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ABSTRACT

Commercial poly(methyl methacrylate) (PMMA) is used as medical supplies, which is sterilized by gamma

irradiation at 25 kGy dose. However, when the PMMA is exposed to gamma rays it undergoes main chain
scissions with changes in its properties. Samples of commercial PMMA containing a Hindered Amine Stabilizer
(PMMA-HAS) and samples containing a salt mixture of CuCl2/KI (PMMA-salt) both at 0.3wt% concentration
were  investigated.  The  PMMA  samples  were  purified  by  re-precipitation  in  methanol.  The  samples  were
irradiated with gamma radiation (60Co) at room temperature in air at dose range of 15-100 kGy. The viscosity-
average molecular weight (Mv) was analyzed by viscosity technique. Comparison of viscosity results obtained
before and after irradiation of PMMA showed a decrease in Mv values on irradiated samples with the increase in
dose, reflecting the random scissions that occurred in the main chain. However the decrease on Mv is less in

PMMA-HAS samples than control PMMA. The G value (scissions/100 eV of energy transferred to the system)
obtained by viscosity analysis were used to calculated the protection value of HAS on PMMA matrix. The HAS
showed a protection of 61% on PMMA molecules exposed to gamma irradiation. No efficiency action of salt
mixture was observed on radiolytic degradation of PMMA. On the other hand the CuCl2/KI mixture influenced
the  mechanical  behavior  of  PMMA  and  the  HAS  additive  increased  the  maximum  thermal  degradation
temperature of PMMA matrix. 

1. INTRODUCTION

Commercial  poly(methyl  methacrylate),  PMMA,  is  used  in  the  manufacture  of  medical

supplies. Gamma irradiation at 25 kGy dose is the standard method for sterilization of plastic
medical  artifacts [1].  During PMMA irradiation,  both electronic excitation and ionization

produce excited atoms and ions, which lead to the release of side groups such as H�, CH3�,
CH3OOC� and main chain scission [2]. Thus stabilization of PMMA matrix is necessary, in

order to prevent major molecular damage caused by gamma irradiation process [3].

Hindered Amine Stabilizers (HAS) are additives used in many resins as radical scavengers
and antioxidants to protect the material against UV degradation. It is generally accepted that

the decomposition of polymers initiated by ionizing radiation proceeds comparably to UV-
induced degradation, i.e. via free radical mechanism [4]. The efficiency of HAS additives

depends on their  molecular weight,  structure,  solubility and concentration in the polymer
matrix [5]. Conversion of amines into nitroxyl radicals following the reaction with peroxyl



radicals leads to relatively stable intermediate species. Regeneration of the nitroxyl radical
limits the consumption of HAS during degradation [4] allowing the use of these additives in

low concentration.

On  the  other  hand  metal  salts  capable  of  forming  coordination  complexes  with  specific
groups can affect the thermo-oxidative stability of some classes of polymers [6, 7]. Some

studies  on  thermo-oxidative  behavior  of  polyamide  containing  different  combinations  of
metal  salts  have shown that  copper,  especially  when  combined with iodides,  are  able  to

stabilize  the polymer  against  thermal  oxidation in  a  very efficient  manner  [8].  The main
reaction pathways proposed of the copper salt activity on polymer matrix consist of a reaction

sequence in which polymer and peroxyl radicals are converted in non-reactive ionic species.
Iodides can take part in the non reactive radical, reductive decomposition of hydroperoxides

[9]. It is not known whether such a mechanism operates also for the stabilization of polymers
against radiolytic degradation. 

In this paper we report the results of a gamma irradiation experiments performed in air on

PMMA matrix containing a mixture of copper chloride and potassium iodide (CuCl2/KI) in
order  to  determine  if  the  salt  mixture  is  able  to  stabilize  the  PMMA  against  gamma

irradiation degradation. The study includes also a comparison of its relative efficiency with
respect to the case of HAS. For this purpose, G values (number of events/100 eV at absorbed

energy)  were  obtained  by  means  of  viscosity  technique.  The  mechanical  properties  and
thermal behavior of PMMA systems also were performed.

2. EXPERIMENTAL

2.1 Material and preparation of films

Unstabilized PMMA used in this study was supplied by  (Resarbras Acrílicos, Brazil,  Mw  =
95000 g/mol, 0.1 wt% of a processing additive). The PMMA samples were purified by re-

precipitation in methanol. The metal salt (CuCl2) and KI were purchased from Dinamica
 and

Vetec

,  respectively.  A  commercial  HAS  was  kindly  supplied  by  Ciba  Especialidades

Químicas Ltda (Brazil).

The PMMA molecule studied is a double bond terminated PMMA (PMMA-CH=CH2) [3].

The  PMMA  films  (PMMA-control),  PMMA  with  CuCl2/KI  mixture  (PMMA-salts)  and

PMMA with HAS (PMMA-HAS) films (≈ 0.1mm) were prepared by solvent-casting from
methyl-ethyl-ketone (MEK) solvent  by slow evaporation in air at room temperature.  Any

remaining MEK was removed by drying of the films in desiccators for 24h. The mixture of
salt was used at concentrations of 0.1, 0.3, 0.5 and 0.7wt% (the proportion of salts in the

CuCl2 /KI mixture was 1:5). These concentrations were also used for the HAS additive.

2.2 Irradiation of films

The films were exposed to gamma radiation from a 60Co source (rate of 9.25 kGy/h ) at doses 

of 15, 25 (sterilization dose), 50 and 100 kGy in presence of air and at room temperature.

INAC 2009, Rio de Janeiro, RJ, Brazil.



2.3 Viscosity analysis

The viscosity of the samples was calculated from the relative viscosity (�rel =ν /ν o≈ t/t0),

where  ν  and  ν o are the cinematic  viscosities of  the polymer  solution and the  solvent,

respectively. The t and to are the solution and solvent methyl-ethyl-ketone (MEK) flow times,
respectively, which result in the cinematic viscosity measure. These measures were carried

out using an Ostwald-type capillary viscometer immersed in a thermal bath at a temperature

of 25.0 ±  0.1°C. After obtaining the relative viscosity, the specific viscosity (�sp=�rel-1) and

the reduced viscosity (�red=�rel  /C), where C is the concentration of the solutions (0.2 g/dL),
were calculated. The intrinsic viscosity was determined by the Solomon-Ciuta equation [10]:

[η ]= (21/2/C) (η esp-ln η rel)
1/2           . (1)

Then the viscosity-average molecular mass, Mv, of PMMA, PMMA-HAS and PMMA-salts

was obtained by means of Mark-Houwink relation [10]:

[η ] = K (Mv)
a (2)

Where, the constants  K and a are 6.8 x 10-5 (dL/g) and 0.72 respectively for MEK-PMMA
system in bath at 250C [11].

The ionizing radiation effect on the polymer is expressed as a function of the G value. The

relationship between Mv, G and dose (in kGy) was obtained by Araujo et al. [12]. For PMMA
the expression is:

106/Mv = 106/Mvo + 0,0566 G.D (3)

where Mv  and Mvo  are the viscosity average molecular weight before and after irradiation,
respectively and D is the dose. The relationship is linear and provides the G value from the

slope of the curve obtained by 106/Mv  vs D. The linear interval guarantees that events are
random and only under this condition Eq. 3 can be used. Radiostabilizing action of HAS and/

or salt mixture on PMMA matrix can be assessed by comparison of degradation index (DI)
parameter  (DI=Mvo/Mv�1)  for  a  determined  irradiation  dose.  The  DI  is  obtained  from

viscosity analysis and reflects the number of main chain scission per original molecule after
irradiation. From this value is possible to calculate the protective factor (P) (Eq. 4), which

indicates the reduction in yield of chain scissions in PMMA macromolecules containing HAS
and/or salt mixture into polymer 

P  = (Gc�Ga)/Gc (4)

Gc  and Ga are the G value calculated for PMMA-control and PMMA-HAS or PMMA-salt,

respectively
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2.4 Mechanical tests

Mechanical tests were carried out in an IMIC-DL 500N machine in accordance with ASTM

D-882, crosshead speed 100 mm/min and 25x0.7x0.22 mm sample size. Four samples were
performed per each system and the mean values were reported.

2.5 Thermogravimetric (TGA)

The  weight  loss  of  the  samples  was  measured  by  using  a  TGA-50  SCHIMADZU
thermoanalyzer,  heating rate  100C/min in  nitrogen atmosphere (10 mL/min).  DTG results

were obtained by taking the time derivate, d(W/Wo)/dt, of the ratio of the sample weight, W,
to the initial weight, Wo. 

3. RESULTS AND DISCUSSION

The Table 1 shows the degradation index (DI) obtained for PMMA-control, PMMA-salts and
PMMA-HAS systems. The presence of salt mixture on the system does not seem to provide

an appreciable  stabilization on any stabilizer  concentration studied,  however  the PMMA-
HAS showed less DI value on 0.3wt% concentration. This result represents a decrease of

75%  on  PMMA  degradation  per  initial  molecule.  On  the  other  hand  the  salts  mixture
catalyzes the PMMA degradation on studied concentrations.

Table 1. Degradation index of PMMA systems at 25 kGy dose

Concentration
(wt%)

PMMA-
HAS

PMMA-
salts

PMMA
control

0.1 0.402 0.510

0.214
0.3 0.053 0.413

0.5 0.349 0.443

0.7 0.229 0.479

The Fig. 1 shows the reciprocal of Mv (106/Mv) as a dose function of PMMA-control and
PMMA-HAS at 0.3w% concentration. The increase on 106/Mv values could be explained by

the occurrence of main chain scissions whose mechanism is well known [10]. The G values
found at dose range of 15-100 kGy for the PMMA-control and PMMA-HAS were 1.23 and

0.48 scissions/100 eV, respectively. The P value calculated is 0.61. This result represents 61%
of reduction in yield of chain scissions in PMMA macromolecules containing HAS additive.
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Figure 1. Reciprocal Mv of PMMA as a function of irradiation dose

The gamma rays can break covalent bonds in PMMA molecule to directly produce the free

radicals as showed in scheme 1 (I) [10]. The gamma rays can also produce excited states in
PMMA which undergo further reactions to produce the A radical indirectly. Thus there are

two ways for HAS to decrease the main scission effect of gamma irradiated PMMA. One way
is to directly inhibit the formation of radical by quencher mechanism when HAS may be to

absorb the energy of the excited molecules in PMMA via an intermolecular energy transfer
and possibly convert the absorbed energy into heat. The other way the tetramethylpiperidine

moiety, which is the basic structure of HAS, is initially oxidized to produce a nitroxyl radical
by gamma irradiation. The nitroxyl radical acts as a scavenger of the radical A (see scheme 1)

originating from the irradiation of polymer chain substrate to form an alkylated aminoether.
the  nitroxyl  radical  is  regenerated  through  quenching  another  peroxyradical  produced by

oxidation  of  the  polymer  chain.  Thus  the  nitroxyl  radicals  could  regenerate  many  times
through the chain reaction before their depletion.

The results of mechanical measurements for PMMA-control, PMMA-salts and PMMA-HAS

are summarized in Table 2.  The properties studied were elongation at  break (Eb),  tensile
strength (Ts) and Young´s modulus (Ym). In order to analyse the mechanical properties of

polymers they were irradiated by using gamma irradiation at 50 and 100 kGy dose (only
PMMA-salts systems) and changes were investigated. 
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Scheme 1. Radiolytic degradation of PMMA molecule 

Samples of PMMA-control and PMMA-HAS both irradiated and non irradiated showed no
significant changes in the values of Eb, Ts. However the irradiated PMMA-control and the

irradiated PMMA-HAS showed a decrease in value of Ym of 24% and 21%, respectively.
This result means that the only the Ym property was influenced by gamma irradiation and the

presence of HAS in the polymer matrix does not influences on stability of the PMMA even
when it was exposed to gamma irradiation at 50 kGy dose. 

On the other hand, the larger Ym value was observed with addition of salt mixture in PMMA

matrix.  The values of Ym of the non irradiated PMMA-salt increase 22% when compared
with the Ym values of  PMMA-control.  This increase in  the value of Ym (non irradiated

samples) means a significant increase in rigidity of the PMMA and consequently a decrease
of 51% on values of Eb. This result reinforces the great influence of the mixture of salts on

the mechanical properties of PMMA influencing mainly in the rigidity of the polymer.

The  thermal  degradation  of  PMMA-control,  PMMA-salt  at  0.3wt%  concentration  and
PMMA-HAS at 0.3wt% concentration were investigated using TG and DTG analysis. The

typical thermogravimetric curves obtained are shown in Fig. 2. The thermal degradation of
PMMA is a one-step process. Our previous work [3] showed that the polymer in study is a

double  bond  terminated  PMMA (PMMA-CH=CH2).  PMMA-CH=CH2 undergoes  easy  β
homolytic cleavage at terminal double bond leading to thermal degradation. However, other

study [13] demonstrated that thermal degradation of PMMA-CH=CH2 occurs by an efficient
chain-transfer process in which the end group reacts with a radical to form an active end,

which can depolymerize. 
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Table 2. Mechanical properties of PMMA systems

PMMA

sample

Dose (kGy) Elongation at

break (%)

Tensile strength

(MPa)

Young modulus

(MPa)

control 0

50

7.50±2.33

7.31±1.66

38.70±7.55

34.72±4.21

780.00±92.24

595.83±61.06

HAS
(0.3wt%)

0
50

7.26±2.74

6.77±1.16

32.55±9.13

29.22±6.31

865.70±126.10

682.40±43.83

Salt
mixture

(0.3wt%)

0
50

4.13±1.32

7.06±2.08

31.74±5.45

33.80±8.20

1075.55±112.27

883.60±316.60

Relative thermal stability of the PMMA-control and PMMA-HAS and PMMA-salt samples
was evaluated by comparison of the decomposition temperature at 50% of decomposition

(T50) by TG analysis and maximum thermal degradation (Tmx) by DTG curves. Higher values
of T50 and Tmx indicate thermal stability of the polymers. 

The Fig. 2 shows similar thermal degradation behavior of three systems studied. However T50

of  PMMA-HAS (II)  is  140C higher  than  T50 of  PMMA-control  (I)  Similarly  the  Tmx of
decomposition peak is about 3740C for PMMA-control and 3810C for PMMA-HAS samples

in DTG curve. No significant difference of TGA and DTGA results between PMMA-control
and  PMMA-salt  (III)  were  found. The  derivative  curves  of  PMMA-control  degradation

showed a small shoulder at peak temperature of 3040C (see the arrow in Fig.2). Similar peak
is found in PMMA-HAS and PMMA-salt systems. Since PMMA sample used in this study

was a commercial  material,  it  is  expected  to  contain some impurities such  as  unreacted
initiator, monomer, ultraviolet absorber, etc. These impurities can play an important role in

thermal degradation of commercial PMMA.

The thermal results presented showed the HAS additive influences the thermal stability of
PMMA. The action of HAS additive in thermal stabilization of PMMA can be determined by

inhibition of radical processes in the system by additive. On the other hand the salt mixture
not presents a significant action on thermal stabilization of PMMA. 

INAC 2009, Rio de Janeiro, RJ, Brazil.



Figure 2. TGA and DTGA of PMMA-control (I), 
PMMA-HAS (II) and PMMA-salt (III)

4. CONCLUSIONS 

Main scission effect was observed in PMMA molecule when it was gamma irradiated and
was recorded the reduction in yield of chain scissions in PMMA macromolecules containing

HAS additive. No significant radiolytic protection by CuCl2/KI was recorded in PMMA-salt
systems. The mechanical test and thermal analysis were performed with PMMA-HAS and

PMMA-salt both systems at 0.3 wt% concentration. The PMMA molecule presented relative
stability on elongation at break and tensile strength properties when it was irradiated at 50

kGy. However the addition of salt mixture into PMMA matrix increases the rigidity of the
polymer with increase the  Young's modulus value of non irradiated sample.  On the other

hand, the HAS additive not influences the mechanical properties of PMMA. Comparison of
TG  and  DTG  curves  of  PMMA-control  with  PMMA-HAS  shows  that  HAS  additive

increased  the  PMMA  thermal  stability  by  increasing  140C  temperature  at  50%  of
decomposition (T50) and 80C the maximum thermal degradation (Tmx). The salt mixture not

presents a significant action on thermal stabilization of commercial PMMA. 

INAC 2009, Rio de Janeiro, RJ, Brazil.



ACKNOWLEDGMENTS

We would like to thank to Brazilian manufactures Resarbras Acrílicos. for PMMA samples,

Ciba Especialidades Químicas for HAS additive samples and financial support from CNPq. 

REFERENCES

1. I. Ishigaki; F. Yoshi, �Radiation effects on polymer materials in radiation sterilization
medical supplies�, Radiation Physics and Chemistry, 39, pp. 527-533 (1992).

2. E.  H.  Lee;  G.  R. Rao,  L. K.  Mansur,  �LET effects  on cross-linking and scission
mechanism of PMMA during irradiation�,  Radiation Physics and Chemistry, 55, pp.

293-303 (1998).
3. K.A.S.  Aquino;  E.S.Araújo,  �Effects  of  a  Hindered  Amine  Stabilizer  (HAS)  on

radiolytic  and thermal stability of  Poly(methyl  methacrylate)�,  Journal  of  Applied
Polymer Science, 110, pp. 401-407 (2008).

4. F.Gugumus, �Aspects of the impact  of stabilizer mass performance in polymers.  3
Performance  of  HALS in  polyethylene�,  Polymer  Degradation  and  Stability,  69,

pp.93-104 (2000).
5. A.  Faucitano,  A.  Buttafava,  G.  Mongini,  F.  Martinotti,  A.  Berzero,  L.  Strada,

�Radiation induced oxidation of isotactic polypropylene and mechanism of action of
HALS stabilizers�, Radiation Physics and Chemistry, 48, pp. 127-128 (1996).

6. P.  Dunn, G. F. Samsom, �The stress cracking of polyamides by metal salts.  Part I.
Metal halides�, Journal of Applied Polymer Science, 13,pp. 1641�1655 (1969).

7. L. C. Chao, E.  P.  Chang,  �Interaction of anhydrous ferric  chloride with nylon 6�,
Journal of Applied Polymer Science, 26, pp. 603�610 (1981).

8. P.  Cerruti,  M.  Lavorgna, C.  Carfagna, L. Nicolais,�Comparison of photo-oxidative
degradation of polyamide 6,6 films stabilized with HALS and CuCl2+KI mixtures�,

Polymer, 46, pp. 4571-4583 (2005).
9. K.Janssen,  P.  Gijsman,  D.  Tummers,  �Mechanistic  aspects  of  the  stabilization  of

polyamides by combinations of metal and halogen salts�,  Polymer Degradation and
Stability, 49, pp.127�133 (1995).

10. J.Guillet, Polymer Photophysics and Photochemistry, University of Cambridge Press,
New York:, (1985).

11. J.Brandrup, H. Immergut, Polymer handbook, Jonh Wiley & Sons, New York (1989).
12. E.S. Araújo, H. J. Khoury, S. Silveira �Effects of gama-irradiation on some properties

of Durolon polycarbonate�, Radiation Physics Chemistry, 53, pp. 79-84 (1998).
13. E.L. Maring, �Thermal degradation of poly(methyl methacrylate).2.Vinyl terminated

polymer�, Macromolecules, 22, pp. 2673-2677 (1989).

INAC 2009, Rio de Janeiro, RJ, Brazil.


