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Bacterial polyesters have attracted much attention as biodegradable polymers. An eco-
friendly alternative to this biodegradable material is poly-3-hydroxybutyrate (PHB) 
which has attracted industrial attention as an environmentally degradable plastic for a 
wide range of medical applications. Free volume holes in polymers play a crucial role 
in determining its physical properties. The Positron Annihilation Lifetime (PAL) 
technique has been established as a powerful probe for microstructures of polymers, in 
particular, angstrom-sized free volume holes. The PHB samples were irradiated using 
60Co source at room temperature with doss ranging from 5 to 300 kGy. The PAL 
spectra for all the samples have been measured at room temperature as a function of 
gamma-irradiation dose. The free volume hole size decreases with increasing the 
irradiation dose up to 25  kGy followed by slowly increases up to 200 kGy, then 
decreases at higher doses. On the other hand, the free volume content decreases with 
increasing the gamma-irradiation dose which is due to the increase of the degree of 
crystallinity. The variations in the free volume with the irradiation dose will be 
discussed in the frame of free volume model. A correlation between the macroscopic 
mechanical properties Hv and positron annihilation parameters has been done. 

 

INTRODUCTION 

In the last two decades [1] polymer science and engineering have found in 
positron annihilation lifetime spectroscopy (PALS) a very useful method for 
determining a number of physico-chemical quantities at a nanoscopic level. It has been 
well demonstrated [2] that positron (e+) and positronium (Ps) annihilation events are 
very sensitive to the molecular environment in which they occur, so PALS has evolved 
as a suitable material characterization technique. In particular, free volume 
concentrations and average free volume sizes are important quantities detectable by this 
technique (via a suitable model).  

In polymers, attention has been paid to free volume quantities, which determine 
several mechanical properties of technological interest (as impact strength and elastic 
moduli) [3]. In polymers, local free volume holes arise due to the irregular packing in 
the amorphous state (static) and to the molecular relaxation of polymer chains and 
terminal ends (dynamic). According to the common view, positronium (Ps) formed 
inside a polymer annihilates from its ground state within a spherical well potential 
modeling a nanohole of the polymer free volume. Therefore the positron and 
positronium annihilation signals are found to be contributed mainly from free volume 
nanoholes in a polymer. Positrons emitted from 22Na radioisotope enter into the polymer 
and may combine with an electron of the medium to form either para-positronium (p-
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Ps) or ortho-positronium (o-Ps). In vacuum, p-Ps annihilates with a lifetime of 125 ps 
by emitting two gamma rays, whereas o-Ps lives much longer (142 ns) and annihilates 
with the emission of 3γ. In materials o-Ps mainly annihilates through the so-called pick-
off mechanism (e+ in o-Ps annihilates with an external electron of opposite spin and not 
with the e- belonging to the Ps atom) shortening considerably its lifetime, up to 1 ns. 
This lifetime is very sensitive to the molecular environment, especially to the empty 
spaces existing between molecules. In polymers, free volume quantities have proven to 
be closely related to its mechanical properties, so it becomes interesting to investigate 
this correlation based upon positron annihilation. 

Poly(hydroxybutyrate), PHB, is a linear and isotactic polyester of bacterial 
origin. PHB can be produced by a number of different bacteria, for example, 
Alcaligenes eutrophus, Azotobacter vinelandii, Escherichia coli, Pseudomonas putida, 
and others. It is used by bacteria as an energy storage material. Under specific 
conditions of nitrogen limitation and an excess of carbon food source, which can be a 
saccharide such as sugar, the bacteria transform the excess of their feeding into 
intracellular grains of polymer [4-6]. PHB is degradable in normal environment, either 
by hydrolytic or enzymatic degradation. It is a thermoplastic and has mechanical 
properties comparable to traditional polymers, such as polypropylene and polyethylene, 
and can be formed into films, fibres and sheets. These characteristics make this polymer 
an object of interest and vast study [5]. However, this polymer presents a high degree of 
crystallinity which makes it fragile and brittle and therefore unacceptable in a great 
number of applications. 

Radiation processing of polymers has been extensively used in these last years in 
view of the specific demands, for sterilization of medical devices [7] packaging for food 
irradiation [8] polymer modifications, etc. Moreover, the irradiation is unavoidable 
during certain applications, such as space and nuclear industry [9]. Therefore, the study 
of property modifications in irradiated polymers is useful to evaluate the improvement 
or worsening of performances such as mechanical strengths, molecular weights, 
physical and thermal properties, glass transition, melting point, etc. [10].  
 A number of potential applications of the polymers take advantage of their 
exceptionally mild foreign body response. In the medical and pharmaceutical area the 
PHA family members have shown to be very promising in their use as release system, 
drug carriers, repair patches, particular cartilage repair devices, and others [11]. 

The main method for sterilization of polymers for medical applications is by γ 
radiation. In this technique, the material is submitted to a dose in the order of 25 kGy, 
which guarantees great efficiency in sterilization [12]. In this way, it becomes especially 
necessary to study the chemical and physical effects that are induced by the transference 
of energy to the polymer. Often, the occurrence of these effects makes the material to 
become unacceptable for determined applications. A great number of polymeric 
materials are compatible with the use 
of γ irradiation as a sterilization mechanism, including polyethylene, polystyrene, and 
polycarbonate. Poly (tetrafluoroethylene), for example, is not compatible with this type 
of sterilization because it is extremely sensitive to radiation [13]. 

 Studies of the high energy radiation degradation of PHB and its copolymers 
have been undertaken previously, and one of the significant conclusions which can be 
drawn from these studies is that chain scissions predominate over cross linking. In 
addition, the formation of volatile products, such as, carbon monoxide, carbon dioxide 
and hydrogen, upon the radiolysis of these polymers are observed [14]. So, it is 
necessary to understand radiation effects on the PHB 
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In this work, the effects of γ - radiation on the free volume hole size and its 

Intensity in PHB biopolymer was analyzed by using positron annihilation lifetime 
(PAL) technique. Changes in the crystallinity parameters of the irradiated PHB samples 
were observed by X-ray diffraction. Through SEM observation one can get direct 
information about the nature of deformation caused by the gamma irradiation on PHB 
polymer. 

 
 

EXPERIMENTAL 

Polyhydroxybutyrate biopolymer (PHB) produced by Goodfellow Cambridge 
Ltd., of  density is 1.2 g/cm3 and has a crystallinity of 27.7 % was used in this study. 
The samples were irradiated at the National Center for Radiation Research and 
Technology, Cairo, Egypt. The γ-irradiation was done using Russian cell (60Co source) 
of the model ISSLEDOVATEL. The doses varied from 5 to 300 kGy . The dose rate of 
the cell is 10 kGy/min. 
  The positron source was prepared by depositing about 20 µCi of aqueous 22NaCl 
on a thin kapton foil (7 µm thick). After drying, 22NaCl spots, it was covered with 
another similar foil glued together by epoxy glue and evacuated for a long time (more 
than 24 h). The positron annihilation lifetime measurements were made using a standard 
fast– fast coincidence timing technique. To calculate the time resolution of the system, 
the positron annihilation lifetime spectrum of the kapton sample has been measured. 
The kapton seems to be the only polymer with no positron yield, i.e. has no long-lived 
component. The time resolution was calculated and it was 400 ps (full width at half 
maximum, FWHM). The sample/positron source/sample sandwich was put in a glass 
tube in order to perform the PAL measurements in vacuum at room temperature (about 
25 οC). The accumulation time of the PAL spectra (4 h) provided excellent counting 
statistics namely 106 counts in the peak channel. In the present work, the lifetime 
spectra were analyzed to finite term lifetimes using the PALSFite program [15] without 
source correction. 

The microhardness test is performed using the Vicker’s microhardness tester, 
ZEISS model mhp-160. The Vicker’s microhardness number, Hv is obtained using the 
relation [7]; Hv = P / A, where P is the applied load in kg and A is the lateral area of the 
pyramidal impression in mm2 made by the indenter on the surface of the sample which 
is determined by the length of the square two diagonals using the eyepiece micrometer. 
The duration of the indentation was taken as 30 second for all the samples. At least 5 
impressions were made with each sample. The lengths of the measured diagonals 
produced were averaged.  The impressions were distributed over the surface of the 
sample and not localized in one region. The X-ray measurements were performed using 
Cu Kα  radiation, Ni-filtered and a scintillation detector (JEOL, 60,4x). The scattering 
intensity was measured in the range of 5o to 80o of scattering angle 2θ. The surface 
morphology of samples was examined by a scanning electron microscope, SEM (JEOL 
JSM-T200). The samples were coated with gold in a sputtering unit (Ion sputter JFC-
1100) before examination. 
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RESULTS AND DISCUSSIONS 

The positron lifetime spectra for non irradiated and γ-irradiated Poly 
(hydroxybutyrate) were analyzed in terms of three lifetime components. Each lifetime 
corresponds to the average annihilation rate of a positron in a different state. The 
shortest lifetime, τ1 belongs to the annihilation of p-Ps atoms, while the intermediate 
one, τ2 arises from the free annihilation of positrons in the polymer matrix. The longest 
lived component, τ3 is attributed to the o-Ps atoms in free volumes of amorphous 
regions of polymer via pick-off annihilation [16]. Taking τ3 as a measure of the free 
volume hole size and I3 as a number of free volume holes, the lifetime of o-Ps and its 
intensity for the non irradiated sample have been deduced to be τ3 = 2.0454±0.0144 ns 
and I3 = 18.9895± 0.2378. 

The o-Ps lifetime τ3 and its intensity, I3 as a function of gamma-irradiation doses 
is shown in Fig. (1). the data for τ3 exhibits a sharp decrease with irradiation up to 25 
kGy. With increasing dose a smooth increase is attained up to 200 kGy followed by 
decrease at higher doses.  The decrease in τ3 is related to the change in the free volume 
as a result of the formation of new bonds or cross linking [16]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 1. The o-Ps lifetime τ3 and its intensity, I3 as a function of gamma 
irradiation doses 
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The o-Ps intensity, I3 shows a slightly decrease with the irradiation dose. 

Generally, I3, the probability of o-Ps formation, is assumed to be proportional to the 
number of regions of low electron density in which o-Ps can get trapped. The observed 
decrease in I3 is attributed to a decrease in the number of this region. A decrease in 
intensity could be due, in principle, to chemical reactions between Ps and products of 
radicalic reactions taking place during the irradiation of the sample. A Possible 
inhibition of Ps would manifest as a reduced intensity [17].  

The main structural changes undergone by polymers upon irradiation are cross-
linking, due to free radical recombination, and various degradations, such as chain 
scission, possibly resulting in changes in crystallinity. An increase in crystallinity is 
effectively observed in γ-irradiated PTFE samples and the decrease in I4 with fluence is 
thus naturally ascribed to this effect [18]. In our case, this explanation is ruled as the 
crystallinity is found to be increased with dose. The observed reduction in I3 could be 
predominantly attributed to the increase of the crystallinity or decrease in the 
amorphous parts in the γ- irradiated samples. These results are in agreement with those 
deduced from x-Ray investigations as shown in Fig. (2).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. X - ray spectra of the non-irradiated and P-irradiated PHB at doses 50, 100, 
150, 200, 300 kGy 
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Figure (2) shows the diffractograms of the non-irradiated and γ-irradiated PHB 

samples in doses 50, 100, 150, 200, 300 kGy. Comparing these difractogrames, it is 
verified that there is no formation of new diffraction peaks with the irradiated dose, 
which indicates that the irradiation dose doesn't cause the appearance of new crystalline 
symmetries. The increase in the peak intensity shows that γ irradiation is what provokes 
the increase in the degree of polymer crystallinity. These results present an excellent 
agreement with those deduced by Leticia M. et al (2006) [18] with difference that our 
samples are sheet and there samples were powder. The increase in the degree of 
polymer cry stallinity due to radiation can also be justified by means of a phenomenon 
called nucleation. In this phenomenon, the great crystallites or the great orders are 
destroyed at random by the radiation, followed by the appearance of small and 
innumerable crystallites. However, if nucleation was a predominant phenomenon, new 
crystalline symmetries would be observed in the x-ray diffractograms, which doesn't 
occur. In this way, it is possible that the chemicystalization phenomenon be 
predominate in this case [20]. 

It can be transform the data into average size of the free volume hole and of the 
defects in the crystalline regions using the Tao-Eldrup semi empirical equation [21,22] 
the cavity hosting Ps is assumed to be a spherical void with effective radius R. such a Ps 
trap has a potential well with finite depth, however, for convenience of calculations one 
usually assumes the depth as infinite, but the radius increased to R+∆R, ∆R (1.66Å 
[21]) being an empirical parameter which describes the penetration of Ps wave 

function into the bulk. The electron density is supposed to be zero for r<R and constant 
for r>R. the relationship between o-Ps lifetime τ (ns) and radius R (Å) is as follows: 

 
 

   

 
The average of the o-Ps hole size (Vo-Ps =4/3πR3) was calculated, which probed by the 
o-Ps lifetime (τ3) which calculated from the above Eq. Also, according to this theory, 
the probability of the o-Ps is related to the fractional of the o-Ps hole volume in 
polymer. The fractional of the o-Ps hole volume, f (%), is given by a simple semi-
empirical equation [23] as  
 

f = AI3VPs 
 
where A is a parameter to be calibrated by other measurements. For convenience, the 
relative fractional of the o-Ps hole volume is defined as [24] 
 

fr =I3VPs 
 
Figure (3) shows the effect of gamma irradiation dose on the free volume hole 

size, and the fraction of the free volume in the sample. The o-Ps free volume hole Vo-Ps 
shows a similar behavior as o-Ps lifetime,τ3 where it get information about free volume 
hole size. It can be noticed that, the change in the fraction with irradiation dose follows 
a trend that is more or less similar to the intensity of o-Ps. This behavior may be 
attributed to reduction of free volume as a result of irradiation, which enhance cross 
linking and/or irradiation dose and polymer structure [25]. 
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SEM technique was used to investigate the surface morphology of the PHB 
samples. Through SEM observation one can get direct information about the nature of 
deformation caused by the gamma irradiation on PHB polymer.  Figure (4a) shows 
SEM images of the surface morphology PHB samples before and after γ- irradiation at 
100, 200, and 300 kGy. Before γ- irradiation (non irradiated sample) the surface of PHB 
sample is almost flat. It can be observed that the sample has the typical surface of brittle 
material. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The free volume hole size Vh, and the relative fractional of the free 
volume hole size, fr as a function of dose 

 
 
 
 
 
 
 

             

           

        
 

     a) Non-irradiated sample PHB, 750 Mag                     b)   Dose=100 kGy  PHB, 750 Mag. 
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        c) Dose=100 kGy PHB, 580 Mag.                                  d)  Dose=100 kGy PHB, 1800 Mag. 

 

 

 

 

 

 

              e) Dose=100 kGy PHB, 280 Mag.                              f) Dose=100 kGy PHB, 580 Mag. 

 

 

 

 

 

       

          g) Dose=200 kGy PHB, 1800 Mag.                                 h) Dose=200 kGy PHB, 350 Mag. 

 

 

 

 

 

 

            i) Dose=300 kGy PHB, 1800 Mag                                 j) Dose=300 kGy PHB, 750 Mag. 

Fig. 4.  SEM images of the surface morphology PHB samples before and after γ- irradiation. 
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At 100 kGy, [Fig. 4 (b,c,d,e,f)] it can be observed the path of the γ-ray in the 
sample. The γ-ray makes lines in the surface in places and in other places it makes 
drillings under surface. The surface of the sample at doses 200 kGy [Fig. 4 (g, h)] and 
300 kGy [Fig. 4 (i,j)] is rough these image explained that the sample is more brittle due 
to crosslinking. From SEM at 100 kGy it can be observed why the crystallinity 
increases at 100 kGy than at 200, 300 kGy.  

 

 

 

 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. a) The variation of Vickers microhardness number, Hv, and free volume hole size with 
different doses of PHB. b)  The correlation between the free volume hole size and Vicker 

microhardness, Hv . 
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The free volume hole size and its intensity following from PALS measurements 
seem to put evidence that the polymer under investigation showed an increase in the 
degree of crystallinity compared with non irradiated samples. Therefore, the main 
method for sterilization of polymers for medical applications is by γ-irradiation. Indeed, 
in the case of sterilization or other treatments by means of ionizing radiations, it is very 
important that some properties, like permeability and conductivity don't change during 
the radiation process, maintaining unaltered the performance of devices used for 
medical or other critical applications in nuclear and space fields. No studies about γ-
irradiation effects on Poly (hydroxybutrat) with PALS technique. Studies of the high 
energy radiation degradation of non-Brazilian PHB and its copolymers have been under 
taken previously by Carswell P.T. et al. [14]. They conclude that chain scissions 
predominant over crosslinking, in addition the formation of volatile products, such as 
carbon monoxide, carbondioxide and hydrogen. Letcia M. et al. [19] studied the effect 
of γ- radiation on the molecular and physical properties of Brazilian PHB. They 
conclude that the irradiation samples showed an increase in the degree of crystallinity 
compared with the non-irradiated samples. 

To establish a correlation between the macroscopic mechanical properties and 
the positron annihilation parameters, the Vickers microhardness (Hv) for PHB was 
measured. Figure (5) displays the variation of Vickers microhardness number, Hv, and 
free volume hole size with different doses of PHB. The value of the surface 
microhardness as seen from the figure depicted a reduction from the value of 66.64 at 0 
kGy to 58.56 at 5 kGy followed by an increase to record maximum at 100 kGy, then 
detect a reduction at 150 kGy. At higher doses microhaardness seems almost constant. 
The maximum value of Hv at 100 kGy may be due to the decrease of the free volume 
hole size and increase of crystallinity as seen from X- ray difractogrames. The 
correlation between the free volume hole Vh and the microhardness is presented in Fig. 
(5c). 

 

CONCLUSIONS 

The study of gamma irradiation effect on PHB by positron annihilation lifetime 
spectroscopy allows to extract some conclusions: 

i) Cross linking seems to be more likely explanation to the decrease in the Ps 
yields upon irradiation. From the variation of the o-Ps intensity, the decrease 
in intensity could be due to chemical reactions between Ps and products of 
radicalic reactions taking place during the irradiation of the sample. A 
Possible inhibition of Ps would manifest as a reduced intensity. The 
observed reduction in I3 could be predominantly attributed to the increase of 
the crystallinity. 

ii)     The irradiated samples showed an increase in the degree of crystallinity when 
compared with the non-irradiated sample. This conclusion pays special 
attention to X-ray diffraction and SEM techniques. The diffractograms show 
that new peaks are not formed from irradiation, then there does not exist 
formation of new symmetric orders. From SEM observations one can get 
direct information about the nature of deformation caused by the gamma 
irradiation on PHB samples.   



Proceedings of the 4
th

 Environmental Physics Conference, 10-14 March 2010, Hurghada, Egypt 

 

-153- 
 

REFERENCES 

[1]  Fĕlix M.V., Nava R., Lŏpez-Castaňares R., Olea-Cardoso O., Cabral A., Castaňo 
V.M.; Mat Tech Adv Perf Mat 2002;.17.2:.81-103. 
[2] Mogensen O.E., Positron annihilation in chemistry. Springer Series in Chemical 
Physics. Vol. 58. Berlin: Springer; 1994. 
[3] Williams M.L., Landel R.F., Ferry J.D. J Am Chem Soc 1955; 77: 3701-7. 
[4] Serafim S.L., Lemos P.C., Reis M.A.. Bol Soc Port de Biotecnol 2003; 76:.15-20. 
[5] Sudesh K., Abe H., Doi Y. Prog Polym Sci 2000;.25:.1503-55. 
[6] Ojumu T.V. Afr J Biotecnol 2004;.3:.18-24. 
[7] Buchalla, R., Schttler, C., Bogl, K.W., Radiation Sterilization of medical devices. 
Effects of ionizing radiation on ultra-high molecular weight polyethylene, Radiat. Phys. 
Chem. 1995; 46, 579-585. 
[8] Jeon, D. H., Lee, K. H., Park, H. J., the Efeect of radiation on physicochemical 
characteristics of PET packing film. Radiat. Phys. Chem., 2004. 71, 1059-1064.   
[9] Haruvy, Y., Radiation durability and functional reliability of polymeric materials in 
space system. Radiat. Phys. Chem. 1990. 35, 204 -212. 
[10] Clough, R., Shalaby, S. W., 1996. Irradiation of polymers, fundamentals and 
technological applications. American Chemical Society, Washington, DC. 
[11] Langer R, Cima LG, Tamada JA. Biomaterials 1990; 11:738-45. 
[12] Freier T, Kunzen C, Nischan C. Biomaterials 2002; 23:2649-57. 
[13] Clegg D, Collyer NA, editors. Irradiation effects on polymer. New York: Elsevier 
Science Publisher;1991. 
[14] Carswell PT, Hill D, ODonnell J. Radiat  Phys Chem 1995; 45:737-44. 
[15] P. Kirkegaarad, M. Eldrup, O. E. Mogensen, and N. Pederson, Computer Physics 
Communications 23, 307(1981)and  PATFIT(1988) version. 
[16] E.E Abdel-Hady, H. M. Abdel-Hamid, and Hamdy, F. M. Mohamed,"Electron 
beam and gamma irradiation effects on conducting Polystyrene studied by positron 
annihilation technique" Radiation Measurements, 2004;38:211-216. 
[17] A. Buttafava, G. Consolati, L. Dilandro, and M. Mariani"g-irradiation effects on 
polyethylene terephthalate studied by positron" Polymr, 2008; 43: 7477-7481. 
[18] P. Kindl, Phys. Stat. sol (a), 1984; 81:293- 
[19] Letcia M. Oliveira, Elmo S. Araujo, and Selma M. L. Guedes,"Gamma irradiation 
effects on Poly(hydroxybutyrate)".Polymer Degradation and Stability, 2006; 91: 2157-
2162. 
[20] Luo S, Netravali N.,Appl. Polym. Science, 1998; 73: 1059-1067. 
[21] M. Eldrup, D. lightbody, and N. J. Sherwood. Chem. Phys, 1981; 63: 51-58. 
[22] S.J. Tao "positron annihilation in molecular substance". Chem.. phys. 1972; 56: 
5499-5510. 
[23] Y.Y. wang, H. Nakanishi, and Y. C. Jean., Polym Sci., 1990; B28: 1431-1441 
[24] Z.L. Peng, B. wang, S.Q. Li, and S.L. Wang., Appl. Phys., 1995; 77: 334-338. 
[25] M.A. Al Maadeed, I.Y. Al-Qaradawi, N. Madi, and N.J. Al-Thani., Appl. Surface 
Science, 2006; 252: 3316-3322. 


