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Positron annihilation lifetime measurements obtaind for foamed polystyrene samples of different deni are
presented. Two series of samples (exposed and ngpesed to open air) were investigated. The dimensie of
the pores were determined. The free volume was fodrio decrease from 137 to 104 Awith increasing density
of the material. The largest concentration of micrpores (dimensions up to ~0.7 nm), represented by éh
intensity of the long-lived component, was obtainetbr a solid (not foamed) sample.

Foamed polystyrene / Positron annihilation / Micropres

Introduction

Polystyrene is an aromatic polymer made from the
aromatic monomer styrene, a liquid hydrocarbon that
is commercially manufactured from petroleum by the
chemical industry. Polystyrene is one of the most
widely used kinds of plastic. Foamed polystyrene is
used, for example, as packing material, for thermal
insulation, and in foam drink cups. It is also u$ed
non-weight-bearing architectural structures (sush a
ornamental pillars).

The low thermal conductivity characteristic for
foamed polystyrene is the result of the highly psro
structure of the material. The distribution of sizk
free volumes in polymers has been the subject of
intensive scientific research for more than 40 year
[1]. Recently several authors investigated the
distribution of pore size, relaxation processes,
transitions, electron beam and gamma irradiation
effects for solid polystyreng-4]. But, although the
porosity of foamed polystyrene is evident, our
knowledge about pores of less than 2.0 nm
(micropores) is not complete. The positron
annihilation lifetime  (PAL) method allows
characterizing micropore sizes. In PAL spectroscopy
the positron is used as a nuclear probe, which is
repelled by the atom cores and preferentially iaedl
in atomic size free volume holes. Therefore, the
positron and positronium (Ps) annihilation sigreale
mainly contributing from free volume holes in the
material. Ps has two spin states: para-positronium
(p-Ps), having spin zero (lifetime in vacuum 125 ps
and ortho-positronium (0-Ps), having spin one
(lifetime in vacuum 142 ns). The lifetime of 0-Ps i
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reduced due to interaction of 0-Ps with electransf
surrounding matter (pick-off annihilation) and dgca
into two gamma rays. Thus, three positron lifetimes
(71, 70, 73) @re often found in polymers. These lifetimes,
from shortest to longest, are believed to be duthdo
self-annihilation of p-Ps, the annihilation of free
positrons, and the pick-off annihilation of o-Ps,
respectively. The longest lived component is of
particular importance to polymer studies, becatse t
lifetime 73 is related to the average free volume hole
size[5,6]. The relationship betwees and the average
radiusR (nm) of free volume holes in the spherical
approximation is given by the Tao-Eldrup model as:

@)

wherez; andR (hole radius) are expressed in ns and
A, respectively. R, equals R+AR, where
AR (=1.66A) is determined by fitting the
experimental values af obtained for materials with
known hole size. The micoropore volurdeis given

by (4/3nR°.

Experimental

A fast timing configuration of the “Ortec” positron
lifetime system was usedFif. 1). “Scionix” modules
equipped with two XP 2020Q photomultiplier tubes
optically coupled with cylindrical BaFscintillators

(O 25.4 mm, 10 mm) functioned as the detectors of
two differenty quanta attributed to start (1274.6 keV)
and stop (511.0 keV) of a positron lifetime.
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Fig. 1 Block diagram of the spectrometer.

A 0.4 MBg“Na positron source sealed by kapton
foils (12.5um thickness) was placed between two
plates of the same sample. The 90° geometry of the
detectors was used to minimize the parasitic effett
simultaneous detection of both quanta (511 keV and
1275 keV) by one of the detectors (ség. 1).

The way of energy discrimination and the 90°
geometry of the measurement influence the rate of

was found to be broad, typically with a FWHM of
600-700 ps. The relative positions of the Gaussians
were fixed in zero position.

Results and discussion

The counting rate of a positron annihilation

recorded events (~13 coincidences per second). The spectrometer is limited by the dimensions of the

time resolution of the device was determined to be
240 ps from the prompt curve of%o source.
Four polystyrene materials, ordinarily used as

thermal insulators, of different density were
investigated. The highest density polystyrene
(0.96x1G kg/nT), obtained by melting foamed

polystyrene, is defined as HDPS. The low density
foamed polystyrenes with densities of 10.9, 15 a
23.3kg/M are defined as LDPS1, LDPS2, and
LDPS3, respectively.

Before the measurements, during two years of
deposition, the samples LDPS1, LDPS2, and LDPS3
had not been influenced by weather conditions. A
second group of samples, abbreviated as LDPSWC1,
LDPSWC2, and LDPSWC3, was exposed to open air.

The analyses of the positron annihilation were
performed using the LT prograni7] without
constraints imposed on the lifetime components and
with no source correction. The timing response
function was described by a superposition of two
Gaussians differing from each other by their FWHMs
and weights. Within this simple model one of the
Gaussians turned out to be relatively narrow,
representing usually about 98 % of the total afehe
response function. The remaining, very weak
Gaussian, originating from parasite pile-up events,
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investigated samples. The larger the thicknesef t
samples, the greater is the distance between the
detectors and the lower is the counting rate of the
system. Taking into account the measurement
geometry and the activity of the positron sourte, t
thickness of the samples should not be larger than
about 5 mm. For samples of very low density, like
foamed polystyrenes, a thickness of about 5 mm
would not be enough to stop all positrons inside th
sample, therefore an estimation of the implantation
depth of the positrons was made for the investijate
samples. For polymers the implantation depth
distribution of positrons with energ§ (keV) is
expressed by the Makhovian equation

- 2
p(z) = - dlexpt-2/ 2)%]
dz
with
80 E'°
=== 3)
Jnop
Here z (nm) and p (g/cn?) are the positron
implantation depth and sample density, respectively
The mean implantation depth is given by:
Jn

m="y %

()

(4)

Chem. Met. Alloys 4 (2011)



M. Kostrzeweet al., Investigation of foamed polystyrene by positemmihilation lifetime spectroscopy

The values ofz, for the average positron energy
(150 keV) for a®®Na source are listed ifiable 1 The
maximum value of;, equals 11 mm. The preparation

the samples. The decrease;iis related to the change
of the free volume resulting from the formation of
new bonds or cross-linking. This decrease zin

of samples with thickness 12 mm guaranteed the implies some shrinking of inner and inter chairfrek

annihilation of nearly all the positrons inside the

volume holed8]. The average free volume was found

investigated material. This choice is a compromise to decrease from 137 to 104.AThe value obtained
between the counting rate of the system and the for solid polystyrene (104 % corresponds well to the
stopping power of the samples. Control measurements data reported bj4] (102-105 R). The intensity of the

were made on samples with a thickness of 20 mm. No
significant difference was observed between the Counfs perchannel

results obtained for the samples of 12 mm and 20 mm 100000
thickness.

To

al counts =

133903

The positron lifetime spectra were analyzed in 10000

terms of three lifetime components. The exampla of 1000

Fit

s variance =

1.0348

delayed-coincidence  spectrum for the solid
polystyrene sample (HDPSFi@. 2 shows the result

100

s arenees.

of the deconvolution of the spectrum into lifetime

components. Each lifetime corresponds to the aeerag 10
annihilation rate of a positron in a different stafhe

shortest lifetime 0= 231-269 ps and -5 M
I, = 34.5-63.1 %) corresponds to the annihilation of
p-Ps atoms and free positrons, while the interntedia

Residuals

)

one ¢, = 487-603 ps ant} = 23.5-41.5 %) arises from
the annihilation of free positrons in the polystye

matrix and of positrons inside the kapton foil
surrounding the“®Na source #% = 386 ps). The
longest-lived componentt{= 2.076-2.458 ns and
I3= 7.08-24.0 %) is attributed to o0-Ps atoms
annihilating via a pick-off process in free volurag
amorphous regions of the polystyrene. Using the
relationship (1) betweety andR, the hole radiusR)
and the free volume hole siz&)(were computed
(Table 3.

Associated with the pick-off process, the lifetime
73 exhibits a decrease as a function of the density o

spectrum

Fig. 2 Upper
spectrum obtained
(HDPS). The result of the deconvolution of the
into contributions of
positron fractions to the annihilation process is
shown. Lower panel: difference between the
experimental spectrum and its fit expressed in
units of standard deviation.

panel:

for

delayed-coincidence

individua

Table 1 The mean implantation depth of positrons with energlg = 150 keV for polystyrenes of densjty

solid polystyrene

sample p (kg/nT) Zy (Mm)
LDPS1 10.9 11

LDPS2 154 7.9

LDPS3 23.3 5.2

HDPS 9610 0.13

Table 2 The positron annihilation lifetime components ¢, z3) and their intensitied {, 1, 13) for foamed
polystyrenes (LDPS1,2,3), solid polystyrene (HDP&hd foamed polystyrenes exposed to open air
(LDPSWC1,2,3). The radiurR of the free volume was estimated using Eq. 1 vilameV was calculated

from (4/3%R°.

sample 71 |1 T2 |2 73 |3 R V
P (ps) (%) (ps) (%) (ps) (%) (A) (A%
LDPS1 261.65.7)% | 62.6(2.1) | 522(20) 29.9(2.1) | 2410(32) | 7.48(0.33) | 3.197 137
LDPS2 264.86.6) | 61.7(2.3) | 529(23) 28.7(2.4) | 2304(25) | 9.56(0.45) | 3.112 126
LDPS3 268.45.3) | 62.8(1.6) | 590(28) 23.51.7) | 2296(22) | 13.63(0.48) | 3.105 125
HDPS 231(11) 34.5@2.4) | 487(17) 41.5@2.2) | 2076(14) | 24.0(1.1) 2.917 104
LDPSWC1 260.35.4) | 62.9(1.9) | 528(18) 30.0(1.9) | 2458(40) | 7.08(0.30) | 3.235 142
LDPSWC2 262.26.1) | 60.8(2.1) | 533(21) 30.12.1) | 2370(32) | 9.13(0.41) | 3.165 133
LDPSWC3 269.23.9) | 63.1(1.2) | 603(23) 23.7(1.3) | 2308(22) | 13.18(0.36) | 3.115 127

& standard deviations are given in round brackets
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long-lived componentl§) exhibits an increase (from References

7.48-24.0 %) with increasing density of the samples
The observed increase df with the maximum [1]
reached for the densest material (HDPS) may be
surprising. One might suspect a rather low numiber o [2]
holes for a high-density material with low insutei
properties. The obtained results do not contratit
opinion, but show the lack of a proportional redati
between the number of micropores, represented,by  [3]
and the density of samples with pore dimensiongof

to ~0.7 nm.

The lifetimes and intensities obtained for the [4]
samples exposed and not exposed to open air do not
differ significantly, though, a small tendency to
increasing of the free volume and decreasing of the [5]

micropore concentration, represented By, is [6]
observed as a function of density. Assuming thatlsm
dimensions of micropores and large valuedsoére [7]
characteristic for materials with relatively modest
thermal properties, the tendencies observedsfand [8]

15 reflect the deterioration of the thermal propertid
the samples by weather conditions.
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