwl'cn ,)x i,j,uion 
,lOti lcnsih: stresS. incorpor:llion o r the inIlUL' nu : uf physiuII llI:lwmk .;tfUnural 
('han~L's ill d u~crl by nc..:c k ra tcd aging rL~ rnH IrlS 10 he ilddrc~~cd . 

Hydn11YLic degradation ,,1' hinucr cll n~ i 'ling nf b lanc ( r EswndNP/lr1:.tnw, 
O. () I C ~IJ Jt <:d In chai n sci ~ ". i(1n IL·Jct i on~ . [slane fNP{ Ttgullo,' d"gralh:. I :, s 

r:JriJ1y Ihall ESlane alone. Esulnef.\'P withllll1 hganox cxrcricn~'cs hUlll si.:i" illfl 
and branching reactions . The funclion (If lIl' lrganox 10 10 as an alll io;..ilhlJ1t 
nMy vdl ht:: prolect ing the EsLanc from oxiualiv(.' ucgradation rcaclil1l1S nder 
the hydro lylic a~ing 'llViron menl. 

The putcntial value of U1C NM1{ MOUS [ lor detecti ng hydrolytic 
dcgrJd:lli III in Est:J.n,: ha~ neer dc mollstrJtcd. Thie; lcchniqul' is f,cn.'itivl~ to 
ill~r..::t~..;J eha in mohil ity in the uc"raded EsIJn(; and h::ls .,h,)wn U f!Ol){j 
c'lrrdat illl\ or lhl~ n.-I axation tillle wi th a dccn'"sl' in JnCJlccular 'iL ight. 
AurJili'IO,ti ~11J"il~~ 01 aged l's t;J nd\/P/[rgul\,'.\ hi !1 (kr ,I n; undel wily 10 l.·v,duah: 
w;c of Ih i, illsl.rwl lc t fm rla.,liei/cd Estunc . 
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