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A quantrative description i given [or the densificalion procsss of glasses resulting from plass formation st
elevaied pressres. Phroomenalagical velations ass derdved, or joaified, which allow eximation of the denmifice-
lion mate X fwith Espect to formation pressure) from varous thermodynamic quantities and plass teanaition
behavior. In asdition, lhe setvalion of & tay be fanilivaed by the application of the hele theary of Simha and
Somcynsky. Using these relations " is ewtimated, and the sl B the difizrent methods are compared for data
from 23 cifferent orgmnic palymers with glass transition lempetatures ranging from 150 w0 435 K. The amount of
denei leation appeary ba be limited by the ap vonvergrone o the gluas wmperature and efective decomponi-
tion leoporatuwre with increesing pressure. Some estimoies of limiting aluen are presented. Finally, changes of

refraciive index regulting framn densilication are eotimabed Fruet the obsstved, of predicied, densifcalion mies.
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1. Introduction

The dencily of a plase, ac well as contain other propertiss,
depend wpen the themmid ynamic history by which the glase is
formed. For example, as shown schematically in figure 1a,
an amorphous polymer subjected 1w an elevaled preseure in
the meli, followed by jzcbaric couling at constant rale to a
temperature well below Lhe E]asa tempecature, T', amd Lthen
depressurized, will have a larger density than that obtained
by isoharic cocling ai the same mate a1 atmospheric pressure
ta the same temperature in the glase. From the former proce-
dure the pressure induced denaification rate iz defined as

k' = — (L FH N AP rpn (1)

where V is the volume at temperatyre T and pressure P, and
P’ ig the fprmation pressure maintained during conslant rate
of cooling k. Note that this definition parallels the usual one
[or the isothermal compressibiliry,

x = —(1/V) OV /3P pr . (2}

the difference being that P and P* are interchanged.

It is expected thet the final ressurized volume in the
glass will lie between the atmespheric and the presaurized
value, as shown in figure la. 1t iz then clear that the

inequality,
- A
where X is the compressibility of the glass, is cbeyed.
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FIGURE L. Schemacis iftustration of twe mechods wed o wditin densfled
fazaes.
E |uh Dvmmifimiricen by slyvcntiomy Hoe Formmtion peemume ok the ypmee moaling roie £, 1 The same
dewmilicmion is abiained by commemmiely decreing the coolimg ke a1 nimorphernic pressar,
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Although we may intuitively expect this relslion 10 hold, as
apparent [tom experiment, we do net know of any proof,

A well known allemative method of densifying glasses is
simply 10 decrease the coniing rate as illustrated in figure 1b.
[n principle one can obtain the same volume in the glass by
this procedure a& by elevating the pressure, excepl that the
times required for the fonner ave much longe?. For example,
it iz estimated [1]" that a pely (vinyl acelale) gless ohtained by
isobaric cooling at 800 bar® in 8 hours would require 500
years o reach the same volume at the seme terminal tempers-
ture by cooling sluwly at atmwapheric pressure. 1t sheuld be
recagnized, howsver, Lhat the slates of glasses af the same
volume, temperature, and pressure, but obtained through
differ=nt histories, are nol necessarily ihe same, As pointed
cut hy Bree and cownrkers [2], volume changes during isc-
baric-isotherma) volume relaxation [3] have a large effect on
relaxation timea for creep compliance, whereas almuost nw
affect ic observed from volume changes obtained by isobaric
cooling at elevaled pressurcs. Accordingly, it appeers that
the state of & gluss is not determined by it2 volume, tempera-
ture, and pressure alone. Mereover, presaure indueed denei-
fication does have an influence on physical properies. Ac-
cording 1o the data of Dale and Rogers 4] over & 5 kbar
range, the compressive modulue of polvsiyrene appears io
increase shightly with formation {or molding) pressure, level-
ing off at higher pressures, with the yield siress going through
a maximunt between 1 and 1.5 kbar, Webon and Money-
peony [5] have studied the dynamic mechanical and diclec-
tric properties of several polymeric glasses formed at pres-
sures up o slightly beyond 5 kbar. Both the real part of
Young's modulus and its lose tangent, oe well as the real part
of 1he dielectric constant, increase with farmulion pressure.
For polyivinyl acetate) Mckin and Goldslzin [1] have
observed a 3 percent increase inmt};le bulk modulus 51 0 ° C,
corresponding to a foemation pressure of BOO bar. This differ-
ence increases with decreasing tempergiure.

Thermal properties also seem 1o depend on the amount of
pressure induced denzification. Although the heat capaeity
{5 is found to be independent [8] of formation pressure, the
enthalpy H scems Lo vary significamly al formalion pressures
above A certain valve. According to Price [T] very liule
change in the snihalpy of polyimethyl methaceylate) is ob-
served up to about 800 bar, Eilwed by a nearly conslant rate
of increese of shout 0,015 cm®fg up to 3 kbar, their maximum
valpe. For poljrst!rrmg [B) the data have been evaluated as
AH = Hidensified) — Hinormal) fivet decreasing slightly and
then going back to zerc ar abont B0 bar, followed by am
increase with nearly constant slope up to the maximum
pressure. Weitz and Wunderlich [9] have also obaerved this
behavior and interprered it in terme of two opposing mecha-
niems arising from heles and votalional isamers. It ia not
clear, however, that the appareni negative values of AH
oblained by experiment are significant.

The purpose of thie paper iz 10 describe the thermody-
namics of the pressure indueed densification process by
applying both phenomenological and molecular theory. Sim-
ple phenunenological relationships are derived belween the
densification rate &' and other thennodynamic Emai)erties for
which values are more readily available in the lierature.
Morecver, it i5 shown haw the hole theory of Simha and
Somcynsky [10] may be used to Eacililate the eslimation of the

| Figarm i brichis ik - %

¥ For conwersion v 51 waits, | WP = 10 bar.

w the mnd of thim papar.

densification wates for polymers using a minimum amount of
experimental infarmation. In both cases the derived relation-
ships are tested using = iate experimental dats. An
exampie of the urility of tﬁse resuls iz demonstrated by
l_-,utimaﬁng tl'H: l;:hange in thl; im:]ex uf rciractinn [:{;IH!:BPO.I‘I&-
ing to chunges in molding pressure, assuming thal the index
of refraction is related 1o the volume by the Larentz-Lorenz
equation. The reaults have polential application to the adjust-
ment of the refractive indices of lenses by varying the mold-

ing pressire.
2. Phenomenological Relationships

Two typez of thermodynamic hislories, shown schemati-
cally in figure 3, are perinent Lo the development of the
phenomenolegical relalionshipe for preggurce induced densifi-
cation. In the first (Fig. 2a) the P¥T surface of the glass is
obtained from repeated isobaric cooling runs a1 the same
constant rate, bur ar difersnce pressures, with al]l pressure
changes eeceurring in Lhe meli prior to cach ran, This proce-
dure is called Lhe wvarisble lotmalion history because Lhe
stmciure of the glass s different for esch experimental
pressure (which is the formation pressure, since M =P} The
glazs transilion a1 each pressure ig assumed to occur at a
constanl mean celaxalion time. Henes, the intergection of the
liguid and glass PYT surfaces gives the proper TyiP), from
which 4T ,/4F is expected to approximate that obtzined from
ithe dynamic mechanical and dielectric frequency-lempera-
ture-pressure superposiiion. On the other hand, as a conse-
quence of the varied structure, the glasa PVT surface is not
propet in the themmodynamic sense.
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With the other history (fig. 2h) the glass is formed alse by
isobaric cooling at constznt rale at an arbitrary pressure, P'
fwhich is ly armospherie, bur elevated in figure 2b 10
illusitule the more prneral casel. At temperalures weall below
Tp where viscoelastic relavalion limes ate large in compati-
son to effective experiments]l times, & thermodynamically
reversible P¥T surface for the glass is obtained by observing
the volumetrie yespotss to “fast” changes in Lempetature and
pressuve. Since all of the data in the plage pertain 10 the same
P', the PFT surface gives the proper values of the derivable
thermadynamic quamltlee. for example, thermal expansion,

isothermal com ibility, and intemal pressure). The inter-
section of the |.qu1d amfg]ass surfaces defines the fictive
Lempecature {P P,

The pnm:]pal distinetion in procedure between the two
hiziories is that with varviable formation all pressure changes
are raade in the melt, whetess with conslant formation they
ore made in the glass. Nole that the nymber of independent
vanables is different for TP} and TP, P'). The redun-
dancy of uzing two arguments in the former arises from the
fact that the formation and experimental pressure are alwaya
identical. Accordingly, T may be regarded as a special case
of T'T when P = P’ The implicit argument & is deleted here
because only ane value appplies ta these discussions for each
rase. For further details and interpretations of these histo-
ries, sea Ref. [11

[n all of the schematic disgrams in this paper the plase
teansition is shown as a discrele interseetion. With isobarie
cooling sl constanl mte through T a gradual transition proc-
ess is observed. The discrete intersections shown comrespond
to those obtained by extrapalation of the equilibrium jachars
and the isochronal (nonrelaxing) ones for the plass.

We now proceed 1o evaluate the thermodynamic diagram in
figure 3, in arder 1o delermine relationships for & in terms of
other measured guentities. Yolume 4 is obrained by isobaric
cooling at constant rate and almosphetic pressure (P = ' =
0). ‘.I’n%u.me B i reached by pressurizing to P = P* = AP in
the melt, followed by ischaric cooling at the same constan
rate as for A, with subserjuent depressurizing in the glags o
the same letinal lemperature as for A. Nate that T, (in lian

T

Fiuse 3. Schemabic ilustration of the womd ko deriue the
denslfeation equantion [Fer eqn (3 and (4)], and the divinction briween TP )
and FhP, P,

of TT} applies here, since the Wansition is chserved ar the
farmation preszure (P = P’} in both cases. The izobaric
extensmn ol 'F"n with increasing T {see dashed line) o its
ersaction with the liguid Jine yields the fictive lemperature
TIP, P') = TH(0, AP).
*In summmg 'I‘lh: thl:n'nud}man‘uc contributions for small
changes in T and P near TyP) in the range where linear
approximations are valid, we find

V‘_= Fﬂ‘:l - ﬂ‘.ﬂT|- a_'&Til
Fg = Voll — kAP — a[AT, — (47, /dP IAF]
= o fAT; + idT/dPAP] + K, AF}
where @& is the usual isobaric thermal expansivity, the &'s
indicate differences as shown on figure 3, and 1the subscripis {

and g pertain o liguid and glaze. For amall chanpges eq (1}
may be writlen in the fonm

(3)

k' = {¥; — Va)/(VedP) {4)
Subettution of eqs (3) for V4 and ¥y vields
k' = Ar — AadT,/dP {5a)

where the A's here indicate the wsual differences in the
respective quantities between liquid and glass. Since

4T fdP = (6a)

along ﬂ {11], ®' may be expressed in terms of the differ-
eiice between the bwo transilion cates, L.e.,

x' = BaldT] fdP — dT,/dP) (5h)
Equation (3a} may also be wrinen as an Ehrenfest-type
velation, viz.,

dl/dP = Ax/Aex — w' A (o)
which s consisient with ihe experimentally ohserved in-
E:q'llﬂlit}'

dTfdP < Ax/Ao

rovided the densification rate is non-negalive. Exprassions
E.lll}r equivaleni to eqs (5} have been derived by Goldstein
[11] ard given previcusly in Hel, [12] From egs (S) i1 s
evident [ar wléo poinled oul by {roldstein [11]) thal the
necessary and sufficient condition (assuming Aa =+ 0} for the
PFT surface o be independent of formation pressure is the
validity of the first Ehrenfes1 equation
dTgfdP = AxfAe. {6b)
The analogous argument applies w the eniropy surfaces.
Since the sccond Ehrentest squalion,
@l /dP = T,VAa/ACe (7

where € p is the vsual hear capacity ai constant pressure,
appears to be a good approxination [11, 13], 1here should be
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a single entropy surface with respect te lormation pressure in
contrazt to Lhe manifoldfsurface observed for valume. This
vimw in conflitmed by the DSC? messureraents of Yourtee and
Cooper [6] on normal and densified polystyrene, which reveal
no significant effect on the thermul propenies of plasses by
vilrification al elevated pressures. The authors did find s
differences in the thermal behavior hetween these properties
and those from vitrifieation by jsothermal compression; how-
ever, these were atiribuwted 10 inhomogenesus freezing proc-
esa:3 duning compression. Accordingly, if eq (7) iz a good
approximation, it leads 10 a convenient experimental deler-
mination of ihe inibal {P = 0} value of AT dP Lhruugh
volume-tempetalute and heal capaity messcrementa re-
quired al abmuosphbicric pressure only. Equation (7) will be
tezted by meane of experimental dutu luter in thie paper.

As atated above k' may be determnined {near T'g) from the
values of Aee, dFg/dF, and Ax using eqg (3a). The relative
difficulty in obtaining these quanlities expetimentally in-
creases in the order given above, as does the difficulty of
abiaining their values from the literature. For these reagons it
is desirable to be able to estimate Ax {or AxfAa) independ-
emly of exizting PYT data. It will be shown how the hole
Lhewry ufg';#hﬂ-Sumtynﬁk}r [10] may be used Lo amive al
values of -‘:"JP = .ﬁ.l':fﬂﬁa

As indicated previously, ege (3) are baged on seversl
linearizations. It is assumed that the coefficients oy, o K
and ¥ are independent of pressure and temperature and thal
T is a linear function of pressure. Thus strictly, the reference
tempetaluty in the glass as well as the initial vemperature in
the mell should be appropnately close ta T Moreover, the
pressere P* should be appropriately small. In the Appendix
the general relationships are developed, bae=d on the equa-
tiona of state ol the liquid and both glasses.

As an example, integral relations are evalusied over the
twip paths shown an figure la for P¥ Ac, far which extensive
dals are available [1], and the Tait parameters are known [14]
tor the liguid and both glassss. The resulls are rabulated and
compared with the corresponding linear approximations.

1. Application of Molecvlar Theory

']‘1171‘? hole thzm‘}', which is used here to sstimate the values
af {dP, is a corresponding states theory based on a lattice
modef. The paciition funciton is defined in terms of a single
ordering parameter, the hole [raclion b, which gives the miin
of the number of vacant o towal sites, cach of which may be
sreupied by a polymer segment. The corresponding rlates are
given in lerms of the reduced juniversal) variables

T =7 p=pipe V=V (8)

whers T*, P* and V* ave Lhe scaling faclors applicehls Lo
each palymer. Although these are defined explicitly by the
theory, they are usually derived from a superposition of
equilibrium P¥T dala along the master curves evaluated from
Ehz]lhm. For an illustralion of this procedurs, see Ref.
14].

The partiticn function £ is expressed uniquely in terms of
the three independent variablea ¥, V, and A, From ihe
thermodynamic definition

P = —kT[afnZ(T, V, B} aV]y

L R -,

and the equilibriwm constraint {32 /ahipy = 0, the following
equilibrium equations [10] are obtained, respectively:

PV/T = [1 = 274k 1o
+ (2y/ TP 21 0110#F — 1.2045)
(s/3c)ls — 1)/s + y~t€n(l — ¥)]
= [270y¥) 12 = 1/3)1 ~ 2740V (10)
+ [r 6T #)[2.409 ~ 3.003(¥)7]

where ¥ = 1 — k is the fraclion of occupied sites, and 1 and
3¢ are the number of segments per molecule and Lhe exleynal
degrees of freedara per molecule, respectively. As in pre-
vious work, we take 5/3¢ = 1. Notc that the term {5 — I]Ei.n
eq (10} approaches unity for large molecules.

A basie sesomption sufficient for the application of the
hole theory to vur densification model is

{9)

dTT/dP = (3T faP)y. {12}
Gee {15] has shown that such an equation is valid for a single
ordering parameter which is frozen in Lhe glass. However,
since B has been found to vary slightly wilth temperature and
preceure in the glazs [16, 17, 18], eqg (117 must be revaluated
10 aseess its validity for the more general case,

Consider the single-valued function ¥ =V P k) for
which, by the usual definitions,

=k = {afnk fAF)y
= (3EnV/BP)g.p + (3EnV 3N )p pl 3R AP
= {3€nV aT ey + (BEnV (k) p(3hSOT)p.
Since there are three independent variables (in the general
case, the derivativer with bwo fixed arpumenis [suscn"i:ﬂ
ave the same for liquid and glass. (For the glaze it is un
stond Lhal Lhese derivatives pertain to constant P’ and k) The
differences become
—Ak = (BERV ORI (O AP e = (3R 3PYr )
Sa = (3€n¥/oRr L(h/T)o ; — (34/3Thng),
where the subscripts € gnd g again pentain io liquid and
glass. Recalling that df%de = AxfAc, the ratio of the

above tqll.ﬂ.ti.ﬂl‘ls is

dTT/dP = (3T/OP)aoF o/ Fy 12)
where the “freczing Rractions™ Fp and Fr are
Fo=1 - (3k/3P)rsf{dh/0P)r,
Fr=1— (3h3T)5o/(8hi®T) ps (13)

ag defined in ref. [14). Note that when ¢ = Fp, eqs {11} and
112} caincide,
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Since the vanables T, P, ard & 2re cortinuous at TJ, it
follows thai

(8TfdPYy, = (0T/3P)y, = (3T/0P),

along thia transition line. From partial differ=ntial equations,
i.e

(BT/3PW = —(8hfaP)r /{ok/3T)p.s
= — (k) OF) r O fh]OT) rp,

it foltaws ihat

(BR/BP)r o/ (8h/8P)r, = (INSIT)p o/ (BR/AT)p,s,

which, as seen from eq (13), iz tantamwunt 1o Fy = Fg
Ascordingly, sinee eqe (12) and (13) coincide, the validity of
vq (12) i2 extended to a single ondering paramecter which need
not be “frozen” in the glass.

To our knowledge both of the above freezing fractions have
been evaluated for only twe aysteme, namely poly{vinyl ace-
l.u.t:} [lﬁ] and selenium [19‘]. ﬁ;c:m.lﬂing to Lhe besi ana]yﬁis
given in rel. [16], Fp = 0.B8 and Fy = 0.E2 for which the
mlic FgFy = 107, which comesponds 1o 2 7 percent
disc in i11] for {vin¥l acetalz). A similar
cann?uzﬂiont?tr'alluwiqfor Se. Einﬂpeotllfrle abzve analysis shows that
Fr = Fp, these differences are laken tn be artifacts resulting
fram numerical inaccuracies. . .

The next slep i= the evalugtion of {07/ }y at equilibrium.
From simultanecus numerical solutions of eqs (9] and {10),
values of i = 1 — 4 ave ohigined at a given pet of reduced
temperelures and presses. For cumpulational pu H
convenient to replace [87/8P}, by Lhe ratio —;ﬂh,ﬂlﬂp}ﬂ'
(&hfoT)p, With constanl increments Aaxx = T or P, 1l is
easily shown for a quadratic dependence of ¥ on x that

{dy/dsly = (i1 = 1)/ (28]

This P;I'ﬂi:eliu.l‘l: is wsed to generale a set ol {ﬂhfﬂP}f ured
(dhfdT)p values over the desired range from the sets of
quadratic arce defined by three adjacent points. Using a leasl
suates fil, the approximation

{8T/3P} = 0.00502 + 0.198 T+ 31 4767  {14)
is found 10 he accurate within a residual standard deviztion of
0.2 percent at atmoepheric pressure over the range .01 =T
< (b04. From =g (B) and (11)
dT] fdP = TH@T/aP) /P, (15
Substitution of eq (15} inte eq (5b) givea the desired relation
for the densification raie,
k' = Aa[T(aF /0P /P* — 4T,/ 4P], {16}
where all quanticies are evaluated m 7 = T
Equation {16) muy be rewrilten {see for example 2q (14] in
Ref. [14]) as

« = —Aal(sT/3k)p X dh/dP] {18’}

where the lotal derivative an the fight hand side iz 10 be taken
along the TP} line. Provided the pressure coeflicient of T,
has been determined with sufficient accuracy, there appar-
enlly 12 no numerical advanlage in using =g {16°).

It ie mentioreed in Lhe lask section that 2q (7) appears to be
a good approximation for most polymers. Assuming this
relation, we may estimate &' from volume-Lempersiure and
heat capacity data using Lthe relation

K = Aa[THIT P /P* — TV AofAC,l  (17)

(lahisi and Simha [17] have shown for moest polymers studied
by them thal the rculing factor % may be determined from
the other two by means of the empirical relation

PY = (T exp (1319 — 1.493 % 107'T% {i8)

where the dimensions are K. bar, and em®fg. Thus it appears
feasibla o Tsli'li""}?le ' fljr?r;l aprpmpl::iti! dula ulhalm-uﬁpharic
ressure only. Thiz ibility iz tested later in this L.
P hcu:vun:lin;r ta Wm:rlichy[m] il is possible tnpaegfimate
AC p a1 T vo within about +2]f{mol =K} by applying the “rule
of constent &0 7", The molecular repeat units are broken up
inte fundamental wnits or "beads” which loosen wp in the T
process. Each bead is assigned the value 11.3 Ifimol —K)L
The contributions of the beads to &Cp are assumed to be
addilive. Accepting the validily of this yule, il appears poesi-
ble 1o obtain & crude estimate of ' lrom hole theory applied
1o volume-temperatire ey ramends alone,

4. Results

4.1, Duta Sources

Mthough we teler |.1_«5u.h1]].:,r o the nrigimll soltces, lhere are
collections of daia on the peninent quantities in the litera-
ture, which are semetimes cited here. Extensive lists of
polymers and their values of T, appear in refs. [21-23],
where the lasl is restricted to flupnne-conleining syslems.
Tables of Ty and Aa are included in Refs. [24-26], and ¥
and ACy in Refs. [27] and [28). Reference [29], which is
occasionally cited here, contains a more critical evaluation of
Cp data on polymers for which the valuea on the same
gubstance are often baeed on averagea from different sources
aver wile ranges of tempetature. Lists of polymers and their
scaling factors hased on the hole theory appear in Refs. [17]
and [30]: hewever, F* iz not available in the latrer. Pyralysis
data on polymers are contained in refs. [31-34]. These are
nselul 1o prevent degradation during the densificalion process
and to oplimize the amount of densification. Finally, ref. [35]
gives an extensive lisl of refractive indices for polymers.

The number of digiis for 1he values given in the subsequeni
lables is not intended 10 be an indication of precision or
sccuracy. Usually these numbers corvespond to those given by
the data sources. It is our opinion that most of the entries in
these 1ables have mere digits than can be justified as signifi-
cant.

Table 1 gives the liats of polymers studied, abbreviations
wsed here, and their values of T [n all Lubles Lthe sequence s
in order of increasing To
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Tame |- Lig of pofymers shodied, obremiaiions, and glexs trmpergiarer
Abbrevislions Pobymaer of TJK]
PIIMSi Dirsethyl silocane 150
Mk llﬂbl.ﬂ.'r o e b
NR Natural Rubher .0 )
PP Prpylene 244
SBR* Styretim—biunadi v 257
PMA Methy| acrylai= IBE
PoBMA a=hutyl methacrplnge )
PV Ac ¥iny] acetale k!
i-PFMMA [sctatic methy) methacrylae 320
TEMA Ethyl naetacrylate 37
PET Exhykene 1erephihalate 344
P¥( Yimyl chloride 1449
MPOS I VayTene 352
P3CE Jechlorestyrens 363
] Styrene 63
a-FHMA Atatic methyl methaccylate 378
FLCHMA Lychohexyl methaorylas Agn
T4MO5 d-nwihoxy atyrene 381
PaCs A=rhlorostyrens 400
PoM3 o-methyl styrene 404
Poprks Carbounte of binjphonal A) 4146
FaM5 (1) a-owdhyl atyrens (679 aypdiciatic] 448
PaMS (2} o-methy] etyrene (95% syndiciatic) 455

* 55 parcanl Syrene,

4.2. Seoling Factors

Table 2 gives the sealing feclors based on the hele theory
of Simha and Someynsky [10]. Thess are delermined through

superposition of experimental equilibrium data on each poly-
mer with respect 10 1he theoretical equation of state. In this

Tamk 2. Palymer sealing facars

'y

Pobmar | Ref | T m:',fg b Floale 1 & 2P
FDMSi 36, 30| TEG | 09602 | 061 odal BT
FIiM5: 57 | 7Bo3*| .es02t | S061 | w6l &t
[31] 58, 30t 11220 | LOoe2 - 208 -
PIE 27 | 11zzor | 10002 | 7316 | TE0E -14
NE 59 B34 | 1.035% — 8672 -
PE 20 BOGE | 1.1230 | B43T TE2e ~7.2
SBR* %1 GEING |G a2 - 8577 -
PMA 42 17 | 9200 | 1925 — | LogaD -
PnBMA 4317 e g | BdES | SR 11
PYAc L, 14 | «dl2 | 14l | 9380 | 10600 13
FY A 37 | salo| 2141 | 9158 | 10600 16
i-PMMA 4 1 1m AL [Lo0ed | G5 =-4.3
FEMA 45, 30° | 11580 | _&Be2 — Bood —
PET 45 | 10870 TG - 10630 -
Py 72 17 | 11320 | 7105 (L0350 | 10990 5.2
PYC 48 [ 11563 083 | TS | 1L 12
FS 15 (12800 | 0601 | G478 | 7333 11
Ps 47 17 112700 | 9625 | 7638 | T409 -0
F5 49 | 1indD A [ TERD S082 FX)
| ] S0 | 12680 9508 | TI35 T4H) -0z
a-FMMA [ 1140 RN | BoRT | 03 4.8
a-FMMA 43, 17 (11020 | 2370 | o147 | EuE4 —LB
a-PMMA 479,17 | 11890 B350 | WG | 024 =30
PFCHMA A3, 17 [ 112 | 08006 | B30T | 8706 48
Pobs S0 | 12740 | 9ve2 | Tis8 | TEES -2.3
Fearh Sl M| 12150 B100 - 9156 -
PaMs (1) g2 ane | r270 | o152 — TTOE -
PaMs i2) 52, 0* | 12780 4353 - 8402 -

“T* and ¥* only are determined in this reference,
] ® ¥olumneempersture data wl simpaphenie presauce baken Tom poeyvioos
inting.

T a5 per cend Shyroor.

4 For additivsal comnaents of islerprelation wi thess experimanial data
and evaluaiwn of Tait parameters, ses Ral, j33]

work the scaling factors are used solely 10 estimats d?'i',r"dF
= AwfAo for each polymer veing eq (15). When twe tumbers
appear in the mierence colump {in wable 2 anly), the first
applics W the dats source, and the sacond to the work hy
which the scaling factors are evalualed. When only one
number appears, the scaling factors are either evaluated in
the reference given, or by ue.

Two values of P* [or carch polymet {or row) usually appear.
The Ticst of these §P*} 35 determined in the usual way through
superposition as mentioned above. The second (P, e
oblained fyom og {18). When volurme-temperalure data are
available at atmospheric pressure only, it is necessary to use
=q (18) 1o eslimale P*. With the exception of FDMSi, P* and
Phoe agree to within 17 percent with an 8 percent relative
standard deviation of differences over 17 pairs. With PDMS;
the disparily of 87 percenl s outstanding, and it is o he
noted thal the reduced glogs lemperatus hes significantly
outside the range Jor which eq (18) was deduced. Similarly,
F* and T* are obtained at considerably higher temperatures
than those employed here. A decrease of T* by 7.2 pereent
and & coneomitant decrease of F* by 2.4 percent over 100 K
has been eslimaled [30] for this polymer. Accordingly, ihe
scaling factors cannot be assigned significant constani values
over the experimental range.

In order o obtain some measure of the uncernainty in the
scaling factors, several data sources on each palymer are
somelimes included.

4.3. Densification Rates from PVT Data

Table 3 gives the resulte of caleulations of Lhe densificalion
rales frotm PFT data without recourse to molecuiar theory. #
is determined from the definition:

Ky = (V= V) VP 4')

which is identical to eq (4} setling AP = P’ sxcept that ¥y
replaced Fy The difference between the values of &7 deter-
mined from eqe (4) and 4’} are insignificant in comparison
with experimental wicertainty, & 15 determined from eq
(5b). Nole thol there are only two polymers, PV Ac and PaMS
for which we fourd suificient information 1o determine both
k1 and k. Although the two methods are not necessarily
fully equivalent hecause of the assumptions uzed to derive
eqs {3), the agreemem in both cases is good. In inetances of
more than one gel of values per polymer, it in clear that the
deviations in dT.r,-"dP have the largest effzect on the uncer-
tainty of %% These apparent discrepancies are usually con-
sislent with the differences in Ax. With polyetyrene the
maximum devislion in 47 /dP is 38 pereent compared with
those for dT 4dP, 23 percent and Ac, [0 percent. Since x;
involves the diflerence between the two transition rates, its
muxintum deviation is maghified to 56 pereent with iz rela-
tive standard devialion ovet Lhe five values being 26 percent.
[t iz intereating to note that the direct method giving %3 which
one might expect to be more relisbla, vields values for which
the maximouim deviation (or polysiyrene) is 86 percent with
relalive slandard devialion over seven values being 35 per-
cent. The ratio of aversge valves, kh/&, is 1.6. Theee
discrepancies are a measure of the difficulties in ohtaining
teliasble PFT data on plassy polymers.

In many instances Lhe values of Aa al T, and the reguived
transition rates are not labulated in the dala sources amd,
therefore, had to be evaluated. The accuracy of these evalua-
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lipns may he censiderably limited when Lhe dela are pre-
sented in graphical form only. In rel. [47] the velues of Ak
are determined by a different definition from the one used by
us. In our definition &, iz tsken to be an isochronal (pon-
re]ui.ng} (uneclion ucrtl:mp:rﬂum and presaure und therefore
must be decived from daty at tempergivces below (or pres-
sures above) the glase transition region. Ak al T is then
obtained by extrapolation. This, apparently, wae not dune by
Hellwege et al. [37], ot least aver the appropriate Eempecatyre
range for the data to be effectively isochronal. The distinction
between the twa definitions ie clearly illustrated by Bayer
[57). {rur larger values of Ak are determined from the Tait
parameters given in rel. [33], which apply to the data of
Hellwepe el al. [47] MNote that the values of di’j,.l"dP from
resvaluating [53] their data are in good agreement with most
of the others on the same polymers except for FMMA, This
discrepancy would be increazed by wsing their value of Ax
given in ref. [47), along with poorer overall agrecment with
the ulh.e:t‘ twir po]}'mers.

[n ref. [1] the transition rates are given as tangent values
along the rransition lines at each experimenta ure.
Here, we uge the zecant values d7g/dP and dTI}" between
O and B0 bar, This procedure gives average values and is
mare conaistent with other wreatments.

The smallest value of &' = 0.7 Mbar™! in table 3 applies
to PnBMA. Such a small value implies that the first Ehreniest
equation i3 a pood approximation fov this polymer. [Sce eqs
{Sc) and (b},

Tame 3. B ;" rrobe cofoiafoe, s ) ‘-'-:':Frmmframm
dara
Aa X 10° | ITjdP | 4T tdP | o, | w2
Pabymer | Ref | "™ | kibar | E/kbar | Mbar~ | Mbar™

PnBMA 3| Le9 | 204 | 243 | - 0.7
FVhc 1| a8z | 2z | aza be | o2
i-PMMA 4] 28 | 211 | 352 | - 45
PV 47 2.93 13.5 A5.5" — [ -
BYVC | sn 14 1 - 12
PYL 2 — — — 4.4 -
P4PUS 5 - - - 72 | -
P30S H - - - k| -
S 15| 28 | al 7 - T
s AT | 205 | 300 | sea | — 2.1
P& 49 Al 5.0 49,5 —_ 1.8
7 so| zor | 3ue | 2z | - 13

) -] 2 — — — 55 —
o 1 - - - 10 -
32 5 — — — 7.2 -
P 6 - - - 43 | -
P 8 - - - a6 | —
Ps b ] - - —_ 95 —_
BS 54 - - - 45 | -
BS 55| sz | s2 e — 15.8
a-PMMA @ | 31 18 71 - 15
a-PMMA 47 3 05 23 LR — I8
a-PMMA 5] 235 | 26 | St | — 7.5
a-EMMA 2 - - - 5o | -
u-FMMA RS —_ - —_ 4.3 —_
PCHMA 3| 338 | =24 | 28 | - 13
PEM(S 5 - — — T.1 —_
P4CS 5 - - - a5 | =
FoMS s | 271 Mz | 10 | 2 1
Frarh I —_ —_ - 31 —_
o 56| 308 | 52 o | 52

* The values of Ax here are not conaistent with those given in Kel. [$7].
For distinciion, sec bext andfor Bell [57]
U Tacticity nod known to corespond 10 listings in mble 1.

4.4, Thearetlenl Estimetions of the Transition Rate
dTT /P

Ag slated in aection 3 the lransition rate JTJI&F = Ax/f
Ag applicable 1o the conslanl farmatien history, may be
estimated rom the valoe of (6% )y at T'p. Table 4 summa-
rizes the cesulls of these caleolations. En all cases excepl for
PDMSi and FPIB Lhe dala PICOTMpAsS Tr With these wo
polymers the first reference for each applies Lo Lhe source of
data at atmospheric presaure, and the zecond, at elevated

utes,

Equation {14} and the scaling remperatures and pressures
as applied 1w eq (15) provide the requisite infuemation. The
dislinciion between the values of (277/3P ), in columns & and
B ie that they correspond to P* and PE,.. respectively, in
table 2. Values of 7] /dP are included for comparison with
those of {07/ )y in canes where there 5 sullicient l:xpcri—
menial information.

With natucal rubber {NR) Ax is determined from dynamic
compressibility data [60]. This involves the measurement of
the adiabalic compressibilily in o hydrostatic stress feld
Ellei‘nnling at low auvdip frequmrigs. The low- and high
frequency limiling compressibilities arve converted Bom adi-
abatic to isothermal conditions, providing the difference Ax.
The fact that Ak is determined at about 20 K above normal T
iz expected to have no appreciable sffeet.

Except for PDMSi, the cormesponding values of {378y
are neardy Lhe seme in coluomns A and B, The dizserepancy for
PDMSi is explained by the factors menlicned earlier. {See
sec. 4.2.). Excluding this polymer., the relative standard
deviation of the differences between corresponding values in
thege columns is 6 percent, which iz considered o be pood
agreement. For compurison with experiment, the residual
alandard devialion between corteaponding valucs of (37/47),
(column A) and dTI JifF ia 18 percent. Poor agreement is
noted for PaMBa, and two samplea of a-PMMA.

{ver a singl: subslanee, for exainple polystytens where we
have four sats of values, the relative standard deviuliuﬁﬁ_with
reepect to the averages for (373l (column A) and &T) fdP
ave 6 and 15 pereent, respectively. Thal for the differences
belween comresponding values of these quanlities is 11 per-
cenl, Thus, based on these simple stalistics, the most serious
limitation is not the inadequacy of the theory, but the uncer-
tainty in the cxperimental determination of 477 /dP. The
agreement between values of dTI,I"dP from different imvesti-

gaturs is even worse for o- PMMA,
4.5. Application of Hole Theary

After determining the values of (97/dP)s for each sub-
stance, & may be estimated by eq (16), where dT JdP may be
determined by means of P¥T data, dynamic measurements a
elevated pressures, or heat capacity and Ltherma! expansion
data, both at atmospheric pressre.

P¥T Data

Since PVT measurements are oflen made by the variahle
Torimation history enly [fer example, polypropylene, ref. 4015
there i5 insufficient informalion Lo delermine Ak, and hence
dTIde, to be applied to eq (3b) Accordingly, this quantity
ia replaced by T*fﬂT}'ﬁF}Jﬂ" leading to eq {16). The results
of these estimates are given in table 5, where ®' corresponds
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te K'z in1able 3. In all cages {0F )P )y is taken from column A
of table 4. Since Lthe expregsion for &' nvolves the difference
belween two transition rales, its velue is very sensitive to (37
aP . This effect 15 reflected in the latge standard deviation,
2.5 Mbar~', with a relative value of 28 percenl, for Lhe
differences over 14 paits of corresponding values of &'y and
k' in lables 3 and 5. The values of FoMS are not included in
this calculation hecause there are insufficient dats in ref. [546]
1o determine the scaling factors applicable to this particular
sample. Based on the [act thal the slandard deviation of &'
lor polystyrene ftable 2) over five values is 2.8 Mbar™*
corresponding 1o 26 percent, the oversll 28 percent value
ghove appears to be deminated by experimental uncertainty,

TamLk 4. Tranaivtion ratn calewlated from hole theory

Tape 5 Herificusion rade valcuborion using PFT dom and hole theory

Polymer [ Ret, | 842100 | dTddP | CTEE | o o
i 40 441 2 L 70
PrBMA 4| e | 04 | us 4l
FVAc 1| 432 | ;2 | M3 | 10
i-PMMA 44 L ) 1.1 4.4 Li%)
PVC 47| 2m | 135 | e g2
PV 48 3.71 14 47,4 12
PS 15 | 2w | o= 8o | 1
FS il mos | a0 | 0z 9.2
33 ELo 3.15 5.0 az.3 1Z
Ps 50 | 200 | 3Le | 628 | 12
«-PMMA R 18 578 | 12
o PMMA st | 2w | 55.1 9.5
a-FHMA 43 235 256 - .6
PCHMA 3| 3w | 24 | &8 | 1
FoM5 S0 .71 2 T3 4 it
PeebS* S 3.94 3 .1} i7

A B
~ £ 4T
To | Tu [{TTf5P),
Polymer | Rel- - [ iee | o 108" [ omsapn | sarsaPh | F,
K/&khar | K/kbnar d
PDMSi |36, a7 (1s0# | 1900 { Z014 314 16.8 -
FIB AT, 38 2o ] 1500 1375 .4 .2 -
NR 3opod | 2445 | 2868 — 276 24r
FF do@as |20 | a3 358 3B.6 —
SBR 41256 | 2522 LIRS - ELN ) -
FMA 4z gﬁ J054 | KMz —- 338 -
FoEMA 43 2004 | 3TE2 4.8 4,3 M3
PYac 1304 3226 | 4416 44.3 .2 42.4
-FMMA (320 [ 2065 | 3653 0,4 422 5.2
PEMA 145|332 | 2028 | aTso - 50.2 —
PET 46 (3400 | 3128 | 4h — 432 -
PYC 471340 | 3063 | 41N 44,9 42,3 33
MvC 48340 | 071 400 474 42.1 &5
Pa 151362 | 24]1 | 3540 8.0 [ 710
Pa 47362 | 2890 | F623 a2 6. L E ]
P35 9365 | 3138 | 4223 623 608 55.5
P= (365 [ 279 | 3681 62.6 [ 74.2
a-FMMA AT [ 3272 | 4530 7.8 552 71
a-PHMMA 47|378 | M9 | 4312 55,1 6.8 | 559
a-PMMA 43378 12171 435 56.0 57.0 5.5
fHMA 43|380 | 3366 | 4735 635 0.5 59,5
FPaM5 S0{d04 [ 3171 4305 54 Tl 73.0
Poarh 510423 £ 3487 | 5020 — 5.5 -
FPoh5? S6[440 | 3465 | 4967 - L0 52
FaMs (L) M348 | 3528 | K118 — &34 —
FoeMS (2) 520455 | 35357 SIE9 - B6.5 -

4 Ty taken imm rel. [58]

b T, tuken From wf. [59].

¢ Ax delermined Mo dynamic compressibility data [60] an vulcapized
naiural rubber with 12 percent combined sollier. See texi.

* Sesling fectors taken the aame an for PoMS (1),

Dynamic Dieta

From the assumption that the value of 4T JdP, approxi-
mates that of {57/3"),, where w is Lhe angular frequency,
frequency-temperahure-pressure  auperposition of dynamic
data, including dielecttic and uwlrasonie, may be uzed to
determine ¥ JdFP appearing in eq {16). The validiry of this
sssumption is, of course, subject o the condition that {67/
o), for the T, -process is essentially independent of fre-
quency, {Mumerical comparisons between different experi-
mentel lmnEiLirm ules yre m&de ]:he]!;}w.]

The results of these calculations are given in table 6. Sinee
values of {373y in column A of table 4 involve fewer
assumptiuns than thusq-. in (:ulumn B* the 'fi;rrm-er ang us-ed
whete there is & chaice. The standard deviation of the differ-
ences of &' pver eighi pairs, where there are values on the

* Boaling factors taken for PoMS (1), Ref, [52]

same subsluwes in table 3 including &', for Pearb, is 2.2
Mbar™' or 30 percent, which is about the same as the
experimental uncertainty given above (2.8 Mbar™! or 26
percent) for polystyrene. This value is also about the same as
the 28 percent value given for the PFT dala even though data
on diffecent substances are involved. It s poseible, however,
thet T /i values determined from dynamic data, in partic-
ular dielectric, where high reselution is oblained, are more
reliable than P¥T values. T, determinations fram PVT data
usually involve extrapolations which are not used in the
superposition of dynamic dala.

Hear Capacity and Thermal Expansion

The estimation of &' rom heal capacity and thermal ex-
punsipr date is based on the apparent validity of the second
Ehrenfest equation [eq (7)) (This relation is lesied in the next
section. ] The resulits of the calculations based on eq (17) are
summarized in lable 7. In this case Lhe statistica may not be
micaningfu) because there ave only five values of &' which
commespand Lo those im lable 3 including x, for Peach, PaMS
is exclhuded far the reason given sbove. The standard devia-
ticn of the differences is 1.4 Mbar 1 or 17 percent, which is
somewhal lesa than the experimental uncertainty {26 percent)
baged on polysylrene data Quable 3) In view of the high
experimental uncertainty for all methods, this method of
estimating k' appears o he reliable, except for PDMSi and
PaMs.

In ref. [12] & negative vaiue of & for PIIMS] [hased on eq
{17)} iz veporied. This i3 a surprizing, bul not neceasarily an
incorrect resull. The analysis of this polymer is hindered by
the lack of good thermal expansion data through Ty, largely a
consequence of the low tempezatures required, and the strong
tendency for this polymer io erystallize. The negative value of
«' i3 obtained by using 1he value of A = 140.28 K~ from
table 1 of ref. [26]. Thiz value is based on the linear thermal
expansion data of Weir, Leser, and Wood [58]. After a
thorough examinalion of their results and consuliation with
Dr. Wood, it waz decided thar the temperature range for
which ¥ ey was evalualed is too small and boo remote from Ty
to evaluate Ao gt Ty In ovder 1o oblain what we consider 10
be the best available estimate of A, we used the vulue of
Ve = 2.7 % 107! em?/(g-K) from ref. [58], and o, = 8.7 %
1071 K71 and Ky = 0.904 em®fg from the density-temperature
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TaBLE &.  Densjficalion rate cafculations from dynamic dote of elsveied presswres ard hols theory

Polymer Rel. Ao x 10° K- [ [8F1aP iy K kbar Eirl. Method TP, Kfkhar | & Mbar
(3] AT, 38, 59 4.2 iR Bl u 25 L&
NR 39 5. 40 e LT C 2 L9
FlliA 42 3.7 Az 8 i 1 18 548
FoBMA 43 L.o9 40,3 63 1] 16.7 4.0
FYA- 1 432 20,2 L3 I 22 7.4
PV A" L 4,22 202 4 C il 8.3
FEMA 45 2.05 o2 fid 1 20 &9
PYC 47 293 449 £y n 12 1.9
[ 47 293 44.9 a7 & 16.5 8.3
F5 S0 2497 2.6 ] [ 32 9.1
u-PMMA 43 245 b0 a7 & 24.5 T4
Feark 51 2.41 66,5 L3 I 14 o3

® All quantitier derved lor rame sample.

Ulirasunic

I Dlizlactric

C Drnemic Cmnprc“I-bllll‘r

g Dynamic Shear

Tame 7. Demifieation rate calewiations from thermal 2rpantion and Read copacily ddle oed hobe rhenry

Polymear Rel. Te X Feom¥lg | A = W04 K™V | {ET/0P), Kfkbar | Ref A, INg-K) | T pidP® Kfkbar | »* Mbar™
POIME" 58, 30 150 OG0 £l 214 a7 030 27.0 2E
MB =59 b1 L.072 4.2 28.8 i . rr .1 2.0
NR Jo Fauh ) L.{23 3440 21.6 m 453 4.8 L5
P £l 244 127 341 158 71 51 38 5.2
SBRY 41 i 0,987 3.92 36.4 72 450 2.7 5.8
PYACS 1 Jd 043 4,32 443 157 -5 iy | o6
MV 47 349 29 293 4.9 27 34 2.9 6.7
P& S0 MG T 27 (v 207 Gl EL 19
a-FhMA 45 i LB 2.35 36.00 o .33 23.3 7.7
Peark 51 423 L 2 .81 .5 EE:! .22 L 57
PaMS 56 440 R~ ) 3.0 510 56 . 524 11

2 ATl = TF Ao ALy 4 35 percent Styrene for Ty, V, and Aa, IIEp-ercemMp

* Pantinlly crystalling sample. F Measurmeols by [ 1. Weeks reporied in Bedl 16,

* ANl quantitiea derived from the same sample.

equation of Shih and Flory [36] Although thiz eguation is
derived tom date sl wemperalures well above Tpoits newrly
linear response apparently allows valid extrapolation ta much
lower wemperatures. The value Voo; = 7.9 X 107 e/ g-K)
is alightly less than the average, 8.7 ¥ 107, of the others for
this polymer in Lable 1 of ref. [2!5-] which are obtuined [om
different sources of data al higher temperalures not encom-
passing Fp Also the extrapolated value of Fy = 0.904 cmifg
shove asseniially coincides with (905 in ref. [26]. The
revized Ihermal expansion valuea give the positive value of &'
shown in 1able 7.

4.6. Comparison of Exparimental Transition Rates

In tables & and 7 the assumpiions that 47 ;/dF could be
replaced by (8F/3P), or THFAx/AD p, respectively, are em-
plu'_grzd. In wable B values of these qll.ﬂ.hliti-lﬁ are (:umpared for
each polymer. A similar table was prepared by (O'Reilly [13]
in 1962 for glass-forming liquids not reatricted o polymers,
Values of AxfAwr are also included here for comparison;
however, agreement wilh dT fdP is not expecled since Lhe
validily of the inequality

AT/ dP < Awc/he

appears to be guite sirang and general. In most nslances,
agreement between dT dP. {0 (P ). and T¥F o/ AlT p seems 10

" Aversge over different avuree.

Taerg & Comporiron of exprrimental trgesition rage™

YT Dyriamin Thermal
Polymer
Rel. |dT P Axfdex| Ref. [ (@F/8F ) | Rell | TVAGAC e

PIE al 25 e 24, ]
NR 9, o) 2 (e | M 0,70 248
FP 44 | M 4 71 138
PY At 1| 212 | 8.2 (o4 | 22 L, 1ef 221
Py 47 13.5 | 33.5 | 6O 18 45, % g
PVC 48 14 4 &7 163 4B, 20 I8.5
F3 S| 36 | T2 68| 32 ), 29 285
pae 9 | 31 L] 35
] A5 | AZ 73 ] 3
a-FHMA 43 =a | 3.5 67 2.5 4. 29 3.3
a-PMMA* 9| 2 g 2
Prach 13 44 51, 73 361
PaM5 | o 52 56 52

: All units in K.n’klgr.

Ax = .2 ¥ 107 har™* determined Irom dynamic compressibil iy,
© All given determinations on same samp]

? Measurements by I. |, Weeks reported in Bel. (18]

be within experimental exror. Smal] differences may be antic-
ipated bersuse the conditions under which these quantilies
sre evaluated may be vastly different.

According 1o Lhese resulis the Prigogine-Defay ratio

r=Ax ACp/[TV(Ax)?]

291




is essenlially anity for natural rubber and PaMS. Unfortu-
nately, we da nol huve a P¥T value of dT JdP for the former
to test the validity of the Ehrenfest equations [eqs (GYand {7}}
With PaM5 it would appear that although neither of the
Ehrenfret equations is cheyed, Lthe Pogogine-Delay mita is
sill l:lllil:grf which i= an al_ypic:al resull. This impﬁhﬁ that
di";l',.-":iP far volume and entropy are equal, bul 47 (4P is
diziincl. However, aince data in tabular, or even graphical
fomn, ere nol included mm ol [%}, sveluation af these
numbers cannol be scrutinized. Poor agreement for PYC in
all cases is apperent; however, this may be a resull of sample
differences including the degree of crystallinity which is
difficult o control in this polymer. Also poor agreetnent is
noted for o-PMMA of rell [9], where both quanlilies are
ﬂb‘t;il'lﬂd fmgnﬂ:he s-ar;]le sample. On the M}E['Emd. the data
in the row above on the same ET reve agreemsnt
including that with 4T 4P M} of ref. [%} In all cazes
agtecment is very good lor polyslyrene.

These resulis indicate that dTdP = {aFfd ), is a valid
relation and dTodP = TV A ACP seems to hold most of the
tinte. The validity of the firsl may be avpued on & quelitative
phenomenological basis (sew sec. 2.) The second relalinn is
evalusied st stmosphecdc pressare only. There is na upparent
reason o assume that the approximation will be a5 good at
elevated pressures.

In zection 4.2 we meniioned that PFT data on PnBMA
sugpeet that the firsl Ehrenfest equalion [eq {6b)] is a good
approximation for this polymer. This resull is lantamount Lo
essentially no densification. {See 1able 3.) Unfortunately, we
have ne heat capacity values for thiz polymer, whic
needed o check Lhe sccond Ehrenlest eqoation [eg 7)) In
seclion 3 we noled the possibilily of wsing the “rule of
constant AC 5" [20] 10 asrimate the hear capacity difference a
Ty (For a comparizon of experimental and “bead™ values of
AL p on polymers, see ref. [28].) For PnEMA 1he molecular
weight of the polymeric repeat unit is 142.2 gfimol. Assigning
one head ta each of the twe carbon backbenes, and one ta the
oxygen atom, we obtain a total of three berda, which for 11,3
Jfimal-K-bead| gives M p = 0.24 Jfig-K). Taking this value
along with theze for Aa and T, from lables 3 and 4, respee-
tively, and ¥ = 0.946 em®/g from vel. [43], we obtain TV Ao
A p = 20 Kfkbar, which is in good agreement with 20.4 in
table 3. Thus both of the Ehrenfest equations appear to be
fairly good approximations for this polymer, along with a
correspording Pripogine-Defay ratio of ready unity. [The
value 1.2 ia obtained for PaMBA. The average valyes obtained
from table 8, exelusive of NR and PoeMS, which were Ireated
separately, is 2, L.) These resulis imply that both the denaity
and eniropy of PnEMA are essentially independent of forma-
tion pressure, a1 least at low preseures,

4.7. Pregsure Bependence of &' and Limitatipns
Imposad by Chemical Inshobility

The previous dizcussions in this paper pertain o the initial
values of &' opr oot least 21 very low lomation pressures. Most
of these are either tangent values at P' = 0 (simospheric
pressure) or secani values oblained from P = 1 kbar or less.
There are data in the literature, however, which include
densifications chisined a1 different formation pressures.

There are twe important physical considerations in optim-
izing the procedure to obizin “permanent,” densified glasses.
The fivet and more ebvious, s te seleet and maintain Lhe
Lemperatare of depregsurizatinn ar tetnperatires aulliciently

below T4 It ig elear that the ambient conditions nust be auch
a5 Lo munlain structural relaxation Limes which ace lage in
comparison o the desired “lifetime™ of the glass. Accord-
ingly, high T subsiances are preferable for room temperature
stability. The second ia 10 chovse Ty, the temperature of
isplhermal preseurization, larpe enough that the equilibrivm
melt is always maintained during pressurization. Stated aler-
nalively, the inequality

Ty = TlP) {19}
must be approximately satisfied, as illustrated in fugure 1.
Thizs condition implies that the effective time of Lthe pressuri-
zalioh process must be large in comparison v the siructural
relaxation Lime at the final pressure P, In cases where Ty <<
TPy there will be 3 much smaller contribution to the
deneilication process when the condition Ty = TP} is
approximated and exceeded during pressurization. This situ-
aliun is revealed by a leveling off in the volume as illusated
schematically in figute 4, where volume chenges are plotted
with reapect to formation pressure al different pressurization
temperalures. The densification is expected 10 be independ-
emt of T'y al low pressuees, when ineg (1% is satisfied, as ia
revealed by the coalercence of these corves with decreasing
FP'. Such a coalescence is not expected, however, when Ty <
T, as is illustrated by the data of Shishkin [54] on polysty-
renie. In figure 4 the dashed line repregents the exiension of
the envelope eslablished from arbitrarily large values of T

o,

TR 2Ty ¢ Ty

g

Frcure 4. IMyurgdion of the influgnce of the preccpizplivn temperstue
Ty on the densificalion process.
The chaslnard Line b, L erivekiope: apyronshed m bargs

One of the betler experimental examples which illustrates
the behuvior shown in fgure 4 i& provided by the data of
Shishkin on PMMA and P3. Formalion pressures up to four
kbar are applied: bul not all of the pressurization tempeta-
ures are aiot'e TAP'). At the lower pressures, &' increascs
with P' s is indicated by the increasing elopes of Shishkin's
volume-formation pressure curves, and as ia ahawn in figure
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4. Thik is the gppusite of the teend for the kothermol com-
saibility &, which decreases with increasing pressure {see
or exampﬁ refs. [12] and [T4]) The data of Shishkin, as well
&g thoge of Kimmel snd Uldwann [75] on PMMA, show that
some densification is possible with pressurization iempers-
ures below Ty, bui the effect is diminished as the difference
between these two iemperatures 38 increased. Other examples
fllustrating the dependence of densification on formation
presEnre ade refs, {ﬁ], [Q] and [55] on pﬂ].]rﬁtjrrehl:, atwl [';fl] L]
PoM5. Yourtee and Cooper [3] abserve a very slight decrease
in the densification rate with Lien preseure for poly-
styrene over a 6 kbar ranpe. For the same polymer, Weitz and
Wundetlich [2] finel & moch larger dependence wilh the same=
trend, where the denzity gradually becomes neacly constant
at 4 kbar. These trends are contrary to the marked increase in
the densification rate with formation pressure obaerved by
Shichkin on PS and PMMA and Lchihars ot al. [56] on PoeMS.
&' does nol necesearily have i tend 1o zero for the volume Lo
be non-negative ot large formetion pressures, Using our
deftnition of &', the densified volume 1ends 1o zero at arbi-
irarly large formation preseures when x* ia & pogitive con-
slant.

According ta the experiments of Weitz and Wunderlich an
polystvrene, there ie a monctonic increaze in density ai a
decreasing rate which the density seems to level off at 4 kbar.
Thus, beyond this point the formation pressure would have no
affect on Lhe dengification process. On the other hand, with
mest of the other investigations mentioned above, including
those on palyslyrens, it would appear that chemical stability
is the limiting factor. Whether the reaction rate constaor of 2
Eiven tate process increases or decreaees with pressure de-
pends upon the zign of ita corresponding activation volure
(76]. It mosi cases it is expecled Lhat Lhe Lolal wclivation
volume will he positive with a corresponding increase in the
effeclive decomposition temperature with increasing pres-
sure, Thiz behavior may be complicated, however, by the
different temperature and pressure dependencies of the var-
ioug decomposition modes, and, possibly by the initiation of
new ohes al elevated prossures.

The important consideration here is whether, or not, the
decompasilion lempergiure and T, -pressure curves come
sufficiently cloze at any point to limit the densification proc-
eag. For example, with polytelraflunrocthylens the inctrase of
decompasilion temperaluze with pressure 13 enly abowt 3.2 K/
kbar [¥7]), Although this rate is small, the decomposition
temperature is sufficiently remote from the obeerved
transitions, since s initial (aimospheric pressure} varuﬁ is
about T00"C. In addition, the meling and decomposition
curves diverge with increasing pressure over the experimen-
ial range of 28 kbar, investigated so far.

In cases where the decomposition temperature Ty in-
creazes with preseure, Ty should alew be allowed to increase
with pressuve to optimize the densiflication. With polytelra-
flugroethylens this process wonld appear 1o continue without
bound because of the ohserved divergence mentionzd above,
In instances where Ty and T converge or interaect at a finile
prezsure, the densification would be essentielly Limited by
the effective intersection lemperature as illusirared in figure
5. Except for the polymer mentioned above, pressure de-
I)endent rymljrs:s data are apparently non-exigtent in the

terature™,

The resultz in table 3 sumimatize 4t allempl to estimate the
optimum densification on & few palymers beyond which ther-
mal decomposition would occur. In the absence of reliable
pyrolysis data at elevated pressures, we will estimale opti-
mum dersification by commencing isothennal pressunzalion
at Ty = Fg Sinees in most cases Ty is expecied 1o increase
with pressore, this procedure should underestimate the maxi-
muom densification as illustrated by the lower value of P gax
ohtained by 1he dashed line path in figure 5.

! Preliminmry week of this kisd on L8 palprmens. inchuding PR, S, Prark, sad PYVE, b bean
reperied by H Exming and ceworken in Red. Eg]. Im all ol thriar s deinmpmitian bempermure
R P I it presegre, W hawe bean unaid= w0 obisin & Ml repom e Uiy wrtivine.

Pressurizakion P<Finar

TlF)

_____ P=Fnay
| it
1 -
1 |=obaric
1 Glass
| Formation

T ]

|
1
1
|
|
|
1 I
1
|

N~y ——— — 4+

Capracsripalion in Glogs

)

FIGTRE &. Schematic ifuairakion of temprratine-presnene hustony waed e
optimie the deugftcation process befove ke onet of pyrolyaie,

Tuu.n L' eq.[mm qf‘nuu:l-mm dcmy‘;rmwnfrﬂ.m p}rﬂ!}si; dw.h:l.

a

Polymer Ref. | & KWmol | TX | WT)%jmin | Tuk | Tuk | S&8% | Pt e | Mbar {? me
%
MB i g 95 0, 263 358 .1 25 14 L.O x
FF 9 253 [k 1] 2 0 18 7.0 13
PHA a0 155 558 2% 515 282 13 15 5.8 3
P¥Ac a1, 82 112 17 5.58 o ey 21,2 5 9.3 5
i I 83 1245 08 .43 138 340 135 B B4 5
= a0 ZIB i 163 317 363 30.0 T B1 [
o-FRMA a0 230 o831 IS0 a2 E ¥ 26 i 1.3 5
FaMs 20 243 546 7% 519 348 39 2 19 1

® Stated w0 be unatable a1 teeperatures above 363K in Ref. [B1], During sample preparation [1] elight discoloration was abeerved after heating ovemight in

m wacwum at 3 K.
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In table @ T4 is taken arhitrarily a1 the value far which the
initial reaction rate conatanl k = 1%/hr, applicable to the
lolal degredalion process. Assuming Arrhenivs hehavior Ta
may be calculaled (rom the telation

VTa= 1/T = (Rf AHMR[(1/60)/ k(1]

when: R = £.314 J/imol-K) and Al i5 the activation energy.
T is arbitrarly chasen from the closear data point 1o T, which
in all cazea, but one [PV Ac), involves extrapolation. These
decomposition lemperaiures comeapond 10 those given in
table 7 of vef. [34], exeept the laner spparendy apply ok = 1
percentfmin and, accordingly. are larger. The ceiling tem-
peratures in the same table, which apply to the propagation
mode at equilibrium, ave apparently ot relevant o the
denasification process. Ty, dTJEF, and 1" are selected from
previous tables in this paper. P, the pressure corre-
spoending 1o the onset of pyrolysis ;1 Ty = Ty and —{AF/
Fimax the corresponding maximum densification, are ob-
tained from the simple relations

Poay = [Tg — Ta{{'}]ﬂﬂafdpj
_{ﬁl'rfnqu Dl i O e

From these resulls it appeas that Py gy varies inversely with
Ty however, no teend is appatent for (3 )50,

4.8. Dependence of Refractive bvdex on Densifleotion

A rolioble estimale of the change of refmelive index oo
densificalion should be obtained by means of the Lorente-
Larenz equation,

(n? = 1}/(n®+ 2} = Kp,

where n is the index of refraction ard g the demsily. K
depends upon the polarizability, which is expecied to he
easentially independemt of formation pressure, or allerna-
tively, the dengity at conatant temperature and prezeure, The
telative change of index of teftaction with loination presstee,

& = (1/n) {8n/3P)y.s,

(20}

is obtained explicitly by differemiation of eq (208, viz,

6 = {1/6a%n*— 1 " + 2} (21}

Table 10 presenta the resulis for polymers for which values
far ng eodium D dine) gre available from rel. [35] with &'
selecled from gur tahles. The r g values are converted L those
at T'; by means of the temperature coeflicients given in r=f.
[84]. As seen from the rable, these corrections are insignifi-
cant. Since all of these values range between 1,48 and 1.58,
a very ulight (10 p-:rr:n:nl} erret will be incorporated in & h}r
taking the function fir) = (1/6a%HA* — i‘ﬂ')n“ + 2 a5 a
conztant, &= revealed by the table. Accordingly, in view of
the large experimental uncertainties in k' (35 percent for
polystyrene), the additional unceriainties obtained on replac-
Ing e (21} by the approximation

5 =04

are alight. The values of & in the table however, are caleu-
lated rom eq (21). We do not have any direel experimental
datz giving the dependence of the index of refraction on
formarion pressure, '

Tagig 1. Esimerion of chaggs in rgfrapiive inder fram densifioarion rags

Polymer | T,* r"fﬂé’f‘ ""ifg"f?‘ o T | 0ol | pype mﬁ;r_.
FlB =7L[L.51* =0, 0008 | L34 |[ha2) L& a3
NR —60 J1.5225) | —0.00037) 1.55 | 42| 19 &
PP -0 | L4 ) L5L| 40| 41 1.5
SBR =& | 1.3 L"'i 1.5 | 2| 38 2.4
MA 9| LAN20h " 1.47 | A73| a8 2.2
PFnBMA 20| 1.48{25) ™} L4a | 280 07 0.3
P¥Aq 31148200 | —0.000 | 1.48 | 380{ o 3.5
FEMA 4 | L4By25) ") 1.48 | 380| 8% | 35
FYC T6]1.55° ] 1.4 41| 76 | 3%
=] o3|1.5% | —000013| 158 | 449 82 | 37
a-PMMA 105 LAN20 [ —0.000L2( 1481 .30 T4 24
PrHMA 167 | 1.50200 | —0.60013{ 1.50 ) .5m] 126 | 5.0
Poach 143 [ 1.58¢ £ 157 442 51 | 23

! dngldT taken o — 00003,

" Taken from Ref, [15
* drpfdT taken as —0 0001

B Taken fren Bef. 184
* Temperoture teken s 25°C,

Theze vvaluations have potential application in oplimiza-
tin or adjustment of the refractive indices of plastic lenses
by appmpriately seiting the molding pressure. Ii':he values in
the lazi column in table 10 give the relative percen changes
(An/n) resulting from a moding pressure of 10 kbar, For P5
and PMMA, which are common constituents for plastic len-
res, n would change by 4 and 3 percent, respeclively.
However, it was estimated in the last gectivn thal thermal
decomposition of these polymers would limit the pressuriza-
Liot 1o T and 8 kbar, respectively. In these analyses iscther-
mul jwessurization is considered at the decompesilion tem-
peratuze. IF this temperature increases with pressure as indi-
cated hy cef, (78] for PS and PMMA, an additicnal increase
in their refractive indices could be obtained by appropriately
increasing the temperature during pressurization.

5. Conclusion

Severa) methods huve been evaluated 1o estimate the den-
sification rate, &', spplicable 1o glass formation by isobaric
cooling at conetant rate. Chher than the direcl measurement
of the velume difference in the plass, &' is always computed
from an expression invnlvingd%; difference between two
transilion rates, dT/dP and ‘f . The hole is
shown w be sulficiently aecurate in estimating g,u"'d'.P lor
the 23 palymem evalualed excepl for possibly these of di-
methyl ellovane and a-methyl styrene. With these il is not
clear whether the discrepancies result from experimental
error or lack of gencrality in the application of the theory.
Although dT dP is only evalualed experimentally, there are
independent alternatives. The simplest of these involves the
differences between themmnal expansions and heat capacities
at T, lor liquid and glass al aimospheric pressure only.

Thr principal problem in the estimation of densification
using these procedurcs appears 1o be the large amount of
experimental uncertainty in all of Lhe relevant quantities, in
particular, the compressibility. Since the expression for &
involves the difference between iwe quantities of similar
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magnitude, even small experimental errorz may have a pra-
nounced effect. Accordingly, it is difficult to assess Ihe
relative mernits of the different methode employed here, in-
cluding the application of the hole theory.

The results of lthese analyses sppesr to huve practical
applications. Densifying glasses produces a hardening effeci
as revealed by an inerease in modull. However, these effects
do oot appear to be 85 pronounced, in particular viscosity or
relaxation time, as these obtained at the same volume, tem-
perature, and pressure in the glazs by commensurmately de-
creasing the cooling rate at aimoepheric pressure. This pro-
cedore however is vanally nol praclical because of the large
limes required for glass farmation. According 1o ohe investi-
gation it is possiE]e to optimize the ullimate properies
through the appropriate ndjustrment of the Ernation or meld-
ing pressute. More work is necossary Lo eslahlish the general-
ity of this resull and o delesiine the lormation pressures for
maximum yield sitess. Moreaver, the relation between the
reftactive index and densification quantity presented could
b wsed to quantitabively regulule the refraclive index of
lenses throngh apprupriale edjusimend of the melding pres-
sure. The maximum value would appear to be limited by
chemical inetnbility ot the high temperatures necessary to
exceed TglP), which increases with pressure. The simple
celation given does noi include the influence of densification
on oplical dispersion. Again, experimental work is required
lo wussess the validity of our eslimales and the pessible
tnfluence of densificalion on dispersion.

This work was supported in part by the Malional Science
Foundation under Grant DMR 75-15401.

6. Appendix

As indicated earlier, eqs (5) in the 1ext involve a lineariza-
tion of pertinent quantitics and proximity to Lhe transition line
TP in fpure 3. The experimenta! data found in the litera-
lure often do naot salisfy these conditions. Hence we reconsi-
der here 1he processes depicted in figure 3. by replacing the
simplifications adopled earlier by the more general form.
This will ol only permil the prediction of densification
effects under more extreme conditions, but alse sllow ns 1o
gage the quantiiative validity of the linearization. Clearly, a
knowledge of the equations of atate is required for an explici)
evaluation, but ig centainly not availablz for the wide range of
aystere discuseed here. However we shall be able 1o present
l}lpiq:al nunwri.c:al i]lustrat'mns using PVﬁl; wl'u:h; appmpriatc
data exist [1, 14}

From the definitions of the coefficiens o and x it follows
that:

¥i¥y = mxp U:,- odT]; ¥ /Vy = exp [—I:D wdP]

where the subscript indicates an indtial value. However, il
will be accurate enough 1o omit second and higher powers in
the expansions of the exponentinls. Considering on average,
temperature independent value for the Lquid, (o) = 8 %
10-1 K", amd a temperature interval of 100 degrees, we
obtain for the integral a value of 8 % 107% Thus the
quadratic term changes The Lolal resull by 0.3 pieccenl. The

values were chosen 20 as to magnify the effect. For the glass,
the approximation will be even more aidequale. With a pres-
sure difference of 2 kbar and (¢} = 4 ¥ 107% har~ 1, the
magnitude of the relalive valume change is the same and
identical conclusions are obtained as for the a-lerm.

Denoting the initial temperature in the melt as Ty and the
finzl temperature in the glass as Ty with the initial pressure
taken as zero, we obtain instead of eq (3], when the pressure
dependence of the ofs and the lemperature dependence of the
K's ure taken inlo account, the fallowing expression:

(V4 = ¥p)f¥y = [ [kdT0 P) — kol Tp PY] 4P

_ j'T"fF’[m{T.. 0) — o, T, )] dT + ::;FJ[EI{T, By

70
— a7, 0] 4T = | ,“I:""[a, T, 0) = g, (T, P 4T
{A-1)

whera the subscripts & and ¢ pertain to lhe low and high
pressure glagses reapectively, Tﬁs choice conforms with the
pomenclalure used in refe. [1] and [14]. In the linearized
derivation, ¢ and x for both liquid and glass are tuken Lo be
constants. Accordingly, there is no distinction between the
values of o, and ;. and, similarly, %50 and &g -

Ta proceed further, we make vge of an explicit equation of
state. [t i3 most convement to emplay the sxlensively lested
Tait relations for both melt and glass. Ta recapitulate the
pertinent equation (14, [S0]:

WP =[P+ B) = [1 —Céail + P/EY
where
B(T} = a exp(—6&T)
and
alT, P} — alT, 0) = PriT, Py d€aB /4T = —&Pk,
(A-2)

The lazi ransforms eq (A-1) into

(V= Vghf¥y = fg [8iTo. P) = soelTr, P)] P
= T o, 0) = atg AT, 0] dF = 7at, T, 0)
~ @y AT, 0] dF — b [ KAT , P}

X dT = g P [ g T, P} dT, (A-3)

where the first two terma will predominate.
We now proceed Lo svaluate the integrals in eq (A-3) which
are identified as lollows:
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£, = J§ [ To, P) — #y AT, PY)AP = Ant

£y = —[ 7250 T. 0) — ag AT, W]dT— = Ao(dTo/dP)P"
fr = =1 lagalT. 1) = g T, 0)]dT— 0

o= =bf (27T, P )T 0

T
Iﬁ = _bp,EP'IT:F'H‘iE{T’ Pr}ﬂ—pﬂ- "A—"-I':i

whet= the terms tw the right of the arrows are 1he cormespond-
ing linear approaimalions veed in ege (5] in the text,

Since £ = 00894, the compressihility may be written in
good approximation, and consistent with the expansion of the
expoitentiala above, as CHE + P). Thus we find for fy,

1+ F,J'II-B!':T&})
——————-—} .

h=ten (1 + P'/B ATy
fz and 7y are evalusled by eapressing the atmospheric pres-
sure volume as Vg = 4, + BJF + € ¥ for which o = {8, +
2CTWY e i3 a good approximation. Vi, is taken as the
average of the two bounds. Finally the general integral come-
ﬁFHJI‘IIli'IlE to £y and 1y is

I &(T, Py dl = {C/PHT
+ (1/8) En [P + a exp{—&T1]} + £1P)

Dsing the purameters for PYAe given in tables 1 and 2
of ref. [14], the values of the imegrals and their linearized
counterparts are summarnized in lable A-1. From ref. [1]740)
= 30.7 "C and TAP’) = 48.0 *C. T; and Ty are Laken to be
90 and 0 ", These two temperalures are considered to be
suffrciently remote from TP), to be characteristic of the
equilihrium and glassy slates, reepectively. The wial relative
volume differences are given at the botlom of the 1able
fallowed by the corresponding densificalion rules. The differ-
ence between the 1wo values of & amounis to shou 2
percent, which is quile salisfactory, since the experimental
error on Uhis quanlity sppeats to be considerably larger. Thia
good sgreement seen in table A-1 arizes however from a
canceliation of approximation emors. Moregver, it is grulify-
ing, that the value ' = 8.8 Mbar™', based on the Tait
enquation is essentially identical to that obtained by directly
measuring the volume difference. (See sec. 4.3.) This illue-
trates the satisfaclory performance of Lthe analylical expres-
giong in representing the experimental data,

TasLe A-1. Vaolues of integrals in «qs (A-5)

i Iiwegral ¥alue, 1) Linear Colsterpan
1 2.M2 = 10T 1.465 = 10°F
2 —0.64% x 10-* —0.753 % 107t
3 0,1 x 102 L
1 —1,552 # 10°*° L1}
5 {0,242 » 107 0
Ya—FuilVa 0,705 « 1072 0.732 » 1077
w {Mbar) B.B 9.2

7. Refereiices

[1] McKinney, ). E-. aned Goldaiming, M_. ). Fea. Nat, Bur, Stand, .55
TBA (Phye, and Chem, ), Neo- 3, 33]1-253 {::g—lhnr L9748
{2] Brez, H. W., Heijboer, 1., Sruk, L £ E_, Tak, A C. M. ]
Pglym. Sci. Po Phye, Ed.. 12, 1857 (1974),
[3] Kuevaca, A, )., Stratton, R. A., and Ferry, 1. O, ). Phys Chen. 67,
152 {19630,
[4] Dale, W. L., and Rogers, C E., L. .»\Epr. PuIEJrL Bei. 16, 21 (1972
5] Wetton, B. E., and Moneypenny, H. ., By, I[z'm. J. 7, 51 (1972
[5] Yourtee, 1. R, und Cooper, & L. L. Appl Eobym. Sei. 18, 897
1974
i I"riE:w:1 {I?-, Poiymer by, 5B {1975k
[Bi Price, C.. Williams, R, C., and Ayea, R €., m Amomhois Materi-
ale, Ede., Dougdus, B W, and Eilia, B, {Wiley-Interscience.
1972}, p. 11T
(9] Weitz, A.. and Wunderlich. B., 1. Polym_ Sci., Polyts. Phea, Ed. 12,
2473 (1974
10] Simba, R.. and Semcynsky, T.. Macmomelecubes &, 342 {10671
11] CoMdmein, M., ). Phys. Chem. 77, 667 (1973)
12] McKiwer, ). E., Arnn. N, Y. Acad, Sei., 279, B8 (1276
13] O'Reilly. ). M., 1. Folym. 5ci. 57, 327 (1962}
14] MceKinney, ). E., and Simhs, R., Macromnlecoles 7, 894 (19740
15] Gee, G, Polmer T, 177 [L96GL
16] MeKinney, I. E., and Simha, K., Macromelecules, @, 430 {157h).
17 [Hahiai?%‘.. and Simha, R., Macrmolecules 8, 211 {1575),
18] Cuach, A.. and Simba, H.. J. Phys, Chem. 76, 416 (1972,
19 gerg., I. 1., end Simha, R.. ], Non-Cryminlline Solida, 22, 1 {1976),
[20] Wunderlich, B, ). Phyw. Chetn, 64, 1052 {1960
[21] Micken, L. E.. Mechanical Properties of Polymers and Compouites.
Vol &, (Maroel Dekker, New Tork, 1974) p. 513,
[22] Lee, W. AL, and Futherford, R. A, ia Folymer Fandbwok, Ed.
Brandrup, J.. and Immengus, E. H., (Intemcience, New York, 1975}
Beriion LI, p. 133
(23] Brown, [n W., and Wall, I- A., ], Polym. Sci. A-2, T, 601 {1969,
[24] Simha, R.. snd H:gﬂ: K. F.. ) Chom. Phye, 37, L3 (1902)
[25] Buyet, R. F.. and Simha, B.. ). Polym. Sci., Polym. Leners B4, 11,
&3 05T
[24] Slwi?;..m!-'r ... Mandelkem, L., and Sehling, F. C.. ihid, 14, 345
{
[27] Buvet, H. F., ). Macromol, Sei-Phys, BT, 87 (19731
28] Wunderlich, E-. and Janes, L. D, shid B, 67 (1969,
[20] Wunderlich, B_, and Baur, H., Adv. Pobym, Sei, 7, 151 (19701
3] Simha, K., and Wilsen, P 5., Macromoleoules 4, O {1973
31] Madersky, 5. L., Thermel Degradation of Organic Polymere (Intersci-
enoe, New York, 10640,
(32] Reich. L., and Stively, 5., Eleowents of Folpmer Degradation (Moo
Hil, New York, 1971
[53] Wall, L. A., in Analytical Chemistry of Fulyiweta, Part [1, Ed. Kline,
G. M, |Interscieace, 1962}, p 181
[34] wall, L. A.,in The mechanisms of prrolysts, oxidation, and bumiog of
crganic malerials, MNal. Huy. Sand. U5}, Spec, Fubl. 357, 199
pages, {June 1972) Ed, Wall, L. A. p. 47.
[55] Brauer, G, M.. and Homwile, E_, in Analyticsl Chemiziry of Palymers,
Part 11, Ed_, Klite, G. M. (Interacience, 19%62), p. 40,
[#5] Skik, H., ard Flory, P, ., Weaccomoleoules 5, 758 [1972)
[#7] Berer, 5., and Prnunitz, J. M., ibid 8, 356 (1973)
3R] Eichivger. B, E.. and Flory, P. L., ibid 1, Z25 (1968}
}39{ Martin, G. M., and Mande/kern, L, 1. Res. Mat. Bur, Stand. (15,1,
62, No. 4, 141146 (Apr, 1959), RP2044.
[400 Passagliz, E., and Madin, .. J. Res. Nat. Bur. Siand. {U.5.}, 684,
{Phys. and Chen. )y Mo, 3, 273276 iMay-lun: 1964}
a1 Kraus, G., and Gruver, J. T.. J. Polym S, Part &-2, 571 {1970},
[#2] Takahishi, M., Shen, M. C._ Taylor, B. B., and Tobolsky. A- V-, ).
Apph. Polyvm. Sci, B, 1549 [1964).
[43%] OMahixi, 0., and Sintha, R., Mecromoleculer 8, 206 (1975).
[#4] {usch. A.. Wilson, P. 5., aod Simha, R.. ). Maemmol. Sei.-Phys.
B, 533 {1974).
[45] R %, 5., and Mandalkem, L., J. Fhys, Chem, #1, 9&5(1957).
[46] Heliwege, K. H., Hennig, 1., and Xneppe, W_, Kolloid £_; Z. Polym.
184, 20 (1962}
[47] H““:';EB;]" K. H., Koappe. W., od Lehmmon, F., ibid LHS, 110
{1 .

[48) Heydemane, P, and Guicking, H. [, ibid. 193, 16 (1963),

49) Breuer, H., and Rehage, G., ibid 216217, 158 {1967},

50) Quach, A.. snd Simhe. R, J. Appl. Phys. 42, 4596 (1971).

[31) Mccciet, 1. P.. Aklonis, J. 1., Lit, M., and Tobolsky, & V.. 1. Appl.
Polym, Sci. %, 447 {1965}

206




152} Cowie, J. M. G.. and Taporewski, E. M., J. Macrersal. Sci.-Fhys., 1,
8L (196

[53] Simha. R., Wilson, F. 5., and Olabisi, 0., Kolledd Z.; Z. Polym. 251,
02 (1973,

[54] Shishkin, N. L, Sov. Phoys,, Solid Seate Phys. 2, 522 (19a60),

[55] Ichihara, 5., Komatsu. A, Tsujita, Y., Mosc, T., and Hate, T.. Polym.
I. 2, 530 (1971).

[36] lehihera, 5., Komaisu, A., and Hata, T.. Polym. F. Z, 650 {1971),

[57] Boyer, R. F. , Styrene Polymens | ical Bropeciics-Theomal Charmr-
weristics], iR Fcyt]upﬁdm on Folymer Sciznce and T«:cl'rrlolog'
Boyer, B. F.. Ed., (Wiley mdfmm Nrw Yok, 1900}, p. 297

[58) Weie, C.F., I.zaer.w H.. and Womd, L. A.. ). Rea. Nat, Bur, Seand.
. 51}. "H- 361372 [ﬁpl Las0), RPW

[59] Fe . aud Parke_ G. &, J Chem. Phys. 4, 70 (1956L

[&0] Mc nc}'.] E.. Belcher, H. V., and Marvin, R &, Trans. Soc.
Bheolagy 4, 347 {1960

[61] Singh, H., and Molle, A. W., ], Appl. Phys, 30, 337 (1959

[62] Williamos, G Trans, Faredey Soc. Sk, 1556 (1964],

Willlama, G, and Edwards, D A ibid 62, 1320 {1966
[M] Hu:[(mnz}'.] E.. and Balcher, V.. J. Res. "Nat. Bur. Stand. 0.5,
&7A (Fhys. ard Chers, 1. Mo, 1, 43-53 {JTan.—Fech. 19631
[65] Williame, Gr Trann. Faraday Sm:. B2, 2091 {1966),
[66] Keppelman. 1., spd Giclessen, 1., Z fur Elecimcbemic 65, 689
(196L)

[67]) Zosel, A., Kolloid Z.; £, Folyro. 194, 113 (1964),

[68] Saushe, H., and Saito, 5. Palym 1. §, 749 (1972

|6%#) Furukewa, C. T., and Reilly, :! L.. L Hes Mak. Bur, Stand. (U5,
56, Mo, 5, 285288 (May 1056), BP26T6,

|7 Bekkedahl, M., and Mathweszon, H., ). Rea, Mot Bur. Stend, (U.5.0,
15, 503-515 (Novw. 1935), RPBd.

[71] Passaglia. E., amd Bevorkian, H, K. ], Appl. Phys, 38, 3011963 ).

[72] Furukawa, G. T., MeCoskey, E. F_, and Reilly, M. L., 1. Rex. N,
Bur. Stand, (U.5.), 55, Mo. 3. 127-132 {Seps. 1955), RF2610,

[73] (FRetlly, I. M., Bansg, F. E., and BEmir, H- E., 1. Polym. Sci., Pan €,
., 109 {1964,

[v4] MeKinney, ). E.. and Lindsay, K., and Compressihilin u‘F
quu:lz. in American lmuu:le o Ph].-m::r{{mdhmk Cray, DL W }'
Bl (MoGraw-Hill, New York, 19721 Section 2, p. 167,

[¥5] Kinmel, B. M., and Uhiman, D- R., 1 Appl. Phys 4], 207 1 9T0L

{7#] Lin, 3. H., Li, K. F., and Evring, H., in Physical Chemistry, An
Advatred Treatie, Vol Y11 [Academic Press. New York, N.Y.,
1975, p. 38,

|77) Tamayama. M., Ardersen, T. N., and Eyring, H.. Proc. Nat, Aced,
Sci. 57, 554 11967).

|T8]) Eyring, H.. in Proceedings, New Makenals Irom High-Pressure High-
Tenprratutr: Processes, U5 Ammy Research Oftice-Dhurham 27-28
Sept. 1967 ol Watervliel Arenal, Walerdiet, N.Y.

[T9) Modordky, 5. L. and Strwws, 5., ). Bes. Nat, Bur, Sand. (U.5.), 5334
Me. 6, 561-370 (Dec. 1954), RPZ353. -

{ 1 Wall. L. .‘\ amnd Madorsky, 5. L., J. Folwm. Sei. 10, 490 (1953

B1] Graseie, M., Trans. Favadsy Soe. 48, 379 (1952

ihid. &, 335£|9531

33- S'I:ml'l.bﬂ'g. H. R., Strews, %, s Achhsmmer. B. G.. . Pelym. 3ci.

35, 355 Il?&")l

[B4] Mewmnan, §. B., wf. [35), p. 254.

{Paper BLAZRIU31)




