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Long term physical ageing of polycarbonate
at room temperature: dynamic mechanical
measurements

C. BAUWENS-CROWET
Physique des Matériaux de Synthese 194/8, Université Libre de Bruxelles,
1050 Bruxelles, Belgium

The loss peak, called o/, appearing as a shoulder in the left wing of the o peak in dynamic
mechanical measurements is used to follow the very long term ageing at room
temperature of samples of Polycarbonate rejuvenated by cold rolling or by quenching prior
to ageing. This peak shifts to higher temperature with increasing ageing time t,. An
approximate linear increase with In t, is found with a similar slope of about 8 K/decade for
both kinds of samples. The shape and the magnitude of the peak are strongly dependent on
the treatment given to the samples before ageing. It is assumed that ageing at room
temperature and below results from an activated process additive to the annealing process
prevailing at higher temperatures up to T4. This ageing process which depends of the
pretreatment is characterized by a lower activation energy than the annealing one. Taking
these assumptions into account, experimental data are shown to agree reasonably with the
predictions of a model previously proposed. © 17999 Kluwer Academic Publishers

1. Introduction considerations that the peak is part of the peak and
Dynamic mechanical measurements (DMM) are of useéherefore can never be completely separated. Also it
to follow ageing behaviour and can yield information can never take place on loss curves obtained on cooling
about molecular motions in glassy polymers. As firstthe sample from th&y range. This peak results from
pointed out by Struik [1], the ageing range of bisphenol-an involuntary thermal treatment occurring during the
A Polycarbonate (PC) is very wide, extending overcourse of the measurements. Therefore it depends on an
more than 100K betweefis, the temperature of the annealing process which was assumed to be the same
highest secondary transition aiigl the glass transition as that correlated with enthalpy relaxation measured in
temperature. This polymer is therefore suitable to studgifferential scanning calorimetry (DSC) experiments
physical ageing processes unlike polymers whose seperformed in thely range [9]. It is considered that this
ondary and main transitions overlap. Within the ageingannealing process does not depend on the thermal or
range, the loss tangent curve of PC (i.e., the data givingnechanical history of the sample. Does this process
tans as a function of temperature at constant frequencystill act at room temperature or is it overcome by an-
may exhibit intermediate peaks highly sensitive to theother process of lower activation energy as suggested
ageing conditions. This paper is concerned with theby Bauwens [10]? The present paper attempts to an-
highest temperature intermediate peak, labellech  swer this question. The DMM behaviour of cold rolled
previous papers [2-5], appearing as a shoulder in thand quenched PC samples aged for different times at
low temperature tail of the peak related to the glass room temperature is investigated. The shift of tie
transition (Fig. 1). The' peak, first observed by lllers peak as a function of the ageing time is measured and
and Breuer [6], has been reported by several authorgompared with that of exothermal peaks obtained in
both in mechanical and dielectric techniques as reDSC experiments. The shape and the position of the
viewed in [7]. Previous papers [4, 5] give a theoreti-«’ peak on the loss curve is evaluated using the previ-
cal interpretation derived from a model based on theously proposed model together with different assumed
assumption that annealing and deformation processesjeing processes.

in glassy polymers follow from activated processes, the

kinetics of which appear to be close but notidentical [8].

The shape and the magnitude as well as the position &. Theoretical

thea’ peak on the loss curve were predicted dependin@.1. The model

on the frequency and the heating rate values. An acThe basic idea of the previous approach, supported by
ceptable fit was found with data related to PC samplesxperimental results, is that annealing and deformation
initially cold rolled and annealed at temperatures fromprocesses are activated processes the kinetics of which
40to0 120°C prior to testing. It follows from theoretical are close. Therefore these processes are characterized
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and annealing timet;) by numerical integration of a
Davies and Jones type equation [12]

0 1 1 L L L do = (Ta— O)vaexpCyf — Qa/RTa) dita
= (Ta— 6)10®exp(0.76 — 6.4 x 10°/RT,) dta
(2

Figure 1 Examples of loss curves exhibiting thépeak related to cold

rolled samples unage®), aged 5 daysA), pre-annealed 2 h at 313K . .
and then aged 5 days at room temperatdfe Kote the baseline value With the values of the parameters previously used and

of 5.14 x 103 on the last two curves. recalled in Table I. They were adjusted using enthalpy
relaxation measurements obtained on samples annealed

o _ for various times at temperatures ndgrfrom 110 to
by an activation energQ, a pre-exponential factor 7 40-¢ [9]. The response of Equation 2, i®against
and an entropic term. Until now, it is viewed that these|nta at constanf, is given for a series of, values in

parameters keep a constant mean value for a given Pr@ig. 1 of [5] and at 281 and 295K in Fig. 14 of the

cess (i.e. no distribution function has yet been'con- resent paper (dashed lines). A linear dependence is
sidered). Nevertheless, such a crude model, relying o, \nq at eac,. Leté; characterize the structural state
basic classical equations chosen as simple as possib|g; 5 sample prior to ageing amdt,) that of the sample
namely the Eyring equation of non-Newtonian viscos—aged during, at room temperature. Providéd> 6 (t,)

ity, the Davies an_d Jones equation and the W“”amsholds,e(ta) may then be obtained, it does not depend on
Watts treatment, is able to give a straightforward préye thermal or mechanical history of the sample prior
diction of data obtained in various fields such as yield,, annealing.

stress, enthalpy relaxation and DMM. Moreover, it is
assumed that in glassy polymers, ageing or annealing
phenomena induce structural changes governed by the .
decrease ob the structural temperature of the sam-2-3- Deformation processes
ple. This concept, originally proposed by Tool [11], of- 2-3.1. Yield processes ,
ten called fictive temperature in the literature, denoted he deformation process at yield was assumed to be
the temperature related to the thermodynamical equilip9overned by the Eyring equation of non-Newtonian vis-
rium of the sample. A simple linear relation is assumedOSity. For example, the tensile yield stregssnay be
betweerg and the entropy changeS(0) produced by ~ Written:
annealing or deformation:
ot/T = Allné — Inyovg — Ci0 + Qu/RT)  (3)
AS(P)/R=C'0 @
wheree denotes the strain-rat€,the test temperature,
whereR denotes the universal gas constant. The valug, the elementary shear akga constant characteristic
of C’ related to the annealing process is slightly dif- of tensile experiments (it was not possible to separate
ferent from that related to the deformation process ag, from vg). Such a linear dependancemiversus Ire’
outlined previously [4]. at constan has been observed [13] allowing to con-
In this paper subscripts a and d refer to the annealinglude that Equation 3 fits the data within a wide range of
and deformation parameters respectively. Also anneakxperimental conditions (temperature and strain-rate).
ing will denote a process which occurs not too far belowBut, near and belowy where yield stresses are rather
Ty and ageing a process which occurs during storagew, although the structure of Equation 3 seems to hold,
and use at room temperature and below. Until now, thether values of the parameters, yovq and C} are
model was only concerned with annealing effects.  required. It was then assumed that two different de-
formation processes with the same activation energy
Qq, calleda; and «ay respectively may take place at
2.2. Annealing process yield, a» being the most probable at moderate and low
The structural temperatuées calculated as a function stresses[14]. Parametersrelated tathgrocess where
of the annealing conditions (annealing temperatlize: determined previously [4, 5] and are recalled in Table .
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2.3.2. Linear deformation process

The deformation process implied in DMM takes place
under very small stresses. In such case, the non-
Newtonian viscosity becomes Newtonian and may be

expressed by: 0
2
n = AT/2yovqexpCi6 — Qa/RT) 4 e
2=

whereA is a constant, evaluated previously [4], which § 10

parallels A; in torsion. Parameters are those of the
az deformation process. The loss tangent is described
through a generalized Maxwell model and expressed

by:

tans = (G/2x fn)™ (5) 0
280 320 360 400

as in the Williams-Watts treatment [15] used by T (K)
Struik [l] G denOtes the shear mOdU|us_ ahthe fre- Figure 2 Theoretical loss curves related to samples aged at 295K for
quency of the damping test. The stretching expon@nt varioust.: 5 days (curves 1 and 3), 50 days (curves 2 and 4), 500 days
is about ¥3 according to Struik [1] who proposed this (curves 6), 5000 days (curves 5 and 7). In all cases the parameters of
value for many materials including glassy p0|ymers_Equations 4 and 5 are those listed in Table k= 0.36 and a baseline of
A value ofm= 0.36 was found previously [4] As first 5.14x 1073 is considered. Curves 1 and 2 are related to the annealing

d imati is tak tant th hout process expressed by Equations 2 and 7. Curves 3, 4 and 5 are related to
cruae approxima iorG; is taken as constan roughou Equations 10 and 11 appropriate for aged c.r. samples. Curves 6 and 7

the whole test and for all the tests. are related to Equations 12 and 13 appropriate for aged g. samples.

2.5. The o’ peak shift
The o' peak position is defined from the loss curve

E : 4and 5 . I f1h by the onset temperatuif, using the intersection of
quations 4 and 5 assuming a constamglue of the o 1yaqaline and the inflexional tangent as shown in

sample, gives a peak with a classical shape which doggy 3 according to the model, this position only de-

not (_exhlblt any platequ on th_e low temperature tail [4].pends on the value acquired by the sample prior to

But if a decrease of is .con3|dered during the course testing in DMM. Therefore, in the case of samples aged

of the measurements, it may be assumed that within 8r annealed at constafi for differentt,, thea’ peak

given range of temperatures: must shift towards higher temperatures with increasing
ta (Fig. 2). For each increase tfby a factor of 109

Cj¢ — Qu/RT = const (6) will be 3.25K lower according to Equation 2. This

shift value of 3.25 K/decade which derives from that of

2.4. The o’ peak origin
The plot of tans against increasing, calculated using

implying that the decrease of the entropic term equals
the increase of the enthalpic one in the deformation 3¢ , ;
process. Such a condition entails a plateau like shap
of the loss curve; this is the origin of the peak. Of
course, the decrease depends on the heating tate
Equation 2 may be rewritten as a functionvoéind the  ~
current temperatur€ of the test as: °

do =10"%vHT —0) exp(Q76 — 6.4 x 10*/RT) dT o
7§10

1
)
o
o
G (MPa)

with the numerical values of the annealing process pa: 900

rameters. Equations 4 and 5 together with the numerica

integration of (7) fromd(ty) allow to obtain theoreti- 0 L L

cal loss curves using the parameters listed in Table | 320 360 400

Fig. 2 shows a couple of such curves (dotted lines) re- T (K)

lated toT, = 295 K andt; = 5 and 50 days respectively.

The correspondin@(ta) values i.e. 442.3 and 439K Figure 3 Typical Ios; curve) for agt_ad col_d rolled samp_les (300.days
. - . . . fat 295K). The location qf the’_ peak is defined by}, the intersection

respe(_:tlvely are obtained by nun_we_ncal Int{egratlon 0 of the baseline and the inflexional tangent. Shear modw@)<dr the

Equation 2 fromp; = 460K, a sufficiently high value same sample, the’ transition is defined bif; the intersection of the

assumed previously [4, 16]. tangents as shown.
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C,=0.7K~* appearing in the entropic term of Equa- 4. Data analysis

tion 2 remains nearly the same for annealing treatment4.1. DMM on aged c.r. samples

at constant, from 281 K up to 373 K. Fig. 1 and Figs 3—6 show examples of loss curves re-
Two different samples aged or annealed durigg lated to c.r. samples aged at room temperature. These

andty+ At, are characterized by(ty) andd(ty)) — A9 loss curves clearly reveal ar peak with similar shape

and thereford, and T, + AT, respectively. Al and ~ and height as those observed previously. The horizontal

Tp+ ATy, it may be considered thai(t,) does not part of the loss curve appearing between hendo’

vary yet during DMM measurements and moreover thapeaks is taken as baseline or background level.

the molecular mobility (and therefore the viscosily Previously, a mean value of 5.3410~3 was found
always reaches an identical value, a condition whiciHo be remarkably reproducible. Although this value
reduces to: agrees with the data of Figs 1, 4 and 6 other loss curves
yield somewnhat different baselines fron73x 102
Clo(ta) — Qu/RT, = C4(6(ta) — AB) to 514 x 1073 (in the case of the unaged sample of

Fig. 1, the baseline can not be detected becausg the
— Qu/R(Tp + ATp)  (8)

30 1 ) 1 1 1

taking (4) into account and assuming tiak, / Tp < 1.
Therefore, in a series of loss curves related to sample
with differentt,, i.e. differentd(t,), a shift of:

ATy = TYR(Cy/Qa) A0 (ta) © 2
(o]
may be approximated from (8). Relation (9) ought to 2
be fitted by the data. ;
[
0]

N
o

3. Experimental
A necessary condition for ageing is a highvalue.
As previously [4, 5], we propose to call rejuvenated
samples those which fulfil this condition. Rejuvenation
was achieved by cold rolling and by quenching. The 0 L L 1 L 1
position and the shape of tlaé peak appearing on the 280 320 360 400
loss curve was examined as afunction of the ageing timu T (K)
and the structural state of the samples before ageing.

Figure 4 Loss curve related to a c.r. sample aged 5 days at 295K (data:

A). Theoretical curve (full line) calculated using Equations 4, 5, 10 and
11,m=0.36, baseline: 34 x 103,

3.1. Samples

Commercially available Makrolon (Bayer) was used in
this study. Samples were cut from the same sheet 2 mr 30
thick which has been stored at room temperature for ¢

very long time (about 10 years). All the samples have .
the same cross section of 1 by 5.5mm and a gaug
length of 35 mm. The mechanically rejuvenated sam-
ples (c.r. samples) were prepared from a strip rollec
50%, the length was parallel to the rolling direction. A 5~
few c.r. samples were annealed before ageing 2 h at 4"C_>
and 60°C respectively. The quenched samples (q. sam —
ples) were obtained as follows: a strip was first thinned ﬁ
down, the samples were machined and annealed abo\ &
Ty at 165°C for 1 h and then rapidly immersed in a
ice-water bath. All the samples were aged at room tem
perature for long times varying from a few days to a
few years.

20 |

10

. . 280 320 360 400
3.2. Dynamic mechanical tests
Internal friction and shear modulus were measured at <. T (K)
?OnStarggreqlie‘lrgéOf l. Hzasa fl".nCtI(I)nMOf temgelratu r%igure 5 Loss curve related to a c.r. sample aged 20 days at 295 K (data:
rom — tO. using a torglona etravib low A). Theoretical curves calculated using Equations 4, 5, 10 and 11 and
frequency microanalyser. A heating rate of 60 K/h wasull line) m=0.36, baseline= 5.14 x 10-3 or (dashed linejn=0.35,
used throughout. baseline=3.75x 1073,
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Figure 6 Loss curve related to a c.r. sample aged 197 days at 295 KFigure 7 Loss curves of 2 c.r. samples annealed 2 h at 333 K and cooled
(data:A). Theoretical curves calculated using Equations 4, 5, 10 and 11to room temperature. Oné) is tested in DMM immediately after cool-

a baseline of 34 x 10~ andm = 0.36 (full line) orm=0.338 (dashed  ing, the other 4) is aged 48 days at room temperature. Bettpeaks
line). coincide. The related values are given in Table IlI.

anda’ peaks overlap). Therefore uncertainty remainsin 30 T T — T T T T
positioning the baseline in a theoretical approach. The
same problem arises with the peak height, the level
of which may vary. Loss curves related to differént
do not “fit together” as nicely as previously or in the
theoretical set of curves in Fig. 2. —~ 20
It is experimentally checked that ageing occurs only®
on samples characterized by a sufficiently lighalue. 2
Loss curves related to c.r. samples annealed 2 hdf 40 ;’ s P
and then aged coincide with those of c.r. samples no <
annealed and aged during the same time, an examp £ 10 b
is given in Fig. 1. The curves related to the aged sam
ples are identical but distinct from that related to an
unaged sample. Conversely, c.r. samples annealed 2 B
at 60°C tested immediately and 48 days after anneal-
ing respectively, exhibit the sameé as Fig. 7 shows. 0 . . . ; . | . .
Ageing did not affect ther’ peak in this case because 240 280 320 360 400
thed; value acquired after annealing is already too low
to evolve at room temperature in the considered rang. T (K)
i ihe calculated values as il be shown belo, pELIS & Loss cures of g sampies: unaged ged 102 ). age
Although theo’ peak is not affected by ageing in the
last example the loss curve is still influenced through

the magnitude of the” peak 5, 17]. Such a peak which assume that in such cases a promirénpeak, linked

is small compared to the’ peak takes place between . , .
the 8 anda’ peaks for q. samples or when c.r. samplestO quenching, overlaps both tigeanda’ peaks. This

are annealed and cooled before being tested. This pe&?esigg’;i&?eig iiulgzgrct:i?/ebsyotfhaeg?gtqt@brll;/p?gs'ga/ste dat
':)efn[g%;o vanish with increasing ageing time (see Fig. a lower frequency [17]. As both theé’ peak height de-

creases and theé peak position shifts towards the right
with increasing ageing time, long term aged g. samples
exhibit well shapedyr’ peaks; examples are shown in
4.2. DMM on aged q. samples Figs 8-12. In such cases a vanishirigpeak overlaps
Loss curvesrelated to g. samples unaged and aged 1 andly thea’ peak foot and/or raises the level of the base-
3 days respectively are shown in Fig. 8. Obviously, thdine. For g. samples aged longer than 2 years it may be
shape differs from that of c.r. samples; curves 1 and Zonsidered that” disappears from the loss curve. Let
exhibit a marked maximum which looks like a real dis- us point out that the’ peak height related to q. samples
tinct peak rather than a shoulder in thepeak. We is about 20% lower than that of c.r. ones.

1705



T T T 1000

900

G (MPa)

800

tan & (10°3)

o] 700

300 350 400

Figure 9 Typical loss curve®) of a g. sample aged for a very long time
(18 months). Shear modulu@] for the same sample. The location of
the o’ transition is defined by’,; the intersection of the tangents at the
modulus drop.
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Figure 12 Loss curve related to a g. sample aged 6 years at 295K
(data: A). Theoretical curve calculated using Equations 4, 5, 12 and
13, a baseline of 84 x 103 andm=0.37.

4.3. Evaluation of the o’ peak shift

The shift of thew’ peak as a function of ageing time is
assumed to be evaluated from the onset peak tempera-
tureT, (Fig. 3). However, because of the uncertainty of
detecting the baseline, especially in the case of g. sam-
ples, we tried to find another procedureddpeak shift
determination. A small but rather well defined shear
modulus drop parallels the peak as shown on Fig. 3.
From this dropT;, which seems to correlate wiff,

is determined graphically as indicated on Fig. 3. Both
guantities are estimated for each c.r. sample and plotted
as a function of I, in Fig. 13. A single linear relation-
ship is found indicating that; is of use as well a3p

to follow the o’ peak shift. The gradient yields a shift

Figure 10 Loss curve related to a g. sample aged 30 days at 295 K (data:

A). Theoretical curve (full line) calculated using Equations 4, 5, 12 and 340

13, a baseline of 84 x 103 andm = 0.37.

1 ¥ 1 1 1

tans (10-3)

280 320 360 400

330

Tp1T'p (K)

320

4 6 8 10 12
Inty (h)

Figure 13 Theo’ peak position as a function oftpat room temperature

Figure 11 Loss curve related to a q. sample aged 3 years at 295 Kdetermined byTp,, the onset peak temperature, for c.r. samplgsand
(data:O). Theoretical curve (full line) calculated using Equations 4, by T/, the modulus drop temperature, for c.r. sampi@$ &nd for q.

5, 12 and 13, a baseline off3 x 103 andm = 0.342.
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of 8 K/decade. In the case of q. samplEsalone was TABLE Il Ageing parameters
estimated (see an example on Fig. 9) and also plotted samples
versus Irt; on Fig. 13. Again a linear increase is found
with a similar slope (7.9 K/decade) as for c.r. samples. 10-1182 0.7 30
As the T, variation covers only 20K from 320 to
340K, the factor in Equation 9 may be considered a
constant which leads to an approximate linear relation- 10-1029 0.7 51
ship betweenT, and Int; as checked in Fig. 13. Let
us evaluate th@, shift from (9) for the median value
T, =330K using the deformation parameters recalled
in Table | and assumingashift value of 3.25 K/decade T T T T T T T
according to Equation 2. Under such condition$,a 450
shift of 7.73 K/decade is obtained in acceptable agree
ment with those evaluated from the data.

va1 (571 Cly (K™D Qa1 (kcal mol )

&- samples vaz (571 Clr,(K™ Qa2 (kcal mot1)

5. Calculation results: comparison
with the data — 440

5.1. Loss curves of aged c.r. samples S

Letus come back to Fig. 2 where the loss curves (dottec

liness) are displayed calculated using Equations 2, 4, ¢

and 7 with the parameters listed in Table I. Although a

suitable shape of the’ peak is obtained, the position

deviates from experimental data. This was already the 430

case previously for c.r. samples annealed 2 h a40

the calculated curves lying on the left of the data but no

more than experimental uncertainty (see Fig. 4 of [4]).
Unfortunately, the deviation becomes more pro-

nounced in room temperature ageing. It then appears

that @(t.) which fixes the peak position is too high at Figure 14 Calculatedd value as a function of Ity at 295 and 281K
a 9( a) P P g for the annealing process (dashed line) using Equation 2, for the age-

295K, FhIS can be overcome bY aS_SOCIaW[(gi) with ing process suitable for the c.r. samples (full lines) using Equation 10,
an ageing process of lower activation energy than theyr the ageing process suitable for the g. samples (dotted lines) using
annealing one expressed by Equation 2. In fact, it i€quation 12.
assumed that this ageing process prevailing at room
temperature is additive to the annealing one. Let sub-
scripts al refer to this ageing process parameters. Theageing times to be compared with those calculated us-
Equations 2 and 7 become ing Equations 2, 4, 5 and 7 (dotted lines).
Fig. 14 is a plot of (t;) versus Irt; at 281 and 295K,
do = (Ta— 0)(10‘95exp(0.79 — 6.4 x 1O4/RTa) calculated using Equation 2 (dashed line) as well as
Equation 10 (full line) in order to compare the effects
+ va18xpChf — Qa1/RTa)) dta (10)  of both the annealing and ageing processes.
Also Equation 10 allows evaluation 6f values of
and c.r. samples annealed before ageing, results are listed
in Table Ill and compared to the ageifif,) values at
do = v—l(-l— _ 9)(10‘95exp(070 — 64 x 104/RT) 295 K. From inspection of Table Ill, it can be derived
that thea’ peak related to c.r. samples annealed 2 h at
+ va1expCq0 — Qal/RT)) o]} (11)  40°C will shift by ageing at 295K while that of c.r.
samples annealed 2 h at 8D will not be affected by

respectively. Parameters of this ageing process need fg€ing as experimentally checked above. _

be adjusted to give a quantitative account of the ex- Letus pointout that the ageing term of Equation 10,
perimental data: loss curve aﬂl'gdependence on IH which prevalls at 295 K, decreases with InCI’eaSTag_
As Equation 2, Equation 10 yields a line#t,) versus  Of T so as to vanish at about 333K, the annealing
Int, dependence, a similar slope is required in ordef€rm remains then predominant at high temperatures
to fulfil (9); itis then assumed th&,, = C,= 0.7 K~™.

Therefore, this parameter is fixed and the other two age-

ing parametersy,; and Q,; are allowed to vary until TABLE Il Calculated values using Equation 10 (c.r. samples)

K)

a best fit of (5) is_ obtained to t_h_e data of F_ig. 4 (cr. . (K) ta () 6 (K) a(t) (K)
sample aged during 5 days) giving the optimum val-
ues ofvay = 1071182 andQ,1 =3 x 10* cal/mol. These 313 2 437.8
ageing parameters are listed in Table II. 333 2 430.9
Theoretical loss curves calculated using (4), (5), (10£>2 120 4365

and (11) are displayed in Fig. 2 (full lines) for several 1152 4933
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in agreement with previous results. Also, this is thesample lying between 0.348 and 0.37. Exceptfor Fig. 11
reason why at 295 K only the position but not the shapevhere a rather satisfactory fit is obtained, the quantita-
of thea’ peak depends on the ageing term because thi&ve agreement between the theoretical curve shape and
peak starts at about 320K or above for the samplethe data is not as good as in the case of c.r. samples.
considered here. Moreover, this agreement is lacking for ageing times
Loss curves for ageing times longer than 5 days arshorter than one month. Theoretical loss curves calcu-
calculated in the same way and with the same paramated at 295K using (4), (5), (12), (13), Tables | and
eters values. Examples are given in Figs 5 and 6 (fulll and m=0.36 are displayed on Fig. 2 (dashed lines)
lines). The peak position is correctly predicted for age-to be compared with those related to c.r. samples (full
ing times up to 3 years as well as the peak shape. Howines). Although the shape and the height of the peak
ever, because the baseline and the peak magnitude sediffer in both cases, the positions are similar for equal
tovary from one specimen to another, a better fit may bé,. This is consistent with thé(ty)/ Int; dependence
obtained by considering that the baseline valuemnd quite close in both cases at 295K as it can be seen in
are experimental parameters characterizing specimdrig. 14 where the related straight lines are calculated
properties rather than characteristic material ones. lising (10) (full lines) and (12) (dotted lines) respec-
should be recalled that may be determined using the tively. Of course, such a coincidence can not occur at
peak heights measured on the same specimen at twower T, because both ageing processes differ by their
different frequencies [4]. A better fit is obtained us- activation energies and pre-exponential factors (see the
ing a baseline of F5x 10~2 together withm=0.35  straight lines calculated fdF, = 281 K in both cases on
in Fig. 5 and a baseline of 4 x 1023 andm=0.338  Fig. 14).
in Fig. 6 (dashed lines). Although a weak dependence
of the peak position and shape wrvalue is observed,
deviations remain within experimental uncertainties. g piscussion

The shift of thea’ position seems to be indepen-

dent of the pretreatment of the sample, reaching about
5.2. Loss curves of aged g. samples 8 K/decade. This is consistent with the model predic-
Neither the shape nor the height of thigoeak related to  tion expressed by (9) which implies that this shift is
aged g. samples can be predicted using Equations 5, ¥ytermined by the kinetics of the deformation process
and 11 sungbleforc.r. samples. According tothe mOdelthroughCéAG(ta)/Qd and thed(t,) shift value both in-
the annealing process as well as the deformation ongependent of prior history. The last quantity derives
do not depend on the mechanical or thermal historfom the assumed condition (14) and was found to equal
of the sample. It is then assumed that q. samples arg 75 K /decade. A correlation may be established be-
distinguished from c.r. samples by their own ageingyyeen thex’ peak shift and that of sulby exotherms
process additive to the annealing one. Let us denote gynipited by DSC traces obtained on PC samples re-
by subscripts a2. Therefore in such cases Equations ]jgvenated by compressing and annealed begor

and 11 become: differentt, at constanfl, [9]. Such exotherms appear
o5 roughly inthe same range of temperatures aatpeak
do = (Ta— 6)(10 *°exp(0.76 — 6.4 x 10?/RT,) in the present study. A linear dependence between the

(12) position of the exotherm and tpwas found through
the data as it can be seen on Fig. 4 of [9]. A mean
value of the gradient may be estimated yielding a shift
of 8.27 K/decade. Molecular motions in DSC experi-
1 95 ments are related to the annealing process which differs
o = v (T - 9)(10 exp(Q760 — 6.4 x 10°/RT) from the deformation one but remains close to it. It may

+va2€xpClf — Qaz/ RT)) dT (13)  even be deduced from Table | that:

+ VaZeXp(Céz‘g - Qa2/ RTa)) dta

and

respectively. For the same reason as above itis assumed C./Qa=C}/Qq (15)
that:
The corresponding(ty) in DSC experimentss derives
,=Cl=C,=07K" (14)  from (14) too. No wonder then that similar values are
found for curves shifts in both DMM and DSC measure-
in agreement with the straight lines slopes of Fig. 13ments, this can be looked on as a consequence from the
The other parameters are adjusted to obtain a best fit fgroposed model.
experimental data. Results are listed in Table 1l where Wimberger-Friedl and de Bruin [18] have investi-
the parameters of both ageing processes may be corgated the specific volume change in PC for several
pared. Examples of calculated loss curves are given igears at room temperature. The volume recovery curve
Figs 10-12 together with the data. The baseline in althey produce giving the specific volume versustlpg
cases is fixed at 54 x 10~3in agreement with the data is characterized by a flat first part followed by a sharp
related to ageing times exceeding two years, for whickiransition to a much steeper part. The transition occurs
it can be assumed that th& peak has vanished. For at approximately 6 months. No correlation with such a
shorter ageing times the baseline is masked byrthe transition has been observed in our results, but perhaps
peak. Tham value differs slightly from one to another more experimental data are needed in this ageing time
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range to reveal this trend. However, let us point out that (2) the annealing process prevailing in the high tem-

Washer [19] has shown that the decrease of free volperature range of the loss curve, the parameters of which
ume is far too low to induce th#(t,) variation implied  are derived from DSC measurements,

in enthalpy relaxation and yield stress increase upon (3) the ageing process prevailing at room tempera-

annealing, but his statements lean on data performetire and below, the parameters of which are adjusted
near and belowWy at short times and are related to a flat by curve fitting.

recovery curve.

The Qa1 and Q42 values adjusted by curve fitting to Both the deformation and annealing processes are con-
the data require to be checked by measurements pesidered to be independent of the history of the sample
formed at temperatures lower than 295 K. Othmezouriwhile the reverse is assumed for the ageing process.
Decerf [20] by investigating the’ peak shift of g. sam- Two different ageing processes are then assumed here
ples aged at 281 and 295K, finds an activation energyo be related to c.r. and q. samples respectively. They
of about 51 x 10* cal mol* in full agreement with the  are supposed to be additive to the annealing process and
present study, but th®,; value has yet to be experi- of lower activation energy. This is enough to account
mentally confirmed by independent measurements. for different peak shapes, magnitudes and positions for

Theca' peakis found to be highly sensitive to anneal-both kinds of samples, which are then linked to the same
ing, ageing and deageing [17] effects in PC samples budeformation process, the same annealing process and
it can be wondered if the occurrence of such a peak is the same meam value.
general feature in glassy polymers. The problem is that
most often DMM measurements reported in the liter-
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