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Investigation of the low temperature ageing
kinetics of glassy polycarbonate by
mechanical damping spectroscopy
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Physique des Matériaux de Synthese 194/8, Université Libre de Bruxelles,
1050 Bruxelles, Belgium

Polycarbonate samples were submitted to ageing at room temperature or at 8°C after
quenching from above Ty or de-ageing by pre-yield tensile deformation. Loss curves were
measured in the temperature range located between the g8 and the « transitions. These
curves exhibit an o’ peak on the low temperature side of the o peak. The position of the

o’ peak is clearly dependent on the history of the sample: the o’ peak located in the low
temperature range after quenching or mechanical de-ageing is shifted to higher
temperatures during further ageing. The time and temperature dependence of the o’ peak
location has shown that the kinetics of the o’ relaxation near and below room temperature
is controlled by a lower activation energy process than the annealing process prevailing
near Ty and already identified. A classical formalism modified by taking into account two
o’ relaxation processes prevailing either at low or higher temperatures yields a good
description of the o’ loss curves of most samples aged for a long term at room
temperature, but fails to describe the o’ peaks of specimens submitted to another ageing
history. To model the loss curves of such specimens the relaxation time spectrum involved
in the description of the o’ peak is assumed to be dependent on the history of the sample
and on the current test temperature. © 7999 Kluwer Academic Publishers

1. Introduction transition and the” peak observed between theand
The well known physical ageing process involves thes relaxations (examples are given in Fig. 1a and b).
spontaneous decrease of molecular mobility of poly- To describe the’ damping data of de-aged and sub-
meric glasses when held at constant experimental corsequently aged PC specimens we used in previous work
ditions below the glass transition temperature. It hag7] the formalism proposed and successfully applied
been shown in several works [1-8], that the applicaby Bauwenset al.to PC specimens annealed near but
tion of a deformation in the non linear pre-yield range below Ty after plastic deformation [13, 14, 16]. A sat-
may erase part of the previous ageing, a process thafactory description could be obtained for the onset
we have previously termed mechanical de-ageing [7]slope of thex’ peak, but the numerical equation de-
De-ageing of previously aged glassy polymers pro+ived from theo’ relaxation kinetics neaf failed to
duces an instantaneous decrease of the viscosity of theredict the position of the’ peak for specimens aged
sample, whether the applied stress is maintained or sut room temperature after quenching or mechanical
pressed. The decrease in viscosity induced by defode-ageing.
mation is then followed by a progressive increase, the The main purpose of the present work is to investi-
physical ageing process being reactivated by the megate the low temperatutg relaxation kinetics by sub-
chanical treatment. mitting PC specimens either quenched from abaye
As in previous work [6, 7], the ageing and de-ageingor mechanically de-aged, to ageing treatments at room
of glassy polycarbonate will be followed through the temperature and at°®€ during times ranging from a
evolution of the mechanical damping properties knownfew hours to several months. The influence of various
to be significantly dependent on thermal and mechanide-ageing and ageing conditions on the damping be-
cal treatments [2-15]. It has been observed [7] that mehaviour of PC specimens is also explored. A model to
chanical de-ageing affects the loss curves of PC specpredict thex’ loss curves is proposed on the basis of the
mens in a similar way as does quenching from abigve same formalism as the one used in a previous investi-
[10, 14], or high plastic deformation [12, 13]; the loss gation but modified by taking into account two re-
curves of such specimens may exhibit two intermediatéaxation processes [15] and a relaxation time spectrum
peaks in the range of temperature betweerntigdass involved in the modelling of the’ peak dependent on
transition and the highest secondary transiiothea’  the prior history of the sample and on the current test
peak located at the low temperature side ofdlgdass temperature [17].
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TABLE | Samples investigated

110 Ageing conditions
Code Tensile Structural
number (%) strain Time Temperature temperature
1.8
) Quenched samples
| % o 1 8days  RT? 436 K
"2 02 | L@g 16 % 2 4 years RT 428 K
8 - Z 3 15days 281K 441.1K
S o 4 5months 281K 437.8K
| 14 5 2years 281K 435.4K
I Well aged samples
[ 4.2 6 3 7 days RT 436.2 K
| 7 3 45days RT 433.6 K
I 8 3 4months RT 432.2K
0.00 ' ' 1l 1 oo 9 2.3 45days  RT 433.6 K
10 3 15days 281K 439.5K
11 3 7 months 281K 437.4K
12 2.3 20hours 281K 444.1K
13 2.3 8 days 281K 439.7 K
14 2.3 7months 281K 437.4K
110 aRT: Room temperature.
{8
5.1 x 1078571, Strip samples of 65 5 x 1 mn? were
o |6 § strained in the range of deformation below the yield
= "~ ¢ point. The engineering tensile strain was evaluated from
b o the length change in the non elastic range divided by
| 4.4 the gauge length.
l The de-ageing conditions and the ageing history
} 19 of the specimens are listed in Table I, together with
| ' their code numbers. The dynamic mechanical measure-
| ments were performed using a Metravib torsional low
0.00 L L L . 0.0 frequency microanalyser on samples having a gauge
250 300 350 400 length of about 35 mm, 1 mm thick and 5 mm wide.
T(K) The evolution of the torsional modul@ and of the
) mechanical damping tahwith temperature was usu-

ally followed between-50°C to about+150°C at a

Figure 1 Examples ofloss curves exhibiting theand thex” peaks. The heating rate of 20 Kht and at two frequencies 0.1 and
shear modulus curves are also given. The onset af'tpéateau located 1 Hz

atTp is derived from the intersection of the tangents at the shear modulu$

slope change: (a) sample2) aged for 4 years at room temperature after

quenching from abov&y; (b) sample 54) aged for 2 years at& after

quenching from aboveyg. 3. Results

Representative examples of the influence of experimen-
2. Experimental tal parameters on the mechanical damping behaviour
As in previous work [7], experiments were carried outare given below. As in a previous paper [7], only data
on specimens machined from the same extruded shegtken at a frequency of 0.1 Hz are displayed. The kinet-
of Makrolon (bisphenol A polycarbonate, Bayer) 1 mmiics of thea’ relaxation in the experimental conditions
thick. explored will be derived from the location of the

Two kinds of samples were submitted to mechanicabeak as a function of ageing time and temperature.
damping measurements:

e samples were quenched in iced water after a ther3.1. Quenched specimens
mal treatment abovdy (1h at 165C) and left  Asobserved previously [7, 10, 14, 15], quenching from
thereafter to age at ambient temperature or'&t 8 aboveT, promotes the appearance of two intermediate
for times ranging from 20 h to four years. peaks (see Fig. 1a and b): thepeak lying on the low
e samples aged two years at ambient temperatureemperature side of thepeak, thex” peak located be-
after quenching (i.e., well aged specimens) wergween thex’ peak and th@ peak and partially merging
submitted to mechanical de-ageing by tensile dewith both.
formation atambienttemperature, and agedforvar- The damping data of Fig. 1a and b are given to show
ious durations at room temperature or 4C8 the effect of the ageing temperature for long term age-
ing treatments: two specimens were left to age after
The tensile tests were carried out on an Instron tensilguenching during comparable long terms, four years
machine at ambient temperature and at a strairerate ~ at ambient temperature (Fig. 1a) and two years°& 8
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call T, (see Fig. 1a and b). In order to investigate the
kinetics of thea’ relaxation throughout this work, we
intend to follow the shift of the’ peak through the shift
of the temperatur&, derived from the modulus curve
and associated with the start of theplateau.

3.2. Mechanically de-aged specimens
Mechanical de-ageing was always carried out on well
aged specimens (i.e. specimens aged at least two years
at ambient temperature after quenching) in order to
avoid the interaction between the ageing process after
guenching and the process resulting from the imposed
deformation. As shown previously [7], deformation of
well aged specimens in the pre-yield range produces a
shift of thea’ peak to lower temperatures and an in-
crease of the” peak amplitude. As for quenched spec-
. . . imens, further ageing will produce the opposite effects,

0.00 0.0 : , ; .

250 300 350 400 i.e. a shift of thex” peak to higher temperatures and a
decrease of the” peak amplitude.

Fig. 3 shows the influence of the ageing tempera-
Figure 2 Effect of ageing time on quenched samples. Loss spectra andUre on the damping spectra of two specimens de-aged
shear modulus curves of samplesz) @nd 4 (©) respectively aged by 3% tensile deformation and aged for similar times:
for 15 days and 5 months at’8 after quenchingG scale_is correct 4 months at room temperature and 7 months &t 8
for sample 3 4), the shear modulus curve of sampled)(is shifted respectively. As observed for quenched samples, a de-
upwards by 0.1 GPa for clarity. .

crease of the ageing temperature by aboutl&duces
the kinetics of thex’ relaxation process.

The data of Fig. 4 illustrate the effect of increasing

(Fig. 1b) respectively. It may be seen thabérpeak of ageing time on the damping spectra of two specimens
small amplitude still remains on both loss curves in the geing ping sp b

: de-aged by a tensile strain of 2.3% and left to age at
same temperature range. As clearly shown on Fig. 1hb; !
the presence of am” peak partially merging with the Cnf?r: %0 h iazi?i ! r:?o?wti?ts :cetshr?ctlvell(y.t Ithrinz;l]y rbe
o’ peak prevents location of the onset temperature o ce at a signincant shitt o peak 1o higher
theo’ peak. Moreover the mechanical damping back_emperatures takes place as the ageing duration at this

round taken as the minimum damping level reacheéiow temperatur(_a is ingreased by a factor of 30. .
getween the anda transition [13] rgmgins undeter- The data of Fig. 5 display the effect of the amplitude

mined in this work due to the presence on all loss curvegf deformation on the loss curve shape. Two samples

of ana” peak located between tifeanda’ peaks and
partially merging with both.

On Fig. 2, a comparison is made between two sam
ples aged for 15 days and 5 months respectively &t 8
after quenching. It may be seen that increasing the agt
ing time at low temperature produces a significant shifi
of thea' peak to higher temperatures and a decrease (
the amplitude of the” peak, a behaviour similar to the
one observed for specimens aged at ambient temper
ture [7]. w0

Note that the amplitudes of the’ peaks are particu- § -02
larly prominent on loss curves of the PC sheet used il
our experiments in comparison to the damping data o
samples machined from other PC plates also provide
under the label Bayer Makrolon [18]. }

It will be seen throughout this work that ti peak |
always present on the damping data will not only affeci }

|
|

tan s
G (GPa)

.04 1.2

1.0

»
G (MPa)

the shape of the loss curves but also the shape of tf

torsional modulus curves leading for these last curvest g gg L ! L 0.0

a smooth and progressive decrease in the range of ons 250 300 350 400

ofthea’ peak as illustrated for example on Figs 1 and 2. T(K)

This factleadsto a high uncertainty about the evaluation

of theo’ peak onset temperature in the present work irfFigure 3 Effect of ageing temperature on de-aged samplgs. Loss spectra

contrast to the results obtained by Bauwens-Crowet if"d shear modulus curves of samples§ énd 11 ¢) submitted to the

[15]. On the other hand, the clear change of slope of théeame applied tensile strain of 3% and aggd for compar_able times at room
- mperature ©) and at 8C (A) respectively.G scale is correct for

modulus curve in the range of onset of Weplateau  sample 11 4), the modulus curve of sample 8} is shifted upwards

allows us to derive a better defined temperature that wey 0.1 GPa for clarity.

2353



tan &

G (GPa)

10 15 20
log(ty/s)

Figure 6 The temperatur@, related to the:’ plateau location is plotted
as a function of Iri; for samples aged at room temperature after quench-
ing (0), tensile straining to 2.3%J) and 3% (\) and for samples aged

at 8°C after quenchinge(), tensile straining to 2.3%m) and 3% @).

0.00 : : L 0.0
250 300 350 400

_ o 3.3. Kinetics of low temperature physical
Figure 4 Effect of ageing time on de-aged samples. Loss spectra and ageing

shear modulus curves of samples 12 @nd 14 (\) strained 2.3% and . .
left to age at 8C for different times.G scale is correct for sample The temperature”ﬁp derived from the torsional modu-

14 (p), the modulus curve of sample 12 is shifted upwards by  1US curves were determined for a variety of specimens
0.1 GPa for clarity. and are plotted on Fig. 6 as a function of the logarithm
of the timet, elapsed after quenching or after mechan-
ical de-ageing by tensile deformation 2.3 and 3%. Al-
though the data are dispersed, it may be clearly seen
that at both ageing temperatures those related to the
gquenched specimens and to the mechanically de-aged
specimens display the same logarithmic dependence on
ageing timet,. From the data of Fig. 6, it may be de-
duced that deformation of well aged specimens to a
stress level near the yield point is able to shift tHe
peak back to the same low temperature as does quench-
ing, the kinetics of thex’ relaxation for quenched or
mechanically de-aged specimens being thereafter the
same at each ageing temperature, independent of the
prior history of the sample. Such behaviour may be set
in parallel with the differential scanning calorimetry
data of PVC presented by Berens and Hodge [19]. Itis
clearly put forward in reference [19] that the position
of the endotherm sully peak that has been shifted to
low temperatures by several different pretreatments is,
0.00 . L L 0.0 during further ageing, dependent only on ageing time
250 300 350 400 and on ageing temperature.
T(K) The slope of the parallel straight lines drawn through
the data is 7.1 K/decade, a value consistent with the
e et s socsap 8 ity resulls obiain by Bauwens-Crowet [15] for aged
slightly different amounts of tensilepstrains (3% and 2.3% respectively)qu,enChed and cold rolled PC spec!mens which gave
and aged under similar conditior3.scale is correct for sample 18], shifts of about 8 K/decade. Assuming a mean room
the modulus curve of sample 18] is shifted upwards by 0.1 GPa for temperature of 295 K, an activation energy of around
clarity. 213 kJ mot? (52 kcal mot?t) has been derived from
the shift of thea’ peak. Note that this activation en-
ergy value, deduced from the kinetics of low temper-
were strained to 2.3 and 3% and then aged for 8 days arature ageing, is lower than the value of 262 kJ Mol
15 days respectively at'®. As previously put forward (64 kcal mot 1) successfully used for ageing treatments
[7], adecrease in the amplitude of the deformation leadperformed neaiTy [13]. This result supports the hy-
to a systematic small decrease of the height ofathe pothesis made by Bauwens-Crowet in a recent paper
plateau; on the other hand, the onset temperatures of th&5] about the existence of a secamdrelaxation pro-
o’ plateau are close together as may be derived from theess prevailing at low ageing temperature, in addition
slope change of the modulus curves in the range of tho the already identified annealing process prevailing
o' plateau. nearTy.

tan 8
G (GPa)

2354



.04 T T

.03

.02

tan &

0.00 : .

.04 T T

350

400

.03

02 F

tan &

0.00 : .

400

the onset temperatures of théplateau are the same
for both specimens.

Let us consider two samples characterized by differ-
ent histories but by clos§, values around 435 K (see
Fig. 6): it may be seen on Fig. 7b that the specimen
strained to 3% and aged for seven days at ambient tem-
perature displays the same onset temperature far'the
plateau as the quenched one aged for two years@t 8

The above examples confirm the independence of
the kinetics of thex’ relaxation process on the prior
de-ageing treatments applied in our experiments.

From the loss curves plotted on Fig. 7a and b, it
may also be pointed out that de-ageing by 3% tensile
deformation does not affect significantly theplateau
height of the quenched and aged sample, whereas de-
ageing by 2.3% deformation leads to a lower plateau
height (see Fig. 5).

4. Data analysis and discussion

4.1. Model equations

The purpose of the present data analysis is to model
theo’ peak assuming that the’ and thex’ peaks are
governed by different processes.

As in previous work, the basic model used is the one
developed by Bauwenst al. and applied to the data
of PC specimens quenched or rejuvenated by high de-
formation and thereafter annealed in the range from
Tg—35 K to Ty [13] or aged for a long time at am-
bient temperature [14, 15]. The model is applied here
to describe the mechanical damping behaviour of PC
specimens slightly deformed in the pre-yield range and
aged at or below room temperature. We summarize be-
low the model reviewed in reference [15].

The chief parameter of the model proposed by
Bauwenset al. is a structural temperatutereflecting
somehow the structure of the glassy polymer and de-
fined as the temperature at which the structural state
of the sample having had a particular thermal or me-
chanical history would be at equilibrium. The structural
temperature is assumed to be the parameter governing
the viscosity of the glassy polymer.

Annealing belowTy may produce a configurational
change leading to a decrease&ofvhile plastic defor-
mation always produces a configurational change asso-
ciated with an increase 6f A simple linear relation is

chosen to express the configurational entrof(0) as

Figure 7 Examples of damping data for samples displaying sfsnel- h
a function ofo

ues. (a) Damping spectra of samples aged& 8uring about the same

time after quenching (sample é)j and straining to 3% (sample 1D§).

Theo' peaks coincide as tifevalues given in Table I. (b) Quasiidentical

loss curves related to samples characterized by different de-ageing and

e e e e e WhereR s the gas constant i@l is a constant.

after straining to 3%. As in a previous paper [7], we assume that like high
deformation and annealing, pre-yield deformation and
ageing at or below room temperature are able to pro-

3.4. Comparison of quenched and duce configurational changes of the specimen leading

mechanically de-aged specimens to changes of its structural temperature.

On Fig. 7a, a comparison is made between the damping The amount of decrease @fwith time t, at a given

data of samples aged at® for about the same times, temperaturd,is expressed through a Davies and Jones

respectively 5 months for the quenched specimen antype relationship [13]

7 months for the specimen strained to 3%. From the

comparison of the loss curves, it appears clearly that

AS/R=C'6 1)

49 = (Ta—6)J dta )
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where J denotes the frequency of configurational ones, in agreement with the conclusions derived from

change of the sample. Fig. 6 about the independence of taerelaxation ki-
Inthe range of temperatures covering annealing treataetics on the prior history of the sample.

ments performed nedy, the temperature dependence The value of9 after quenching or de-ageing is un-

of the structural temperature is satisfactorily de- known, but if the initial value ob is sufficiently high

scribed using the following equation fdr[14] prior to ageing its evolution described by relation (2)
does not depend on it [14]. An initi&l value around
J = vaexp(CL0 — Qa/RT) 450 K was chosen here to take account of the evolution

95 of 6 as a function of ageing time at 295 and 281 K.
= 10"*exp(Q70 — 6.4 - 10°/RT) (3)  The theoreticab values of the PC specimens were
evaluated using Equation 5 and are given in Table I.
where the subscript a refers to the annealing process. |n the model proposed by Bauwesisal.[13, 14], the
The values of the parameters related to the annealingiechanical damping on the high frequency side ofithe

process are those used in reference [14], where relgreak is expressed using a Williams-Watts formulation
tion (2) with the numerical Equation 3 allows a good

fit of the data for PC specimens annealed after high tans = (G/2rf )" (6)
deformation or quenching.

As shown in references [7] and [15], the use of Equa- ) .
tion 3 to express) does not allow prediction of the Wheref is the frequency of the damping tes; the
evolution of the structural temperature observed in exSh€ar modulus of PC in the glassy state is taken equal
periments where PC specimens are submitted to ageirl§ 981 MPay) represents the viscosity of the polymer

treatments near or below room temperature after hay@"d M is @ distribution parameter taken constant and
ing been quenched or deformed. In order to describ§9ua! o 0.36 in references [13] and [14]. The viscosity

the temperature dependencefoin a large tempera- of the gl'assy ponmer is described through an Eyring
ture range covering annealing and ageing treatment{yP€ relation reducing at low stresses to
Bauwens-Crowet has assumed in a recent paper [15]
that J is governed by two relaxation processes each n = AT/2yovgexp[Cyf — (Qu/RT)] (7)
prevailing either at low temperature or ndgrthe age-
ing process prevailing at low temperature being characy, denotes the elementary shear of the deformation pro-
terized by a lower activation energy than the annealingess referred by the subscript@q andvy are respec-
process. Following such hypothegignay be expressed tively the activation energy and the frequency factor,
by C, is a constant. The parameters for this formula were
evaluated by Bauweret al. from numerous data ob-
J=10% exp(Q76 — 6.4 - 10°/RT) tained through a variety of experiments as outlined in
/ reference [15]. Identical values to the ones of reference
+vag@XPpCagf) — Qag/RT) [15] are used for most parameters, yielding:
=10 %exp(Q70 — 6.4- 10°/RT) Q¢ =312 kdmot? (76 kcalmoft), C;=0.83 K~*
1029 andA=5.59.- 103 MPa K1, a slightly different value
+10 exp(a76 —5.1-10°/RT)  (4) s chosen in the present paper for the paramgjes
taken here equal to 163 s~ in order to obtain a
The subscript ag refers to the process prevailing duringetter fit with the damping data.
low temperature ageing treatments. The numerical val- From (6) and (7) and using the above parameters,

ues of the parameters rela_lted to the ageing r_elaxatiomng may be expressed for a test frequency equal to
process are the ones used in reference [15] to fitthe datg1 Hz by

of PC specimens quenched and aged for a long term at

room temperature. The same value has been taken for _ 1153

CiandC;, (i.e. 0.7 K1) to yield a similar slope for tand = tandg +[(5.59/1T) 107

the dependence @fversus Irt, in a large temperature x exp(083% — 7.6 10°/RT)]™  (8)

range. Note that the value of the lower activation energy

Qag is close to the value derived in this paper from theywhere tardg is the background level.

shift of the temperaturé, linked to the onset of the’ The theoretical plot of tahias a function of increas-

plateau. ing temperature gives a flat peak the location of which
From Equations 2 and 4, the amount of decrease of dependent on the value acquired by the sample

the structural temperature of a specimen treated at grior to damping measurements [7, 15]. If the struc-

temperaturd, for a timet, is given by tural temperature is high enough prior to testing, its
value may decrease during the measurements on heat-
do = (Ta— 0)[10°*exp(0.70 — 6.4- 10° /RT,) ing the sample. The decreasesofluring the damping

measurements at a constant heating vateay be de-

—1029
+10 exp(0.79 —-5.1- 104/RT3)] dta () rived from relations (2) and (4), yielding

The numerical Equation 5 has been used to describe ,, —1r1 n—05
the evolution of the structural temperature both for the do = (T —)v'[10"exp(Q70 — 6.4- 107/RT)
quenched specimens and for the mechanically de-aged +107192%exp(Q70 — 5.1- 10°/RT)]dT (9)
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A decrease of the structural temperature during the .03
damping measurements may lead to a plateau on thi
theoretical loss curves as shown in references [13] anc

[14].

.02

4.2. Theoretical loss curves compared
with the data °

In the comparison of the experimental results with the @
model calculations, Equations 5, 8 and 9 with a single
set of constant parameters will be used, as such numet .01
ical equations yield a quite satisfactory description of
thea’ peak [13-15]; the only fitted parameters will be
the distribution parameten and the background level
tandg. Let us recall that taég, defined as the mini-
mum damping level, cannot be evaluated from the data  0.00 1 L L
of the present work due to the fact that thépeak lo- 250 300 350 400
cated between th& andp peaks raises the base-line. T(K)
The other fitted parameter, the exponenimay be re-
garded as a measure of the breadth of the relaxatiofgure 9 Loss spectrum of sample 8 strained to 3% and aged for 4
time distribution involved in the description of tlhe months at room temperature. The theoretical full curve is calculated
peak; it is admitted that such a distribution parametep'sing Equations 5, 8 and é1=0.36; tang =0.007.
may be linked to the prior history of the sample and
may vary from sample to sample; on the other hand, to 03
derive a satisfactory fit in the’ peak range, a temper-
ature dependence of the distribution parameter will be
taken into account to describe most data.

.02

4.2.1. Application of the model taking
a constant value for m
The loss curves drawn in full lines on Figs 8-10 were
computed from the numerical Equations 5, 8 and 9 tak-
ing m equal to 0.36; the background levels adjusted to .01
obtain the best fit with the data are given in the fig-
ure captions. A good description of the loss curves of
Figs 8—10related to PC specimens aged for a long terrr
at room temperature is obtained in complete agreemen
with the results displayed in reference [15]. 0.00 L L 1
250 300 350 400

"
c
L]

-

.03

Figure 10 Loss spectrum of sample 9 strained to 2.3% and aged for 45
days at room temperature. The theoretical curve in full line is calculated
using Equations 5, 8 and g = 0.36; tansg = 0.0065.

.02
On the other hand, as may be seen on Fig. 11, no sat-

isfactory modelling of the loss curve of sample 1 aged
for a short time at room temperature after quenching
could be obtained by using Equations 5, 8 and 9 either
i with m=0.36 (full line), or takingm = 0.335 to fit the
onset of thex’ peak (dotted line).

Similarly the damping curve of sample 7 (Fig. 12)
characterized by the same structural temperature
0 = 4336 K as sample 9 (Fig. 10), but de-aged through
0.00 A L 1 a slightly higher amount of tensile strain, could not be

250 300 350 400 modelled by using Equations 5, 8 and 9 with a some-
what lower value fom; here again the’ plateau and
T(K) the loss curve at higher temperature are not described
Figure 8 Loss spectrum of sample 2 aged for 4 years at room tem-by the dotted line corresponding o= 0.33 and cho-

perature after quenching. The theoretical full curve is calculated using€n to fit the' slope of th_e/ peak onset; the 'fU" line
Equations 5, 8 and 9n = 0.36; tardg = 0.0065 drawn by takingn=0.36 is given for comparison.

tan &

.01
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tan

0.00 L L L
250 300 350 400

T(K)

TABLE Il Fitting parameters of relation (10)

Code number

of the sample Ky Kao(K—1)
1 0.054 085- 1073
4 0 1073

5 —0.005 103

7 —0.072 12.10°3

vary slightly with temperature, as mentioned in the re-
view paper of Williams [17] about the use of Williams-
Watts type equations.

In a first approximation, the following hypotheses
are made:

e the numerical Equations 5, 8 and 9 are valid, the
only variable parameters being the distribution pa-
rametem and the background level

Figure 11 Loss curve of sample 1 aged for 8 days at room tempera- o the value ofmis linked to the prior de-ageing treat-

ture after quenching. Theoretical curves were calculated using Equa-

tions 5, 8 and 9 takingh = 0.36 (full line), m=0.335 (dotted line) and

m derived from Equation 10 with fitting parameters of Table Il (broken

line); tandg = 0.006.

.03

tan §

0.00 ' ' L
250 300 350 400

T(K)

Figure 12 Loss curve of sample 7 strained to 3% and aged for 45 days at
room temperature. Theoretical curves were calculated using Equations

5, 8 and 9 takingn=0.36 (full line), m=0.33 (dotted line) andn
derived from Equation 10 with fitting parameters of Table Il (broken
line); tandg = 0.0055.

Taking into account the factthat in paper [15], the au-

ment, to the ageing conditions and to the current

test temperature
o the value ofm will increase with temperature dur-

ing the damping measurements A linear depen-
dence ofmwith the current test temperaturewill

be taken into account in this first crude approach,

yielding

m= Kj; — KoT (10)
whereK; andK;, are fitting parameters.

Typical illustrations of the kind of fit obtained by
using Equations 5, 8-10 with the fitting parameters of
Table Il are shown as broken lines on Figs 11-14. In
view of the quite simple proposed approach a satis-
factory fit of the data in the range of thé plateau is
obtained, but the description of the loss curve using a
linear temperature dependencelfois no longer valid

.03

tan &

thor uses other ageing parameter values for the sample
rejuvenated by high deformation than for the quenched
ones, we have applied a least-squares search routin
on parameterag, vag andm to fit the data in ther’
domain for sample 7 and others de-aged by 3% tensile
deformation; a satisfactory description of theloss
peak could never be obtained.

4.2.2. Application of the model taking into
account a temperature dependent
distribution parameter

In order to derive a better description of theplateau,

we have assumed that the distribution paranreteray

2358
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Figure 13 Loss curve of sample 5 aged for 2 years a€&fter quench-

ing. Theoretical curves were calculated using Equations 5, 8 and 9 taking
m=0.36 (full line) andm derived from Equation 10 with fitting param-
eters of Table Il (broken line); talg = 0.006.
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Figure 14 Loss curve of sample 4 aged for 5 months aE&fter quench-

two o’ relaxation processes prevailing either at high or
low temperature.

The o’ loss peak shape is well described for most
specimens aged for a long term at room temperature,
expressing the mechanical damping in &ieange by
a Williams Watts relation with a constant distribution
parameter.

A proposition assuming that the distribution param-
eter is dependent on the previous history and also on
the testtemperature is advanced and applied to describe
loss curves, for which an agreement is lacking between
the data and the predicted damping curves taking into
account a constant distribution parameter.
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ing. Theoretical curves were calculated using Equations 5, 8 and 9 taking
m=0.36 (full line) andm derived from Equation 10 with fitting param-
eters of Table Il (broken line); talg = 0.006.

in theo peak range, where the full curve taking a con-
stant value fom yields a better fit to the data. 3.
It must be noticed that this last proposed treatment

can only be applied to loss curves displayingdh 4-

peak of small amplitude as it is necessary to fit the °
parameters of relation (10) at the onset slope of theg
o’ peak. Obviously to test the validity of the proposed

option, further experiments are needed to investigate?.
the presumed dependence of the distribution paramete®-

on prior history and on temperature.

10.

5. Conclusions

With regards to the’ peak location nonlinear deforma-
tion close to yielding is able to erase long term room
temperature ageing of previously quenched specimens.

Further physical ageing at room and lower tempera4s.

ture manifests itself by a shift of the peak to higher
temperatures.

The kinetics of the low temperatusérelaxation pro-
cess appear to be independent of the prior history of the

sample whereas the height of thglateau is influenced 17.

by the de-ageing and ageing conditions.

From the shift of thex’ peak, an apparent activation
energy around 213 kJ ndl (52 kcal mot?) has been
derived in the low temperature ageing range.

The location of ther’ peak of specimens aged at low
temperature after quenching or mechanical de-ageing

9.

11.

12.

18.
19.
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