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Constitutive equations are derived for enthalpy recovery in a glassy polymer after 
quench from abwe the glass transition temperature Tg to a temperature T in the 
sub-Tg region. The model is based on the trapping concept, which treats a disor- 
dered medium as an ensemble of cooperatively rearranging regions (CRR) hopping 
in potential wells as they are thermally activated. Rearrangement occurs when a 
CRR reaches some liquid-like energy level in a hop. The rate of hops is described by 
the theory of thermally activated processes, whereas the probability to change trap 
in a hop is determined by the difference between the current and equilibrium con- 
centrations of cages. A nonlinear parabolic equation is developed for the distribu- 
tion of traps. This equation is used to describe entropy recovery in amorphous and 
semicrystalline polymers. Fair agreement is demonstrated between experimental 
data for poly(ether imide), poly(ethy1ene terephthalate) and polystyrene and results 
of numerical simulation. Some phenomenological relations are suggested to pre- 
dict the effect of temperature, molar mass and degree of crystallinity on material 
parameters. 

INTRODUCTIOIU 

his study is concerned with the kinetics of en- T thalpy recovery in amorphous glassy polymers. 
Structural relaxation (physical agina in polymers has 
attracted substantial attention in the past three 
decades, see monographs (1-5) and review articles 
(6-9). This interest may be explained by the fact that 
changes in the internal structure of polymers strongly 
affect their physical and mechanical properties. In the 
past decade, slow dynamics in out-of-equilibrium dis- 
ordered media (spin glasses, supercooled liquids, 
metallic glasses, orientational glasses, etc.) has be- 
come the focus of attention in physics of condensed 
matter, see recent reviews (10-17). 

Structural relaxation in polymers is conventionally 
studied in "quench-and-wait" experiments, where a 
specimen equilibrated at some temperature To above 
the glass transition temperature Tg is quenched to a 
temperature T < Tg and is annealed at the fixed tem- 
perature T, 

T(t) = TO ( T <  0), T(t) = T (T> 0). (1) 

It is evidenced as the effect of the waiting time t, (the 
time elapsed after quench before the beginning of a 
test) on physical properties of the specimen. The pre- 
sent work focuses on one-step thermal programs, Eq 
1, for which a wealth of experimental data is available. 
It is worth noting, however, that this protocol, Eq I, 

does not exhibit all peculiarities of the aging process 
revealed in tests with more complicated thermal pro- 
grams (18, 19). 

A number of molecular theories may be mentioned 
for structural relaxation in amorphous media. The 
most widely used concepts are the free volume model 
(20), the theory of cooperative relaxation (21). the cou- 
pling concept (22) and the mode-coupling theory (10). 
Surveys of constitutive relations for the kinetics of 
structural relaxation in supercooled liquids may be 
found in the literature (9, 12-15). Despite significant 
successes in predicting the behavior of glass-forming 
liquids, it is conventionally presumed that even the 
mode-coupling theory (the most advanced among mol- 
ecular models) fails to adequately describe slowing 
down in the response of amorphous polymers below 
the glass transition temperature (23). As a reason for 
this conclusion, the neglect of cooperativity in the 
molecular reorientation may be mention which plays 
the key role in kinetic phenomena in the sub-Tg re- 
gion. 

The objective of this study is to derive constitutive 
equations for enthalpy relaxation that combine the 
theory of cooperative relaxation in a version of the 
model of traps (23-27) with the concept of diffusion in 
configurational space (28-31). An amorphous polymer 
is treated as an ensemble of mutually independent co- 
operatively rearranged regions (CRR) (21). A CRR is 
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thought of as a globule consisting of scores of strands 
of long chains (26) that rearrange simultaneously by 
reorientation of chains caused by large-angle rota- 
tions of neighboring strands (23). The characteristic 
length of a relaxing region in the vicinity of the glass 
transition temperature amounts to several nanome- 
ters (32). 

In the phase space, a CRR is treated as a point 
trapped in its potential well. Cages in the phase space 
are separated by energy barriers whose heights 
strongly depend on temperature T. Above the glass 
transition temperature Tg, the average height of barri- 
ers is less than the energy of thermal fluctuation, 
which implies that CRRs easily change their cages 
(31). Below T,, the average h e a t  of barriers exceeds 
the energy of thermal fluctuations, which slows down 
structural relaxation and results in ergodicity break- 
ing (33). Introducing several hypotheses regarding the 
kinetics of hops from one potential well to another 
in the sub-T, region, we derive a nonlinear parabolic 
equation for the distribution of CRRS trapped in cages 
with various potential energies and apply this equa- 
tion to the analysis of enthalpy recovery in amorphous 
and semicrystalline polymers. The study focuses on 
the effects of aging temperature, molar mass and level 
of crystallinity on adjustable parameters in the consti- 
tutive relations. 

ElUTEALPY RELAXATION 

An amorphous polymer is treated as an ensemble of 
cooperatively rearranged regions. In the phase space, 
any CRR is modeled as a point located at the bottom 
level of its potential well. At random times, CRRs hop 
to higher energy levels as they are thermally agitated. 
With reference to the transition-state theory (34), we 
assume that some liquid-like (reference) state exists 
on the energy landscape. The energy of a potential 
well is characterized by its depth, w, with respect to 
the reference energy level. It is assumed that w > 0 
for any cage and w = 0 for the liquid-like energy level. 

Denote by do)& the probability for a CRR to reach 
(in a hop) the energy level that exceeds the bottom 
level of its potential well by some value, w’, belonging 
to the interval [w, o + do]. Referring to the extreme- 
value statistics (14). we set 

where A is a material constant. The probability for a 
CRR in a trap with potential energy w to reach the 
reference state in an arbitrary hop is given by 

The average rate of hops in a cage y is determined by 
the current temperature T only, y = $7). The rate of 
rearrangement R (the ratio of the number of CRRs 
trapped in cages with energy w and rearranged per 
unit time to the total number of CRRs located in traps 
with energy w) equals the product of the rate of hops, 

y, by the probability, 9, to reach the reference state in 
a hop. Equation 2 results in the Eyring formula (35) 

R(w) = y exp(- Aw). (3) 
Denote by X the (time-uniform) concentration of traps 
per unit mass, and by p(t, w) the distribution function 
for CRRs trapped in potential wells with energy w. 
The number of relaxing regions (per unit mass) lo- 
cated in cages with energies belonging to the interval 
[w, w + dwl and rearranged during the interval of 
time [t, t + dtj reads 

XR(w) p (t, w) dwdt. 
Unlike previous studies (28-30). we assume that not 
all relaxing regions change their traps when they 
reach the reference state and denote by Flt, w) the 
ratio of the number of CRRs returning to their traps 
after rearrangement to the number of those reaching 
the reference state. The number of relaxing regions 
leaving their cages (with the energy located within the 
interval [w, w + dw]) per unit mass and unit time is 
given by 

We model a relaxing region as a globule (blob) com- 
prised of strands of long chains and assume [in agree- 
ment with the shoving model (36)l that some extra 
space is necessary for a CRR to be rearranged. With 
reference to (36), the energy w is thought of as a work 
spent to shove aside the surrounding medium. When 
the energy of a thermal fluctuation exceeds this work, 
the volume of a domain occupied by a relaxing region 
increases, and some strands change their position 
(which is treated as a rearrangement event). After- 
wards, the surrounding material returns in its initial 
state, and the globule waits for the next activation act. 

We suppose that during the rearrangement event 
(large-angle rotation of neighboring strands), some 
temporary crosslinks break and some new crosslinks 
arise. Here crosslinks are treated in a generalized 
sense as conventional physical crosslinks, entangle- 
ments and van der Waals forces. Creation and annihi- 
lation of temporary crosslinks is modeled as a hop of 
a CRR from a cage with potential energy w to a new 
cage with some energy w’. Any act of rearrangement 
is assumed to cause only small changes in the energy 
w (the energy of crosslinks broken/created during the 
rearrangement event is small compared to the poten- 
tial energy w). In the phase space, this hypothesis is 
tantamount to the assumption that the exchange of 
CRRS occurs between near neighbors on the energy 
landscape only, that is between traps with the energy 
[w, w + dw] and cages with the energy [w - dw, wl 
and [w + dw, w + 2dw]. The balance law for the 
number of CRRS trapped in cages with the energy be- 
longing to the interval [w, w + dwl reads 

(41 
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where the subscript indices and ”+” refer to ap- 
propriate quantities for the intervals [w - dw, w] and 
\w + dw, w + 2dwJ. Expanding the right-hand side of 
Eq 4 into the Taylor series, using Eq 3 and introduc- 
ing the notation 

r = - 1 y d d ,  
2 

we arrive at the differential equation for diffusion on 
the energy landscape 

(5) 
ap a2 
a t  a d  - = r-- [(l - I;? exp( - Aw)p]. 

An important advantage of Eq 5 compared to previous 
studies (37, 38) is that it does not impose restrictions 
on the equilibrium density of traps, p,(w). provided 
that F = 1 in thermal equilibrium. In particular, this 
condition is satisfied provided that 

where E > 0 is a material parameter. We adopt the 
random energy model (39, 40). according to which the 
initial distribution, po(w), and the equilibrium distri- 
bution, p,(w), are Gaussian functions 

where W. Zo, 2, are adjustable parameters. These for- 
mulas imply that the average equilibrium energies of 
traps are temperature-independent (the same value 
W is employed for the initial and equilibrium distribu- 
tion functions), whereas their variances strongly de- 
pend on T. The first assertion is fairly well confirmed 
by experimental data in mechanical tests for several 
amorphous polymers (4 1, 42). The other hypothesis is 
in agreement with the conventional scenario for the 
growth in the ruggedness of the energy landscape 
with a decrease in temperature (14, 27, 43). EQuations 
7 describe the distribution of CRRs provided that the 
inequality 

0 

imp(t ,  w) dw << 1 (8) 

is fulfilled for any t 2 0. In the sequel, we assume that 
JZq 8 holds. 

The level of disorder in an ensemble of CRRS is de- 
scribed by the confivtional entropy per rearranging 
region (44), 

s( t )  = - kB/ p(t, w) lnp(t, w) dw, 
W 

0 

where kB is Boltzmann’s constant. The configurational 
enthalpy per CRR. h(t), is expressed in terms of the 
configurational entropy, s(4, by means of the conven- 
tional formula 

- T. 
ah 
as 
_ -  

Integration of this equality for a one-step thermal test, 
Eq 1, results in the formula for the configurational en- 
thalpy per unit mass, H = Xk We assume that the re- 
laxing enthalpy per unit mass, Amt), coincides with 
changes in the configurational enthalpy, AH0 = Ht) 
- NO). This hypothesis is the main postulate of the 
coarsening concept, see (14) for details, which asserts 
that changes in relaxing enthalpy of a disordered 
medium with time (observed in calorimetric tests) are 
attributed to changes in the distribution of CRRS with 
various energies. Simple algebra implies that 

W 

AH(t )=A/  [po(w)lnpo(w) - p ( t  w)lnp(t,w)]dw. 
0 

(9) 

where 

A = k,TX. (10) 

Introducing the dimensionless variables w = Aw 
and T = t /b, where to is the characteristic time of 
aging, and setting r = A2I&, W =  AWand ck = A&, 
we arrive at the constitutive model, Eqs 5, 6, 8, 9, 
with adjustable parameters W, z0, zm, f;, E and A. 
Equations 5, 8, 9 imply that the quantities W and f; 
are interrelated: when one of them is fixed arbitrarily, 
the other may be chosen to characterize the time 
scale. For convenience of numerical simulation, we 
fix W and determine r by matching observations. The 
value W = 2.5 ensures that Eq 8 is satisfied with a 
high level of accuracy and reduces the number of ma- 
terial parameters to five. This number of material con- 
stants in governing equations is quite comparable 
with that used in conventional phenomenological 
models which employ the stretched exponential func- 
tion to fit observations (7). As examples, we refer to a 
model with 4 constants (4547) that combines the 
Kohlrausch-Williams-Watts (KWW) formula with 
the Adam-Gibbs equation (21) for the characteristic 
time of structural relaxation T~ and to a model with 5 
constants (48, 49) that employs the KWW equation to- 
gether with the Narayanaswamy relation for T ~ .  A sur- 
vey of constitutive equations with a higher number of 
adjustable parameters may be found in (50). An ad- 
vantage of our model compared to phenomenological 
approaches is that structural recovery in polymers is 
described at the molecular level, which provides a 
unified framework to treat observations in various 
tests (calorimetric, dilatometric, mechanical, dielec- 
tric, etc.). 
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VALIDATION OF THE MODEL 

To verify the constitutive equations, we analyze ex- 
perimental data for several amorphous and semicrys- 
talline polymers in the sub-Tg region. We begin with 
observations for amorphous poly(ether imide). For a 
detailed description of specimens and the experimen- 
tal procedure, we refer to (51). First, experimental 
data are fitted at the lowest temperature, T = 190OC. 
The quantities z,, Em, r, E and A are determined from 
the condition of the best approximation of observa- 
tions. Given amounts Z,, Zm, r, and E, the constant A 
is found using the least-squares technique. To calcu- 
late other adjustable parameters, the steepest-descent 
algorithm is employed. Afterwards, the parameters Zo, 
E and A are fixed, and measurements at higher tem- 
peratures are approximated by using only two ad- 
justable parameters, Zm and r. mure 1 demonstrates 
fair agreement between observations and results of 
numerical simulation. 

The quantities Z, and r are plotted in Figs. 2 and 3 
versus the level of super cooling AT = Tg - T. These 
figures show that the dependencies %,(ZJ and r(?) 
are correctly approximated by the linear functions 

Ern = a, + a,AT, log r = bo - blAT, (11) 
where a k  and bk are adjustable parameters. In the 
vicinity of the glass transition temperature, the appar- 
ent activation energy A E  is calculated as 

where R is the gas constant. It follows from Eqs 1 1,  12 
that 

AE = RTg” b, In 10. 
This equality together with Rg. 3 implies that A E  = 
420.5 kJ/mol, which is a typical value of the activa- 
tion energy for amorphous polymers (52). 

We now repeat the approximation procedure using 
another set of experimental data for poly(ether imide). 
A detailed description of specimens and the experi- 
mental procedure can be found in (53). The relaxing 
enthalpy is depicted in Rg. 4 for various temperatures 
T in the sub-Tg region, whereas the parameters Zm 
and r are plotted in Figs. 2 and 3 versus the incre- 
ment of temperature AT. 

For two kinds of poly(ether imide), the parameters z0 
coincide and the quantities E = 0.25 and E = 0.30 are 
very close to each other. Figures 2 and 3 reveal 
that Zm and r accept similar values as well, whereas 
the quantities A substantially differ: the concentration 
of relaxing regions for PEI studied in (53) is about 
twice that for PEI investigated in (51). Because no 
data are provided about properties of the specimens, 
we can only speculate regarding reasons for this dif- 
ference. As a possible explanation, differences in 
molar mass and in polydispersity may be mentioned, 
which dramatically affect the rate of enthalpy recovery 
(54, 55). 

3.0 

A H  

0.0 1 0  
-1.5 log t 1.0 

Flg. 1. he relawation enthalpy AH J/g versus time t days for 
poly(ether hide) (Tg = 213OC) quenchedfrorn To = 223 to the 
test tempemture TC. Symbols: eqerimental data (51). Solid 
lines: prediction of the model with Z, = 0.2, E = 0.25 and A = 
2.1. Curve 1: T = 190; curve 2: T = 193; c w ~ e  3: T =196; 
curve4:T= 199. 

To analyze the influence of molar mass on ad- 
justable parameters of the model, experimental data 
are fitted for two kinds of polystyrene. A detailed de- 
scription of specimens and the experimental proce- 
dure is presented in (56). The algorithm for determin- 
ing adjustable parameters coincides with that for 
poly(ether imide). 

1 
1.2 

0.0 
0.0 AT 30.0 

FQ. 2. % parameter 8, uersus the of super cooling 
ATC for poly(ether imide). Symbols--treatrnent of obser- 
vations: u n t d  circles (51); j3kd circles (53). Solid tines: 
4pP rawimntion of the evperimental data by Eq 11. clyue I: 
cq,=-0.023,a,=0.045;curw:2:a,,=0.140,a,=0.027. 
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3.0 

log 5' 

0.0 1 I I I I I 

0.0 AT 30.0 

FYg. 3. Theparameter r days-' uersus the leuel ofsuper cool- 
ing ATOC for pofy(ether imirie). SymboIs--treatment of ob- 
servations: unJiued circles (51);fiIled circles (53). Solid tines: 
apP mKimation of the experimental data by Eq 11.  Curve 1: 
bo = 3.549, b, = 0.093; cwve2: bo = 3.048. b, = 0.083. 

Figures 5 and 6 demonstrate fair agreement be- 
tween observations and results of numerical simu- 
lation. The temperature-dependent parameters I;, 
and T are depicted in Figs. 7 and 8, which show that 
Eq I 1  correctly predicts experimental data in the vicin- 
ity of the glass transition temperature. 

According to Fig. 7, an increase in the molar mass 
(from 0.37 X lo5 g/mol for PS37k to 2.67 X lo5 

G.O 

AH 

0.0 
-2.0 log t 2.0 

Rg. 4. ?he refaxing enthalpy AH J/g versus time t days for 
poly(ether imide) (T = 215°C) quenchedfivm To = 225 to the 
test temperature 3 ~ .  symbols: . ntal data 1.53). solid 
lines: prediction of the model w f i T 0 . 2 ,  E = 0.3 and A = 
4.0. Curwl:T= 190;curve2:T= 1 9 5 : ~ 3 : T = 2 0 0 .  

g/mol for PS267k when polydispersity remains practi- 
cally constant) results in a decrease in &,. The rate of 
structural relaxation F grows with molar mass. The 
parameters zo and A are rather close for two kinds of 
polystyrene, which means that they are weakly af- 
fected by molar mass. The coefficient E decreases with 
the growth of molar mass (approximately by an order], 
which implies that an increase in molar mass leads to 
a decrease in the rate of structural relaxation. 

Figures 2 and 7 imply that the standard deviation c, decreases with temperature and vanishes in the 
vicinity of the glass transition temperature. Following 
(57), the critical temperature T, may be defined as a 
temperature at which z, = 0 and the energy land- 
scape becomes homogeneous. This temperature may 
be associated with the critical temperature in the 
mode-coupling theory for glass transition (10, 13, 16). 
The maximal critical temperature equals T, = Tg + 
5.2 for poly(ether imide) and T,, = Tg + 15.0"C for 
polystyrene. These values are rather close to T' = Tg 
+ 8.8 and T, = T' + 9.4"C found for polycarbonate 
and poly(viny1 acetate), respectively, using experimen- 
tal data in mechanical tests (57). 

Calculations of the apparent activation energies AE 
for two kinds of polystyrene implies that AE = 125.2 
kJ /mol  for PS37k and  AE = 241.9 kJ/mol for 
PS267k. Both values of A E  are typical of amorphous 
glassy polymers. An increase in molar mass leads to 
the growth of the activation energy, which is in agree- 
ment with the concept of cooperative rearrangement 
in glassy polymers (2 1). 

The model, Eqs 5, 6, 8, 9, may be applied to the 
analysis of structural recovery in amorphous, as well 
as in semicrystalline polymers. As a possible basis for 

2.0 I( 
t 

A H  

0.0 
-1.5 logt 1.5 

Fig. 5. The retaVing enthalpy AH J / g  uersus time t hfor ply- 
styrene PS37k (T = 100°C) guenchedfivm To = 150 to the 
test temperature +C. Symbols: apdmental data (56). Solid 
lines: prediction of the model with So = 0.1, E = 1.0 and A = 
0.92. Curve I :  T = 80.0: curve 2: T = 85.0; c w  3: T = 90.0; 
culve 4: T = 95.0. 
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3.0 

A H  

0.0 I I I I I I 

-2.0 log t 1.0 

FQ. 6. The relaxing enthalpy AH J / g  versus time t days for 
polystyrene PS267k (Tg = 103.6'C) quencwfrorn To = 150 
to the test temperature TOC. Symbols: experimental data (56). 
Solid lines: prediction of the model with Po = 0.08, e = 0.1 
and A = 1.2. Curve I :  T = 81.9: c u ~ e  2: T = 86.9; curve 3: T 
= 91.9: c~uve 4: T = 96.9. 

this assertion, we note that physical aging is observed 
in an amorphous phase of a semicrystalline material 
only, which implies that the presence of crystalline 
lamellae may be neglected (at least, as a first approxi- 
mation). It is conventionally assumed that two kinds 
of amorphous regions coexist in a semicrystalline 
polymer: weakly restricted interspherulitic domains 
and strongly constrained intraspherulitic domains 
(58, 59). This picture evokes the question which para- 
meters in the constitutive equations and in what way 
are affected by changes in the degree crystallinity. At- 
tempting to answer this question, we match experi- 
mental data for enthalpy relaxation in several semi- 
crystalline polymers where the level of crystallinity is 
changed in different ways. 

We begin with observations for miscible blends of 
syndiotactic (sPS) and atactic (aPS) polystyrenes with 
various ratios f of their weights. For a description of 
samples and the experimental procedure, see (60). To 
match experimental data, we employ the same algo- 
rithm, as has been exposed for polyIether hide) and 
polystyrene. The quantities so and E are determined 
by fitting data for sPS (f = 100/0). In matching obser- 
vations for other values off; these parameters are as- 
sumed to be fixed. 

Qure 9 demonstrates excellent agreement between 
experimental data and results of numerical simula- 
tion. The value zo = 0.12 found by fitting data for 
polystyrene blends is close to the values z0 = 0.10 for 
PS37k and so = 0.08 for PS267k. Taking into ac- 
count that the molar mass of the sPS/aPS blends (60) 
exceeds that for polystyrenes (56). we conclude that 
go is independent of molar mass. The value E = 0.1 

2.0 0 2 

1 

- c ,  

0.0 
0.0 AT 30.0 

Fig. 7. 
AT"C for polystyrene. Symbols-treatment of Observations: 
unjrued circles: PS37k (56); f i k i  circles: PS267k (56). Solid 
lines: approximation of the experimental data by Eq 1 1 .  
Curve 1: a,, = 0.600, a, = 0.040; c u ~ e  2: a,, = -0.436, aI = 
0.084. 

The parameter zm uersus the leuel of super cooling 

found by fitting experimental data for the polystyrene 
blends coincides with that determined by matching 
observations for PS267k. 
Experimental data for various values off cannot be 
correctly fitted under the assumption that the para- 
meter A remains constant. Adjustable parameters %-, 

R 

3.0 

log r 

0.0 u- 
2 
1 

0.0 AT 30.0 
F ~ J .  8. ?he parameter r &u-' wsus the teVel of super COOL- 
ing AT"C for polystyrene. Symbols-treatment of observa- 
tions: unfilled circles PS37k (561;m circles: PS267 (56). 
Solid lines: appmwimation of the eq&me&d d a t a b y E q 1 1 .  
CLVue 1: bo = 1.585, b, = 0.047: c u ~ e  2: bo = 3.088, b, = 
0.089. 

POLYMER ENGlNEER/NG AND SCIENCE, MARCH 2001, Vol. 41, No. 3 509 



Aleksey D. Drozdov 

5.0 

A H  

0.0 I I I I I I I 
-2.0 logt 2.0 

Flg. 9. Ihe relanng enthalpy AH J / g  versus time t days for a 
blend of syndiotactic and dactic polystyrene quenchedfrorn 
To = 300 to T = 80°C. Symbols: ' tol data (60). Solid 
lines: prediction of the model w-0.12 and z = 0.1. 
Curve I: f = 100/0; curve 2: f = 70/30: cwve 3: f = 50/50; 
curue 4: f = 30/70; cwve 5: f = 0/100. 

- r and A are plotted versus f in  Figs. 10 and 1 1. These 
dependencies may be pretty well approximated by the 
linear functions 

where A, Bk and ck are positive constants. 
Equations 13 imply that the parameter A linearly in- 

creases with$ Because A is proportional to the number 
li 

t- I 

0.0 1 0 . 0  0.0 f 100.0 

m. 10.  he parameter Zm (curue 1) anti the parameter F 
day-' ( m e  2) uersus the sPS/aps ratio f percent. Circles: 
treatment of observations (60). Solid fines: approximation of 
the experimental data by Eq 13 with A, = 1.403, A, = 
0.0091 andB0 = 9.983, B, = 0.160. 

1.5 I I I I I I I I I I 

0.0 f 100.0 
Flg. 1 1 .  The parameter A J / g  versus the sPS/aPS ratio f 
percent. Circles: treatment of observations (601. Solid line: 

2.148 and C ,  = 0.0084. 
qp'oximntion Of the e t a l  data by JQ 13 with Co = 

of CRRs per unit mass, and the sPS/aPS ratio f is 
proportional to molar mass, we find that the concen- 
tration of CRRs increases with molar mass. This con- 
clusion is in good agreement with data for two kinds 
of polystyrene (56). which also demonstrate an  in- 
crease in A with molar mass. 

The last equality in Eq 13 means that the number of 
relaxing regions increases with the crystallinity level. 
At first glance, this conclusion seems paradoxical, be- 
cause an increase in the degree of crystallinity results 
in a decrease in the total mass of amorphous regions 
(where structural relaxation takes place). To resolve 
this (apparent) contradiction, we recall that volumes of 
CRRS are proportional to their energies in amorphous 
polymers only. On the contrary, no one-to-one com- 
spondence may be found between these quantities in 
semicrystalline polymers: intraspherulitic CRRs are 
quite small compared to interspherulitic regions (be- 
cause they are confined to tiny "holes" in crystaUites), 
whereas energies of cages where they are trapped ex- 
ceed those for interspherulitic domains (since re- 
arrangement of intraspherulitic CRRS is restricted by 
chains emanated from crystalline domains). This as- 
sertion implies that an increase in the degree of crys- 
tallinity may result in a growth of the number density 
of CRRs, in spite of a decrease in the total mass of the 
amorphous component. 

According to R g .  10, gm = 1.40 for amorphous aPS 
at T = Tg 2324°C. Comparing this value with the 
amounts Z, = 1 .55  and $, = 1 . 5 6  calculated for 
PS37k and PS267k using data presented in Rg. 7, we 
conclude that the equilibrium standard deviation, Zm, 
is practically independent of molar mass. 
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FYg. 12. he relaKing enthalpy AH J/g versus time t h for 
poly(ethylene terephthdate) fTg = 80°C) qwnchedfrom To = 

' t a l  
data (59). Solid lines: prediction of the -1 w i Z Z 0 . 2  
and E = 0.05. Curue 1: f = 14%; curue 2: f = 21%; cwue 3: f = 
3296. 

100 to the test temperature T = 65°C. Symbols: 

It follows from the first two equalities in Eq 13 that 
the quantity x, decreases and the parameter r in- 
creases with the degree of crystallinity. To check, 
whether these dependencies remain valid for other 
semicrystalline polymers, we fit observations for 
poly(ethy1ene terephthalate). Physical properties of 
specimens and the experimental procedure are ex- 
posed in (59). Adjustable parameters in the constitu- 
tive equations are found by applying the same algo- 
rithm as has been described for PEI. 

Figure 12 demonstrates fair agreement between ex- 
perimental data and results of numerical simulation. 
Matching observations implies that z0 = 0.2 and E = 
0.05, which are close to appropriate parameters deter- 
mined for other polymers. The quantities xm, r and A 
are plotted versus the level of crystallinityfin Figs. 13 
and 14. Comparing Figs. 1 1 and 14, we conclude that 
the effect of the ratio f on the concentration of CRRS, 
A, is similar for PS blends and for PET (a linear in- 
crease withj. Rgwes 10 and 13 demonstrate that the 
standard deviation, Zm, monotonically decreases with 
J which means that the homogeneity of the energy 
landscape of a semicrystalline polymer increases with 
the growth of the degree of crystallinity. This fact may 
be explained by the difference between physical prop- 
erties of intraspherulitic and interspherulitic domains, 
because the energy landscape for intraspherulitic 
CRRS is essentially less rugged than that for inter- 
spherulitic ones (intraspherulitic regions are confined 
to tiny "holes" or "layers" within spherulites and are 
strongly linked to their environment, which implies 
that the distribution of energies of potential wells 
where they are trapped should be rather narrow). 

Qure 13 reveals that the parameter Zm vanishes at 
f, = 39%. This implies that some critical level of crys- 
tallinity exists above which entropy relaxation disap- 
pears. It is worth noting that the parameter r (which 
is responsible for the rate of structural relaxation) 
vanishes at the same degree of crystallinity. 

A decrease in the relaxing entropy with an increase 
in the level of crystallinity (qualitatively similar to that 
depicted in Q. 13) has been already demonstrated in 
(6 1) on hot-drawn poly(ethy1ene terephthalate) at large 
strains (up to 4000/). However, the effects of molecu- 
lar orientation and the degree of crystallinity (which 
simultaneously increase at stretching of a specimen) 
have not been distinguished. The fact that both phe- 
nomena dramatically affect the aging process has 
been discussed in (62). 
No detailed explanation may be presented why the 

function Tit) increases for polystyrene blends and de- 
creases for poly(ethy1ene terephthalate). As a possible 
reason for th is  difference, we would mention the dilu- 
tion effect in miscible blends, which slows down the 
crystallization kinetics (60) and prevents disappear- 
ance of interspherulitic domains. 

CONCLUSIONS 

Constitutive equations have been derived for en- 
thalpy relaxation in glassy polymers after thermal 
jumps. The model is based on the trapping concept 
which treats a disordered medium as an ensemble of 
CRRs rearranged at random times as they are ther- 
mally activated. Adjustable parameters are found by 
fitting experimental data for several amorphous and 
semicrystalline polymers. The following conclusions 
are drawn: 

1.2 1 \ 120.0 

% 

0.0 
0.0 f 50.0 

FYg. 13. Theparameter 3- (curue 1)  andtheparameter r h-' 
(curue 2) uersus the leuel of crystallinity f percent for p l y  (eth- 
ylene tmephthnlate). Circles: ireatment of observations (59). 
Solid lines: appmximation of the experimental data by Eq 13 
With& = 1.540, A, = 0.039 and B, = 19.278, BI = 0.495. 
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Rg. 14. The parameter A J/g versus the leuel of crystallinity 
f percent forpoly(ethylene terephthalate). Circles: treatment of 
observations (59). Solid line: apprawimation of the experimen- 
tal data by Eq 13 with C, = 1 .I 74 and C, = 0.0504. 

1. 

2. 

3. 

4. 

5. 

6. 

The model correctly describes the kinetics of 
structural relaxation in the sub-Tg region. 

For amorphous polymers the model predicts the 
existence of a critical temperature, T,. at which 
the energy landscape becomes homogeneous. The 
location of the critical point is in fair agreement 
with conclusions of the mode-coupling theory and 
with previous data obtained by fitting observa- 
tions in mechanical tests. 

For semicrystalline polymers the model predicts 
the existence of a critical degree of crystallinity, 
f,. at which the energy landscape becomes homo- 
geneous. Our conjecture is that the presence of 
this critical point may be explained by the differ- 
ence between a (homogeneous) energy landscape 
of intraspherulitic amorphous layers and an (in- 
homogeneous) energy landscape of interspherulitic 
amorphous regions. 

An increase in the annealing temperature, T, 
leads to changes in material parameters which 
correspond to predictions of the theory of ther- 
mally activated processes. 

The quantities z0 and Zm which determine equi- 
librium probability densities of traps are practi- 
cally independent of molar mass. 

An increase in the level of crystallinity for semi- 
crystalline polymers leads to the growth of the 
concentration of CRRS and to a decrease in the 
ruggedness of the energy landscape. 

7. The dimensionless parameter E is of the order of 
unity (about 0.1 for most polymers studied in this 

work). This means that relaxing regions not nec- 
essarily leave their traps when the concentration 
of CRRs with a given energy is higher than that in 
thermal equilibrium. The parameter E (responsible 
for the kinetics of structural relaxation) is practi- 
cally independent of molar mass and the degree of 
crystallinity. 
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