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For various polymer glasses, the temperature-induced recovery of residual deformation 
was studied. The ratio between the low-temperature and high-temperature recovery 
components is controlled by the difference between deformation temperature and glass 
transition temperature T, of polymer samples independently of their chemical structure. 
This ratio correlates with polymer macroscopic mechanical characteristics such as elastic 
modulus and yield stress. Experimental results were treated in terms of the dynamics of 
segmental mobility within different structural sublevels with different packing densities. To 
correlate this mechanical response with the structural state of glassy polymers, positron 
annihilation lifetime spectroscopy (PALS) was used. For different polymer glasses, the 
microscopic segmental mobility and resultant macroscopic mechanical properties were 
shown to be controlled only by the development of the adequate free volume content which 
depends on the difference between testing temperature and Tg. These results allowed us to 
propose the general correlation between microstructure, microscopic molecular mobility, 
and macroscopic mechanical behavior of polymer glasses. 

Keywords: Glassy polymers; mechanics; relaxation; structure; PALS 

INTRODUCTION 

Finding the correlation between microstructure and macroscopic 
mechanical behavior of amorphous glassy polymers seems to be rather 
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I70 M. S. ARZHAKOV et al. 

difficult because no efficient experimental methods to study their 
structure are available. In many cases, the advances in this funda- 
mental area are provided by examination of their physical and mechani- 
cal behavior. Studies in the temperature-induced recovery of residual 
deformation were shown [l-61 to be a very powerful experimental 
approach to provide an important information concerning the mecha- 
nism of deformation of glassy polymers. 

In deformed polymer glasses, the temperature-induced recovery of 
residual deformation is known [ 1, 21 to involve the low-temperature 
component at temperatures well below glass transition temperature T, 
( E , )  and high-temperature component in the vicinity of Tg ( E ~ )  (Fig. 1). 
Note that the ratio between these two components depends on the 
strain (Fig. 2) .  

is accumulated in polymer samples 
during deformation to strains close to yield strain E~ (Fig. 2,  curve 2). 

Low-temperature component 

FIGURE I A typical temperature dependence of the relative residual deformation E , ~ ~ .  

(PMMA sample was uniaxially compressed to strain 20% at 293 K, cooled down in the 
stressed state with liquid nitrogen, released at this temperature, and heated with the 
heating rate of 0.8 kjmin) [2]. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYMER GLASSES FREE VOLUME EFFECT 171 

30 

*O g 
iu 

7 
w 

10 

0 

FIGURE 2 The stress-strain curve corresponding to the iniaxial compression of 
PMMA sample at 293 K ( 1 )  and low-temperature BI (2) and high-temperature €1 com- 
ponents (3) of the temperature-induced recovery of residual deformation versus strain E [2]. 

As strain exceeds the yield strain E,,, the low-temperature component 
shows no increase whereas the appearance and increase in the high- 

temperature component E~ are observed (Fig. 2, curve 3). The existence 
of the above two recovery components in the deformed polymer 
samples reveals the existence of the two corresponding deformation 
modes. From this standpoint, studying temperature-induced recovery 
of the residual deformation allows a correct identification of these 
deformation components. 

The origin of the two-stage character of the temperature-induced 
recovery of residual deformation was analyzed from both experi- 
mental and theoretical viewpoints, and various theories for the 
deformation mechanism of glassy polymers were advanced. 

When the structural model treats a glassy polymer as a homo- 
geneous material with some density fluctuations, the mechanism of 
deformation involves the nucleation of small-scale plastic shear 
transformations [6,7] or shear microdomains [8 - 101 and their further 
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I72 M. S. ARZHAKOV et al. 

degradation via transition into excited chain conformations. For the 
unloaded polymer sample, the low-temperature recovery of the 
macroscopic residual deformation is controlled by the local recovery 
of plastic shear transformations via transition to their initial state. The 
high-temperature recovery component is provided by the entropy 
recovery of the excited conformations of macromolecular coils via 
segmental mobility. 

In the recent decades, the problems related to the structure of 
polymer glasses were widely discussed in literature, for example, in 
[I  1 - 171. Polymer glasses are characterized by the structural inhomo- 
geneity related to the existence of the heterogeneous ordered regions 
with an increased packing density (domains, clusters), and these 
regions are joined by tie-chains. These tie-chains constitute structural 
regions with lowered packing density. In other words, the structure of 
a glassy polymer may be presented as a set of structural sublevels with 
different packing densities. On the basis of this structural model, we 
advanced [5] the structural pattern of the deformation of glassy 
polymers when the deformation is presented as a gradual activation of 
segmental mobility within different structural sublevels. 

In this work, for more detailed description of the molecular me- 
chanism of glassy polymers deformation, the variations in the ratio be- 
tween the low-temperature and high-temperature components of the 
temperature-induced recovery were studied by varying experimental 
regimes of deformation as well as by physicochemical modification. 
To establish the correlation between mechanical behavior and micro- 
structural changes in initial polymers, mechanical tests were coupled 
with positron annihilation lifetime spectroscopy (PALS). 

PALS is widely used to study the microstructure of polymers 
[ 16,18 - 281. Combination of PALS and mechanical tests was shown to 
be a very promising tool for studying the relationship between the 
structure and mechanical properties of glassy polymers. This experi- 
mental approach allowed one to follow the structural changes in 
polymers induced by plastic deformation and structural relaxation 
[18,19,22], to study the effect of microstructure of polymer glasses on 
the macroscopic mechanical response [23,24], and to investigate the 
mechanical behavior of glassy polymer as a function of the structural 
changes associated with the introduction of low-molecular-mass 
additives [16]. 
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EXPERIMENTAL 

Preparation of Test Samples 

In this work, we studied poly(methy1 methacrylate) (PMMA), PMMA 
plasticized with dibutyl phthalate (DBPh) and diethyl siloxane 
oligomer (DES) containing 5 repeated units, poly(buty1 methacrylate) 
(PBMA), polystyrene (PS), and random copolymers of methyl metha- 
crylate (MMA) with butyl methacrylate (BMA), octyl methacrylate 
(OMA), and lauryl methacrylate (LMA). 

Prior to polymerization and copolymerization, monomers were dis- 
tilled in vacuum under nitrogen flow. Benzoyl peroxide (BP) and lauroyl 
peroxide (LP) were used as initiators of polymerization and copolymer- 
ization. BP and LP were purified by recrystallization from ethanol. 

For homopolymers and copolymers, the monomer feed composi- 
tions were the following: 

MMA/DBPh -95/5, 90/10, and 80/20 (weight ratio), initiator - BP; 
MMA/DES-99.9/0.1, 99.5/0.5, and 98.7/1.3 (weight ratio), initia- 
tor- BP; 
MMA/BMA - lOOj0, 80/20, 70/30, 50j50, O/lOO (mole ratio), 
initiator- LP; 
MMA/OMA-95/5, 90/10, and 80/20, (mole ratio), initiator - LP; 
MMA/LMA-95/5, 90/10, and 85/15 (mole ratio), initiator-LP; 
Styrene, initiator- BP. 

For all mixtures, the content of initiator was 5 x 10- mol/l. Mono- 
mer mixtures were deoxygenated by a repeated freezing-defreezing 
procedure at a pressure of lOP2mm Hg. 

Polymerization and copolymerization were carried out in the sealed 
glass tubes with a diameter of 10 mm and a height of 100 mm at 333 K 
under vacuum. At the final stage of polymerization, to achieve a com- 
plete conversion, the temperature was increased up to temperatures 
above glass transition temperature of the corresponding polymer by 
10-15K. 

Physical and Mechanical Characterization 

Glass transition temperatures of the test samples were estimated by 
differential scanning calorimetry using a “Mettler TA-4000” thermal 
analyzer; heating rate was 20 K/min. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1



174 M. S .  ARZHAKOV et al. 

For the mechanical tests, the test samples were cut as cylinders with 
a height of 5mm and a diameter of 5mm. Prior to tests, the samples 
were annealed at temperatures above glass transition temperature by 
10- 15 K. Then, the samples were slowly cooled down to room 
temperature. The height of the as-prepared samples was denoted as ho. 

The test samples were uniaxially compressed at temperatures 
varying from 293 to 393 K. Strain rates were 1.7 x lo-', 1.7 x 
1.7 x and 1.7 x 10-2s-'. The tests were performed using an 
UTS- 10 tensile machine (Germany). Elastic modulus was estimated 
from the slope of the initial portion of u-E curve at strains not above 
than 3%. The accuracy of estimation of elastic modulus Eo and yield 
stress au was equal to f 5%.  The height of the stressed samples was 
denoted as hdef. Then, the samples were unloaded at 293 K. Unloading 
rates were the same as loading rates. 

To evaluate the ratio between low-temperature (E,) and high- 
temperature components ( E ~ ) ,  temperature-induced relaxation of 
residual deformation was studied by measuring the changes in the 
height of the test samples on their heating in the temperature range 
from 293K to T,. At a certain temperature within this temperature 
interval, free-standing samples were allowed to relax for 30min. The 
height of as-relaxed sample at a given temperature was denoted as hT. 
Residual deformation at a given temperature was estimated as 
E,, = (ho-hr)/(hO-hdd) with an accuracy of f 2%. 

Note that the ratio E , / E ~  or the contribution from cl  to the total 
relaxation of residual deformation &, / (e l  + E ~ )  depends on the ratio 
between the applied strain and yield strain E~ (Fig. 2, curves 2 and 3). 
In this work, for correct evaluation of + E ~ ) ,  the samples were 
deformed to a relative strain E(%) = E,,(%) +8. 

For all polymer samples, the parameters of the deformation and 
mechanical characteristics are summarized in Table I .  

Characterization of Polymer Structure by PALS 

Positron annihilation lifetime spectroscopy (PALS) was shown to 
provide an important information concerning the microstructure of 
polymers [16, 18-28]. In the early studies [19, 29-31], the time 
distributions of annihilation parameters showed that a marked 
fraction of both positrons and positronium (electron-positron system) 
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annihilate after their localization in the free volume microregions 
(holes). 

Numerous model experiments [30, 32, 331 allowed one to conclude 
that, in the heterogeneous structures, the positrons tend to localize and 
annihilate in the free volume holes within the ordered structural 
regions, whereas the positronium occupies and annihilates in the free 
volume holes within the disordered structural regions [19]. These 
theoretical speculations were supported by the PAL studies of hetero- 
geneous polymer materials such as semicrystalline polymers [22], 
polymers containing rigid inorganic fillers [19, 221, and cured epoxy 
polymers [28]. 

According to the heterogeneous structural model of a glassy polymer 
[ 1 1 - 171, the positrons are expected to occupy and annihilate in the 
structural sublevels with increased packing densities, whereas positro- 
nium - in the structural sublevels with lowered packing densities. 

For the three-component analysis, the shortest-lived component 
with lifetime 71 and intensity ZI is associated with the annihilation of 
singlet positronium ('Ps) and non-localized positrons. The component 
with lifetime 7 2  and intensity 12 is partially associated with the non- 
localized positrons and is primarily related to a preferential localiza- 
tion of the positrons in the free volume microregions in the structural 
sublevels with increased packing densities. Orthopositronium occupies 
and annihilates in free volume microregions in structural sublevels 
with lowered packing densities, and this factor contributes to the 
longest-lived component with the lifetime 73 and intensity Z3. 
Parameters ~i and Zi are associated with effective size and concentra- 
tion of free volume microregions in structural sublevels with increased 
packing densities (i = 2) and lowered packing densities (i = 3). 
However, in this work, we considered only the changes in and Zi 
values to estimate qualitatively the changes in free volume as a result 
of physicochemical modification of polymer samples. 

PAL measurements were carried out at 293 K using a conventional 
ORTEC spectrometer with a time-resolution (full width on a half 
maximum of the prompt coincidence curve) of 230 ps. 22Na sandwiched 
between the two sheets of nickel foil was used as a positron source. 
For both three-component and four-component analysis, PATFIT 
computing program [34] was used to calculate the annihilation charac- 
teristics (lifetimes T~ and intensities li) from the corresponding lifetime 
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distribution of annihilation radiation. A continuos analysis of the PAL 
spectra was performed using CONTIN program [35 - 381. 

RESULTS AND DISCUSSION 

For the polymer samples compressed at different strain rates, Figure 3 
(A) shows the contribution from the low-temperature component to 
total residual deformation + ~ 2 )  versus the relative temperature of 
deformation ATdef = Tg - Tdef. At each strain rate, all experimental 
data fit one curve, and as ATdefiS decreased, E ~ / ( E I  + ~ 2 )  decreases, This 
trend is independent of the variations in ATdei: increasing Tdef at a fixed 
T, (PMMA samples) or decreasing Tg at a fixed Tdef (plasticized 
PMMA and copolymer samples). When Tdef approaches Tg(ATdef 
- + O ) ,  the recovery of residual deformation is controlled only by the 

140 120 100 80 60 40 20 0 

FIGURE 3 The contribution from the low-temperature component to the total tem- 
perature-induced recovery of residual deformation q/(q + EZ)  versus the relative defor- 
mation temperature ATp, for the polymer samples corn ressed with the strain rates 
1 . 7 ~  lO-’(l), 1 . 7 ~  10- (2), 1 . 7 ~  10-4(3),and 1 . 7 ~  10-Ps-1(4)(A)andmastercurve 
(reference strain rate is 1.7 x 10- s- ’) (B). The numbers of the samples correspond 
to the numbers in Table I. 
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\ 
140 120 100 80 60 40 20 0 

FIGURE 3 (Continued). 

high-temperature component, and E ] / ( E ]  + E ~ )  tends to zero. At each 
ATdef, as strain rate is increased, + €2) increases. The same effect 
of the strain rate and ATdefOn E ~ / ( E ~  + E ~ )  is described as a single master 
curve (Fig. 3(B)). This curve was obtained from Figure 3 (A) when curve 
4 is fixed and curves 1 - 3 are shifted parallel to the AT,,, axis. 

Earlier [l - 51, we discussed the physical and mechanical behavior of 
glassy polymers within the framework of the structural model which 
treats the structure of polymer glasses as a set of structural sublevels 
with different packing densities. According to this structural model, 
deformation of glassy polymers proceeds via a liquid-like local 
segmental mobility in the above structural sublevels. 

This mechanism involves rotational and translational transitions of 
segments from initial state with minimum of energy (energy well) to 
adjacent energy well, that is, segmental relaxation similar to that in 
rubber. These transitions are associated with the trans-gauche confor- 
mationai changes and require the overcoming of the potential barrier 
through intermediate high-energy excited states. Obviously, within the 
certain structural sublevels, the occurrence of these microscopic 
events is controlled by local packing density. 
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The onset of shear deformation in glassy polymer is provided by the 
stress-activated segmental mobility localized in the structural sublevels 
with lowered packing densities. With increasing strain, the propaga- 
tion of shear bands and the development of resultant macroscopic 
deformation are controlled by a gradual stress activation of segmental 
mobility in the structural sublevels with increased packing densities. At 
yield point, the segments in all structural sublevels are involved in the 
stress activation and relaxation. Further post-yield (steady-state) 
deformation is associated with the increasing of sample volume 
incorporated in shear bands while the stress activation of new 
microscopic structural sublevels is not observed. 

In connection with this, at each stage of the post-yield deformation, 
the deformed polymer is likely to be characterized by a set of high- 
energy stress-activated segments and low-energy relaxed segments. 
Under unloading and heating, the thermal activation of the segmental 
mobility is responsible for the macroscopic recovery of residual 
deformation via the transition of the above segments to their original 
states. 

For high-energy excited segments, backward motion to the original 
states proceeds easily even at temperatures below Tg. As the tem- 
perature is increased, these segments become involved in the thermal 
activation in the structural sublevels with increased packing densities, 
and this trend contributes to the low-temperature component of the 
temperature-induced recovery of residual deformation. For the low- 
energy segments, which relaxed during loading, rubber-like transition 
to their initial state takes place only at Tg when co-operative segmental 
mobility is activated in the whole polymer sample, and glass-rubber 
transition occurs. This mode of segmental mobility is responsible the 
high-temperature component of the recovery of residual deformation. 
From this standpoint, for the deformed polymer samples, the ratio 
between low-temperature and high-temperature components of the 
temperature-induced recovery of residual deformation describes the 
ratio between the high-energy excited and low-energy relaxed seg- 
ments and provides an important information concerning the time- 
and temperature-dependent mechanical behavior of glassy polymers. 

Decreasing AT,,, is accompanied by the enhancement of segmental 
relaxation in local structural sublevels during deformation and, as a 
result, by the decreasing + E ~ ) .  At constant AT,,, as strain rate 
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is increased, segments in the local structural sublevels have no 
sufficient time to relax, and deformed polymer sample is enriched 
with the high-energy excited segments. As a result, with increasing the 
strain rate + E ~ )  increases. Note that the dynamics of segmental 
mobility has a well-pronounced effect on the mechanical properties of 
polymer glasses. For all polymer samples studied in this work, both 
elastic modulus and yield stress correlate well with + E Z )  (Fig. 4). 

+ ~ 2 )  may be treated as a universal physical 
parameter which describes the physical and mechanical behavior of 
polymer glasses independently of their chemical structure and com- 
position. This parameter stands for the macroscopic manifestation of 
the microscopic local segmental mobility, which is responsible for the 
development of deformation and depends on ATdef. From the struc- 
tural viewpoint, the influence of AT,,, on the dynamics of segmental 
mobility may be attributed to the influence of AT,,, on the initial state 
of polymer structure, primarily, on the content of free volume. 

Hence, parameter 

1 . 1 .  l ' l ' l ' l  

0,O 0,2 0,4 0,6 0,8 1,0 

FIGURE 4 Elastic modulus Eo (A) and yield stress uv (B) versus contribution from the 
low-temperature component to the total recovery of residual deformation E ~ / ( E ~  + €2). 

The numbers of the samples correspond to the numbers in Table I. 
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FIGURE 4 (Continued). 

To verify this assumption, PALS was used to identify the changes in 
the free volume content as induced by copolymerization of methyl 
methacrylate with various methacrylic monomers. For initial PMMA 
and MMA copolymers, the PAL characteristics of the three- 
component analysis are listed in Table 11. 

As follows from Table 11, the copolymerization of MMA with OMA 
and LMA is accompanied by a certain increase in annihilation 
parameters of the longest-lived component ( T ~  and 13), whereas 
annihilation parameters of shorter-lived component ( T ~  and 12) show 
no noticeable changes. Increasing annihilation characteristics of the 
third component of the PAL spectra is associated with the increasing 
free volume content in copolymer samples, primarily, in the structural 
sublevels with lowered packing densities. Taking into account the fact 
that as a result of copolymerization Tg decreases (Tab. I), one may 
anticipate that free volume content increases when Tg approaches the 
testing temperature of the PAL measurements (293 K). 

For PMMA, the effect of temperature on the annihilation param- 
eters was studied in [39] at temperatures varying from 83 to 523K. 
For the four-component analysis, the annihilation parameters of the 
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longest-lived component ( T ~  and 14)  were shown to increase with in- 
creasing temperature. For testing temperatures at which deformation 
of PMMA was carried out (Tab. I), the corresponding annihilation 
parameters are listed in Table 111. The annihilation parameters of the 
third component (73 and 1,) remain unchanged and lie in the range of 
0.9 f 0.1 ns and 8 f 1 %, respectively. For the annihilation parameters 

TABLE I1 Annihilation parameters of PMMA and copolymer samples for the three- 
component analysis of positron lifetime spectra from the PATFIT (test temperature, 
293 K) 

PMMA 

PMMA 
with 
0.1 wt% 

0.5 Wt% 

1 . 3 W t %  

of DES 
(MMA 
-co- 
OMA) 
9515 
(MMA 

OMA) 
80/20 
(MMA 

LMA) 
85/15 

-CO- 

-CO- 

0.227 
9~ 0.05 

0.240 
f 0.003 

0.240 
f 0.003 

0.242 
f 0.003 

0.234 
f 0.003 

0.238 
f 0.04 

0.237 
f 0.04 

0.229 
f 0.04 

37.25 
f 1.04 
44.23 
f 1.29 

44.24 
f 1.29 
44.11 
f 1.11 
44.09 
f 1.08 

42.42 
f0 .84  

43.39 
f 0.80 

41.92 
f 0.80 

0.452 
fixed 

0.482 
f 0.008 

0.480 
f 0.008 

0.478 
i 0.008 

0.484 
f 0.007 

0.466 
fixed 

0.476 
fixed 

0.476 
fixed 

30.31 
f 2.67 
31.48 
f 1.21 

3 1.40 
f 0.005 
3 1.24 
i 1.05 
31.09 
f 1.01 

31.92 
i 0.96 

30.34 
f 0.90 

31.44 
f 0.90 

1.930 
f 0.01 

1.962 
f 0.005 

1.960 
f 0.005 

1.970 
i0 .005 

1.981 
f 0.004 

2.030 
fO.01 

2.240 
f 0.01 

2.28 
fO.O1 

24.87 
f0.21 
24.29 

f O . l l  

24.32 
f0.11 
24.78 

1 0 . 1  
24.83 

f O . 1  

25.60 
f0.16 

26.50 
f0.15 

26.8 
f0.16 

TABLE I11 Annihilation parameters of the longest-lived component of PMMA for 
four-component analysis of positron lifetime spectra [39] 

Tes/ 74, ns 14, % 
temperature, K 

293 2.01 24.8 
320 2.09 26.3 
333 2.11 26.9 
353 2.17 27.7 
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of the second component, 7 2  slightly increases. In other words, for 
PMMA, when testing temperatures approach T,, an increase in the 
annihilation parameters of the fourth component of PAL spectra 
suggests an increase in the free volume content in the polymer samples. 

Hence, the PAL measurements show that the free volume content in 
the polymer samples increases as the temperature interval between 
testing temperature and T, is decreased by increasing the testing 
temperature at a fixed Tg (PMMA) or by decreasing Tg at a fixed testing 
temperature (MMA copolymers). Note that these speculations are 
based on the examination of the annihilation parameters of the third 
component (this work) and annihilation parameters of the fourth 
component [39]. The annihilation parameters of the third component 
[39] were ignored even though lifetime 7-3 = 0.9 f 0.1 ns is long enough 
to be associated with ortho-positronium pick-off annihilation. To 
justify this situation, for two samples- PMMA and copolymer MMA/ 
OMA (80/20), additional measurements with higher statistics (1.5 x 
lo7 counts) were carried out. The results were treated in terms of the 
four-component PATFIT program. As compared with the POSGAUSS 
program [39], preliminary measured resolution function (FWHM = 

230ps) was used. Later on, two approaches were used: unconstrained 
four-component analysis (i) and constrained four-component analysis 
(ii). The second approach was similar to that used in [39] with Zl = (Z3 + 
14)/3 and specific time of singlet positronium 7 1  = s ~ o  = 0.125 ns. 

Note that the first approach seems to be more advantageous (Tab. 
IV). In the case of the unconstrained four-component analysis, 
parameter x 2 / v  is much lower than that used in the constrained 
analysis. 

As shown by unconstrained analysis, the value of Z3 + Z4 is about the 
same as I3 in the three-component analysis (Tabs. I1 and IV).  On the 
other hand, this value (Tab. IV) is comparable with Z4 (Tab. 111) and 
much lower than Z3 + Z4 as obtained in [39]. For PMMA at 293 K, 
lifetime 7 3  = 1.46 f 0.21 ns was estimated using the unconstrained 
four-component analysis (Tab. IV ), and this value is much higher than 
7 3  = 0.9 f 0.1 ns as was estimated in [39]. 

The reason of this discrepancy is associated with a complicated 
character of PAL spectra of the test polymer samples. Singlet 
positronium lifetime partially overlaps the lifetimes of free non- 
localized positrons, which should be involved in the first component in 
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the four-component analysis. The annihilation of the localized 
positrons is associated with the second component. In [39], as a result 
of artificial decrease in ZI by the constraint and by fixing T ~ ,  a certain 
fraction of non-localized positrons is associated with 12  [for 
constrained analysis, 7 2  is shown to be shorter than the corresponding 
value for unconstrained analysis (Tab. IV )]. Moreover, a certain 
fraction of the localized positrons contributes to I3 [ 7 3  in [39] is shorter 
than the corresponding value for unconstrained analysis (Tab. IV)]. 
Hence, in the case of the constrained analysis [39], the major fraction 
of the pick-off annihilation of triplet positronium is involved in the 
fourth (the longest-lived) component of the four-component analysis. 
These speculations allow one to conclude that the ortho-positronium 
annihilation in the test polymer samples is presented by the following 
parameters: 

1. Z3 in the three-component unconstrained analysis (this work); 
2. 14 in the four-component constrained analysis [39]; 
3. Z3 + Z4 in the four-component unconstrained analysis (this work). 

These results allowed us to establish the correlation between the 
values of the longest-lived components obtained in this work and in 
[39]. For PMMA deformed at different temperatures and for MMA 
copolymers, Figure 5 shows the effect of T, - T,,,, on the annihilation 
parameters such as lifetime T~ and intensity ZL of the longest-lived 
components (in our case, the third component and the fourth 
component in [39]) (Tabs. I11 and IV). An increase in the intensity 
IL and lifetime T~ of the longest-lived annihilation component implies 
an adequate increase in free volume as a result of reducing T g -  Ttest 
temperature interval via increasing testing temperature and copoly- 
merization. Increasing free volume in polymer samples is responsible 
for the enhancement of segmental relaxation and resulting decrease in 
both ay and cI/(c1 +c2) (Fig. 6) .  

Note that, for PMMA containing DES, the mechanical and PAL 
data also agree with the above dependences (Fig. 6), even though DES 
has no effect on T, of PMMA and on the temperature interval between 
T, and Tdef  (Tab. I). This behavior was formalized [40] in terms of the 
structural plasticization of polymers. 

A poor compatibility of DES and PMMA prevents a uniform 
distribution of DES in polymer, and no effect of DES on Tg of PMMA 
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FIGURE 5 The difference between glass transition temperature and testing tempera- 
ture Tg - T,,,, versus lifetime T~ of the longest-lived components (A) and product of the 
lifetime T~ and intensity ZL (B) of the PAL spectra for PMMA and MMA copolymers. 
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FIGURE 6 Contribution from the low-temperature component to the relaxation of 
residual deformation E ~ / ( E ,  +e2) (A) and yield stress uy (B) versus lifetime rL of the 
longest-lived components of the PAL spectra, and contribution the from low- 
temperature component to the relaxation of residual deformation E ~ / ( E ~  + E ~ )  (C) and 
yield stress uy (D) versus the product of lifetime rL and intensity ZL of the longest-lived 
components of the PAL spectra for PMMA and MMA copolymers. 
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FIGURE 6 (Continued). 
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Intensity, rel.units 

191 

Radius, nm 

FIGURE 7 Probability density functionf(R) ofpositron annihilation in the free volume 
holes with radius R. PMMA-dashed line, copolymer MMAjOMA (80/20)-solid line. 

is observed. However, the introduction of DES to PMMA changes the 
mechanical characteristics of polymer such as Eo, oy and + E ~ )  

(Tab. I). 
At low concentration of DES (0.1 wt%) in the feed mixture with 

MMA, during polymerization, DES molecules are pushed out to the 
large free volume microholes within the structural sublevels with 
lowered packing densities. As a result, in these structural sublevels, 
segmental mobility is inhibited, and both ay and E ~ / ( E ~  + c2) increase 
(Tab. I). In this case, the annihilation parameters of the PMMA/DES 
samples are comparable to those of initial PMMA (Tab. 11), that is, 
DES has no marked influence on the free volume in PMMA (Fig. 7). 

As the concentration of DES in MMA increases to 0.5 and 1.3 wt%, 
during polymerization, DES molecules prevent close packaging of the 
growing PMMA macrochains. As a result, in the final polymer 
samples free volume increases [I3 and 73 increase (Tab. II)], and Eo, ay, 
and + ~ 2 )  decrease (Tab. I). 
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Hence, the combination of the PALS with mechanical tests allows one 
to conclude that mechanical properties of glassy polymers correlate with 
the free volume content independently of its variations: either by 
changing testing temperature, or copolymerization, or plasticization. 

Finally, let us discuss the results of the continuos analysis of the 
PAL spectra for PMMA and MMA/OMA (80/20) copolymer samples 
using CONTIN program [35 - 381. The advantages of this program are 
associated with the fact that, in this case, there is no need to fix the 
number of the components. This program provides a continuous size 
distribution of the elementary free volumes where positronium is 
localized. For these samples, Figure 5 shows a continuous size 
distribution of the elementary free volumes f(R) obtained by a 
standard procedure [36] (75 points in the solution and Si single- 
crystalline reference sample with a single lifetime of 220ps) from the 
long-lived positronium portions of the PAL spectra. 

Note that, according to the PATFIT four-component analysis, for 
the MMA/OMA copolymer sample, CONTIN program reveals two 
peaks of size distribution of free volume holes with radius of 0.2 and 
0.31 nm, respectively (Fig. 6, solid line). Only one peak of this 
distribution is resolved for PMMA (Fig. 6, dashed line). This fact may 
be explained by larger uncertainties in the estimation of Z3 and for 
PMMA samples in the PATFIT analysis as compared with those for 
MMA/OMA sample (Tab. IV). For these two samples, the CONTIN 
analysis shows no difference between the intensities of the positronium 
components (28.7% of total spectrum), and the corresponding 
dimensions of free volume microregions in MMA/OMA sample 
appear to be much higher. 

CONCLUSION 

For various glassy polymers, the ratio between the low-temperature 
and high-temperature components of the temperature-induced recov- 
ery of residual deformation was treated as a universal physical 
parameter. This parameter describes the development of the deforma- 
tion and mechanical behavior of polymer glasses independently of 
their chemical structure. This ratio is controlled by the relative 
deformation temperature AT,,, that is, the difference between T, and 
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Tdef. A universal character of this phenomenon is associated with the 
general molecular mechanism of the deformation of glassy polymers. 
This mechanism is based on gradual activation of the local segmental 
mobility within the certain structural sublevels. As A Tdef is decreased, 
both local segmental mobility and relaxation during deformation are 
enhanced. As a result, the low-temperature (at temperatures below Tg) 
recoverability of residual deformation and mechanical properties such 
as elastic modulus and yield stress decrease. 

The PAL measurements show that the dynamics of the local 
segmental mobility and resultant mechanical behavior of glassy 
polymers are controlled only by the development of an adequate free 
volume content at each ATdef: This trend is independent of the 
variations in ATde, either by varying the testing temperature or by 
physicochemical modification (plasticization or copolymerization). 

For glassy polymers, the combination of mechanical tests with the 
PALS allowed one to establish a general correlation between the 
microstructural state, microscopic molecular (segmental) mobility, 
and resultant macroscopic mechanical response. 
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