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Using the method of positron annihilation, structural changes induced by introduction 
of diethyl siloxane oligomers to PMMA were studied. The effect of these structural 
changes on the mechanical behavior of PMMA was discussed in terms of structural 
inhomogeneity of PMMA: existence of structural sublevels with different packing den- 
sity and ordering. Deformation of glassy polymers at low strains as well as such mecha- 
nical characteristics as yield stress and contribution of low-temperature component to 
the temperature-induced relaxation of plastic deformation were shown to be controlled 
by segmental mobility in structural sublevels with a lower packing density. 

Keywords: Polymer glasses; P M M A  low-molecular-mass additives; structure; mechan- 
ical properties 

INTRODUCTION 

Structural pattern of plastic deformation and further temperature- 
induced relaxation of glassy polymers was discussed in [1,2]. Struc- 
ture of glassy polymer is presented as a set of structural sublevels with 
different packing density and ordering. Local segmental mobility with- 
in a certain structural sublevel is controlled by local packing density 
in this region. From this standpoint, mechanical behavior of glassy 
polymers may be treated in terms of gradual involvement of various 
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320 M. S. ARZHAKOV er a/ 

structural sublevels to deformation and relaxation. In this case, any 
changes in initial polymer structure and concomitant changes in pack- 
ing density and ordering within the above sublevels should have a 
certain effect on both mechanical and relaxation properties of glassy 
polymers. 

Structural changes in polymer may be accomplished by introduc- 
tion of incompatible low-molecular-mass compounds, which are un- 
able to produce an uniform distribution in polymer volume. This 
approach was formalized in terms of structural plasticization of poly- 
mers [3,4]. Structural plasticization may be rationalized as follows: a 
low-molecular-mass compound with a low thermodynamic affinity to 
polymer is localized within local structural regions at boundaries be- 
tween supramolecular or suprasegmental structures of glassy polymer. 
In this case, within these regions, changes in mobility of macro- 
molecules or their fragments is observed, and this has a certain effect 
on mechanical behavior of polymer material. For PMMA, diethyl 
siloxane oligomers (DES) can be used as such low-molecular-mass 
modifying agents [ S ] .  

In this work, structural changes in PMMA induced by introduction 
of DES were studied, and the effect of these structural changes on 
polymer mechanical response was examined. The aim of this work 
was to elucidate the role of different sublevels of structural in- 
homogeneity of glassy polymer in polymer mechanical behavior. 

As was shown in recent works [6-81, the method of positron anni- 
hilation is widely used to study polymer structure. Model experiments 
showed that positron and positronium occupy ordered and disordered 
polymer regions, respectively. Maximal dimensions of structural in- 
homogeneities in  polymer detected by this method are equal to tens of 
nanometers and are controlled by mobility of positron and positro- 
nium in ordered regions. Taking into account that structure of most 
of glassy polymers satisfy this requirement [the dimensions of ordered 
regions do not exceed several nanometers (for example, 19, lo])], con- 
centration and effective dimensions of free volume microregions in 
ordered and disordered sublevels in oligo (ester acrylate) as well as the 
effect of intermolecular interaction and size of oligomer blocks on the 
content of free volume microregions were examined [S]. This experi- 
mental evidence was used to study structural changes in PMMA dur- 
ing plastic deformation and temperature-induced relaxation 171. The 
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DIETHYL SILOXANE P M M A  32 I 

method of positron annihilation was also used for characterization of 
structural changes in polymers containing low concentration of low- 
molecular-mass additives [l 1,121. 

EXPERIMENTAL 

We studied PMMA prepared by bulk polymerization ( M ,  = 1,500,000). 
Structure modification of PMMA samples involved introduction of 
diethyl siloxane oligomer (DES) with 5 repeat units during polymeriza- 
tion. The content of DES in PMMA was 0.1, 0.5, and 1.3 wt%. 

Glass transition temperature was estimated by differential scanning 
calorimetry using a DuPont 1090 thermal analyzer. Heating rate was 
20 K/min. Glass transition temperature was equal to 393 K for all 
samples. 

Constancy of glass transition temperature at all concentrations of 
DES in PMMA as well as turbidity of all PMMA samples, containing 
DES, suggest a thermodynamic incompatibility between this low-mole- 
cular-mass compound and polymer matrix. 

Thermostimulated luminescence analysis was carried out using 
TGL-68 [13]. Samples were exposed to radiation using 7-ray source 
"'Co up to 10 kGy at temperature of liquid N2. All measurements 
were carried out at 80- 375 K, heating rate was 10 K/min. Thermo- 
stimulated luminescence data are presented in Figure 1. As follows 
from Figure 1, in the case of PMMA/DES systems, DES manifests 
itself as a narrow peak at 135 - 140 K (curves 2 - 4). This peak is 
likely to be related to glass transition of this additive in polymer 
matrix. Note that intensity of this peak shows a linear increase with 
increasing the content of DES in PMMA. 

For mechanical tests, the samples were cylinders with a height of 30 
mm and a diameter of 15 mm. Prior to testing, all polymer samples 
were annealed at temperatures above T, by 10-15" and were slowly 
cooled down to room temperature. 

The samples of initial PMMA and PMMA, containing DES, were 
uniaxially compressed at 293 K with a strain rate of 0.1 mm/mjn using 
an  UTS-100 tensile machine (Germany). Then, the samples were 
cooled with liquid nitrogen in a stressed state. Finally, the free-stand- 
ing samples were heated from 213 K at a heating rate of 1 K/min. The 
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FIGURE 1 
(2), 0.5 (3), and 1.3 wt.% of DES (4). 

Therrnostirnulated lurniniscence curves of PMMA ( 1 )  and PMMA with 0.1 

relaxation (recovery) of residual plastic deformation c,, was estimated by 
measuring the height of the test samples with an accuracy of +0.001 mm. 

Initial structure of PMMA and PMMA with DES was studied by 
positron annihilation lifetime spectroscopy. Lifetime measurements 
were carried out using a conventional ORTEC spectrometer with a 
time-resolution (full width on a half maximum of the prompt coinci- 
dence curve) of 230 ps. In our experiments, 22Na sandwiched between 
two sheets of nickel foil was used as a positron source. Annihilation in 
the source material, background of random coincidences and resolu- 
tion function were examined using a well-known POSITRONFIT 
program [ 113. 

Three-component analysis of lifetime distribution of annihilation 
radiation involved calculations of positron annihilation lifetimes 
~ , ( i  = 1-3) and intensities of the corresponding components 
li(i = 1-3) in measured distributions. Reliability of this examination 
was verified by parameter z2/v with a standard deviation of 0.072. 
Integral statistics for the curve of delayed coincidences was 
(0.5 - 1.0) x 10' counts. 
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DIETHYL SILOXANE PMMA 323 

RESULTS AND DISCUSSION 

Figure2 shows the dependence of yield stress o,, on DES content in 
PMMA for uniaxial compression of polymer samples. As follows from 
Figure 2, at  0.1 wt % of DES in PMMA, an increase in CT,, is observed. 
With increasing concentration of DES in polymer, oy decreases. 

This behavior (maximum in concentration dependencies of CT,,) is 
quite characteristic of polymers plasticized with thermodynamically 
compatible low-molecular-mas compounds. Introduction of minor 
amounts of plasticizing agents into polymer matrix is accompanied by 
a concomitant increase in elastic modulus and yield stress cry. This 
phenomenon is referred to as antiplasticization. With further increase 
in the content of plasticizing agent, mechanical properties of plas- 
ticized polymers are much lower as compared with initial polymer. 
According to [14,15], antiplasticization is rationalized by a decrease 
in polymer free volume and increase in polymer packing density 
giving rise to a dramatic inhibition of mobility of polymer chains. 

urx I 02, c P a 

CBB,  m a  ss.% 
FIGURE 2 Dependence of yield stress cY of PMMA on DES content. 
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324 M. S. ARZHAKOV c'f al 

Mechanical behavior of polymer containing incompatible low-mole- 
cular-mass additives is treated in terms of structural phenomena 
[3-51. According to this approach, incompatible low-molecular-mass 
additive occupies structural regions with lowered packing density and 
increased free volume. Hence, an increase in cy with introduction of 
0.1 wt % of DES may be related to an increase in density of these 
structural regions and inhibition of molecular mobility in them. As 
concentration of DES increases to 1.3 wt YO, a decrease in cy is asso- 
ciated with loosening of these microregions and enhancement of mo- 
bility of macromolecules in them. 

Experimental evidence concerning temperature-induced relaxation of 
plastic deformation in PMMA is presented in Figure 3. Relaxation is 
seen to take place in two well-defined temperature regions: at tempera- 
tures below glass transition temperature (low-temperature component 
E ~ )  and in the temperature region of glass transition (high-temperature 
component E ~ ) .  Figure 3a shows both components for PMMA samples 
containing 1.3 wt YO of DES. 

E r J  
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FIGURE 3 
0 S 13). and 1.3 wt.% of DES (4) Strain: 20 (A). 30 (B) and SO YO (C). 

Recovery of residual deformation&,,, of PMMA (1 )  and P M M A  with 0.1 (2), 
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FIGURE 3 (Continued). 
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326 M. S. ARZHAKOV et a / .  

At the present time, two alternative approaches allow explanation 
of this two-step character of temperature-induced relaxation of plastic 
deformation: gradual recovery of short-scale plastic shear transform- 
ations and excited chain conformations [16,17] (i) and structural het- 
erogeneity of glassy polymers [ 1,2,5] (ii). 

According to the approach concerning structural heterogeneity of 
glassy polymers, structure of a glassy polymer is presented as a set of 
structural sublevels with different packing density and ordering. Each 
of these sublevels is associated with its own relaxation time and acti- 
vation energy of segmental mobility. Hence, at each temperature be- 
low glass transition temperature T,, within a given sublevel, a local 
segmental mobility is allowed. With increasing temperature, structural 
sublevels with higher packing density show their segmental mobility; 
and, finally, at glass transition point, the whole sample is involved in 
segmental mobility. 

In the case of the plastically deformed polymer samples, with in- 
creasing temperature, a gradual appearance of segmental mobility in 
structural sublevels with higher packing density is accompanied by a 
gradual recovery of plastic deformation via transition of excited chain 
conformations to initial equilibrium state within above structural sub- 
levels. A complete recovery of plastic deformation is accomplished at 
T,, when all sublevels are involved in segmental mobility. 

to total recovery of 
plastic deformation was estimated from Figure 3 .  The dependencies of 
contribution of to total recovery E ~ / ( E ~  + c 2 )  on the content of DES 
in PMMA are presented in Figure 4. Comparison between Figures 2 
and 4 suggests similar changes in D,, and E ~ / ( E ~  + E ~ )  with increasing 
DES content in PMMA. 

Note that examination of the effect of deformation temperature on 
E,, D,,, and + E ~ )  [l] suggests that these parameters are closely 
related to local segmental mobility within structural sublevels with 
lower packing density. Hence, the effect of concentration of DES in 
PMMA on cry and q / ( c l  + E ~ )  is likely to be related to changes in 
segmental mobility in the above structural sublevels because of 
changes in packing density and fractional content of free volume. 

To verify this assumption, the positron annihilation lifetime tech- 
nique was used to follow changes on elementary free volume in polymer 
induced by introduction of DES into PMMA samples. Annihilation 

Contribution of low-temperature component 
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DIETHYL SILOXANE PMMA 327 

characteristics for pure PMMA and PMMA, containing DES, are 
summarized in Table I. The component with lifetime z2 and intensity 
I, stands for preferential localization of positrons in free volume 
microregions within structural sublevels with an increased packing 

a ( / ( E $ + E J  

r r -7- 
0.0 0.5 I .o i .S 

FIGURE 4 Contribution of low-temperature component E ,  to total recovery of resid- 
ual deformation E ~ / ( C ~  + E ~ )  on the content of DES in PMMA. Strain: 20 (I), 30 (2), and 
50 % (3). 

TABLE I Annihilation characteristics of PMMA containing DES for three- 
component analysis of positron lifetime spectra 

D E S  Cuntent Annihilation characteristics 
in P M M A  wt % 7 ,  1, 72 1 2  73 1 3  

0 0.262 58.11 0.610 30.31 2.025 11.58 
k0.008 k3.20 k0.036 k2.67 k0.058 k0.69 

0.1 0.266 58.97 0.651 29.67 2.213 11.36 
k0.009 k3.27 k0.042 k2.67 k0.075 k0.79 

0.5 0.246 47.06 0.527 35.60 1.915 17.36 
k0.013 k5.25 k0.037 k4.70 k0.040 k0.72 

1.3 0.243 44.21 0.513 37.91 1.905 17.88 
k0.012 k4.59 k0.029 k4.14 k0.032 k0.59 
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328 M. S. ARZHAKOV et a / .  

density, whereas the component with lifetime ?,,and intensity I, is 
associated with a preferential localization of positronium in micro- 
regions involved in structural sublevels with a reduced packing den- 
sity. Parameters 1, and T ,  are associated with concentration N, and 
effective radius R ,  of free volume microregions for the regions with 
increased packing density, and I ,  and r 3  - with corresponding values 
for the structural sublevels with reduced packing density [ti, 8). 

As follows from Table I, introduction of 0.1 wt % of DES into 
PMMA has no effect on annihilation characteristics. As concentration 
of DES in PMMA increases, a slight increase in I ,  and a sharp 
increase in I ,  are observed. The increased values of intensities I ,  and 
I, suggest that free volume increases, i. e., introduction of low-mole- 
cular-mass additive is accompanied by structural loosening. As 
evidenced by more pronounced changes in I 3  as compared with I , ,  
this loosening is primarily associated with structural sublevels with 
lower packing density. 

Correlation between annihilation characteristics and dimensions 
and concentration of free voIume microregions was studied by many 
authors and, for example, was described in [6]. In this case, the rate of 
positron trapping in defects v +  is related to intensity I ,  of intermedi- 
ate component 5, = 1 / i 2  of lifetime distribution of annihilation radi- 
ation by the following relationship: 

where R ,  and N ,  stand for dimensions and concentration of free 
volume regions occupied by positrons, and 2; is the rate of free 
positron annihilation. 

For positronium, 

vPs = ( n ;  - ; . 3 ) ( 4 1 3 / 3 ) / ( Q  - 4Z3/3) (3) 
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DIETHYL SILOXANE PMMA 329 

where A; is annihilation rate of free (nonlocalized) positrons, and 1; is 
annihilation rate of singlet positronium. Parameter Q defines the frac- 
tional content of positrons involved in positronium formation; D + 

and D,, are diffusion coefficients for positron and positronium, re- 
spectively. 

Correct estimation of parameter Q is not available, and this does 
not allow a nonambiguous characterization. Actually, positronium 
atoms, which are not localized in microregions, do not manifest them- 
selves in long-lived component with intensity I,, and their direct 
identification is not possible. In connection with this, parameter Q is 
obtained from additional experiments or is estimated from two limit- 
ing cases. In the case of fast entrapment of all positrons by free volume 
microregions and existence of a certain fraction of nonlocalized posi- 
tronium, 

Q - 41,/3 = I, - 1,/3 = I’ (6) 

and equation (3) takes the following form: 

L’p, = ( I . ;  - A3)(413/3)/I‘ (7) 

where 1’ is associated with the fraction of nonlocalized positronium. 
In  contrary, in the case of complete entrapment of positronium and 
existence of certain number of nonlocalized positrons, 

I ,  - IJ3  = (1 - Q ) -  I ,  = I ’  

and equation ( I )  takes the following form: 

” +  = (A; - I2)l2/Z’ 

Here, I‘ stands for the fraction of nonlocalized positrons. According to 
[lS, 191, in the case of polymer systems, D ,  =0.1 cm2/s and 
D,, = cm2//s. 

Application of these approaches allows one to estimate the effective 
radius R ,  and concentration of free volume regions N ,  in structural 
sublevels with increased packing density as well as the corresponding 
values of Rp,  and N,, for structural sublevels with decreased packing 
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330 M. S. ARZHAKOV et al. 

density. For all samples studied, R , = 0.34 nm and R,,y 2: 0.42 nm. For 
initial PMMA and PMMA containing 0.1 wt YO of DES, N ,  = 
0.9 x 10l6 cm-3 and NPs= 1.0 x 1019 ~ m - ~ .  As content of DES in 
PMMA increases, N + and N, ,  increase. For PMMA samples contain- 
ing 0.5 and 1.3 wt YO of DES, N ,  1: 1.15 x 1 O I 6  and 
N,, 5 2.2 x i O 1 9  ~ m - ~ .  

Hence, introduction of DES into PMMA is not accompanied with 
the changes in the dimensions of free volume microregions both in 
structural regions with increased and decreased packing density in 
polymer. The content of free volume microregions in more densely 
packed structural regions N + changes with increasing DES content 
in PMMA but still lies within expected error (20%). Concentration 
of free,volume microregions in loosely packed structural regions N,,  
increases by two times, and this evidence suggests that introduction 
of DES into polymer is associated with loosening of these structural 
regions. Constancy of annihilation characteristics for PMMA 
samples containing 0.1 wt of DES as compared with virgin 
PMMA may be rationalized by the fact that low-molecular-mass 
additive occupies rather large free volume microregions. These re- 
gions are located far away from each other, and distances between 
them are much higher than diffusion paths of positron and positro- 
nium. As a result, they appear to be beyond the detection limit of 
this method. 

This structural interpretation of experimental evidence obtained by 
the method of positron annihilation correlates well with earlier struc- 
tural studies in polymer glasses (for example, [20-221). Structure of 
glassy polymer was shown to be characterized by a set of densely 
packed regions (domains) separated by structural regions with lower 
packing density. (Let us note that the term “domains” is used only to 
specify structural elements with increased packing density and carries 
no information concerning the structure of these regions.) Domains 
are able to aggregate with each other and produce more complicated 
supradomain structures. The boundary regions between supradomain 
structures are more loosely packed as compared with interdomain 
regions. Hence, experimental evidence obtained allowed identification 
of three structural sublevels in glassy polymers listed in order of in- 
crease in free volume: domains, interdomain regions, and boundary 
regions between supradomain structures. Three-component treatment 
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DIETHYL SILOXANE PMMA 33 1 

of lifetime distributions of annihilation radiation allows one to obtain 
information concerning free volume fraction for domains and inter- 
domain regions. 

According to this approach, the effect of introduction of DES on 
mechanical properties of PMMA containing DES may be presented 
as follows. At low content of DES (0.1 wt %), DES molecules occupy 
rather large free volume microregions located at boundaries between 
supradomain structures. As a result, segmental mobility in the vicinity 
of these microregions is hindered, and mechanical properties of poly- 
mer material increase (Figs. 2 and 4). With increasing the content of 
DES in PMMA to 0.5 and 1.3 wt %, low-molecular-mass additive is 
able to enter interdomain structural regions. This penetration is ac- 
companied by loosening of these regions and additional free volume 
microregions appear. As a result, within these structural regions, 
segmental mobility of macromolecules is enhanced, and (T, and 
q / ( c l  + E ~ )  decrease (Figs. 2 and 4). During introduction of DES into 
PMMA, densely packed domains remain intact and do  not contribute 
to changes in mechanical properties of the system. 

The effect of DES on segmental mobility of PMMA is supported by 
DSC data (Fig. 5). At 0.1 of DES in PMMA, endothermic jump in 
glass transition region increases as compared with initial PMMA 
(transition from curve 1 to curve 2). This evidence suggests a sup- 
pressed segmental mobility of polymer chains for polymer samples 
containing low-molecular-mass additive. As concentration of DES in 
PMMA increases (curve 3), endothermic jump decreases, and this 
behavior is related to an enhanced segmental mobility of polymer 
chains. Let us note that as evidenced by thermostimulated lumines- 
cence (Fig. 1) characterizing mobility of polymer chains and chain 
fragments [23], introduction of DES has a certain effect not only on 
large-scale (segmental) mobility of polymer chains but also on small- 
scale mobility of chain fragments. Introduction of 0.1 wt % of DES 
into PMMA is accompanied by a marked decrease in intensity of a 
broad peak of PMMA at temperatures from 100 to 120K (curve 2). 
This behavior is related to inhibition of mobility of small kinetic 
elements responsible for this relaxation transitions. As concentration 
of DES in polymer increases (transition to curve 4), mobility of these 
kinetic elements is enhanced, and intensity of the peak associated with 
PMMA increases. 
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1 

-2 
L 

FIGURE 5 DSC curves of PMMA (1) and PMMA with 0.1 ( 2 )  and 1.3 wt.% of DES (3) .  

CONCLUSION 

Mechanical and structural studies of PMMA containing thermo- 
dynamically incompatible low-molecular-mass additive DES allow 
one to explain the effect of DES on polymer mechanical behavior. At 
low concentration of DES in PMMA, rather large free volume micro- 
regions ( presumably, at boundaries between supradomain structures) 
are occupied by DES molecules. As a result, segmental mobility in 
these regions is inhibited. This process manifests itself in increase in oY 
and contribution of low-temperature component E ,  / ( E ~  + e,) to total 
recovery of plastic deformation. With increasing the content of DES 
in PMMA to 0.5 and 1.3 wt YO, low-molecular-mass agent is able to 
penetrate interdomain structural regions, and their structure becomes 
more loosened. As a result, within these structural levels, segmental 
mobility of polymer chains is enhanced, and ug and f E ~ )  de- 
crease. During introduction of DES into PMMA, densely packed do- 
mains remain intact. 
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DIETHYL SILOXANE PMMA 333 

According to this approach, deformation at low strains as well as 
such mechanical parameters as E,, oY, and + c2)  are controlled 
by segmental mobility of polymer chains in structural regions with 
lower packing density. 
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