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ABSTRACT: Acetone absorption in irradiated polycarbonate was investigated. The molecular weight 
and glass transition temperature of polycarbonate decreased with increasing the y-ray dose. Experimental 
data obtained from acetone transport in polycarbonate with various doses correlated sufficiently well 
with Harmon's model which was accounted for case I, case 11, and anomalous transport. The diffusion 
coefficient for case I, velocity for case 11, and diffusion coefficient for diffusion front satisfied the Arrhenius 
plot for all p r a y  doses. The equilibrium solubility satisfied the van't Hoff plot regardless of the y-ray 
dose. Additionally, in the low-temperature range activation energies of case I, case I1 and the diffusion 
front, and the heat of mixing were found to have the same value for doses greater than 100 kGy which 
was different from those for unirradiated polycarbonate. This observation implied that acetone transport 
in irradiated polycarbonate occurs via the same mechanism for doses greater than 1000 kGy. The 
equilibrium solubility and diffusion coefficient for diffusion front a t  a given temperature were the same 
for all doses in the high-temperature range. 

1. Introduction 

Two groups of linear polymers are categorized on the 
basis of their exposure to high-energy irradiati0n.l The 
formation of intermolecular cross-links leads to a radia- 
tion-induced increase in molecular weight in group I. 
Polyethylene, polypropylene, poly(methy1 acrylate), poly- 
styrene, etc., belong to group I. Irradiated polymers of 
group I1 degrade (or undergo scission) so that molecular 
weights decrease with radiation dose. Polyisobutylene, 
poly(methy1 methacrylate), poly(viny1idene chloride), 
polycarbonate, etc., belong to group 11. In comparison 
with many other polymers, polycarbonates are highly 
resistant to radiation. Low doses of y-irradiation (below 
50 kGy) increase the molecular weight of polycarbonate 
and enhance its physical properties2 because y-rays do 
not have enough energy to scissor the polymer chain 
and monomers gain energy from y-rays to react with 
polymer chains. Harrington and Giberson3 and Giber- 
son4 reported similar behavior for polycarbonate irradi- 
ated with y-rays from a cobalt-60 source in air and 
under vacuum pressure. Barker et ale5 studied many 
physical and chemical properties of irradiated Lexan 
polycarbonate, e.g., color center destruction by oxygen 
diffusion, optical absorption spectrum, dielectric char- 
acteristics, and EPR spectrum. However, the mass 
transport in irradiated polycarbonate has not yet been 
addressed. 

The transport of organic solvents in amorphous glassy 
polymers has been the subject of much attention. Both 
case I (concentration-gradient-controlled) and case I1 
(stress-relaxatin-controlled) contribute to the rate and 
extent of penetrant sorption in An exten- 
sive range of behavior patterns may be encountered as 
the relative contribution of these two processes changes. 
These observed phenomena vary not only from system 
to system but also with the temperature and concentra- 
tion intervals in a given penetrant-polymer pair.g Case 
I1 transport is often accompanied with the sharp front 
which is linearly proportional to tirne.l0-l2 Hopfenberg 
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Figure 1. Plots of reduced specific viscosity versus concentra- 
tion for various doses. 
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Figure 2. Molecular weight and glass transition temperature 
as a function of p r a y  dose. 
and Frisch13 suggested that behavior ranging from case 
I to limiting case I1 sorption is expected for any given 
penetrant-polymer system if a sufficient range of 
temperature and penetrant activity is traversed experi- 
mentally. Ware et al.I4 investigated the diffusion of 
three solvents in polycarbonate, finding that only metha- 
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Figure 3. Acetone absorption in irradiated polycarbonate: (a) 4 = 0, (b) 250, (c) 500, (d) 750, and (e) 1000 kGy. 

no1 exhibited pure case I transport. Miller et al.15 
reported square root of time dependency in mass uptake 
of carbon tetrachloride in polycarbonate at  25 "C; 
however, they ignored the initial sorption period. The 
diffusion front of several penetrants in polycarbonate 
was observed to proceed with as t1I2 where t i s  time.l6-l8 

Kwei and c o - w o r k e r ~ ~ ~ - ~ ~  proposed a model for mass 
transport in polymeric materials which accounted for 
case I (concentration-gradient-controlled), case I1 (stress- 
relaxation-controlled), and anomalous absorption (mixed 
case I with case 11). Their equation was modified by 
Harmon et al.,24p25 who studied methanol transport in 
deformed poly(methy1 methacrylate) (PMMA). The 
direction of case I1 is the same as that of case I in 
PMMA. When the penetrant sorbs in the PMMA, 
PMMA does not change its microstructure. However, 
solvent transport in polycarbonate is significantly dif- 
ferent from that in PMMA. Solvent sorption in poly- 
carbonate results in a change from the amorphous state 

to the crystalline state.15J7,26-30 Recently, carbon tet- 
rachloride-induced crack healing in polycarbonate was 
studied in which carbon tetrachloride was absorbed by 
case I transport but squeezed out by case I1 transport 
I.31 This has prompted an investigation here of the 
acetone absorption in irradiated polycarbonate. 

2. Experimental Procedure 
Polycarbonate, Lexan 9034, was obtained from General 

Electric Co. in the form of a 2.03-mm-thick cast sheet. 
Rectangular samples of dimensions 20 x 10 x 1 mm were 
prepared for the absorption study and solvent front measure- 
ment. These samples were polished on 600 and 1200 grit 
carbimet papers and with 1 and 0.05 ,um aluminum slurries. 
Samples were annealed in vacuum at 130 "C for 24 h and 
furnace cooled to room temperature in order to release residual 
stresses. Samples were then exposed in air a t  ambient 
temperature to y-ray dose of 14.2 kGyh from a 3000 Ci cobalt- 
60 source a t  Isotope Center, National Tsing Hua University. 
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Figure 4. Arrhenius plots of (a) D and (b) positive u for 
different doses. 

Samples were exposed to doses 250, 500, 750, and 1000 kGy, 
respectively. 

Intrinsic viscosity samples were dissolved in methyl chloride 
at  ambient temperature to  yield solutions of concentrations 
between 0.1 and 0.5 gldL. The intrinsic viscosity was mea- 
sured using the Ubbelohde capillary viscometer in a refriger- 
ated circulating bath maintained at  20 & 0.1 "C. The efflux 
time was determined at  least 10 times until the reading agreed 
within 0.1% error of their mean. Glass transition temperature 
samples were produced by cutting a layer of thickness ap- 
proximately 0.3 mm from the cast sheet and then, after 
polishing, punching out disks of 5 mm diameter. The resulting 
disks of roughly 10 mg were exposed in air to y-rays for 
different durations to reach the desired dose. Each sample 
was enclosed in a regular aluminum pan and placed in a Seiko 
1 SSC-500 differential scanning calorimeter for measurement 
a t  a scanning rate of 5 "Clmin The specimens were heated 
from ambient temperature to 180 "C at  a heating rate of 5 
"Clmin. 

Each absorption study sample was preweighed. Doses for 
the absorption study were the same as those in the intrinsic 
viscosity and glass transition temperature studies. The 
samples were preheated to the test temperature and moved 
to  an acetone-filled glass bottle at the same temperature, 
maintained by means of a refrigerated circulating bath at  -23 
to -25 "C. Following each experimental interval of immersion, 
the sample was removed. Its surfaces were blotted free of 
surplus acetone, and its mass was measured using a Kern 870 
digital balance. After being weighed, the sample was dis- 
carded because of solvent-induced crack nucleation. The sharp 
front kinetics were similar to those of the absorption study. 
At a desired period, the sample was removed, cleaved, and 
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[VI =Kw" (1) 

where K and a are constants.33 The plot of molecular 
weight W versus dose 4 for irradiated polycarbonate is 
shown in Figure 2 where K and a are 0.92 x and 
0.87, respectively, as obtained from Schulz and Hor- 
b a ~ h . ~ ~  The plot is over a broad range of doses. The 
glass transition temperature Tg is shown in Figure 2 
as a function of dose 4. This figure indicates that the 
glass transition temperature decreases with increasing 
dose. The glass transition temperature increases with 
molecular weight over the molecular weight range 
encountered here.35 Both the measurements of intrinsic 
viscosity and glass transition temperature confirm that 
radiation induces degradation or scission of polycarbon- 
ate chains and decreases the molecular weight. The 
irradiation appears to have caused a significant amount 
of scission reactions which lowers the molecular weight 
of polycarbonatee or the production of monomers which 
plasticize the matrix, lowering the Tg and the viscosity 
of the system. It is different from the fact that low doses 
(below 50 kGy) increase with the molecular weight of 
polycarbonate2 because a y-ray does not afford enough 
energy to  scissor the polymer chain and monomers gain 
energy from a y-ray to react with the polymer chain. 

3.2. Acetone Transport. The data for acetone 
transport in irradiated polycarbonate at  temperatures 
ranging from -23 to +25 "C are shown in parts a-e of 
Figure 3. These data can be curve-fitted by a model 
proposed by Harmon et aLZ4 Acetone transport in 
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polycarbonate is assumed to be accounted for by case I, 
case 11, and anomalous sorption. The characteristic 
parameters corresponding to cases I and I1 are D for 
diffusion coefficient and u for velocity, respectively. The 
polycarbonate is initially assumed to be free of acetone, 
and the concentration of acetone is maintained constant 
on the surface boundaries a t  all times. The weight of 
acetone Mt based on the one-dimensional Harmon's 
model" is 

MI 

M, 
-= 

Macromolecules, Vol. 28, No. 17, 1995 

where 

V l  1, =-tan 1, 20 (3) 

21 is the total thickness of the specimen and M, is 
the equilibrium weight of acetone, obtained a t  the time 
reaching infinity. The solid lines in Figure 3 are plotted 
using eq 2. This figure reveals that the theoretical curve 
correlates sufficiently well with the experimental data. 
For doses 500 and 750 kGy the data a t  -10 "C cannot 
be distinguished from those at -15 "C. .Distinguishing 
between the data for doses 1000 kGy a t  temperatures 
above -19 "C is relatively difficult. Both D and u a t  
different temperatures with various doses are plotted 
in parts a and b of Figure 4, respectively. These figures 
indicate that they satisfy the Arrhenius equation. The 
activation energies for D in unirradiated polycarbonate 
(4 = 0) are 12 and 50 kcal/mol corresponding to 
temperatures T 2 -10 "C and T < -10 "C, respectively; 
in addition, the activation energies for D in irradiated 
polycarbonate are 18, 18, 17, and 17 kcaVmol corre- 
sponding to @ = 250,500,750, and 1000 kGy, respec- 
tively. The activation energies for D of irradiated 
polycarbonate are smaller than that of unirradiated 
polycarbonate in the same temperature range. Equa- 
tion 2 and Figure 4b confirm that v is positive. The sign 
of u indicates the direction of case 11. The positive sign 
implies the flux of case I1 moves from the center to the 
outer surface; in addition, the negative sign has the 
opposite trend to the positive sign. This is in contrast 
with the observed phenomenon of poly(methy1 meth- 
acrylate) (PMMA) in which both case I and case I1 
transports move from the outer surface to the cen- 
ter,Z4.25,36 u is negative. This difference arises h m  the 
microstructural change in the acetone-polycarbonate 
system; however, no change occurs in the penetrant- 
PMMA system. According to Figure 4b the activation 
energies for u in unirradiated polycarbonate (4 = 0 )  are 
10 kcaVmol in the temperature range T > -10 "C. 
Furthermore, the activation energies for u in irradiated 
polycarbonate are 37, 38, 37, and 39 kcaVmol corre- 
sponding to 4 = 250, 500, 750, and 1000 kGy, respec- 
tively. The activation energies of u with various doses 
are quite similar. Note that, a t  the temperatures T < 
-15 "C, the value of u in unirradited polycarbonate is 
the same as that of irradiated polycarbonate 4 = 750 
kGy with the exception of the signs. 

3.3. Solubility. The equilibrium solubilities (S) of 
acetone in polycarbonate at different temperatures for 

&* . . .  

Figure 6. Microscopic Bmnge ofpol.~carhonaw saturnwd -A Ith 
acetone at la, -19(200xi. th, -10t200A I. and ~ 1 2 5  'C ,200~ ). 

various doses are plotted in Figure 5 and satisfy the 
van't Hoff equation. The acetone transport in polycar- 
bonate is an exothermic process, as indicated from the 
positive slope in Figure 5. This is due to the structural 
change. Three remarkable features are worth mention- 
ing. First, at high temperatures, the solubility is almost 
the same for all doses; in addition, a t  low temperatures 
the difference in solubility with dose is pronounced. The 
transition temperatures T:s of slope change in Figure 
5, as determined by the intercept of two lines with 
different slopes, are -3, -7, -9, -11, and -13 "C for 4 
= 0, 250, 500, 750, and 1000 kGy, respectively. T. 
decreases with increasing dose. Second, in the low- 
temperature range (-23 "C s T < Td, the equilibrium 
solubility decreases with increasing dose at the same 
temperature, while the slope remains almost un- 
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Figure 7. Distance from the diffusion front to the free surface as a function of time for various doses: (a) 4 = 0, (b) 250, (c) 500, 
(d) 750, and (e) 1000 kGy, respectively. 

changed. This is attributed to solvent-induced crystal- 
lization. The polycarbonate crystallizes more easily and 
has more spherulites at lower molecular weights than 
at  higher molecular weights. The heats of mixing are 
-6.8, -6.8, -6.8, -6.9, and -7.3 kcallmol for 4 = 0,250, 
500,750, and 1000 kGy, respectively. The negative heat 
of mixing is also accounted for by the formation of 
spherulites since crystallization is an exothermic pro- 
cess. Acetone induces more spherulites at higher tem- 
peratures than at  lower temperatures. Third, in the 
high-temperature range (T,  < T 5 25 "C) ,  the data for 
all doses may be represented by a single line. It is 
implied that the effect of y-rays on the structure of 
polycarbonate is not pronounced at a higher tempera- 
ture. In this range the heat of mixing is -1.1 kcal/mol. 

3.4. Microstructure. Parts a-c of Figure 6 il- 
lustrate the microscopic images in polarized light of 

irradiated polycarbonate swollen by acetone at various 
temperatures. The arrow indicates the direction of 
acetone transport. These pictures reveal three regions, 
i.e., (a) the unswollen core as indicated by the arrow, 
(b) the swollen zone without any definite morphologic 
species corresponding to the central black region near 
the unswollen core, and (c) the crystallization layer 
between two black regions consisting of many spheru- 
lites. The boundary between the crystallization layer 
and the right-side black region is a free surface. A 
diffusion front is located at  the boundary between the 
unswollen core and swollen zone. A crystallization front 
denotes the line between the swollen zone and the 
crystallization layer. The formation of a sharp front is 
a phenomenon commonly observed during the mass 
transport of low molecular weight substances into a 
glassy polymer. The formation of a sharp front can be 
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accounted for by the proximity of two zones, i.e., of an 
unswollen sample core (or of a very slightly swollen 
sample core) at which the test temperature is above the 
glass transition temperature Tg and of a zone of the 
sufficiently swollen polymer which its Tg lies above the 
tested temperature. When the displacement of the 
sharp front is proportional to the square root of time, 
the sharp front is also termed a diffusion front. The 
acetone transport in polycarbonate alters the stress 
distribution and microstructure of polycarbonate. The 
intensity of optical transmittance reflects the stress 
profile and microstructure. Thus, it is accompanied by 
a discrete change in optical transmitance from a high 
value in the unswollen core to a low value in the swollen 
zone. The separation of the diffusion front and crystal- 
lization front provides direct evidence for the presence 
of a crystallization incubation period which is analogous 
to that in the case of thermally-induced crystallization 
of p~lycarbonate.~' 

The size and population of spherulites at 25 "C are 
observed in Figure 6 to be more than those at  -10 "C; 
however, the crystallization incubation period of the 
former is shorter than that of the latter. At -19 "C, 
the sample does not contain any crystalline morphology. 
The above observation indicates an increase in the 
crystallization incubation period with a decreasing test 
temperature. Acetone at a higher temperature induces 
more spherlutes and a shorter crystallization incubation 
period than acetone at  a lower temperature. A crystal- 
line structure exerts a strong influence on the solvent 
absorptin in polycarbonate. A comparison of Figure 4b 
with Figure 6 indicates that the directions of case I1 
velocity are negative and positive, corresponding to the 
absence and presence of crystallization, respectively. 

3.5. Diffusion Front. The distance X between the 
diffusion front and free surface is shown in parts a-c 
of Figure 7 as a square root of time for irradiated 
polycarbonate with various doses 4 at temperatures -23 
to  -25 "C. Based on the study of LapEik et al.,38 the 
distance X from diffusion front to free surface of the 
original polycarbonate can be written as 
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X 2  = 2D+ (5) 

where t is the swelling time and Df is the diffusion 
coefficient for the diffusion front. Results obtained from 
this calculation are plotted in Figure 8 and satisfy the 
Arrhenius equation. This figure indicates that three 
points are worth mentioning. First, the transition 
temperatures Tf's of slope change are -3, -6, -8, -12, 
and -14 "C for #I = 0, 250, 500, 750, and 1000 kGy, 
respectively. That is, Tf decreases with an increasing 
dose. Second, in the low-temperature range (-23 "C 5 
T < Tf) the value of Df increases with an increasing dose 
at the same temperature; meanwhile, the activation 
energies are 15, 15, 15, 14, and 15 kcaYmol for 4 = 0, 
250, 500, 750, and 1000 kGy, respectively. This fact 
implies that the higher dose favors solvent penetration 
into polycarbonate than a lower dose. However, there 
is the same mechanism for the diffusion front because 
they have the same activation energies for all doses 
within experimental error. Third, in the high-temper- 
ature range (Tf < T 5 25 "C), it is apparent that, within 
experimental error, the data for all doses may be 
represented by a single line. The activation energy of 
Df in this range is 4 kcal/mol. 
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Figure 8. Arrhenius plots of Df (diffusion front) for different 
doses. 

4. Summary and Conclusions 
When acetone transport in irradiated polycarbonate 

was investigated, the following conclusions were evi- 
denced: 

1. The glass transition temperature and molecular 
weight of irradiated polycarbonate decrease with in- 
creasing radiation dose. 

2. The activation energy of case I (or case 11) has the 
same value regardless of radiation dose. 

3. When acetone induces crystallization in polycar- 
bonate, case I1 moves from the center to  the outer 
surface. Otherwise, the direction of case I1 is from the 
outer surface to the center. 

4. Based on the van't Hoff plot, a transition temper- 
ature T, occurs to alter the slope and T,  decreases with 
an increasing dose. Acetone transport is an exothermic 
process. Above T, the equilibrium solubility is inde- 
pendent of radition dose and the heat of mixing is - 1.1 
kcaYmo1. Below T,  the equilibrium solubility decreases 
with increasing dose; however, the heat of mixing is 
roughly equal to -6.8 kcal/mol for all doses. 

5. According to diffusion front study, a transition 
temperature Tf occurs to alter the slope and Tf decreases 
with an increasing dose. Tf is almost equal to T, for 
any given dose. Below Tf, the diffusion coefficient for 
the diffusion front Df increases with an increasing dose 
and the activation energy is 15 kcal/mol for all doses. 
Above Tf, Df is independent of the radiation dose at any 
given temperature and the activation energy is 4 kcal/ 
mol. 

6. The activation energy for case I (case I1 and 
diffusion front) for irradiated polycarbonate is different 
from that for unirradiated polycarbonate. The heat of 
mixing for irradiated polycarbonate is also different 
from that for unirradiated polycarbonate. 
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