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Abstract

The physical aging in poly(methyl methacrylate) during annealing just b&lomas investigated by light scattering and oscillating-DSC
in which a sinusoidal temperature rise was imposed over the conventional linear temperature rise. Light scattering intensity decreased
monotonously with increasing scattering angle. The intensity was found to increase rapidly and then to decrease gradually with annealing
timet,. The correlation length and the mean-square density fluctuations by Debye—Bueche plotincreased at an early stage and then decreased
with t,. The width of the glass transition, obtained by the Fourier transform treatment of the oscillated DSC heat flow, increagatiamth
early stage and then decreased. The endothermic peak, given by the non-reversing part of the oscillating DSC heat flow, appeared even at an
early stage of the aging. These results suggest that: (1) as-quenched PMMA glass is partially densified to yield an inhomogeneity in density
with a correlation length about 200 nm; (2) by the annealing, the density fluctuations grow at first by a decrease in density at the low density
regions and an expansion of the low density regions to increase the correlation length; and (3) the densification then proceeds at the low
density regions to reduce the correlation length and to get higher density as a whole, by approaching a rather homogeneous glassy state.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction scattering was also demonstrated in organic and inorganic
glasses such as-terphenyl, poly(methyp-tolysiloxane)

When amorphous polymers are rapidly cooled below the [13-15], and BO3; [16—18]. Thus the density fluctuation
glass transition temperatufg, the thermodynamic quantity ~ seems to be general for glassy materials.
such as enthalpy is frozen-in at around TheHence, glassy In this paper, to understand the nature of the density
polymers usually exist at a nonequilibrium state. Annealing fluctuation in the glassy materials, we investigate the time
of glassy polymers below thEg, results in a relaxation of the  variation of the density fluctuation during the physical aging
thermodynamic quantity toward an equilibrium state. This in PMMA glass by light scattering and oscillating-DSC in
process is referred to as physical aging [1,2]. The relaxation which one can separate the glass transition and the endothermic
of the enthalpy can be monitored by differential scanning peak [19-26].
calorimetry (DSC). An endothermic peak appears in the
DSC thermogram when the aged polymer is reheated around
the glass transition region. The peak increases in magnitude2, Experimental section
and shifts to higher temperatures with increasing aging time
[3—8]. Associated with the enthalpy relaxation, the glassy  The polymer specimen used in this study is commercial
polymer is densified [1-3] and the free volume decreasespMMA, supplied by Mitsubishi Rayon Co. Ltd; MD0O1,
[9,10]. M,, = 75000,M,/M, = 1.9.

In poly(methyl methacrylate) (PMMA), excess lightscat-  The specimen was compression-molded at°C7€or
tering having a strong scattering angle dependence wass min into a thick film about 2 mm thick and was then
found and a long-range density fluctuation with a correlation quenched in an ice-water bath. The thick film thus prepared
length about 200 nm was suggested [11,12]. The excesswas used for the light scattering study. A thin film about

0.2 mm thick was also prepared in the same way as above.
* Corresponding author The thin specimen was for the oscillating-DSC study. The
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converted to EMF and measured with a single-phase lock-in
0.5h® amplifier (5600, NF Electronic Instrument Co., Ltd). The
angular distribution of scattering intensiiy) was obtained
after applying the correction for the scattering volume [27].

= o, The oscillating-DSC thermogram was measured by a
S ,h0 0 Seiko Instruments Exster 6200 calibrated with standard
S anso Indium. The data were stored in a Hewlett Packard 712/
2 Oh'iﬁw O:)O 100 Work Station. A sinusoidal temperature rise was
§ ‘%s%’? imposed over the conventional linear temperature rise:
£ 3 D [19-26]

s T =Ty + Bt— Arsin(wt) (1)

whereT is the starting temperature of the scanning experi-
Hy 4h ment, B is the linear heating ratd, is the time,Ar is the

*1*0 of;»w?(;»wzswx;zwgs amplitude of the temperature oscillation, andis the

: oscillating frequency given byp, p being the oscillating

Scattering angle , 26 / degree period. T, was 20C, B was 5C min~%, A; was 2C, andp
Fig. 1. The change in Vv light scattering profiles of PMMA af@Qwith was 50 s throughout this study. The total heat flow curve,
aging time:®,0 h; 0,0.5h;L1,1h; 4,2 h; + 4 h, and Hv light scattering \whijch s indistinguishable by the conventional DSC, was
profile at aging time of 4 hO. . .

evaluated by taking sliding averages over full cycles of
thin film of 10 mg was placed in an aluminum pan and oscillation for the oscillated heat flow. The reversing part
annealed at 17C for 5 min to eliminate the effect of pre- of the heat flow was calculated by the Fourier-transform
vious thermal and mechanical histories. After the specimen treatment of the oscillated heat flow. The non-reversing
was rap|d|y quenched to room temperature, it was annealedpart of the heat flow was obtained as the difference between
at 80°C for various aging times and then cooled rapidly to the total heat flow and the reversing part [19-26].
room temperature.
A 633 nm He—Ne laser (5 mW; LHR-151, Melles Griot

Co. Ltd) was used as a light source. After passing through a3. Results and discussion
Glan—Tompson polarizer and a light chopper, vertically-
polarized incident light was passed through the specimen, Fig. 1 shows the Vv light scattering profilésy(6) of
placed in a hot chamber set at a desired temperature. Thé’MMA glass at 86C (Ty — 17 K) for various aging times.
scattered light from the sample passed through a Glan—The scattering intensity decreases monotonously with the
Tompson analyzer and a narrow bandpass filter (3 nm half scattering angle. The angular dependence of the intensity
width at 633 nm) to isolate the Rayleigh scattering. We could be ascribed to the long-range density fluctuation
emp|oyed two optica| geometries; one was the Vv geometry [11—15] The interesting result here is that the intensity
in which the optical axis of analyzer was set parallel to that increases rapidly and then decreases gradually with aging
of polarizer, and the other was the Hv geometry with a time.
perpendicular set of the two axis. The scattered light was The VV scattering intensityy is given by:[12]
detected by a photomultiplier (R268, Hamamatsu Photonics
Co. Ltd) mounted on a goniometer. The photocurrent was v =lwva +lvwz + §' HV )

wherely is the isotropic light scattering intensity from the

{ thermally induced short-range density fluctuation which is

Oh independent of the scattering andlg, is the excess scat-
L 1h tering due to the long-range density fluctuation having an
[ 11+ 0.5h angular dependence with scattering angle, lagds the Hv
scattering intensity which is ascribed to the optical aniso-
tropy. Thelyy is also shown in Fig. 1. Thé,, is much
larger than thd y; i.e. thelyy is about 100 times larger
than thd yy, suggesting that thig,, contributed to thé, is
negligible. On the other hand, the,, is given by
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Fig. 2. Debye—Bueche plot for Vv light scattering profile of PMMA at  Where g is the wavelength of light in vacuumm is the
80°C: ,0 h;0,0.5 h;(],1 h. refractive index which is described by the density by
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- — about 200 nm. By aging, the correlation length and the
mean-square density fluctuation increase simultaneously at
first (t; = 0.5 h) and then they decrease with tintg %
0.5 h). This result suggests that the density fluctuation in
the as-quenched PMMA glass grows further at first and
then it decays to get a rather homogeneous glass during
the physical aging. The evolution of the density fluctuation
may explain the anomalous increase of the light scattering
intensity of inorganic glasses at around the glass transition
temperature during the heating process [16—-18].
Fig. 4a shows the total heat flow of PMMA glass for
various aging times at 8G obtained by oscillating-DSC.
A single glass transition is seen in the as-quenched speci-
men. When the quenched specimen is aged, a shoulder
5%} e A1— — wﬁ o0.5 appears below the pre-existing glass transition at first (0.5
Aging time / hour = ty = .2 h).. The shoulder shifted to a.hlgher temperature
with aging time and then an endothermic peak appéats (
Fig. 3. Changes of the correlation lengffand the mean-square density g ) The peak shifts to a higher temperature and it increases
fluctuation(n® of PMMA with aging time at 8€C. in magnitude with aging time.

Lorentz—Lorenz equation, k is the Boltzman constant, Tis  Such a shoulder was also observed in the conventional

the absolute temperature, afids the isothermal compres-  DSC thermograms of glassy polymers aged for short period
sibility. Since (1) the extrapolated small angle X-ray scat- [3—5]. It would be very characteristic to the physical aging.
tering intensity is related to the density and th§28], and However, there is no adequate interpretation so far because
(2) the light scattering which is independent of the scattering there are two possibilities to interpret the shoulder: one is
angle is ascribed to the short-range density fluctuation the appearance of two glass transitions and the other is the
below the length of several nm, the,; can be discussed superposition of the glass transition curve and the endother-
using the small angle X-ray scattering intensity. As demon- mic peak. One could analyze the oscillating-DSC data as
strated by Wendorff [29], no change of the small angle follows. _

X-ray scattering intensity was seen with aging, suggesting The oscillated heat flow can be separated into the glass
no change of thé\y; with aging. Hence, the change of the transition as the reversing part and the endothermic peak of
I with aging is not ascribed to they; butto the change of ~ the enthalpy relaxation as the non-reversing part, since the
the |\, and the density fluctuation can be discussed by the reversing part is attributed to the thermodynamic heat capa-
lyw. The angular dependence of thg, is described by  City and the non-reversing part is attributed to the kinetic

200

‘Hate /< l>

100- — -~ —— -~ — =~
<n?> (t=0h) A

Debye—Bueche type scattering function: [11-13] event [19-26]. In the curve of the reversing part of the heat
5 flow, a single glass transition is seen [Fig. 4(b)]. The glass
|\7v1/2 — E E_q2 (4) transition is wide in the aging period at which the shoulder is
A A observed in the total heat flow (0.1 t, = 2 h). In this
8r3(n?)E period, a broad and small endothermic peak appears in the
A= ”7’15 (5) curve of the non-reversing part of the heat flow [Fig. 4(c)].
N The peak shifts to a higher temperature and it increases
where¢ is the correlation lengtly is the scattering vectog in magnitude with aging time, as expected by Tool-

= 4x/Asin@/2), N being the wavelength of light in speci- Narayanaswamy—Moynihan type model [4,6]. Then, the
men, and(n? is the mean-square average of the density appearance of the shoulder is ascribed to the superposition of

fluctuations. As shown in Fig. 2, the plot of,*? vs g2 the broad glass transition curve and the small endothermic
yielded straight lines as expected from the Debye—Buechepeak.
form. As shown in Fig. 4(b), the width of the glass transition

The correlation lengtht and the mean-square density increases at first{= 0.5 h) and then it decreases with aging
fluctuation{n? can be obtained from the slope and the inter- time (0.5 h< t,).> The decrease of the width may corre-
cept in the plots of\,Y2 vs g2 The result is shown in Fig. 3 spond to the sharpening of therelaxation peak by dynamic
as a function of aging timg, The as-quenched PMMA has mechanical spectroscopy [31] and dielectric spectroscopy
a long-range density fluctuation having a correlation length [32]. Note that the width of the glass transition increases

when the density fluctuation by light scattering increases,
while it decreases when the density fluctuation decreases.

* A small distortion is seen in the heat flow curve for the aged specimen at Thus the change of the width could be ascribed to the
ta = 385 h. This may be caused by the nonlinearity between a sinusoidal . .
input and the resulting output which increases as the magnitude of the Change of the den5|ty fluctuation.
exothermic peak increases [30]. The increase of the width & = 0.5 h is caused by the
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(b) - Fig. 5. A schematic representation of change in the density profile during
reversing part the physical aging: (a) early stage, (b) late stage.
Quench
N in Fig. 5(b)]. Such development of the density fluctuation
S| 9.5h — may be induced by the dissipative process in a non-
2| 1h —~— equilibrium state demonstrated by Lindenmeyer [34] and
UT] z: — by the existence of local nematic ordering suggested by
24h - = Monte Carlo simulations [35]. The less-densification in
v N low density regions and the densification in high density
regions should lead to the increase(if) and¢ (Fig. 3).
On the other hand, the decrease of the width at late stage
50 70 80  Tio0 30 180 (0.5 h<t,) is caused by the elevation of the onset tempera-
Temperature / °C ture (_)f the glass transition, s_ugg_estlng a denS|f|cat|(_)r_1 at_low
© _ density regions [see arrow in Fig. 5(b)]. The densification
_Nonreversing part may reduce botl§ and{y? (Fig. 3).
Quench 00000000000 Thus, from the light scattering and oscillating-DSC
G| Q470 00O studies, one may describe the change in density profile
E %h—w_"’_’—’_ with the physical aging as follows. The as-quenched
2 PMMA glass is partially densified to render an inhomogene-
ity with a correlation length of ca. 200 nm (profile | in

-~
N{
|
>

Fig.5). The density fluctuation grows further for a while at

385h early stage of aging (from profile I to Il). Then the fluctua-
tion decays by evolution of high density domains in low
T T density regions to reduce the correlation length (from profile
50 70 90 110 130 150 Il to I11). By the latter process, the system eventually would
Temperature / °C attain a rather homogeneous glassy state with high density.

Fig. 4. The oscillated DSC curve of PMMA aged at80dor various times:
(a) total heat flow; (b) reversing part of heat flow; and (c) non-reversing part

of heat flow. The width of the glass transition is indicated by thin line in (b). References
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