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INTRODUCTION.

Positron annihilation spectroscopy (PAS) provides an atomic scale probe of
the free-volume in polymers as well an electronic structure of metals and
semiconductors.lt can provide an information on the nature of defects in non-
isolating materials.The PAS involves the measurement of positron lifetime in bulk of
material and the Doppler broadening of annihilation radiation.

In this report we present the positron lifetime results obtained on amorphous
metallic alloy Ni25Zr55Al2o. This system exhibits a broad temperature interval
between the glass transition and crystal ization temperature. It gives a
possibility of studying microstructural changes taking place both in
amorphous and in undercooled-liquid state. The changes in positron
annihilation lifetime spectra in the thermally treated Ni25Zr55Al2o alloy indicate
that positrons annihilate at places with different properties. The observed
shifts of positron lifetime distribution were analyzed in the terms of a
relaxation of free-volume, i.e. chemical (CSRO) and topological (TSRO) short
range ordering which are known to be influenced in an important manner of
the relaxation processes.The upper limit of the activation energy of CSRO
and TSRO relaxation was determined to be 2.2 eV and 2.6 eV, respectively.

A possibility of high-temperature superconductivity in new kind of
molecular system, fullerene Ceo a n d i t s compounds , was predicated by
several theoretical physicists.lt is very important to explore all properties of
this new promising material.

We reported positron lifetime x and Doppler broadening of the
annihilation line measurements on very pure Ceo sample as a function of

temperature between 120 and 300 K. A rapid change of x was observed
between 240 and 250 K. This results indicates that the lattice from C 6 0

molecules is undergoing a phase transition and the phases coexist over an
~ 10K range.

Last topic we have followed was a study of amorphous polymers. In
these glassy materials the bound system of electron and positron,
orthopositronium oPs, is formed in available free-volume. The free-volume
model interprets the lifetime of oPs localized in inter- and intra-molecular
spaces as a measure of the size of those spaces.

In our work the annihilation of positrons in amorphous tetra
methylpolycarbonate has been investigated in the temperature range from 30
to 300 K. The observed dependences of the mean lifetime of oPs and its



relative intensity I on temperature were interpreted within the framework of
the microstructural free-volume concept. The mean radius of free space
(hole) was deduced to be around 3.1.10"10 m.

The described results have been published or sent to publishers . The
papers are included as a pan" of this report.
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Abstract

The annihilation of positrons in amorphous tetramethylpolycarbonate (TM-

PC) ha? boon investigated in the toinperHiur'- rnnj;/' frnjn 30 to 300K. The

dependenrcs of the mean lifetime of the ortho-positronii'"-- r3 and its relati-

ve intensity I3 on temperature can be described by the empirical relations:

T3 = 2.08(1 + 4.8 X KTT) (ns) and J3 = 20.2(1 + 7.9 x \Q~AT) (V>). T)ie-

se dependencies are interpreted within the framework of the microstructural

free-volume concept. The comparison with the polycarbonate (PC) reveals

that both values, r3 and I3, are larger for TMPC, indicating larger free vo-

lume realized through higher number (concentration) of larger free volume

entities. The temperature dependencies of r3 and I3 for TMPC exhibit a diffe-

rent character and a weaker dependence on the temperature. This different

behaviour of the free volume is due to a different packing efficiency of chains

and a different dominant mechanism of the free volume generation as well as

a decrease in the flip dynamics of the phenyl rings. The implications of diffe-

rent free volume microstructures on some mechanical properties (relaxation,

fracture) as well as on the transport properties of gases in TMPC and PC are

discussed.

(Keywords: tetramethylpolycarbonate; positron annihilation; free volume cha-

racteristics)



INTRODUCTION

The structure of amorphous polymers is studied mainly by diffraction methods J. The

basic characteristic of the disordoicd phaM.-, the radial distribution function, however, do-

es not provide the information about ''-.e local spatial variation of the structure. Another

structural quantity, the density fluctuation, reflects the inhomogeneity of the material, but

on a relatively large spatial scale (few tens of A) •"'. Recently, the local variation of the

polymer structure has become more intensely studied by means of positron annihilation

methods, which enable to characterize the so-called negative defects such as free volume

entities on atomic level6. The progress in methodology and interpretation has made po-

ssible the determination of not only the average size 7 but also of the free volume fraction
8 and of the mean concentration of holes 9 as well as their size distribution 10. It is evident

that the complete free volume characterization is of crucial importance from the viewpoint

of the generally accepted intuitive relationship between the free volume and the internal

mobility of the chain segments controlling the mechanical, physical and physico-chemical

properties n~13.

The positron annihilation lifetime spectroscopy (PAL) is based on the fact that the

positron lifetime is very sensitive to the existence of the structural inhomogeneities of the

medium, e. g. defects, holes 14>1S. In the case of molecular substances as polymers, besides

the annihilation of the positron e+, there takes place also the formation and annihilation of

the bound state of the posrtron with the electron, i. e. positronium Ps. The positronium Ps

can exist in two states depending on the mutual spin orientation of e+ and e~. The singlet

state of para-positronium (p-Ps) has the lifetime of TX ~ 125ps in vacuum, the triplet

ortho-positronium (o-Ps) annihilates in vacuum with T3 = 142ns. Due to the interaction

of o-Ps with the electrons from the surrounding matter, in condensed medium this value

lowers to a few nanoseconds. It is supposed that the o - Ps is formed from the positron after

its deceleration to the thermal energy and by its eventual diffusion towards the regions of

lower electron density (cavity, defect, hole), where the o-Ps can then exist till the moment



of its conversion into p- Ps or its annihilation. The annihilation of the o- Ps in a spherical

hole can be described by a simple quantum-mechanical model of the spherical potential

well with thr electron layer of the thickness; AR '. This model provides the relation between

the radius of the hole R and the o- Ps lifetime r3:

r3 = 1(1 - RfR^ + (1/2TT) sin(27ri?/ilo)]-1 (1)

wheie Ro = R + AR. The parameter AR = 1.G5CA has been determined from fitting the

experimental values of T3 obtained for materials with known hole size, e. g. zeolites.

Thus equation (1) allows us to determine the size of free volume entities; however, the

determination of the total free volume requires the knowledge of the mean concentration of

the holes Nh. In our recent work 9 we have proposed a phenomenological model allowing to

estimate Nh from the combination of dilatpmetric data and the results from measurements

of o-Ps lifetime.

Considering the key importance of free volume characteristics it is desirable to in-

vestigate systematically the influence of various physical and chemical factors on these

characteristics. The polycarbonate of 4,4'-isopropylidenediphenol [Bisphenol A polycarbo-

nate (PC)] belonging to the group of aromatic polymers is frequently studied due to its

commercial importance 16. Previous research on this polymer using positron annihilation

which have been performed in relatively high temperature region (above the room tempe-

rature) and which have investigated the influence of thermal annealing above and below

the glass transition temperature T3
 17jis and the linear deformation 19 have been have re-

cently completed by our study 9 in the low temperature region. However, the influence of

the chemical factor, e. g. the modification of the basic chemical structure of PC on the

annihilation characteristics has been investigated in the relatively high temperature region

only in Ref. 20.

Tetramethylbisphenol A polycarbonate (TMPC) is the most common modification

of the PC. The substitution of four hydrogen atoms by the methyl groups leads to the

significant changes of physical properties such as Ts
 1G. Recent studies of structure of TMPC



by the small and wide angle x-ray scattering (SAXS and WAXS) methods 21 indicate that

the average distance between the chains and the density fluctuation are larger than in PC,

which allows to deduce that the average free volume as well as tlie free volume fluctuations

arc also larger.

The aim of this work is to present the results of the influence of the chemical modi-

fication of the PC on the annihilation characteristics of o-Ps in the TMPC in the low

temperature region. The mean free volume quantities here obtained characterize quantita-

tively the different physical microstructures of the PC and TMPC. Microscopic causes of

these differences are discussed and the consequences of the different free volume microst-

ructures for important mechanical and transport properties of both polymers are analyzed.

EXPERIMENTAL

Sample

Tetramethylbisphenol A polycarbonate (TMPC) produced by Bayer AG, (Germany)

with Mw = 4.3 x 10* and Mn ~ 1.47 x 104 has been used as sample. The glass transi-

tion temperature Tt = 203°C has been determined using differential scanning calorimetry

(DSC) with the heating rate of 20K/min. A 3 mm thickness plate has been produced

from the granulate, from which disc-shaped samples with the diameter of 10 mm have

been prepared. Samples have been tempered at the temperature 30K above the Ts prior

to measurement in order to eliminate the previous thermal history of the material.

Positron annihilation lifetime spectroscopy

The positron source "NaCI was deposited in an envelope of Kapton foils (8 /urn thick).

It was then sandwiched in between two identical pieces of the samples. This assemb-

ly was completely enclosed in a copper sample holder at the end of the cold finger of



closed-cycle helium gas refrigerator with automatic temperature regulation. The entire

source-sample assembly was kept in vacuum. The temperature was measured at the end

of the cold finger. Each selected temperature was kept constant within IK during the

data acquisition. Several runs were performed at most of the temperature settings. Good

reproducibility of the results has been obtained for each temperature. The positron an-

nihilation lifetime spectra were obtained by the conventional fa?t-fast coincidence method

using plastic facial illaiurs coupled to Philips XP2020 photoniultiplicrs. Ortec 5S3 constant

fraction discriminators were used for selecting the energy and providing timing signals to a

time-to-amplitude converter. The time resolution (FWHM) of prompt spectra was 320ps.

A model-independent instrumental resolution function was obtained from the decay curve

of 207Bi isotope with a single lifetime of 186ps. The resolution function was approximated

as a sum of three Gaussians. In conventional analysis the Kirkegaard's et al. PATFIT-88

software package 22 was used to fit up to four components in the lifetime spectra. The four-

component analysis gives an error of the intensity of the third component comparable to

the intensity itself. All data have been corrected for the source contribution.

Next we analyzed the PAL spectra taken at 293K and 112K as a continuous lifeti-

me distribution using the modified CONTIN program 2324. The constrained regularized

least-squares solution of the Fredholm integral equation provides the positron annihilation

rate probability density function (PDF) Q(1/T) . A transformation of the annihilation rate

PDF, Q(1 /T) , to the corresponding radius PDF for the free volume regions in which o- Ps

annihilates, is obtained from eq.(l). The radius PDF is given by 23

f(R) = Z.312(cos[2nR/(R + AR)] - 1)O(1/T)/(J2 + ARf (2)

It means that the fraction of positrons annihilating in cavities with radii between R

and R + dR is f(R)dR. The free-volume PDF assuming a spherical cavity is given by

g(V) = /(*)/4*J? (3)



RESULTS AND DISCUSSION

PAL Results

Experimental results from finite-term lifetime analysis of amorphous tetramethylpoly-

cnrbonate in the temperature range from 30 to 300K are presented in Table 1 and Figure?

1 and 2. Typical values of three component analysis at two representative temperatures

are presented in Table 1. The temperature dependencies of annihilation characteristics

o- Ps are shown in Figures 1 and 2. The mean lifetime T3 and relative intensity I3 of the

o - Ps increase linearly with increasing temperature. Empirical relations describing these

dependencies are the following:

TS(T) = 2.08(1+4.8 x l O - T ) (ns) (4)

I3(T) = 20.2(1 + 7.9 x 10-T) (%) (5)

The average hole radius R determined by the semiempirical model (equation 1) is

plotted on the right-hand axis of the Figure 1. The experimental results of the continuous

lifetime analysis at the temperature 112K and 293K are presented in Figure 3 (the radius

probability function f(R)) and Figure 4 (the volume distribution representation g(V)).

Comparison between TMPC and PC

The o-Ps lifetimes in TMPC are in general larger than those in PC in the whole

temperature range investigated. This means that the mean size of the free volume entities

in TMPC is larger and ranges from 110 to 135A3 as compared with the values of 80 to 110A3

observed in PC. It is noteworthy that this range of free volume magnitudes corresponds to

37 till 43% of the van der Waals volume of structural unit 1"» = 299A3 in TMPC and to

33% till 50% of the value for Vn- = 230.5A3 in PC. This is H consequence of the chemical



modification of the structural units leading to a decreased packing efficiency on local level

of certain structural units forming the specific hole. This conclusion is supported by the

comparison of the functions f(R) or g(V) shown in Figures 3 and 4 with the distributions

obtained on PC in our recent work 2b; e. g. the comparison of the room-temperature

<ii&uiuuiiuij> ior TMPC with those of PC shows not only a higher maximum but also a

broader distribution of volumes in TMPC, although both curves start off at practically

identical values.

The qualitatively different character of distributions in TMPC compared with those of

PC requires a more-detailed analysis which shall be presented elsewhere.

Our present results, however, directly support the implications of a recent combined

pVT, SAXS and WAXS study of TMPC and PC 21 that the mean free volume as well as

the width of its distribution are not universal quantities for polymers in general; rather,

they are closely related to the chemical structure of the polymers.

Table 2 summarizes the expansion coefficients of holes as well as the expansion coeffi-

cients of the bulk material obtained from dilatometric measurements 26. The data for PC

are also shown for comparison. Table 2 makes it evident that the modified form of the

PC exhibits 2.5 times lower expansion coefficient of holes than PC, yet the macroscopic

expansion coefficients are approximately equal. This implies that the thermal expansion

in both materials is controlled by different mechanisms. The change of density of PC with

temperature (thermal expansion) is dominantly due to the generation of the free volume

caused by the occurrence of partial flips of the phenyl groups 9. This mechanism is hin-

dered in TMPC by the presence of the methyl groups attached to the phenyl ring. The

difference observed in the behavior of the annihilation and expansion characteristics is an

indirect support of our microscopic model from 9. To summarize, it can be said that the

mechanism of the volume expansion in TMPC takes place dominantly via the vibrational

or librational degree of freedom, thus the generation of free volume in the form of holes

is more difficult than in PC. The probable cause lies in the limited phenyl-flip dynamics

of the substituted rings, which is considered as being the generator of the free volume



in PC 9. Recent NMR experiments on TMPC support the really substantially different

dynamics of the phenyl groups after their quadruple substitution " .

Our results on Figures' 1 and 2 show that not only r3 hut also 73 attain in TMPC higher

values than in PC. This implies that the free volume fraction fh is larger in TMPC than in

PC. A method of extraction of the quantity fh from the combination of dilatometric and

positron annihilation measurements has been suggested in \ Unfortunately, this approach

is inapplicable for TMPC because of the absence of the macroscopic volume expansion

data in the low-temperature region. An alternative approach comes from the assumption

that if the relative intensity I3 is proportional to the number of holes, then it holds that

the fractional free volume fh is given as 8 .

fh{T) = Cr3(T)I3(T). (6)

Supposing that the coefficient C depends neither on the type of the polymer nor on the

temperature, we have obtained C = 0.41ns"1 9. The results of the calculations axe given

in Table 3 together with the data for PC. The fourth column shows that the hole fraction

fh in TMPC is higher and increases with the temperature more slowly than in PC. This

is again a consequence of a decreased packing tendency of the TMPC chains.

It is noteworthy to compare fh determined from the o - Ps annihilation with the frac-

tions of the so-called empty free volume defined by the relation 28

where V(T) is the macroscopic volume of the polymer at the temperature T and Vw is the

van der Waals volume of the polymer chains. This quantity represents a maximal possible

free volume in a system at a given temperature with totally frozen motion. The results in

Table 3. columns 5 (Ve) and 6 (/e) show a very weak and similar temperature dependence

for both polymers, which is probably caused by the approximately the same expansion

coefficient of the bulk material. The value of ft changes by about 7% during the change of

temperature from 130 to 293K. On the other hand. fh changes substantially in the same

8SSXT PAGI(S)
left BLANK



discussed some relations between the free volume determined directly by the experimental

PAL method and the mechanical and transport properties of both investigated polymers.

Relaxation behaviour

As the first example we shall demonstrate the relaxation properties of the PC and

TMPC. It is known that both polymers exhibit pronounced -/relaxation peaks at the

frequency of lHz around 173 and 323K, respectively 3°-34. On the other hand, the bend in

r3 - T dependence is observed around 130K in PC 9; no such effect is observed in TMPC

at the measured temperature range. The connection between this bend and relaxation

behaviour can be understood by considering the fact that the PALS method is charac-

terized by two time scales; the first scale is connected with the o-Ps lifetime of several

nanoseconds (a frequency of hundreds of MHz) and the other one is associated with a

temperature - time regime of measurements. The latter scale is determined by a heating

rate and can be estimated from temperature and time increments to be around 360s (a

frequency of 2.8 x 10"3Hz). On this second scale a certain structural reorganization of

a matrix due to some slower motion can take place without detection. Then, using the

bibliographic data for the activation energies of the 7-relaxations 3034, we obtain for the

expected temperatures of the 7-maxima T7 = 1UK for PC and T7 = 276A' for TMPC. In

the case of PC the proximity of the calculated value to the temperature of the bend (130K)

suggests a potential correlation of this bend with the occurrence of the 7-relaxation peak.

In such case the 7-relaxation might be connected with the partial flip of the phenyl group.

In recent works 32>35 a conclusion is made that in spite of the accord of the frequencies

of the 7-relaxation and the 180° - flip the full flips do not participate in the 7-relaxation,

thus the flips are more an indication of rather then the cause of the 7-relaxation mode.

But the quasistatic modelling of the chain dynamics in the bulk PC 36, which includes

the phenyl flip motion and the conformational change of the carbonate group suggests a

two-barrier character of the complete phenyl rotation connected with the reorient at ion of



the carbonate groups. Analogically, the rearrangement of the carbonate groups is coupled

with the positional changes of the phenyl rings. It seems that the simultaneous occurrence

of the -)-re]?tXHtio3J in mechanical and dHrriric sprctioi-copir?. may be related with the

above-mentioned rclationsliip of the motion of the carbonate groups with the partial flips

of the aromatic rings. This supposition it supported by the good agreement, ln-i....^, vi^

calculated typical barrier of the partial flip ~ 54k.lmol~ and the experimental activation

energy 42 - 54kJmol"! in bulk PC 34 3 \

Fracture behaviour

The next field where the information from PAL is utilized is the macroscopic fracture

behaviour of solid polymers, which are described in the terms of the ductile-brittle material

in the glassy state. High ductility of the PC down to low temperatures is well known 3T. On

the other hand, TMPC is a brittle material even at the room temperature 16. Following the

free volume concept the high ductility could be related with the high level of the structural

disorder which would point to the increased mobility in the process of deformation 38<36.

According to this notion, however, the ductility behaviour in PC and TMPC should be

opposite than is observed. Thus the relatively high free volume is not a sufficient condition

for the favorable deformation properties of the glassy polymers. Moreover, the mobility is

not unambiguously determined by the free-volume fraction in various polymer matrices.

An alternative hypothesis emphasizes the relation between the ductility and the exi-

stence of the secondary relaxations A0-A1. A great difference in the ductility between the

TMPC and PC due to different localization of the corresponding 7-relaxations should be

observed, but this relation is not of universal validity. Especially the annealing of the PC,

i. e. the reduction of the free volume, has little influence on the 7-relaxation, although the

polymer becomes more brittle 42. This indicates a rather large-scale nature of the ductili-

ty. Recent molecular modelling of the plastic response of bulk PC suggests a cooperative

motion of many chain segments in the single plastic relaxation event 43. Low temperature

12



stress - strain measurements on PC exhibit the brittle - ductile transition at temperature

/ between 110 and 159K 37. This transition correlates with the bend region about 130K

on our r3 - T dependence for PC 9. It means that the chance of deformation regime is

connected with the dynamic generation of new holes due to the course of partial flips of

phcnyl groups. Thus this thermal generation of free volume entities enables cooperative

rcarangements coupled with the large strain deformation. In the case of TMPC the relati-

vely small change of the free volume characteristics due to the hindered internal mobility

is observed. This results into less favorable conditions for large - scale deformation in spite

of the higher total free volume content. Our PAL observation suggests that probably both

factors, i.e. the relatively high free-volume content as well as the high internal flexibility of

the parts of the chains, are necessary conditions for the favorable deformation properties

of the polymer glasses in a wide temperature interval.

Gas transport behaviour

Another physical property which is correlated with the free volume is the gas transport

in polymers. Several studies of the sorption and diffusion of different penetrants in PC

and TMPC have already been performed 26-33'44. Different permeability coefficients P and

solubility coefficients 5 as well as diffusion coefficients D have been observed - see Table

6 in 26. These differences can be discussed in the light of the free volume information

obtained by PAL measurements.

The solubility coefficients S as a thermodynamic term of permeability coefficient de-

pends on the condensibility of the penetrant, on the interaction between the penetrant and

the polymer and, in the case of glassy polymers, on the magnitude of the non-equilibrium

free volume holes in the matrix 26>44. Gas sorption isotherms in glassy polymers are gene-

rally well described by the dual sorption model.

c.. • b
c = cD + cH - kD-p+ • p .

1 + bp



The first term represents a Henry's mode of sorption as found in liquids and rubbery

polymers and the second term is a Langmuir mode of sorption which is believed to originate

from (ho non-equilibrium nature of the gbi-j-y state. Tin- parameter /.•;, is the Henry law

solubility coefficient and ctl is the Langmuir sorption capacity, b is affinity parameter.

The ratios of solubility coefficients for a scries of gasc-a He, 0.,, ' ^ . CII«. L ~? are 1.7, 2.6.

3.0. l.S and 1.5. respectively, as shown in Table G of 2C. The same is valid for the ratio? of

the Laugmuir sorption capacity, Table 2 of :"\ The ratios of Henry's solubilities fall into

a relatively narrow range (1.1 - 1.6). It follows from our results that the mean number of

holes per mole, cJJ10', is significantly higher in TMPC and attains 1.4 times the value in

PC at 293K. This suggests that the solubility of gases ought to be higher in TMPC in

a gross qualitative agreement with the above mentioned solubility ratios. In view of the

fact that the kinetic diameters of gases are different and that o-Ps detects only a certain

fraction of the total free volume accessible due to geometrical and/or dynamical reasons,

the qualitative estimate is good, although other factors, such as an enhanced interaction

between penetrant and matrix with the substitution in the case of kp 26 and different

sample histories play their role as well.

On the other hand, let's consider the diffusion of the penetrant molecule in the polymer

matrix as a jumping process over a mean distance A from one site to another free hole.

The diffusion coefficient D as a kinetic term of the permeability process depends on the

intersegmental packing density and on the internal mobility of the polymer 44. Then,

according to Meares's diffusion model 47, the mean distance A can be estimated from the

experimental activation energy Ed using the relation

Ed = (7r/4)<T-\CED

where d is the kinetic radius of the penetrant and CED is the cohesive energy density.

Table 4 shows the results of calculations of A from the experimental values of the diffusion

of Cs and X? in both PC and TMPC. In spite of the fact that the estimated values of A are

larger than the mean distances between the holes Ih obtained from the free-volume PAL



analysis, their proximity for both polymers is interesting similarly as that of the h values

as seen in Table 3. Lower values of /A are related to the relatively strong assumption about

the homogeneous distribution of the hole- in 'he matrix. In reality. Figures 3 and 4 ran

be understood as a certain "clustering" of the boles, which leads to the effective increase

of the distance between the neighbouring iiu-'.ulu.i,! v...ities. These estimates indicate

the hopping model of the diffusion as a very probable mechanism of transport of the gas

pcnetr«nts in the polymer glasses. Recent ;:;ol(.c;:i;i3 simulations of this process support

such physical picture of the gas transport in a glassy polymer 4S4e. Moreover, one of these

molecular simulation of diffusion of small penetrants in PC 46 indicates an existence of

channels between diffusion sites. The length of such channels is around 10A, which is in

accord with our estimates.

We should understand, however, that although the solubility as well as the diffusion

may depend on the free volume, and even depend principally on the free volume, it does

not depend exclusively on the free volume characteristics.

CONCLUSIONS

The results of the PAL measurements on amorphous tetramethylpolycarbonate are

presented. Temperature dependencies of the mean lifetime of the o - Ps and of the relative

intensity are interpreted in free-volume terms as the mean size of the free-volume entity

and the concentration of these entities in different representations. A comparison with a

similar study performed on PC 9 yields that TMPC has higher free volume content rea-

lized through higher number of larger free-volume entities. The molecular cause of these

differences is the quadruple methylation of the aromatic rings leading to a less effective

packing of the chains as well as to a decrease in the flip dynamics of the phenyl rings.

Finally, the influence of the different free-volume microstructures on the relaxation and

fracture behaviour as well as on the penetration of TMPC and PC by gases is discussed.
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FIGURES

FIG. 1. Mean o-Ps lifetime r3 as a function of temperature T in a TMPC.

FIG. 2. Intensity /3 of o- Ps as a function of temperature T in a TMPC.

FIG. 3. Free-volume hole radius distributions f{Ii) of polycarbonate (+ at 293 K) and telrame-

tliyij»o]ycarbonatc ( Q at 293K. c al 112K). Smootli curves are drawn through data points merely

for clarity.

FIG. 4. Free - volume distribution g(V) of polycarbonate (+ at 293K) and tetramethyl-

polycarbonate ( Q at 293K, o at 112K). The distributions calculated according to eq.(3) from

data shown in Figure 3. Smooth curves are drawn through data points merely for clarity.



TABLES

Table 1: Positron and positronium lifetime results obtained by the three- component ana-

lysis jn a TMPC.

T

( K i

h

(P*

h

50 234±9 554±36 2163±23 54±3 26±3 20±4

293 214±2 513±5 2374±3 44.7±0.5 30.9±0.5 24.5±1



Table 2: Thermal expansion coefficients determined from the dependencies of r3 and I3 on

T for TMPC and PC.

Polymer oT 3 oy3 a[.*L of1'

PCB

TMPC

1.07

4.4

xlO"3

xlO"4

1.

7

65

.0

xlO"3

xlO-4

2.1

8.4

xlO"3

xlO"4

].83

2.02

xlO"

xlO-

4 1-

A b

'From Ref. [9], bFrom Ref. [26],



Table 3: l-'r<v volume fr;nii..n and concentration characteristics of PC and TMPC at three

temperatures.

Polymer ! V \), !',, U v = zc

(cm3 g-1) (hole g-1) (hole mol"1) (hole mon"1) (hole cm"3) (A3 hole"1) (Ahole"1)

P C i;ti) 0.MJ5 7<i 0.12(j 0.259 0.322 l ^ x l O ' - 1 1 3.39X1023

215 0.SL7 ill U.1G1 0.271 0.332 1.45xlO21 3.67X1023

300 0.KIJ3 1U«) 0.193 0.287 0.345 1.48x10" 3.75X1023

T M P C b 1.50 0.«'J-lc 117 0.202 0.314 0.351 1.54xl02 1 4.79X1023

215 ().!)|(T lv.-,..-, 0.222 0.330 0.3C3 1.02x10" 5.01X1023

MO ().{Jl'(»c l.t.r. 0.243 0.346 0.374 1.07x10"' 5.17X1023

0.56

0.61

0.62

0.79

0.83

0.86

1.66X1021

1.77X1021

1.78X1021

1.73X1021

.'1.78x10"

1.80X1021

608

566

565

. 579

563

556

8.5

8.3

8.3

8.30

8.25

8.20

"From Rc-f. [9], "This woik. Calculated using data from Ref. [26].



Table 4: Results of fitting of Meares' model on diffusion data of 0 2 and N2 in PC and

TMPC.

CED" d b Ed
 r X

Polymer (cal A"3) (A) (kJ mol'1) (A)

0 2 N\ 0 2 N\ O:. N,

PC 88.2 x lO"24 30.0 35.G 13.0 14.0

3.64 3.80 .

TMPC 74.5 x 10~24 26.9 28.8 13.7 13.6

"Calculated using Small's group contribution method [48], bFrom Ref. [13] cFrom Ref. [26]
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the annealing out of vacancies in crystalline state. Secondly, CSRO relaxation, is taking into
account the changes in the relative positions of the various kinds of atoms with respect to
each other, as metallic glasses always contain more than one chemical component. This idea
was thoroughly corroborated by A. van den Bcukcl [4].

Both relaxation processes arc thermally activated. There is a question what kind of
distribution of activation energies is the most suitable to describe these processes. Gibbs et al.
[5] proposed the activation energy spectrum model (AES). It is assumed that the activation
energies of the processes, which arc available to contribute to the observed change in the
property P upon relaxation, are distributed over a continuous spectrum. It comes out that
free volume can be taken as the property P. In such a case the kinetics and energetics of
free-volume during the annealing process can be studied.

It is well-known [6] that positrons injected into a solid after slowing down in the bulk
see defects, where atoms are missing or their density is local]}' reduced, as strongly attractive
centers. Positrons detect vacancy-type defects already at the concentration of a few ppm and
the lifetime value of the trapped positrons gives information about the size of voids, open
spaces in the amorphous structure.

In this paper we use the positron annihilation process to study the free volume in
Ni2sZr55Al2o alloy before and after isothermal annealing at the temperatures below and above
T,, which lies in the vicinity of 700K. This new amorphous alloy exhibits a wide undercooled
liquid region lying between the glass transition temperature T, and the crystallization tem-
perature Tery,«. (broad temperature interval between the glass transition and crystallization
temperature) giving thus a possibility of studying the evolution of microstructural changes
controlling these fundamental structural relaxation'processes.

The positron lifetime results yield direct information about the evolution of the free-
volume distribution and thus about the kinetics of short-range ordering.

Experimental

The material used in the study of influence of free volume relaxation has been NijsZrssAU
alloy prepared by planar flow casting in the form of ribbon about 20/vm thick and 3mm wide.
Master alloy for the ribbon has been prepared by arc melting. The chemical composition
has been checked by ICP spectrometer. X-ray analysis of the as-cast ribbons has revealed no
presence of as-quenched crystalline phases; the samples have been checked to be amorphous
in the as-cast state also by TEM.

Annealing temperatures have been selected from measurements of the temperature
dependence of dilatation and resistivity upon linear heating using the heating rate of 7 and
33K/min (Fig.l). The curves allowed to estimate the value of Ts ~ 700K and Teryj| ~ (790-
820)K depending on the heating rate; on the basis of this information the temperatures of C40
and 740K have been selected for sequential annealing of the samples in the amorphous and
undercooled liquid states to allow for the observation of the investigated volume relaxation
effects. To obtain the fully crystallized sample, the material has been annealed at 830K for
1 hour. All annealings have been performed in a 10~3Pa vaccuum in order to eliminate to



the maximum the effects of oxidation on the sample. Enhanced cooling (~100C/min) by
contact with cold blocks ensured tho preservation of thr annealed-in state of the sample
during quenching down to the room temperature. After annealing below the crystallization
temperature the samples have been x-raycd; even after the longest-cycle annealing no trace
of crystalline phases has been detected.

The positron annihilation lifetime spectra were obtained by the conventional fast-fast
coincidence spectrometer with a resolution of 300ps FWHM and a "NaCl-on-kapton foil
source. The thickness of the kapton foil has been 8/im.

The measured specimen consisted of two stacks of 12 layers of the sample materials
with a positron source sandwiched between them. The lifetime spectra were measured at room
temperature, the counts being ~ 3 x 106. The single partial spectra were stored at an interval
of every 3 hours. The stability of the measuring system was carefully monitored by observing
the shift and the width of the spectra. Only the spectra collected at a stable experimental
condition were summed up and are reported in this work. A model-independent estimate of
the instrument resolution function was obtained from the decay curve of the 207Bi isotope
with a single lifetime of 186ps. During the data analyses we found out that the most critical
point is the determination of the source contribution. Therefore, we deduced these from the
independent measurements of positron annihilation in the fullerene Ceo sample, where only
a single lifetime has been observed [7]. All data have been corrected for source contributions
determined in this manner.

The spectra were analyzed with the PATFIT-88 program of Kirkegaard et al. [8] and
with the CONTIN program of Provencher and Gregory [9]. The results from analyses are in
satisfactory accord. For the first time the lifetime spectra of positron annihilation in metallic
alloys have been analyzed by the CONTIN.

The CONTIN program, the continuous lifetime analysis, provides the annihilation pro-
bability density function /(A) = Aa(A). The continuous distribution /(A) is obtained by the
deconvolution of experimental lifetime spectra using a Laplace inversion technique [9]. The
annihilation rate A is related to the dimension of the void. We expect that the continuous
lifetime results contain information about the distribution of the quenched-in voids (i. e. ex-
cess free volume) [10]. The results of lifetime analysis are shown in Table 1 together with
the annealing history. The value of lifetime components r given in Table 1 is the mean of
lifetime distributions. It means that each lifetime r corresponds to the average probability of
the annihilation A = 1/r of the positron in a different state. The results of data processing
with CONTIN program are shown in Figs. 2-4. The ordinate /('A) is a normalized probability
to observe an annihilation site, where a positron annihilates with a rate A.

Results and Discussion

The analysis of Table 1 and Figs. 2-4 immediately yields some conclusions; certain of
these are generally known, however, they verify the new approach to the processing of the
experimental positron lifetime spectra in metallic materials. These are:

• in the as-quenched sample free volumes form a broad distribution of one type with the



mean lifetime of ~230ps, which is very close to the positron lifetime value of monova-
cancies in pure metals (I42ps for Ni, 252ps for Zr, 248ps for Al) [11]. In crystalline phase
the positron lifetime r is shorter than this one, ~lG6ps, and is very close to the positron
lifetime value in pure metals (95ps for Ni, lC5ps for Zr, 163ps for Al) [11].

• the existence of defects or the remnants of the amorphous phase is evidenced by po-
sitrons also after crystallization (checked by the presence of x-ray crystalline peaks).
The remaining amorphous matrix is not detectable by x-ray diffraction, which testifies
a higher sensitivity of the positron annihilation. The existence of the two types of sites
for annihilation of positrons shall be manifested by two distributions, where the distri-
bution, similar to that in the amorphous phase, is narrower in the crystallized sample.
This should mean that annealing out of a part of free volumes has taken place (see Fig.

2).

Fig. 3 shows the behaviour of the excess free volume Vj after annealing at the tempera-
ture below Tt (at 640K) and above Tt (at 740K), yet still below the crystallization temperature
Terv,t- Annealing at 640K leads to the shift of the /(A) distribution towards higher values of
the probability of the annihilation A, i. e. towards lower values of V}. Annealing at the tempe-
rature above Tt (the undercooled liquid region) brings about the shift of the Vj distribution
towards higher values as compared to those at 640K.

Such a relaxation of free volume can be described by the model of relaxation processes
of van den Beukel [4], where it is argued that the processes below T9 lead towards equilibrium
values of V/, that they are reversible and that they have the character of CSRO processes
and a part of TSRO process. The relaxation of Vf (increase) above T, should exhibit a
dominant irreversible component and ought to be of the TSRO type. This character of the
changes taking place upon annealing above Tt is asserted on Fig. 4, where the distributions
/(A) obtained after sequential annealing at (740+640)K and (740+640+740)K are brought
to comparison. These comparisons are a direct evidence of the free volume theory of the
relaxation processes in the Ts region [4].

Annealing sequences which started at the temperature above Tt exhibit a shift in the
/(A) distribution towards shorter lifetimes (decrease of free volumes) as well as a broadening
of the distribution, as shown in Fig. 4.

It seems that the relaxation processes which have started at the temperature below
Ts are largely reversible. The processes initiated above Ts are to a certain extent irreversib-
le. Our experiment shows that a carefull choice of annealing regime (time and sequence of
temperatures) allows to distinguish between these types of free volume relaxations.

Our observations concerning the relaxation of the excess free volume under different
annealing conditions can be used as a basis for the quantitative explanation of these pheno-
mena using, e. g., the AES model [5].

Conclusions

The values of positron lifetimes T and intensities I of the time components indicate that
the positrons annihilate at the places of different origin; according to the thermal treatment,



after a certain degree of annealing a formation of positron capture sites is observed which
gradually changes its property and finally relaxes to a state close to (or preceding) the one
in the crystallized sample.

A suitable sequence of annealing regimes has allowed to obtain a view of the micros-
tructural processes taking place in both temperature regions and an idea of the dynamics
of these processes via the determination of evolution of positron capture site density and
distribution.

The experiment described using a novel mctl.od of evaluation of the experimantal da-
ta points to new and unexpected possibilities of the application of the method of positron
annihilation in the study of amorphous metallic systems.
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Fig. 1: The temperature dependences of relative resistivity R(T)/R(ZQQK) and dilatation
Alfl0 of the NijsZrjjAljo alloy showing the temperature region around the glass transition
(Tt) and the crystallization (Tcrytt) temperatures.

Fig. 2: The normalized probability to observe the annihilation site /(A) versus positron an-
nihilation rate A for the as-quenched and crystallized Ni25Zr55Al20 alloy. Smooth curvr? are
drawn through data points merely for clarity.

Fig. 3: The normalized probability to observe the annihilation site /(A) versus positron an-
nihilation rate A for the Ni25Zr55Al2o alloy in the as-quenched state and after annealing at
640K and at 740K for 1 hour.

Fig. 4: The normalized probability to observe the annihilation site /(A) versus positron an-
nihilation rate A for the Ni25Zr55Al20 alloy after sequential annealing at (740+640)K and
(740+640+740)K and in the crystallized state (830K for 1 hour).



Table 1: Positron lifetime results obtained by the three-component
analysis in Ni25Zr55Al20 alloy after selected annealing history.

Thermal
history (K)

as quenched
640
740

740+640
740+640+740

crystallized

(PS)

226
187
217
248
179
139

(PS)

1040
387
830
1036
1521
222

T-3

(Ps)

2662
-

2568
2358
3906

-

(%)

92.7
96.6
91.2
86.6
97.9
57.7

h
(%)

3.6
3.4
5.7
6.5
0.8
42.3

h
(%)

3.7
-

3.1
6.9
1.3
-
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