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ABSTRACT: Changes in mechanical properties during isothermal physical aging were
investigated for three miscible blends: polystyrene (PS) /poly (2,6-dimethyl 1,4-phe-
nylene oxide) (PPO) , PS/poly (vinylmethylether ) (PVME), and poly(methylmetha-
crylate ) (PMMA)/poly (ethyleneoxide) (PEO) . The kinetics of stress relaxation was
investigated for the blend, dilute in one component, and compared with that of the
neat major component at equal temperature distances, Tg–T , from the midpoint
glass transition temperature. It is demonstrated that for all three blends, the mean
stress relaxation time »t… does not scale with Tg–T . For PS/PPO and PS/PVME
blends, the stress relaxation rates are faster compared to neat PS; for PMMA/
PEO, they are slower than for neat PMMA. Two effects appear to be important in
contributing to this discrepancy. First, addition of the second component produces
a change in the packing density of the blend: less dense for PS/PPO and PS/PVME;
more dense for PMMA/PEO. Comparison of average free volume hole sizes and
fractional free volumes measured via orthopositronium annihilation lifetime mea-
surements for all three blends versus the pure constituents are qualitatively consis-
tent with this interpretation. Second, because of the presence of concentration fluc-
tuations in the blend, it is expected that the initial stress decay is dominated by
regions enriched in the more mobile component. From observations of the change in
width of the stress relaxation time distribution, this effect appears to be particularly
significant in the PS/PVME blend. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 63:
483–496, 1997
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INTRODUCTION service life of polymer products. It is thus im-
portant to be able to predict long-term properties

It is a well-known fact that changes in structure from short-term tests. With regard to dynamic
and materials properties occur in glassy polymers mechanical properties, such as creep and stress
upon annealing below the glass transition tem- relaxation, a useful approach has been proposed
perature. This time-dependent behavior is often by Struik,1 and explored exhaustively by others.2–4

referred to as physical aging and is a direct conse- This involves generating a master curve from
quence of the nonequilibrium nature of the glassy repeated short-term dynamic tests during isother-
state. The significance of this phenomenon is that mal annealing, which yields aging shift factors
materials performance must be predictable to that describe the kinetics of the physical aging
comply with design requirements throughout the process, namely, the slowing down of creep or

stress relaxation with annealing time.
It is generally accepted that the change in dy-Correspondence to: A. M. Jamieson

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/040483-14 namic mechanical properties arises from the densi-

483

3831/ 8E70$$3831 11-20-96 18:43:41 polaal W: Poly Applied



484 CHANG ET AL.

fication that occurs in the glass on annealing. This where »vh … is the average hole volume determined
as »vh … Å (4p /3)R3 , and C is an empirical con-relationship is usually expressed in terms of the

free volume concept. To permit the molecular mo- stant.
The formulation of polymer blends is a usefultion that facilitates the dissipation of stress in the

material (or the sample deformation in creep), a approach to produce materials whose properties
are a combination of those of the blend constit-certain amount of unoccupied (‘‘free’’) volume is
uents. The physical aging behavior of misciblenecessary. On annealing, the level of free volume
blends in the glassy state has been investi-decreases, and molecular motion slows down. This
gated,19–21 and it is observed that the time evolu-picture is supported by recent experiments using
tion of dynamic mechanical properties during iso-spectroscopic probes whose characteristics are sen-
thermal annealing is similar to that of the puresitive to the free volume of their local environ-
components, albeit at a different, typically inter-ment.5–9 Since the materials properties of amor-
mediate, rate. It is of interest to determinephous polymers are frequently interpreted in
whether there are simple temperature scalingterms of the free volume concept, it is advanta-
laws for the rate of physical aging phenomenageous to have a spectroscopic technique by means
in such systems. This would facilitate efforts toof which quantitative information on free volume
develop a molecular theory for the kinetics ofcan be generated. During recent years, it has been
aging in miscible blends. In this respect, the glassestablished10–18 that positron annihilation lifetime
transition temperature would appear a priori to(PAL) spectroscopy is a useful method for such
be the most obvious scaling variable. A ubiquitousanalysis both in the melt and glass. PAL spectros-
feature of the glass transition region of misciblecopy involves measurement of the lifetime of posi-
blends, however, is that it is typically wider thantrons injected into a polymer sample from a posi-
that of the blend components. This phenomenontron-emitting nucleus, generally Na22. There are
has been interpreted23 as being due to the pres-three possible fates for such positrons: they can
ence of concentration fluctuations in the blend,24

annihilate as free positrons, with a lifetime of the
which give rise to a range of microenvironmentsorder t2 Ç 0.4 ns; or they can form a transient
at which the local glass transition varies de-bound state with an electron, termed positronium,
pending on the composition. Such microheteroge-in which the spins are either antiparallel, parapos-
neities may influence dynamic mechanical behav-itronium (pPs), or parallel, orthopositronium
ior, the early stages of which are likely to be domi-(oPs). The former has a very short lifetime, t1
nated by the motions of relaxing elements in theÅ 0.125 ns, the latter a very long lifetime, t3 Ç 1
more mobile regions. Thus, when comparing theto 3 ns, whose magnitude increases with the size
kinetics of creep or stress relaxation of differentof the regions of low electron density (free volume
blend compositions, or of blends versus the pureholes) in which it forms. Frequently, in the inter-
components, it may be more relevant to use a tem-pretation of PAL experiments, it is assumed that
perature located below the usual midpoint value,the intensity of the oPs component of the PAL
Tg , defined in Figure 1, as the scaling variable.decay spectrum, I3 , which is proportional to the

In this paper, we evaluate the role of concentra-probability of oPs formation, is a measure of the
tion fluctuations, and of changes in free volume,number density of holes.10–18 Also, from the oPs
on the kinetics of stress relaxation during isother-lifetime, the average hole radius R can be deter-
mal physical aging in miscible polymer blends. Tomined from the following theoretical equation:
do this, we utilize blends that are dilute in one
component and compare the rates of tensile stresst3

01 Å 2[1 0 R /Ro / 1
2p sin(2pR /Ro ) ] (1)

relaxation in such blends versus those of the neat
major component in the glassy state at equal tem-Here, DR Å Ro 0 R is the width of the interface
perature distances Tg 0 T from the mid-point Tg .between the hole and the bulk electron density.
In addition, we carry out orthopositronium anni-From experimental results on various molecular
hilation lifetime measurements of free volume assolids, it has been determined that DR Å 0.1656
a basis for interpreting the stress relaxation be-nm. We have established12–18 a quantitative cor-
havior of these materials.respondence between independent estimates of

fractional free volume in amorphous polymers EXPERIMENTAL
and a fractional free volume determined from PAL

Materialsanalysis, hpos , in the form:
Polystyrene (PS) , poly (vinyl methyl ether )
(PVME) , poly (methylmethacrylate ) (PMMA) ,hpos Å CI3 »vh … (2)
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AGING IN MISCIBLE POLYMER BLENDS 485

prepared for pure PS, PMMA, and PPO by directly
molding the as-received materials, also at Tg

/ 407C. Standard ASTM D 1708-84 dog-bone-
shaped specimens and small discs of 8 mm radius
were cut from the molded sheets by blade die. The
former were utilized in stress relaxation experi-
ments, the latter in positron annihilation analy-
ses. These specimens were stored in a sealed des-
sicator to prevent any moisture uptake when not
being used.

Methods of Procedure

Differential Scanning Calorimetry

The glass transition temperatures of blends and
homopolymers were determined using a Perkin
Elmer Differential Scanning Calorimeter 7 at a

Figure 1 Schematic illustration showing the broad- heating rate of 207C/min. Each differential scan-ening of the glass transition region in the DSC trace
ning calorimetry (DSC) testing cycle consisted ofdue to concentration fluctuations and defining the ini-
heating, cooling, and repeat heating scans. Thetial, final, and mid-point transition temperatures Tgi ,
first heating scan provides a rough estimate of Tg ;Tg f , and Tg .
the highest temperature in the transition region
was then chosen as the annealing temperature,
and the sample was annealed at this temperatureand poly(ethylene oxide) (PEO) were purchased

from Scientific Polymer Products, Inc., and poly- for three minutes to eliminate prior thermal his-
tory. The final heating scan was performed imme-(2,6 dimethyl 1,4 phenylene oxide) (PPO) from

Polyscience. Details of molecular characterization diately after cooling (at 1007C/min) from the an-
nealed state. The Tg of the sample was determinedof these polymers are given in Table I. Blends

with wt/wt compositions dilute in one component from this final scan as the point of equidistance
from the baseline, above and below the transitionwere prepared by solvent casting on clean glass

slides. 90/10 PS/PPO and 85/15 PMMA/PEO zone, as indicated in Figure 1. This Tg value was
subsequently used as the reference temperaturewere cast from 5% wt/vol solution in chloroform,

and 90/10 PS/PVMe from 5% wt/vol solution in in selecting the aging temperatures for stress re-
laxation experiments. For the purposes of latertoluene. The solvent-cast films were annealed un-

der vacuum at ambient temperature for two days analysis, we further determined the onset and ter-
minal glass transition temperatures, Tg ,i and Tg ,f ,and then at 657C for 72 h to remove all solvent.

The films were molded at 407C above their glass as shown also in Figure 1. The particular thermal
history for DSC measurements described abovetransition temperatures to obtain square sheets

with a thickness of 1 mm. Similar specimens were was chosen to facilitate definition of a tempera-

Table I Materials Characteristics

Polymer Mw Mw /Mn Tgi
a Tg

a Tgf
a

Polystyrene 280,000 1.75 100 105 110
Polyphenyleneoxide 41,000 1.95 208 212 216
PS/PPO (90/10) — — 107 116 125
Polyvinylmethylether 98,500 2.07 — — —
PS/PVME (90/10) — — 54 72 90
Polymethylmethacrylate 400,000 1.43 105 112 119
Polyethyleneoxide 180,000b — — — —
PMMA/PEO (85/15) — — 52 67 82

a Measured by DSC at a heating rate of 207C/min.
b Viscosity-average molecular weight.
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ture reference scale when comparing the proper-
ties of blends and homopolymers in the glassy
state. Results for Tg , Tg ,i , and Tg ,f are summarized
in Table I. We found that the width of the glass
transition region was dTg Å Tgf 0 Tgi Å 87C for
PPO, 97C for PS, 157C for PMMA, 187C for PS/
PPO, 357C for PS/PVME, and 357C for PMMA/
PEO. Finally, with regard to the 85/15 PMMA/
PEO blend, we note that the DSC thermogram
showed no trace of a melting transition for PEO,
i.e., no evidence of the presence of crystal-
line PEO.

Tensile Stress Relaxation

The variation of stress relaxation at small strains
under simple tensile extension was probed se-
quentially during isothermal annealing in the
glass. These experiments were performed using a Figure 2 Stress relaxation curves for PS/PPO (90/
Rheometrics Solids Analyser II (RSA II) equipped 10) blend during isothermal aging at Ta Å Tg 0 207C
with a temperature-controlled testing chamber. and ta Å 1 h and ta Å 2 h following a quench from the
The RSA II is a microprocessor-controlled tensile equilibrium melt above Tg . Solid lines are least squares

fits to the initial data, and the symbols represent repeattesting instrument featuring air-bearing trans-
tests to demonstrate thermoreversibility.ducers which reduce the stress-strain response

time to less than 5 ms. The sample temperature
is controlled to within {0.57C throughout the du-

E (t ) Å s(t ) /1 (3)ration of measurements (max. 9 h). Sample tem-
perature is measured by a thermocouple posi-

where s(t ) is the stress recorded by the RSA II,tioned at the center of the dog bone.
and the strain applied is 1 Å 0.2%. At the end ofThe testing sequence for stress relaxation mea-
each measurement, the strain was released, andsurements during isothermal annealing was cho-
the sample was maintained at the aging tempera-sen to conform to the schedule suggested by
ture. Aging experiments were carried out at sev-Struik,1 which consists of alternate aging and
eral different temperatures for each blend and ho-measuring periods. The samples were first an-
mopolymer in the glassy state. In Figure 2 (Figs.nealed at Tg / 107C in the test chamber to erase
3–12), we show examples of the reproducibilityprevious thermal history and reach thermal equi-
of individual stress relaxation tests, under equiv-librium. This was followed by a quench to the
alent isothermal aging conditions (ta Å 60 minaging temperature, Ta , by blowing cold, dry air
and ta Å 120 min) following a quench from theinto the chamber. The time required to cool the
equilibrium melt. This experiment was performedspecimen from Tg / 107C to Ta was typically two
on a glassy film prepared from a blend of 10%minutes. The alternative of a faster quench in liq-
PPO in PS. The stress relaxation curve can be welluid nitrogen was rejected because such a high
described by a stretched exponential expression ofcooling rate might introduce internal stresses in
the form1–4:the samples.

The time at which the sample reached the
E (t ) /Eo Å exp(0 (t /t )b) (4)aging temperature was designated zero aging

time, ta Å 0. Successive tensile stress relaxation
tests were carried out at different aging times Thus, in Figure 2, we overlay repeat experimental

data (symbols) on the fits to previous experiments( ta ) . During each test, the sample was kept at
a constant strain (0.2%) , and the stress was via eq. (4) (solid lines). Clearly, the reproducibil-

ity is very good. Note that, in eq. (4), t is a charac-monitored until the testing time approached
10% of the aging time. This ensures that aging teristic relaxation time, and the exponent b char-

acterizes the width of the relaxation spectrum ineffects during individual tests are negligible.
Results were recorded as the tensile stress mod- the sense that the width increases as b decreases

from a value of unity (single exponential decay).ulus (N/m 2) :
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AGING IN MISCIBLE POLYMER BLENDS 487

Also, the average stress relaxation time can be from the known foil thickness to be 7%, the posi-
tron lifetime in aluminum is known to be tscomputed as »t… Å (t /b )G(1/b ) .
Å 0.18 ns, and the p -Ps lifetime is known to be
t1 Å 0.125 ns. The reader is directed to our earlierPositron Annihilation Lifetime (PAL) Spectroscopy
articles, particularly Kluin et al.,13 for more de-
tails of the analytical procedures for PAL spec-In PAL spectroscopy, we characterize the statis-

tics of the time interval between detection of the troscopy.
1.28 MeV gamma ray, which accompanies the
emission of a positron by the Na22 source, and the
0.511 MeV gamma rays, which are produced on RESULTS AND DISCUSSION
annihilation in the polymer specimen. The instru-
ment used in this work has been thoroughly de- Stress Relaxation During Physical Aging
scribed in previous articles,12–18 and consists of
BaF2 and CsF gamma ray detectors, a fast-fast Momentary stress relaxation curves were ob-

tained for polymers and their blends during iso-coincidence system based on EG&G Ortec MIN
modules (model 583 constant-fraction discrimina- thermal physical aging at several temperatures in

the glass, following a quench from the equilibriumtors) and a model 566 time-to-amplitude con-
verter. A cylindrical CsF crystal (1.5 in. length; melt, as illustrated in Figure 2. Typically, data

were recorded at four aging times and fit to the1.5 in. diameter) coupled to a photomultier tube
(Hamamatsu, type H2431) is used as a scintil- stretched exponential expression, eq. (4), using

a nonlinear least-squares Marquardt–Levenburglator to record the 1.28 MeV positron birth signal
and a conical BaF2 crystal (0.8 and 1.0 in. diame- algorithm,26 with an initial value Eo obtained

from the first data point. The resulting b valuester; 1.0 in. length), likewise mounted to a Hama-
matsu H2431Q phototube, records one of the were found to lie within a narrow range. An aver-

age value of b was then assumed, and values of0.511 MeV ‘‘death’’ signals. Positron lifetime spec-
tra were collected on a PCA multichannel ana- Eo and t were recalculated via the same fitting

algorithm. From the excellent fits, it was found inlyzer (Nucleus Inc.) .
Disc-shaped film samples with 8 mm radius general that an average b value is adequate to

describe the stress relaxation process duringwere stacked to 2 mm thickness, the radiation
source 22Na (25 mCi) was sandwiched between short-term isothermal physical aging. Note that

the question of whether b should remain constanttwo 2 mm stacked discs, and the sandwich
mounted in a copper sample holder enclosed during aging is controversial. Matsuoka et al.27

argue that, as aging proceeds, b indeed remainswithin a vacuum chamber. All specimens for
PAL spectroscopy were cut from the same sam- invariant; Rendell et al.28 and Yee et al.29 conclude

that b decreases, while Simha et al.30 find that bple sheet used for mechanical studies. The
source was deposited on thin aluminum foil (1.7 increases. We typically observed a small system-

atic decrease in b as aging time increased. Ourmg/cm2) within an area of diameter 2.5 mm.
Sample temperature was maintained to within approach, however, is to use the data reduction

with fewest floating parameters (i.e., constant b ) ,{0.27C by means of two diode sensors connected
to a temperature controller (Lake Shore Cryo- which is consistent with the results within experi-

mental error. Note that release of the constraintgenics, model 805) .
PAL spectra were fit to a sum of four exponen- of constant b does not alter the conclusions of our

experiments, as discussed later, in terms of thetial decays and convoluted with a resolution func-
tion, by means of the program PATFIT-88.25 The temperature scaling of the stress relaxation time

distribution. Since b can be assumed invariantresolution function was approximated as a sum
of three Gaussians whose statistical weights and during aging, the momentary stress relaxation

curves can be superposed by horizontal shiftswidths at half maximum (FWHM) are deter-
mined by the fitting program. The resolution func- along the logarithmic time axis, thus generating a

master curve at an appropriately chosen referencetion consistently had a FWHM of 0.23 ns equal to
that measured directly using a 60Co source. The time. Master curves constructed in this way are

shown in Figure 3 for PS, PPO, and a PS/PPOanalysis yields the common starting position to

and the four intensities (Is , I1 , I2 , I3) , and four blend at a weight composition ratio of 9 : 1. Each
represents the superposition of stress relaxationdecay constants (ts , t1 , t2 , t3) for each exponen-

tial decay. In this fit, Is , the number of positrons data at aging temperatures Ta Å Tg 0 20, where
Tg is the mid-point Tg , and at aging times ta Å 30,annihilating in the aluminum foil, is calculated

3831/ 8E70$$3831 11-20-96 18:43:41 polaal W: Poly Applied



488 CHANG ET AL.

we now attempt to evaluate how much of the dif-
ference in the scaling of »t… with respect to Tg

0 T is due to the influence of concentration fluc-
tuations in the blend. Certainly, »t… represents,
in principle, an average over the entire stress re-
laxation process; but recall that we calculate it
using values of t and b based on a stretched expo-
nential fit to the initial decay. We consider the
idea23,24 that the widening of the glass transition
zone in the blend is due to the fact that, locally,
there are regions richer in PS and others richer
in PPO than the mean composition (90/10). The
former have their local Tg values between Tgi and
Tg ; the latter between Tg and Tg f . We assume that
it is molecular motion in the more mobile regions
that determine the initial rate of stress relaxation
in the glass and, therefore, that a temperature
located between Tgi and Tg may be a better choice

Figure 3 Superposition of stress relaxation curves for of scaling variable than the mid-point Tg . In Fig-
PS, PPO, and PS/PPO (90/10) blend at different aging ure 5, we utilize the initial value Tgi as the scaling
times (ta ) and aging temperature Ta Å Tg 0 207C. The temperature and find that indeed there is a closer
reference curve was selected at ta Å 4 h. Solid lines are superposition of the »t… values for PS and PS/
stretched exponential fits with exponents b indicated. PPO than in Figure 4. This suggests to us that

the faster rate of stress relaxation in the glass can
be at least partly attributed to the existence of60, 120, and 240 min, with ta Å 240 min as the

reference curve. Clearly, the rate of stress relax- concentration-rich regions. In addition, a signifi-
cant contribution must come from an increase ination is faster in PPO than in PS at equal temper-

ature distances from Tg . Also, the stress relax- free volume introduced by the added PPO. Sup-
port for this interpretation is presented below ination spectrum of PPO is narrower than that of

PS, as manifested by the larger b value. The the form of free volume values obtained from o-
Ps annihilation data.stress decay of the blend is closer to that of PS

than PPO, as is expected since PS is the major It is also of interest to comment on the experi-
mental values of the b parameter in Tables II–component.

Similar experiments were conducted at aging IV. As noted earlier, variations in b may be inter-
preted as indicating differences in the width oftemperatures Ta Å Tg 0 15, Tg 0 25, and Tg 0 30.

The fit parameters, Eo , b, and t and the mean the stress relaxation time spectrum. These may
be interpreted in terms of changes in the degreerelaxation times »t… for all four aging tempera-

tures are summarized in the Tables II–IV. In Fig- of cooperativity of the molecular motion in the
polymer matrix. Central to the idea that mobilityure 4, values of »t… at aging reference time ta

Å 240 min are plotted against temperature dis- in amorphous polymers is controlled by free vol-
ume is the notion that if a particular chain seg-tance Tg 0 T , and compared with literature data

of Ho et al.21 The latter are numerically compara- ment is to move, neighboring segments must be
displaced to accommodate the move, i.e., there isble to our results and show similar trends in that

PPO relaxes faster than PS, though the difference a coupling between the relaxing element and the
surrounding polymer matrix. A broadening of theis smaller. In contrast to our results, Ho et al.

found a universal value of b Å 0.41. Note that relaxation time distribution indicates an increase
in the strength of this coupling.28 Thus, the obser-the data from Ho et al. shown in Figure 4 were

collected 5 min after the start of stress relaxation vation that b decreases with increase of Tg 0 T
(Tables II–IV) indicates an increase in the degreeusing an Instron Tensile Tester, and the blend

data selected from that study correspond to a of cooperativity as one goes deeper into the glassy
state. This is consistent with theoretical modelsPPO/PS composition of 80/20, which is closest to

our value. since, at lower temperature, the density in-
creases, and one expects a stronger coupling be-In comparing the behavior of the 90/10 PS/

PPO blend versus pure PS, and recalling that the tween the relaxing elements.28 Also, the values of
b for the PS/PPO blend are larger than those ofshape of the stress decay is very similar in both,
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Table II Stretched Exponential Curves Fitting Results for PS

Ta ta Eo t »t…
(7C) (min) (1109 Pa) (s) b (s)

Tg-15 30 2.88 511.9 0.47 1166.0
Tg-15 60 2.88 816.3 0.47 1859.0
Tg-15 120 2.91 1276.9 0.47 2908.5
Tg-15 240 2.90 2234.0 0.47 5088.6
Tg-20 30 2.91 1186.2 0.45 2985.4
Tg-20 60 2.93 1783.8 0.45 4489.4
Tg-20 120 2.95 3150.0 0.45 7927.9
Tg-20 240 2.96 5645.0 0.45 14207.2
Tg-25 30 2.97 2507.7 0.41 7748.9
Tg-25 60 2.97 4322.9 0.41 13357.9
Tg-25 120 3.98 8116.8 0.41 25081.1
Tg-25 240 3.02 14386.4 0.41 44454.3
Tg-30 30 2.94 5730.4 0.40 19442.9
Tg-30 60 2.96 8313.0 0.40 28205.6
Tg-30 120 2.99 12610.9 0.40 42788.1
Tg-30 240 2.99 25248.2 0.40 85665.8

the major component PS over the entire range of Finally, we note that the aging rates of the stress
relaxation time, m Å d log »t… /d log ta are smallerTg . Two factors are expected to control the b value

of the blend at a given temperature distance, Tg than unity: for PS, m Å 0.7–0.9; for PPO, m
Å 0.54–0.64; and for PS/PPO, m Å 0.68–0.75.0 T : first is the presence of concentration fluctua-

tions, which will increase b over the pure poly- Thus, the behavior of the blend is very similar to
the major component, PS. According to the discus-mer; second is any change in structure (free vol-

ume) which may, in principle, increase or de- sion of Struik,1 the smaller m value for PPO indi-
cates molecular motion is less self retarding, i.e.,crease b, depending on the nature of the

interaction between the blend components. For there is a lesser degree of cooperativity, consistent
with the fact that b is larger for PPO.the PS/PPO blend, since b is larger than for pure

PS, we infer that the latter effect is dominant, i.e., Next we turn to a comparison of stress relax-
ation during physical aging in a 90/10 PS/PVMEthe added PPO increases the matrix free volume.

Table III Stretched Exponential Curves Fitting Results for PPO

Ta ta Eo t »t…
(7C) (min) (1109 Pa) (s) b (s)

Tg-15 30 3.47 214.1 0.58 337.0
Tg-15 60 3.57 302.8 0.58 476.6
Tg-15 120 3.72 428.2 0.58 674.0
Tg-15 240 3.85 605.5 0.58 953.2
Tg-20 30 3.58 372.4 0.56 617.0
Tg-20 60 3.69 563.6 0.56 903.6
Tg-20 120 3.79 798.3 0.56 1322.9
Tg-20 240 3.92 1168.8 0.56 1936.9
Tg-25 30 3.70 448.9 0.50 897.8
Tg-25 60 3.74 680.3 0.50 1360.8
Tg-25 120 3.92 1031.3 0.50 2062.6
Tg-25 240 4.04 1563.1 0.50 3126.2
Tg-30 30 3.87 598.9 0.46 1415.2
Tg-30 60 3.93 790.2 0.46 2190.1
Tg-30 120 4.10 1222.8 0.46 3389.3
Tg-30 240 4.21 1892.4 0.46 5245.2
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Table IV Stretched Exponential Curves Fitting Results for PS/PPO (90/10) Blend

Ta ta Eo t »t…
(7C) (min) (1109 Pa) (s) b (s)

Tg-15 30 4.89 368.1 0.47 831.0
Tg-15 60 4.92 548.4 0.47 1238.0
Tg-15 120 4.97 775.8 0.47 1751.3
Tg-15 240 4.93 1581.3 0.47 3569.7
Tg-20 30 5.03 463.7 0.48 978.9
Tg-20 60 5.07 692.8 0.48 1462.6
Tg-20 120 5.07 1035.9 0.48 2186.9
Tg-20 240 5.06 2282.3 0.48 4818.2
Tg-25 30 5.16 889.4 0.45 2173.4
Tg-25 60 5.19 1353.7 0.45 3308.0
Tg-25 120 5.27 1994.7 0.45 4847.5
Tg-25 240 5.17 4337.7 0.45 10600.3
Tg-30 30 5.12 1801.7 0.43 4908.8
Tg-30 60 5.17 2149.2 0.43 5855.6
Tg-30 120 5.24 3451.2 0.43 9402.9
Tg-30 240 5.23 5459.2 0.43 14873.8

blend with that of pure PS. The results of isother- PPO. Comparing Table V to Table II, and clearly
evident in Figure 6, we find that the relaxationmal aging experiments on the blend at four an-

nealing temperatures, Tg 0 T Å 15, 20, 25, and rate of the PS/PVME blend is again faster than
that of pure PS; however, the difference is much307C, analyzed by fits to eq. (4), are summarized

in Table V. In Figure 6, we compare the stretched greater than in the case of PS/PPO (cf Fig. 3).
Another distinguishing feature of PS/PVME fromexponential master curves of E /Eo , scaled to aging

reference time ta Å 240 min at Tg 0 T Å 207C. PS/PPO is that values of the b parameter of the
blend are smaller than those of PS. Also, the agingThese were generated for each material by proce-

dures identical to those described above for PS/ rates m for the blend are significantly smaller than
those of PS. All of these observations can be ra-
tionalized by invoking a particularly strong in-

Figure 4 Mean stress relaxation times »t… are plotted
against aging temperature distances Tg 0 T for PS,
PPO, and PS/PPO (90/10) blend at constant aging time Figure 5 Improved scaling of »t… /ta is obtained for

PS/PPO (90/10) blend versus PS homopolymer by us-ta Å 4 hours. Comparisons are made with the »t… data
taken from Ho et al.17 ing Tgi 0 T as the scaling variable rather than Tg 0 T .

3831/ 8E70$$3831 11-20-96 18:43:41 polaal W: Poly Applied



AGING IN MISCIBLE POLYMER BLENDS 491

Table V Stretched Exponential Curves Fitting Results for PS/PVME (90/10) Blend

Ta ta Eo t »t…
(7C) (min) (1109 Pa) (s) b (s)

Tg-15 30 3.00 66.5 0.39 237.4
Tg-15 60 2.96 86.6 0.39 309.1
Tg-15 120 2.77 125.2 0.39 446.9
Tg-15 240 2.85 149.0 0.39 531.8
Tg-20 30 3.26 225.4 0.38 850.9
Tg-20 60 3.29 322.5 0.38 1217.4
Tg-20 120 3.31 435.8 0.38 1645.1
Tg-20 240 3.28 637.8 0.38 2407.6
Tg-25 30 3.40 564.8 0.38 2230.7
Tg-25 60 3.57 822.4 0.38 3248.2
Tg-25 120 3.62 1095.6 0.38 4327.2
Tg-25 240 3.64 1620.2 0.38 6399.1
Tg-30 60 3.67 1656.5 0.37 6926.0
Tg-30 120 3.73 2362.3 0.37 9877.0
Tg-30 240 3.74 3625.5 0.37 15158.5

fluence of the concentration fluctuations on the The smaller values of m in the blend are consistent
with the well-known result that m decreases asstress relaxation behavior in the blend, consistent

with the relatively broad glass transition region proximity to Tg increases (see Fig. 8).1 Note that
the experiments performed at the highest aging(Table I) . Specifically, the large discrepancy in

the temperature scaling of stress relaxation times temperature, Tg 0 T Å 157C, are actually within
the glass transition region of the blend. Again, it»t… can again be substantially resolved by using

Tgi as the scaling temperature, as shown in Figure seems likely that a significant contribution to the
faster stress relaxation in the blend comes from7. The smaller b value of the blend can be inter-

preted as reflecting the presence of microhetero- an increase in free volume from the added PVME,
and this will be supported by o-Ps annihilationgeneities with a wide distribution of mobilities.
measurements described below.

Figure 6 Superposition of stress relaxation curves for
PS and PS/PVME (90/10) blend at different aging Figure 7 Approximate scaling of »t… /ta values is ob-

tained for PS/PVME (90/10) blend versus PS homo-times (ta ) and aging temperature Ta Å Tg 0 207C. The
reference curve was selected at ta Å 4 h. Solid lines are polymer is obtained using Tgi 0 T as the scaling vari-

able.stretched exponential fits with exponents b indicated.
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the same as in pure PMMA, Fourier transform
infrared (FTIR) spectroscopy studies32 indicate a
change in conformation of the PEO from a helical
to a trans planar structure. Also, rheological and
rheooptical studies on PMMA/PEO blends in the
melt report an increase in the viscoelastic relax-
ation times interpreted as due to increased mono-
meric friction coefficients of the two polymers.33,34

Positron Annihilation Spectroscopy

It is of interest to investigate whether any evi-
dence exists for changes in free volume in the vari-
ous blend systems as a basis to interpret the above
stress relaxation observations. We present results
of oPs annihilation lifetime measurements on
each blend and on the corresponding homopoly-
mers as a function of temperature in the glass. In

Figure 8 Temperature scaling of aging shift rate us- discussing these data, we focus first on the oPs
ing Tgi 0 T as the scaling variable. lifetimes t3 and the hole sizes R , computed from

t3 via eq. (1), and then on estimates of the frac-
tional free volume h , determined by combining t3

Finally, we compare physical aging studies of and I3 values using eqs. (1) and (2). Note that
stress relaxation in an 80/20 blend of PMMA/ interpretation of the latter could be influenced by
PEO with those in pure PMMA. The results of the possibility that changes in I3 between blend
isothermal aging experiments on the blend at and homopolymer could reflect differences in oPs
three annealing temperatures, Tg 0 T Å 7, 17, formation due to electronic effects rather than
and 277C, analyzed by fits to eq. (4), are summa- free volume.35 Since oPs annihilation can clearly
rized in Table VII. Corresponding results on
PMMA homopolymer at Tg 0 T Å 7, 17, 27, and
377C are given in Table VI. Stretched exponential
master curves of blend and PMMA homopolymer,
at aging temperature distance Tg 0 T Å 27, are
exhibited in Figure 9. Comparing Tables VI and
VII, and from Figure 9, it is clear that the behav-
ior of PMMA/PEO is dramatically different from
the PS/PPO and PS/PVME blend systems in that
the rate of stress relaxation in the blend is slower
than in the PMMA homopolymer. Apparently,
there is a large reduction in mobility in the
PMMA/POE blend. Obviously, this situation is
not resolved by invoking the presence of concen-
tration fluctuations, e.g., by using Tgi as a scaling
temperature. These observations suggest that the
structure of the blend is altered in such a way
that free volume is drastically reduced. Consis-
tent with this, we note that, in the blend, the
values of the b-parameter are smaller and the
aging rates m are larger, indicating a higher de-
gree of cooperativity in the molecular motion, i.e., Figure 9 Superposition of stress relaxation curves for
a stronger coupling between the relaxing segment PMMA and PMMA/PEO (85/15) blend at different
and the surrounding matrix.28 In this regard, it aging times (ta ) and aging temperature Ta Å Tg 0 277C.
is interesting to note that, while a small-angle The reference curve was selected at ta Å 4 hours. Solid
neutron scattering study31 found that the radius lines are stretched exponential fits with exponents b

indicated.of gyration of PMMA in PMMA/PEO blends is
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Table VI Stretched Exponential Curves Fitting Results for PMMA

Ta ta Eo t »t…
(7C) (min) (1108 Pa) (s) b (s)

Tg-7 60 0.44 56 0.48 125
Tg-7 120 0.44 90 0.48 199
Tg-7 240 0.40 140 0.48 310
Tg-7 480 0.44 192 0.48 423
Tg-17 60 3.25 74 0.48 160
Tg-17 120 3.25 121 0.48 259
Tg-17 240 3.00 277 0.48 485
Tg-17 480 3.00 301 0.48 644
Tg-27 60 7.08 312 0.32 2270
Tg-27 120 7.19 726 0.32 5290
Tg-27 240 7.05 1770 0.32 12900
Tg-27 480 7.37 2250 0.32 16400
Tg-37 60 10.3 1118 0.33 6887
Tg-37 120 10.3 1898 0.33 11639
Tg-37 240 10.0 4185 0.33 25780

occur anywhere in the material, i.e., in regions of radius, there appears also to be an increase in the
hole density, as measured by the oPs intensity I3 .high and low free volume, we use the mid-point

Tg as the scaling temperature. In Figure 10, we These observations are consistent with estimates
of the fractional free volume based on the approxi-compare the temperature dependence of t3 and R

for PS, PPO, and 90/10 PS/PPO. Evidently, the mate relation, h Å (V 0 0.95V *)/V, suggested by
Simha.37 Here, V is the specific volume of the poly-hole sizes are largest by far for PPO, consistent

with its much higher glass transition tempera- mer, and V * is a characteristic parameter which
is computed from PVT data via statistical theory.ture.36 Also, in the blend, in the temperature

range Tg 0 T ú 307C, where the stress relaxation Previously, we have shown16 an excellent correla-
tion between free volume values measured by oPsexperiments were conducted, the hole sizes are

larger than those in pure PS, consistent with the annihilation and those calculated from this equa-
tion. Using specific volume data of Yee38 at 237C,higher degree of molecular mobility manifested in

the shorter stress relaxation times. This picture namely, V (PS) Å 0.950 mL/g, and V (PPO)
Å 0.931 mL/g, and the theoretical values V *(PS)is amplified in Figure 11, where we show the tem-

perature dependence of the fractional free volume Å 0.9611 mL/g and V *(PPO) Å 0.865 mL/g, we
obtain h (PS) Å 0.039, and h (PPO) Å 0.117. Fromh . The higher values of h in the blend reflect the

fact that, in addition to an increase in the hole Figure 11, the h /C values determined from oPs

Table VII Stretched Exponential Curves Fitting Results for PMMA/PEO (85/15) Blend

Ta ta Eo t »t…
(7C) (min) (1108 Pa) (s) b (s)

Tg-7 60 7.06 85 0.32 576
Tg-7 120 7.07 156 0.32 1060
Tg-7 240 7.00 252 0.32 1720
Tg-7 480 7.04 445 0.32 3030
Tg-17 60 9.06 414 0.29 4320
Tg-17 120 9.19 671 0.29 7000
Tg-17 240 9.26 1270 0.29 13300
Tg-17 480 9.00 3470 0.29 36200
Tg-27 60 10.3 1180 0.25 29100
Tg-27 120 10.3 2250 0.25 55600
Tg-27 240 10.0 6350 0.25 157000
Tg-27 480 10.1 9240 0.25 228000

3831/ 8E70$$3831 11-20-96 18:43:41 polaal W: Poly Applied



494 CHANG ET AL.

Figure 12 Orthopositronium lifetimes (t3) and aver-Figure 10 Orthopositronium lifetimes (t3) and aver-
age hole volumes »Vh … for PS homopolymer and PS/age hole volumes »Vh … for PS, PPO, and PS/PPO (90/
PVME (90/10) blend are compared at comparable10) blend are compared at comparable aging tempera-
aging temperature distances Tg 0 T .ture distances Tg 0 T .

the fact that the excess volume of mixing is knowndata for PPO in the glass are approximately twice
to be negative.38

those for glassy PS, reasonably consistent with
A similar situation is found when comparingthe calculated values, bearing in mind that the

oPs annihilation in the PS/PVME blend with thatproportionality constant C is chemistry-depen-
in pure PS. This is shown in Figure 12, where thedent. It is also worth noting in Figure 11 that the
temperature dependence of t3 and R is contrasted,increase in oPs free volume of PS on addition of
and in Figure 13, where the behavior of h is exhib-PPO appears significantly smaller than expected
ited. Again, in the temperature range of the stresson the grounds of additivity, which may reflect
relaxation experiments, the hole sizes and frac-

Figure 13 Apparent free volume fractions, h /cFigure 11 Apparent free volume fractions, h /c
Å I3 »Vh … , computed from orthopositronium lifetimes. t3 Å I3 »Vh … , computed from orthopositronium lifetimes. t3

and intensities I3 are compared for PS homopolymerand intensities I3 are compared for PS, PPO, and PS/
PPO (90/10) blend at equal aging temperature dis- and PS/PVME (90/10) blend at equal aging tempera-

ture distances Tg 0 T .tances, Tg 0 T .
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tional free volume are each increased for the
blend, consistent with the more rapid stress de-
cay. In addition, the magnitude of the increase in
R and h , relative to PS, is much larger for the PS/
PVME blend than for PS/PPO, conforming with
the fact that the rate of stress relaxation is also
additionally enhanced in the former (cf Figs. 3
and 6).

Finally, in Figures 14 and 15, we show, respec-
tively, the temperature dependence of t3 and R ,
and of h , for pure PMMA and the PMMA/PEO
blend. Here, a quite different set of circumstances
is found. From Figure 14, the hole sizes in the
blend are smaller than in PMMA, particularly as
the temperature is decreased into the glass. Even
more striking, the fractional free volume in the
blend is dramatically decreased, indicating a
large decrease in hole density in the blend. Figure 15 Apparent free volume fractions h /c
Clearly, these results are in accord with the dimi- Å I3 »Vh … , computed from orthopositronium lifetimes. t3
nution in molecular mobility manifested in the and intensities I3 are compared for PMMA homopoly-
stress relaxation experiments and suggest that mer and PMMA/PEO (85/15) blend at equal aging

temperature distances, Tg 0 T .the effect is indeed due to a more dense structure
of the blend. A negative free volume deviation was
earlier observed by oPs annihilation in miscible

PS/PVME, and PMMA/PEO, dilute in one compo-polyester blends39 and in miscible blends of blends
nent, and compared with the corresponding be-of tetramethyl bisphenol A polycarbonate/bisphe-
havior in the neat major component at equal tem-nol A polycarbonate.40

perature depths, Tg 0 T . For PS/PPO and PS/
PVME, the relaxation times are shorter than for

CONCLUSIONS neat PS; for PMMA/PEO, the relaxation times
are longer than for neat PMMA. In PS/PPO and

Stress relaxation kinetics was studied in the PMMA/PEO, oPs annihilation measurements
glassy state for three polymer blends, PS/PPO, suggest that these differences are, respectively,

due to an increase, and a decrease in the free
volume of the blend relative to the neat major
component. These conclusions are also supported
by the observed changes in the b parameter,
which describes the width of the stress relaxation
time distribution. Specifically, in PS/PPO, b in-
creases, i.e., the width of the relaxation spectrum
decreases, characteristic of a weaker coupling of
the relaxing elements to the surrounding matrix;
in PMMA/PEO, b decreases, pointing to a
stronger coupling. In PS/PVME, oPs annihilation
data indicate an increase in free volume of the
blend, consistent with its shorter stress relaxation
times, but we also find a decrease in the b parame-
ter. This suggests to us that the stress relaxation
spectrum is broadened by the presence of sites of
widely varying mobility, originating in the con-
centration fluctuations of the blend.

Figure 14 Orthopositronium lifetimes (t3) and aver-
age hole volumes »Vh … for PMMA homopolymer and We thank Professor Robert Simha for useful discussion

and are grateful to the Edison Polymer Innovation Cor-PMMA/PEO (85/15) blend are compared at compara-
ble aging temperature distances Tg 0 T . poration for research support.
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