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SYNOPSIS 

Plaques of bisphenol A polycarbonate (PC) were exposed to a water-saturated atmosphere 
at temperatures ranging from 40 to 90°C for up to 7 months. Certain samples were exposed 
under tensile load a t  60 and 9O"C, 100% RH with stresses ranging from 3.7 to 8.7 MPa. 
The PC molecular weight was determined by steric exclusion chromatography, and the 
kinetic parameters for hydrolytic chain scission were determined. I t  appears clearly that 
in the presence of tensile stresses, the hydrolysis rate is increased (at both temperatures 
under study) by a factor of about 10. The stress effect cannot be represented by the Eyring- 
Zhurkov relationship because the activation volume appears as an increasing function of 
the temperature and a decreasing function of time. Some possible causes of the observed 
stress effects are discussed 0 1995 John Wiley & Sons, Inc. 

I NTRO DUCT10 N 

There is relatively abundant literature data on the 
hydrolytic aging of polycarbonate ( PC ) at temper- 
atures ranging between 40 and 100°C.1-4 The mech- 
anism can be described as follows: 
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The resulting acid carbonate undergoes easily a de- 
carboxylation: 
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This process can be therefore described as a random 
chain scission with accumulation of phenolic chain 
ends. Simple kinetics models based on the following 
assumptions have been often proposed 

1. The process is not diffusion controlled, and 
degradation is homogeneously distributed 
within the sample thickness. 

2. The process is homogeneous at the morpho- 
logical scale. In other words, the concepts of 
chemical kinetics can be applied to experi- 
mental results obtained on samples of typical 
size greater than 1 mm. 

3. Chain scission is of apparent zero order 
(which involves in fact many hypotheses, 
which will be studied in detail in the discus- 
sion section). In this case: 

where N,  is the number of scissions per initial chain, 
MnO and M,,, the respective molar masses before and 
after degradation, t the time, and K a pseudo-rate 
constant. 

In many practical applications, the material can 
be mechanically loaded, which can affect its dura- 
bility in various ways. Some of these effects are: 
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A shortening of the time to rupture under 
static or dynamic loading. Hydrolytic deg- 
radation but also presumably polymer plas- 
ticization by water are expected to play a sig- 
nificant role in this process. 
An eventual mechanochemical degradation of 
the polymer. According to K a ~ s c h , ~  the con- 
tribution of mechanochemical processes to 
chain scission would be, however, negligible. 
An eventual effect of stresses on the hydro- 
lysis rate. Stress effects on polymer aging 
were recently reviewed,6 but the papers de- 
voted to hydrolysis are very scarce and their 
results often ambiguous. As a matter of fact, 
the stress effects are judged from purely me- 
chanical criteria (generally time to rupture), 
whereas data on the hydrolysis conversion 
ratio are not available. Furthermore, most of 
the published work in this field deals with 
composite materials where multiple failure 
causes, for instance, due to interfacial deg- 
radation, coexist and where the great data 
scatter makes practically impossible a precise 
kinetic analysis. 

The aim of this article is to report some prelim- 
inary results on the hydrolysis of polycarbonate in 
the temperature range 40-1OO0C, and in the absence 
and presence of static stresses in the range 3-8 MPa, 
the stress intensity being such that no macroscopic 
damagement ( e.g., no significant local stress over- 
concentration) was observed in the scale time of 
experiments. 

EXPERIMENTAL 

Material 

All the tests were performed on extruded plaques of 
2 mm thickness of an unstabilized polycarbonate 
industrial sample (LEXAN, G. E. Plastics) of which 
some physical properties were investigated in the 
first part of this a r t i ~ l e . ~  Dogbone specimens ac- 
cording to the French standard AFNOR NFT 51 
054 were machined in the plaques, with the tensile 
direction parallel to the extrusion direction. 

Exposure 

A brief study of the problem of stress-activated 
polymer degradation shows that in order to reach 
valid conclusions, the following conditions must be 
satisfied 

Previously described7 climatic chambers were used 
in saturated atmosphere ( 100% RH) at 40, 70, 80, 
and 90°C. Sample loading was Performed with a 
creep machine, Mayes-TC 30 ( 3  tons capacity), op- 
erating at constant load level. For the chosen values 

1. 

2. 

3. 

4. 

The polymer must be 100% amorphous in or- 
der to avoid morphological heterogeneities of 
the degradation conversion. If the polymer is 
linear, it must be exposed to aging in glassy 
state in order to avoid extensive flow. 
The aging process must be a pure random 
chain scission, competitive crosslinking 
would considerably complicate the interpre- 
tation of results. 
The mechanism of chain scission must be 
simple enough to be accessible to kinetic 
analysis (which is rarely the case of branched- 
chain oxidation). 
Precise molecular weight measurements have 
to be made. 

of this latter, the applied stresses are far below the 
yield stress. During creep tests, the neck associated 
with viscoplastic flow has not been observed, and 
the deformation was considered homogeneous and 
uniform. The polymer is then tested in the visco- 
elastic range and the changes of cross-section area 
as the deformation proceeds can be neglected. The 
stress values reported in the following section are 
obtained by dividing the load by the initial cross 
section. 

Molecular Weight Measurements 

Steric exclusion chromatography ( SEC ) was used 
in the following conditions: The solvent was freshly 
distilled tetrahydrofuran at a 1.2 mL min-' flow rate. 

It is obvious that there are only very few cases 
where all these conditions can be met. Polycarbonate 
hydrolysis would constitute the ideal case, provided 
that hypotheses ( 1) , ( 2 ) ,  and (31, which are essen- 
tially relative to the validity of kinetic data derived 
from molecular weight measurements, would be 
valid. duce dispersion. 

Four columns: Shodex KF 802.5,803,804, and 805 
were used. The detector was a refractometer Waters 
R 401. After exposure, the samples were dried and 
then stored in dark at 20°C. Steric exclusion chro- 
matography analysis was made on sample sets cor- 
responding to one day measurements in order to re- 
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Figure 1 Time variation of the number of chain scissions per mass unit. (El) 40°C; 
(+) 70°C; (0)  80°C; (0) 90°C. 

For each set, the chromatograph was calibrated 
with polystyrene standards ( Polymer Laboratories). 
Only the chromatograms for which the solvent peaks 
were exactly superimposable were taken into ac- 
count, otherwise, the analysis was repeated. Thanks 
to these precautions, a reproducibility of about k 5 %  
was obtained. 

RESULTS AND DISCUSSION 

Hydrolysis of Unloaded Specimens 

The number of chain scissions per mass unit n, was 
determined according to: 

1 1 

Mnt Mrlo 
nt=--- 

where M,, and M,, are the values of the number- 
average molar weight, respectively, after and before 
exposure of duration t. 

n, was plotted against exposure time in Figure 1. 
It must be recalled that the complete hydrolysis 
conversion corresponds to n, = m-' = 3.93 mol kg-' 
( m being the monomer unit molar weight). The 
conversion ratios under investigation are thus al- 
ways lower than 0.25%. 

In a first approach, we considered that the data 
scatter is such that only the highest conversion value 
is significant. In this case, only the average hydro- 
lysis rate F can be determined as follows: 

- n,(max) 
t( max) 

r = -  

where t(max) = 214 days at all temperatures except 
90°C (153 days). The values of Fare reported in 
Table I. 

All the curves n, = f( t)  display, however, a pro- 
nounced curvature in their initial part. The hydro- 
lysis rate decreases sharply in the early days of ex- 
posure to reach a pseudo-stationary value when n, 
N 2 X mol kg-'. There are possible explanations 
for such a behavior: 

1. Kinetic control by the water diffusion into 
the polymer. This hypothesis can be rejected 
on the basis of previously reported argu- 
m e n t ~ . ~  

2. Autoretardated character of the hydrolysis 
mechanism. This hypothesis will be examined 
in detail in a next article, but it can be already 
remarked that, for a single-step process, no 
one kinetic scheme (whatever the reaction 

Table I Kinetic Constant for the Hydrolysis of Unloaded Samples According to Both Hypothesis 

k no r 
- 

Temperature ( mol kg-') (mol kg-' s-') (mol kg-' s-') 

40 1.5 1.9 x 10-10 2.72 X lo-'' 
70 1.5 3.05 X lo-'' 3.86 X lo-'' 
80 1.5 5.2 X lo-'' 5.25 X lo-'' 
90 1.5 6.4 X lo-'' 7.55 x 10-10 
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order) could explain such rate changes at so 
low a conversion. 

3. Protective end groups. The nature of initially 
present end groups is unknown. It could be 
imagined that the polymer under study con- 
tains protective end groups that avoid auto- 
catalysis in the early period of exposure. In- 
deed, in such a case, the expected behavior 
would be opposite to the observed one in 
which the initial curvature displays a positive 
concavity. 

4. Two-step process. The sample under study 
would contain a low concentration (about 1.5 
X lop3 mol kg-', i.e., less than one group per 
every 10 chains), of highly reactive esters 
randomly distributed into the chains. They 
would disappear in the early hours of expo- 
sure and then the degradation rate would de- 
crease until an almost constant value char- 
acteristic of the reactivity of "normal" car- 
bonate groups. These highly reactive esters 
could result from the polycondensation pro- 
cess or from a limited thermal degradation 
during processing. The following alternative 
explanation could be also imagined: The ini- 
tially present chain ends display a strong cat- 
alytic effect on hydrolysis; however, they are 
themselves highly reactive, so that they dis- 
appear rapidly in the early hours of exposure. 

These considerations lead to a second approach in 
which the medium and long-term hydrolysis behav- 
ior (typically for t 2 21 days) could be modeled as 
follows: 

nt = no + kt (2) 

no corresponds to the concentration of highly re- 
active species ("abnormal" esters); k is a pseudo- 
zero-order rate constant for the hydrolysis of normal 
esters. The choice of zero order can be justified as 
follows: 

In the most general case, the degradation rate 
can be expressed by 

where E,  and EO are the ester concentrations, re- 
spectively, before and after exposure of duration t. 

For very low conversion, it can be written: 

In the range of conversions under study, the devia- 
tions due to this approximation are largely negligible 
relatively to experimental incertitudes. 

If K is a true constant obeying Arrhenius law, k 
must also obey this law with the same activation 
energy E 

k = koexp(-E/RT). ( 5 )  

Finally, the degradation kinetics of unloaded sam- 
ples, for times exceeding 21 days, can be well mod- 
eled using relations (2) and (5) using: % = 1.5 X 
mol kg-', ko = 1.8 X mol kg-' s-l, and E = 23 
kJ mol-'. 

Recent unpublished measurements confirmed 
clearly the validity of this second approach, but both 
approaches will be used to compare the behavior of 
loaded and unloaded samples. 

Hydrolysis of loaded Samples 

The results of measurements made on loaded sam- 
ples and the corresponding kinetic data determined 
according to both above approaches are reported in 
Table 11. 

According to our hypothesis on the presence of 
labile esters responsible for the first kinetic step, no 
has been considered independent of exposure con- 
ditions and equal to 1.5 X 

These results call for the following comments: 
mol kg-'. 

1. Tensile loading considerably accelerates hy- 
drolysis. Both comparative approaches lead 
to the conclusion that, at both temperatures 
under study, the chain scission rate is in- 
creased by about one order of magnitude for 
stresses of few megapascals. 

2. The formalism of Eyring-Zhurkov is often 
used in such studies to express the stress ef- 
fect on process rate. Here, the rate constant 
k was plotted against reduced stress a / T  in 
Figure 2. It appears that the rate variations 
cannot be simply expressed by the Eyring- 
Zhurkov formula: 

-(E - VCJ) 
RT . k = koexp 
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Table I1 
Approaches (See Text) 

Hydrolysis under Stress. Experimental M, Values and Kinetic Data According to TWO 

- Temperature Duration Stress M,, nt k r 
("C) (h) (MPa) kg mol-' mmol kg-' mol kg-'s-l mol kg-' s-' 

90 
90 
90 
90 
90 
90 
90 
90 
70 

~ 

3672 
213 
168 
254 
309 
65 

1071 
2006 

- 

0 
3.7 
3.9 
3.9 
3.9 
4.4 
0 
8.7 
8.7 

31.34 
34.4 
37.5 
36.6 
35.8 
32.2 

28.6 
27.7 

- 

10.0 
7.5 
5.0 
5.6 
6.2 
9.4 

13.3 
14.4 

- 

6.4 X lo-'' 
7.8 x 10-~ 
5.8 x 10-~ 
4.5 x 10-~ 
4.2 x 10-~ 
3.4 x 10-8 

G 2.1 x 10-'0'"' 
3 x 10-9 

1.8 x 10-~ 

7.55 x 10-10 
9.8 x 10-~ 
8.3 x 10-9 
6.1 x 10-~ 
5.6 x 10-9 

G 3.4 x 10-'0'"' 
3.4 x 10-9 
2.0 x 10-~ 

4.0 X lo-' 

As a matter of fact, the curve relative to the exposure 
at 90°C seems to show that the activation volume 
V is an increasing function of the stress 0. Further- 
more, the activation volume would be at least 3 times 
higher a t  90°C than at 60°C. 

3. Several exposure times were studied in two 
cases: 9O"C, 3.9 MPa and 60"C, 8.7 MPa. It 
appears that in both cases, the pseudo-zero- 
order rate constant k (e.g., also the pseudo- 
activation volume V) is a decreasing function 
of exposure time. In other words, loading is 
less and less effective as a "hydrolysis cata- 
lyst" at increasing exposure times. 

Mechanism of Stress Effect on Hydrolysis Rate 

Only two types of mechanisms can be invoked to 
explain the observed stress effects on hydrolysis rate. 

9 
In(kxl0 ) 

Physical Mechanisms 

They are linked to stress effects on polymer per- 
meability to water. In glassy polymers, tensile or 
shear loading leads to free volume8 or  defect^"^ 
creation. Schematically, the physical state of the 
polymer in the conditions T, u corresponds to the 
physical state of the unstressed polymer at T + AT 
where AT is positive and can be majored using: 

T < T + AT < Tr 

Sorption studies revealed that the water coeffi- 
cient of diffusion and solubility in PC are increasing 
functions of the temperature." For the sample 
thickness under study, diffusion cannot control the 
hydrolysis  kinetic^.^ In contrast, according to Eq. 
(3), the chain scission rate is expected to increase 
with the water solubility. In the simplest case, hy- 
drolysis would be first order relatively to water and 
ester concentrations so that 

. 
/ 

I 

0 10 20 30 40 50 

Figure 2 Eyring plot of hydrolysis rate. (A) 60°C; (A) 90°C. 

-2 ' 
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The pseudo-zero-order rate constant would be 
then proportional to the water concentration and 
would thus increase under tensile loading. It is dif- 
ficult to explain variations of one order of magnitude 
by this process. In principle, compression loading is 
expected to have opposite effects to the tensile one, 
which suggests a possible way to check this hypoth- 
esis. 

Chemical Effects 

There are many possible ways for a stress effect on 
the chain scission rate: 

1. Mechanically induced homolytic chain scis- 
sions according to Zhurkov” could contribute 
to the whole degradation rate. It has been 
experimentally verified that there is no mo- 
lecular weight significant change in the time 
scale under study, for PC samples exposed 
under tension in dry atmosphere. This hy- 
pothesis can be thus rejected. 

2. Tensile stresses disfavor the recombination 
of chain ends. According to this hypothesis, 
the carbonate hydrolysis would be equili- 
brated 

0 
II kE 

R-0-C-0-R+H20 $ 
kH 

0 
I I  

R-0-C-OH + HO-R. 

If hydrolysis occurs in a stressed chain seg- 
ment, the scission of this latter favors a re- 
laxation whose result is a separation of chain 
ends as for the rupture of a spring under ten- 
sion. This separation leads to a decrease of 
the probability of recombination expressed 
by the rate constant k,. A decrease of k E  leads 
to an increase of the whole chain scission 
yield. It is noteworthy that the decarboxyl- 
ation of the terminal carbonic acid could 
completely suppress the recombination. 

3. Tensile stresses induce elastic deformations 
of valence angles in the carbonate group. 
These deformations can lead to a decrease of 
the activation energy of the rate controlling 

4. 

step (which would in principle justify the use 
of the Eyring-Zhurkov model). 
According to Robertson,12 tensile stresses in- 
duce conformational changes. The chains are 
enriched in conformations of the highest po- 
tential energy, resulting in “kink” formation 
by local shear stresses. These structural 
changes can affect the hydrolysis rate if, for 
instance for steric reasons, hydrolysis is con- 
formation sensitive. 

The observed decrease of k (and 3 with the time 
of exposure for stressed samples can be attributed 
to relaxation effects leading to a homogenization of 
the stress distribution over polymer skeleton bonds. 
This hypothesis suggests that the physical aging 
could eventually influence the stress effect on hy- 
drolysis rate, which can be experimentally verified. 

CON CLUS 10 NS 

It has been clearly shown that tensile stresses ac- 
celerate noticeably the polycarbonate hydrolysis. In 
the temperature interval under consideration, the 
stress effect could be expressed by the so-called ac- 
tivation volume V whose order of magnitude would 
be V Y 1.6 f 0.8 1 mol-’, e.g., 8 k 4 monomer units. 
It appears, however, that V is a decreasing function 
of exposure time and an increasing function of the 
temperature so that the Eyring-Zhurkov relation- 
ship applied to hydrolysis rate would have a poor 
predictive value. Among the possible causes of such 
stress effects, chemical ones (direct stress effects on 
hydrolysis or indirect effect through a conforma- 
tional change) seem to be the most probable. 
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