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Abstract

The influence of blend composition on physical aging behavior was assessed for miscible blends of atactic polystyrene (a-PS) and
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO). At aging temperatures of 15 &i@ t&Jow the midpoint glass transition temperature
(Ty), the a-PS/PPO blends exhibited volume relaxation rates that were retarded compared to additivity based upon the aging rates for pure a-
PS and PPO. This negative deviation diminished with increased undercooling, and eventually the volume relaxation rates displayed a nearly
linear trend with respect to composition at the greatest undercoolingGfté@t was employed. The compositional nature of unaged glassy
density and secondary relaxation intensity, both influenced by the presence of specific attractive interactions in the blend system, were likely
causes for the variation of volume relaxation rate with composition and undercooling. For agintCaedow T, the dependence of
enthalpy relaxation rate on composition was similar to that observed for volume relaxation. Mechanical aging rates determined from time—
aging time superposition of creep compliance data showed significantly less than additive behavior for the blend$ ag@drat, but
unlike the volume relaxation results, this trend persisted at th€ 8@dercooling®© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction state, in turn, result in changes in numerous characteristics
including mechanical, optical, and barrier properties. These
The glassy state is inherently in nonequilibrium from a property changes associated with the time-dependent nature
thermodynamic standpoint. During the cooling of a glass- of the glassy state have been described in great detail by
forming liquid, the relative mobility of molecular segments several fine reviews [1-5]. The time-dependent nature of
becomes increasingly inhibited, in a manner which could be the thermodynamic variables in the glassy state (structural
considered a molecular “log jam”, and eventually a none- relaxation) as well as interrelated changes in bulk applica-
quilibrium glassy state is formed. The formation of the tion properties are collectively referred to as physical aging.
nonequilibrium glass occurs when the relaxation times Because physical aging is a consequence of the non-equili-
become large relative to the time frame allowed for mole- brium glassy state, it is thermoreversible unlike chemical or
cular rearrangements, a time frame dictated by the quenchthermo-oxidative aging.
rate. Departure from equilibrium constitutes a driving force  In principle, all materials can form an amorphous glassy
for relaxation in the glassy state and, consequently, phase if quenched rapidly enough from the liquid state to
decreases in the volume, enthalpy, and entropy occur dueavoid complete crystallization. For polymer systems,
to localized molecular motion in the glassy state. The achieving high crystal contents is not common, and many
temporal changes in the thermodynamic variables of the commercially important polymers are completely amor-
glass are often termed structural relaxation and, consideredphous. Therefore, most polymeric materials that are used
together, result in a decrease in the free energy of theat temperatures below their glass transition temperature
system. The changes that occur in the thermodynamicregion possess significant glassy contents. In addition, rela-
tive to inorganic glasses, polymer glasses are often utilized
mponding author. Tel.:+ 1-540-231-5498; fax:+ 1-540-231- at temperature; that are near,er to _the glass tran,Siti,o,n
9511, temperature region where physical aging rates are signifi-
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polymeric materials an important issue within the industrial generated. The PPO material was obtained from Poly-
community, and this research area has attracted much intersciences (Cat.# 08974) and has a weight-average molecular
est accordingly [5]. weight My) of approximately 50,000 g/mol. The a-PS
This research investigation is concerned with the none- material employed in this study is produced by Dow Chemi-
quilibrium glassy behavior of miscible polymer blends. cal (Dow 685D) and the number- and weight-average mole-
Because the nature of the glassy state formed from simplecular weights for this polymer are 174,000 and 297,000 g/
liquids is far from being completely defined, it may initially mol, respectively, as determined by gel permeation chroma-
seem premature to probe the temporal nature of moretography [23]. All polymer materials were dried under
complex multicomponent polymeric glasses. However, the vacuum conditions at ?Q@ before blending. Films were
research undertaken is timely for at least two reasons. Fromcompression molded from the neat materials and blends,
a practical standpoint, the use of polymer blends is becom-and the resulting films had an approximate thickness of
ing increasingly widespread for the purposes of developing 0.2 mm. All materials were stored in a dessicator cabinet
economically viable materials with novel combinations of prior to testing. The inflection glass transition temperature
application properties. These properties of interest can (T,) was investigated as a function of blend compositionin a
undergo significant time-dependent changes (physicaldifferential scanning calorimeter (Perkin Elmer DSC 7) for
aging) below the glass transition due to the nonequilibrium samples weighing 8—11 mg at a heating rate diCIthin
nature of the glassy state. In addition, the introduction of following a quench from the equilibrium liquid sta(gy +
complexities can provide a means of isolating the effects of 50°C) at 200C/min (seeEnthalpy relaxation measurements
certain molecular features on glassy state relaxations. Forsection for further DSC details). The breadth of the glass
example, insight into the influence of intermolecular forces transition was also assessed for the blend system from the
on the nonequilibrium behavior of the glassy state may be DSC scans. Density measurements were made’@t@dng
provided by the study of miscible polymer blend systems a pycnometer manufactured by Micromeritics (Model
with specific interactions present between the blend AccuPyc 1330).
components.
Physical aging of amorphous miscible polymer blends 5 5 Epthalpy relaxation measurements
has been investigated to some extent [6—21], and an in-
depth review of these investigations is provided elsewhere Prior to aging, samples weighing approximately 10 mg
[22]. The majority of this past research was focused upon were loaded in aluminum pans and quenched into the glassy
enthalpy relaxation/recovery measurements and none of thestate at 20GC/min in the DSC after annealing & + 50°C
studies considered volume relaxation behavior. The goal of for 10 min. Samples were aged isothermallyTgt- 30°C
the present research study is to extensively investigate(® 0.5°C) in ovens under nitrogen purge for various amounts
physical aging as a function of both blend composition of time ranging from 1 to 300 h. Each sample was then
and aging temperature for a widely studied, and commer- scanned in the Perkin Elmer DSC 7 froig — 70°C to
cially important, miscible blend system which is comprised T, + 50°C using a heating rate of 10/min (first heat). In
of atactic polystyrene and poly(2,6-dimethyl-1,4-phenylene order to provide an unaged reference with which to compare
oxide). Both volume relaxation and enthalpy recovery an aged DSC trace, each sample was then annealed in the
measurements are included in this study in order to under-DSC atT, + 50°C for 10 min, quenched at 200/min, and
stand the time-dependent structural state for the blends andscanned fronT, — 70°C to T, + 50°C at 10C/min (second
pure components. The degree to which the physical agingheat). It was necessary to hold the DSC sample for 2 min at
process induces changes in the small-strain mechanicalTy — 70°C to allow control of the heat signal before initia-
creep response for the a-PS/PPO blend system is also anion of the second heat. It is expected that this short amount
integral component of this investigation. Where possible, of time, at this low temperature, has a negligible effect on
this study attempts to derive suitable interpretation of the the structural state of the sample. The extent of enthalpy
aging results in terms of molecular-based concepts. recovery was determined from the first and second heating
scans using two methods to be described later. A third heat
was employed in some cases following annealing at

2. Experimental details Ty + 50°C for 10 min and quenching at 280¥/min. This
third scan was performed in order to illustrate, by compar-
2.1. Blend preparation and characterization ison with the second heat, the thermal stability of the mate-

rial under the conditions employed during DSC testing. All
Blends of atactic polystyrene (a-PS) and poly(2,6- DSC testing utilized a nitrogen purge. An instrument base-
dimethyl-1,4-phenylene oxide) (PPO) were prepared by line was generated every 2 h of testing at a heating rate of
mixing at 265C for 15 min in a Brabender (Model 5501) 10°C/min using empty pans with lids in the reference and
melt mixer using a mixing speed of 70 rpm. A nitrogen sample cells. The ice content in the ice/water bath was
purge was employed during the mixing process. Blends maintained at approximately 30-50% by volume during
with compositions of 25, 50, 75, and 87.5 wt.% PPO were all testing. The DSC temperature was calibrated using the
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melting points of indium and tin, and the heat flow was provided with the instrument. The first heats of the outer

calibrated using the heat of fusion of indium. and center film samples providéel values of 103.5 and
103.0C, respectively. The second heats for both samples
2.3. Volume relaxation measurements yielded essentially equivalent fictive temperatures of

103.4C, a value also obtained for a-PS samples which

Isothermal volume relaxation was monitored for the a- were freshly quenched (DSC quench at ZDnin) and
PS/PPO blend system using a precision mercury dilatometrywhich were not previously subjected to enclosure in the
apparatus described in detail elsewhere [23]. Samples usedlilatometer bulb. The issue is not whether the center of
were compression molded bar samples with weights in the the dilatometry sample lags behind the surface of the sample
range of 4—5g (approximate dimensionsx 1x 4 cnv). during the quench into the glassy state because this is neces-
After a sample was encased in the glass bulb of a capillary sarily the case based upon heat transfer limitations. Of
dilatometer, the dilatometer was placed under vacuum andimportance is the effective rate of cooling experienced by
was subsequently filled with mercury. A vacuum was placed the sample during glass formation, and based upon the
on the filled dilatometer for approximately two days to above study it is clear that the outside and center of the
remove any entrapped air bubbles, and the dilatometerdilatometry sample experienced very similar rates of cool-
was allowed to equilibrate at atmospheric pressure for oneing. The center portion may have experienced a slightly
day following this de-gassing procedure. Just prior to lower cooling rate as evidenced by its low& value
volume relaxation measurements, the materials werecompared to that for the center region, but this cooling
annealed in the dilatometers for 10 min & + 50°C rate discrepancy is certainly not very different on a logarith-
using an oil bath and then quenched using an ice bath.mic scale. The structural state generated upon glass forma-
The sample in the dilatometer was then isothermally tion depends on the logarithm of the cooling rate, and
annealed at the desired aging temperature in a Haaketypical apparent activation energies lead to increases of
model N4-B oil bath with temperature control fluctuations 2-7C in T; with a ten-fold increase in cooling rate. Because
less than 0.CLC. The height change of the mercury in the the initial fictive temperatures generated by the DSC and
capillary was assessed as a function of aging time using adilatometry quenching conditions were comparable, the
calibrated linear voltage differential transducer and initial structural states of the samples were deemed essen-
converted to volume change based on the cross-sectionatially equivalent for the volume and enthalpy relaxation
area of the capillary. The order of the undercoolings (rela- experiments.
tive to Ty) which were used for each blend sample was: 30, ) )

60, 30, 15, 30, 4%. After volume relaxation measurements 2-4. Creep compliance testing

were complete at one undercooling, the material was
annealed 5 aboveT, and requenched into the glassy
state where densification was followed at the next under-
cooling. The three experiments performed Tgt— 30°C
allowed a measure of error to be obtained for the volume
relaxation rate data.

The thermodynamic state of the quenched dilatometer
samples was essentially identical to that of the quenched
DSC samples used to assess enthalpy relaxation as wa
verified in the following manner. Films of a-PS were alter-

The influence of physical aging on tensile creep compli-
ance behavior was assessed during isothermal aging. The
testing was performed on initially unaged film samples
which were freshly quenched after free-annealing at
Ty, + 50°C for 10 min. The small-strain creep response
was probed after aging times of 1.5, 3, 6, 12, and 24 h
using the procedure established by Struik [1]. A Seiko ther-
mal mechanical analyzer (model TMA 100) was used to test
the samples possessing the following approximate dimen-
sions: 30 mm long, 0.2 mm thick, and 3 mm wide. The step

nately stacked with Tefldh films to form a composite . .
i . . . . . stress applied to the samples during the creep measurements
bundle with the approximate dimensions of a typical dilat- . ; :
was kept small in order to insure that the total strain was

ometer sample, and this film bundle was encapsulated in akept well below 0.3% (the majority of total strain values

dilatometer bulb with mercury and de-gassed in thg typical were less than 0.15%). This enables a sample to be inter-

manner. The encase_d material was then annealed in the bu”?nittently tested for its mechanical response during isother-

at'l_'g + SOO.C for 10 min and quencheq o room temperature mal physical aging without the testing procedure

.by Immersion of the d|Iatometer bulbiin an ice bath. Follow- significantly affecting the state of the sample after the stress

ing this quench, the a-PS films were extracted from the bulb is removed and the sample is allowed to recover. The total

inldotgen[t)hseco:;?; 6}22 C_?Qéirelzﬁzs I\évserve\leliegutgsgeziﬁﬁme during which the stress is applied is one-tenth of the

scanne% in the Dsg froﬁiQ _70C torfl' + 50°C at 1(YCC} Yotal cumulative aging time, such that any aging which
9 :

min, annealed afy + 50°C for 10 min, quenched at 200/ oceurs during the creep test can be neglected.

min, and scanned a second time frofiy — 70°C to 2.5. Dynamic mechanical testing

Ty + 50°C at 10C/min. Fictive temperatureT() calcula-

tions were performed on both heating scans for the two Dynamic mechanical measurements (tensile) were made

film samples using the Perkin Elmer analysis software with a Seiko DMS 210 using samples (0.2 mm thick, 20 mm
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Table 1
Glass transition temperature results

PPO content (wt.%) DSC: 1G/min heating scan following 20G/min quench into

glassy state

DMA: 1 Hz, 2°C/min heating

T, (°C) Tg.0nset(°C) Tg,end (°C) Tystart (°C) tané peak temp.C) tané peak onset’C)
0 103 100 106 92 121 103
25 127 122 132 115 146 127
50 149 142 155 134 169 147
75 170 164 177 154 195 172
87.5 195 189 200 179 217 195
100 215 211 218 201 229 212

long, 5 mm wide) which were freshly quenched after free- and the results will be detailed and discussed. Composi-
annealing affy + 50°C for 10 min. The testing procedure tional dependence of both dynamic mechanical response
involved a heating rate of°€/min, a nitrogen purge, and a and glassy state packing will also be considered because
frequency of 1 Hz. The dynamic mechanical spectra were these elements will provide some insight into the observed
determined for the blends and pure polymers fredtdC structural relaxation rate trends. Finally, the discussion will
to above thex-relaxation temperature region. consider the mechanical response changes during physical
aging as determined by creep compliance testing.

When considering the time-dependent glassy properties
of miscible polymer blends and comparing them to the
responses yielded by the pure constituents, the composi-

Changes in the thermodynamic state of a glassy materialtional dependence dfy is an extremely pertinent issue. A
during the physical aging process can be followed by valid comparison of physical aging rates for different glassy
directly monitoring volume changes using dilatometry or materials aged at a fixed temperature is not afforded when
by inferring enthalpy changes by means of differential scan- the glass transition temperatures are widely different. Atac-
ning calorimetry. Both of these approaches were employedtic polystyrene and poly(2,6-dimethyl-1,4-phenylene oxide)
in this investigation of the a-PS/PPO miscible blend system, have glass transition temperatures that are different by

greater than 10C, and, for the purpose of this study,

3. Results and discussion

aging rate comparisons are made at a fixed undercooling
0.000 N .. . .
relative to the glass transition temperature which varies
-0.001 with blend composition. Glass transition results for the a-
Teo PS/PPO blends and the pure components are given in Table
o -0.0024 , s 1, and aging temperatures were selected relative to the
? T, - 30°C “on - inflection (midpoint) glass transition temperatures measured
Q -0.003 1 “%5 by DSC. The DSC glass transition data were obtained using
o 7S s a heating rate of IC/min immediately following a quench
g 00N a-PS/PPOS0 o into the glassy state at 20D, and, hence, these results
2 0,000 © PPO reflect the responses for freshly quenched samples. Another
< ] important aspect to consider is the breadth of the glass tran-
f 0.001 | sition for the blends, and this issue will be dealt with shortly.
i
S -0.002 1, 60°C A 3.1. Volume relaxation
-0.003 - The time-dependent nature of the thermodynamic state
for a glassy material can be assessed by determining volume
-0.004+ changes via dilatometry [24,25], and the densification of the
ol 4 i To0 blends and neat polymers was thus measured. Relaxation of

t, (hr)

volume in the glassy state is often found to display a linear
dependence on log(time), a consequence of the nonlinear

(self-limiting) nature of the structural relaxation process.
With the exception of very short times and when the volume
closely approaches the equilibrium volumé,J at long
times, isothermal volume relaxation at constant pressure
can be described by the following expression, wharés

Fig. 1. Representative volume relaxation data at undercoolings of 30 and
60°C. An aging time of 0.25 h was used as the reference for determining
volume differencesAV values). The negative slope of each data set repre-
sents the volume relaxation rat,, and data points between 0.6 and 80 h
were used in the rate determination.
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approach and employed more realistic undercoolings.
Representative volume-relaxation results are indicated in
Fig. 1 for a-PS, PPO, and the 50/50 blend. Volume relaxa-

« 4 tion rates determined from the dilatometry data are provided
= // for all of the compositions and undercoolings in Fig. 2.
~ '/E /‘ Y Inspection of theby, data reveals interesting trends. The
- " blend aging rates &f, — 15°C and T, — 30°C are clearly
/V/ less than additive based upon the rates for pure a-PS and
PPO. This negative deviation appears to diminish and even-
tually disappear upon aging at temperatures deeper in the
75 100 glassy state. It does appear that a small degree of negative
PPO Content (wt. %) deviation is evident in thby, versus composition data for the

largest undercooling of 6CQ but the trend is not statistically

Fig. 2. Volume relaxation rate as a function of composition for the indicated different than a linear relationship if the typical experimen-
undercoolings. tal error is taken into account. Forthcoming discussion will
attempt to provide explanation for these features observed
from the volume relaxation data.

An investigation of structural relaxation behavior of
1 dv miscible a-PS/PPO blends was also undertaken by Oudhuis
V dlogt, @) and ten Brinke [16], and these researchers assigned respon-

sibility for the observed aging results to the heightened glass

This approach is valid for isothermal volume relaxa- transition breadth for the blends. Their study followed
tion following a fast quench or down-jump into the isothermal annealing at a temperature’@5Sbelow the
glassy state from the equilibrium liquid state, and this onset-glass transition temperature, (as opposed to the
was essentially the experimental procedure employed formidpoint-glass transition temperature used for reference
this study. purposes by the present authors). The authors qualitatively

Isothermal volume relaxation was performed at tempera- noted that the enthalpy relaxation was significantly slower
tures equal to 15, 30, 45, and“€DbelowT, for each blend  for the blends relative to the pure components. The slower
composition. Physical aging studies are often limited to aging rates for the blends were attributed to concentration
temperatures less than °f5 below Ty because relevant fluctuations in the blends, which caused broader glass tran-
time scales are experimentally amenable to characterizingsitions in comparison to the pure components. According
relaxation all the way to equilibrium. However, glassy poly- to the authors, the significance of this glass transition
mers are not typically used as rigid structural materials at breadth-difference between the blends and the pure poly-
temperatures so near to the glass-rubber softening temperamers was that the blends, compared to pure a-PS and
ture region. This research study undertook a practical PPO, possessed regions that were further from the aging

the volume relaxation rate [1,24]:

by = —

18

' ' —u—a-PS
— 1 3 —v—a-PS/PPO23

16 ' B —8—a.PS/PPO50 H
3 ; —&— a-PS/PPOT5
; : —A— a.PS/PPOST.5

=t \

=1l 0 U i i \ i

2] O
iy AU ;

Tg i Ta (DC) Tg,onset I Ta (OC)

Fig. 3. Volume relaxation rates replotted as a function of undercooling. Both the midpoint and onset DSC glass transition temperatures aresemployed a
references.
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0.97 addition, the start of the glass transitiof {,) was deter-
1 mined for each material, and this temperature represents the
o 0967 \ - point where the first significant deviation from the glassy
mg N ] z\} /_Dﬁ heat response occurs dyrlng hgatlng. BecauseTghan
= r\{\ 7‘ v_alues were of nearly equivalent distances below the respec-
2 ] I\I\I /i tive Tgonser Values for the blends and neat polymers, no
;: T T a}dvantage is given by u3|ﬁg,stanversusTgvonsetfor compara-
o 003 4 tive scaling arguments. In order to determine the importance
-“;E | E——ers T - /ZC of the glass transition breadth, the volume relaxation rate
& 092 4| —e—1y60°C LT T data was scaled with respect Tgonsetas well asT,. The
{ | —a—Tg30°C -+ contrasting b results are illustrated in Fig. 3. Applying
091 +—T————T T T interpolation/extrapolation to the data scaled relative to
0 25 30 73 100 Tg.onset(@long the dotted lines), in order to obtain constant
PPO Content (wt. %) undercooling data, results in essentially the same trends

exhibited in Fig. 2. Therefore, the presence of concentration
Fig. 4. Dependence of specific volume on blend composition for freshly fluctuations and their influence on glass transition breadth
quenched glassy samples. cannot be held responsible to any significant extent for the

observed trends in volume relaxation rate.
temperature. It was reasoned that these less-mobile regions An understanding of the negative deviation noted in the
possessed longer relaxation times thus resulting involume relaxation rate versus composition data can be
decreased overall structural relaxation rates for the blendsgained by considering the glassy packing features of the
compared to the pure homopolymers. blend system. The volumes of freshly quenched samples

It now remains to test whether the retarded volume were measured using pycnometry at room temperature,

relaxation rates observed here for the blends at undercool-and thermal expansion coefficients [26] were subsequently
ings of 15 and 3% can be rationalized based upon the glass used to determine the state of packing as a function of
transition-breadth issue. Table 1 provides the experimentalcomposition at the undercoolings of ‘@ and 60C. The
glass transition results for the a-PS/PPO blend system.resulting specific volume results are plotted in Fig. 4, and
Values of the onsefl{ onsg) and the endTyeng temperatures it is apparent that the blends are much more densely packed
of the DSC glass transition were determined via the standardin the glassy state compared to expectations based upon the
technique which is employed by the instrument software. In densities of the pure components. This is, in fact, a well-
established feature of this blend system [27,28]. This
enhanced packing for the blends is a result of the interac-
tions present between a-PS and PPO which modify the glass

= 10 s formation process during cooling. The nature of segmental
& 108 ::Z:ixigzg cooperativity for the a-PS/PPO blends and its influence on
M | ——aPsPPOTS glass transition kinetics is _d'escribed in anoth.er publicatipn
103 | ——apsppo87s [26]. Based upon the specific volume data, it is not surpris-
——PPO ing that the blends age slower than additive expectations at

Ty — 15°C and Ty — 30°C. Prior to aging, the blends have
less free volume than the neat polymers and intrinsically
{1 have lower mobility than additive behavior would suggest.
This causes the initial volume decay for the blends upon
annealing to be retarded relative to additivity, and this
decay in turn causes the relaxation times to sharply increase
further because the glassy structures are already quite highly
packed for the blends. This suggests how the heightened

E" (Pa)

oo —0—
oo —

Lo
dea-a

o ; state of packing for the a-PS/PPO blends can influence the
g 2 self-limiting structural relaxation process. These arguments
= can explain the negative deviation observed intheersus

1 composition data for undercoolings of 15 and°@GObut

0 . cannot account for the change in thg trend which

100 0 100 200 occurred upon aging at undercoolings which were deeper
within the glassy state.
Inspection of dynamic mechanical responses for the

Fig. 5. Dynamic mechanical response for freshly quenched samples using ablends anq pure species can help illuminate th_e reason for
heating rate of Z/min and a frequency of 1 Hz. the stark difference between the volume relaxation results at

Temperature (°C)
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Fig. 6. Loss modulus at the indicated temperatures (a); and a comparison of

property (P) ratios for loss modulus and volume relaxation rate. See text for
additional details.

Ty — 60°C and those afy — 30°C. The dynamic mechanical
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process occurs for a-PS, and, interestingly, this relaxation
does not diminish with increasing PPO content to the extent
that would be expected if only motion of a-PS is held
responsible for the relaxation. An excellent dielectric
study has been carried out on two a-PS/PPO blends contain-
ing 10 and 30 wt.% PPO by Monnerie and coworkers [9],
and the intensity of the peak in the location of fheelaxa-

tion for a-PS was found to increase with PPO content. PPO
is substantially more dielectrically active than a-PS due to
its greater polarity, and, hence, this dielectric analysis
resulted in the important conclusion that PPO motion
must accompany the movement of a-PS. Indeed, this coop-
erative behavior is most certainly responsible for the
secondary relaxation behavior observed here by dynamic
mechanical analysis. Again, specific attractive interactions
between the different molecular species are playing a key
role. It should be noted, however, that while the interactions
modify the apparent strength of the secondary relaxation,
the temperature-frequency location of the relaxation is not
substantially affected.

It now remains to connect the secondary relaxation
features evident in the blends to their structural relaxation
behavior. Struik originally noted that the temperature
dependence of volume relaxation rates appeared to qualita-
tively mimic the shape of the dynamic mechanical &n(
response with temperature, including local increases in

spectra are given in Fig. 5 for all of the blend compositions aging rates with respect to temperature in the vicinity of
investigated. Preliminary research indicated that the secondary relaxations [37]. Therefore, the difference in the
dynamic mechanical response of PPO is sensitive to moist-dynamic mechanical loss intensity (constant frequency)
ure [22,29], and particular care was taken, therefore, to observed for one glassy temperature compared to another
insure that all samples were thoroughly dry prior to testing. may be a semi-quantitative predictor of the relative rates of
The compositional dependence of the glass transition structural relaxation for the two temperatures. A comparison
temperature, and breadth thereof, can be observed fromof the role of blend content on the dynamic loss modulus for
the spectra, and relevant parameters are listed in Table 1undercoolings of 30 and 80 is not overly informative as
The onset of the taf peak was arbitrarily defined for can be seen in Fig. 6a. The ratio of the loss modulus values
comparative purposes as the temperature at which theat T, — 30°C andT, — 60°C does, however, appear to be a
tané reached a value of 0.15 during heating. From the useful quantity, because a remarkable similarity is
loss modulus data, a broad secondary relaxation is notedobserved between the compositional dependence of
for pure PPO in the vicinity of-80°C (y-relaxation) and this parameter and that observed for the ratio of volume
atactic polystyrene displays a relaxati@irglaxation) with relaxation rates (Fig. 6b). As was indicated previously,
a relatively low intensity at approximately ZD. The loca- the dependence of glassy packing on blend content does
tions of these suliy relaxations are comparable to the find- not change in going fronTy — 30°C to Ty — 60°C (Fig.
ings of published studies [30—36]. Some reseachers [33,34]4). The reduced mobility associated with the enhanced
have additionally noted a weaR-relaxation for PPO packing for the blends compared to that of a-PS and
between thex and~y processes. Similar to the results of PPO may be counteracted at temperatures deep within
this current study, Karasz and coworkers [35] did not the glassy stateT{ — 60°C) by the extra localized mobi-
observe the-relaxation for PPO. lity in the blends associated with the unusual coopera-
A comparison of the secondary relaxation responsestive secondary relaxation behavior in the blends. This
evident for the blends with the suly-behavior exhibited can explain the change in this, versus PPO content
by pure a-PS and PPO is possible from the DMA data. trend which occurred with increased undercooling. To
Although the a-relaxation (glass-rubber softening transi- reiterate the essential aspects of the preceding discus-
tion) temperature region varies systematically with compo- sion, this investigation has developed a rationale for the
sition as expected, unusual behavior is present in this blendobserved dependence of volume relaxation rate on both
system with regard to secondary relaxations. It is apparentblend composition and aging temperature. This rationale
that the blends possess relaxation peaks in essentially thavas developed by contrasting both the state of packing
same temperature window where the secondary relaxationacquired upon glass formation and the Sykdynamic
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Fig. 7. Representative DSC enthalpy recovery traces during heatingGndiai following annealing af; — 30°C. The dotted lines represent the second heats

after freshly quenching the samples into the glassy state 4C20.

relaxation behavior of the blends with the respective how the enthalpy relaxation process proceeds in comparison

characteristics of the pure species.

3.2. Enthalpy relaxation/recovery

to the time-dependent behavior of volume for the blend
system. Typical enthalpy recovery experiments were carried
out following annealing for varied amounts of time at aging

temperatures oy — 30°C and Ty — 60°C. Representative

Now that an adequate understanding of the volume first and second DSC heating traces are indicated in Figs. 7
relaxation data has been developed, it is useful to considerand 8 for the different blend compositions. Using the

a-PS S PSIPPO2S
‘ e ~ 30hr ‘_J/\//
= /_J l 0.05 Wig e
E 60 Sb 100 120 140 160 80 100 120 140 160 180
- -PS/ -PS/PPOTS _
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= e g
g fﬁ /
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Temperature (°C)

Fig. 8. Representative DSC enthalpy recovery traces during heatingGndial following annealing afy; — 60°C. The dotted lines represent the second heats
after freshly quenching the samples into the glassy state 4C20h. Note that the scale is different than that used in Fig. 7.
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Fig. 10. Rate of change of enthalpic fictive temperature during aging. Rates
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a using the software provided with the DSC instrument. See text for addi-
tional details.

Fig. 9. Recovered enthalpyA) as a function of aging time for under-
coolings of 30 and 6. Each data point represents the averatefrom

three DSC enthalpy recovery experiments. the system would possess the equilibrium thermodynamic

volume or enthalpy if instantaneously heated, a concept

which is nicely illustrated in a review by Hutchinson [4].
standard subtraction procedure, values of the recoveredDuring isothermal physical aging, the aging temperature
enthalpy AH) were determined, and it is assumed that (T.) is constant but the structural, or fictive, temperature
these positive enthalpies represent the negative enthalpydecreases toward, as structural relaxation progresses.
changes which occurred during the aging interims. The The decrease in enthalpy during the annealing process can
enthalpy recovery results are given in Fig. 9. be simply related to the corresponding decrease in fictive

As will become evident later, transforming théd data temperature using the known difference between the liquid

into fictive temperatureTf) results is informative. It is  and glassy heat capacity for the material of interest. Assum-
useful to have a parameter which quantifies the structuraling that the recovered enthalpy reflects the relaxed enthalpy,
state of a glass, and a commonly utilized order parameter isbut with opposite sign, the following relaxation rate can be
the fictive temperaturd;, introduced by Tool [38,39]. The determined from the values of the slopeAtd/d log(,)
fictive temperature is defined as the temperature at whichprovided by the data in Fig. 9:

_dy 1 dAH
Table 2 d log(ty) AC, dlog(ta)

Observed differences between liquid and glassy heat capacities

2

Consideration of the temperature dependencedGf is

PPO Content AC,q ACY/ACyg AG/ACyg necessary in order to properly evaluate Eq. (2), and Table
(wt. %) /g K) atT, - 30¢C atT, — 60C 2 provides the relevant data for the a-PS/PPO blend system.
0 0.268 1.11 1.20 Using this approach, the relaxation rates were determined
25 0.263 1.09 1.26 from the data given in Fig. 9 for aging temperatures of 30
50 0.245 1.14 127 and 60C belowT,, and the results are provided in Fig. 10a.
;? 5 8231’3 1112 1123; Discussion of this rate data will be undertaken shortly.

100 0213 113 124 Another means of characterizing the enthalpy recovery

response is by direct measurement of the fictive
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Fig. 11. lllustration of enthalpic fictive temperature assessment for a-PS/

PPO50 blend aged &t — 60°C. ) o . .
Fig. 12. Rate of change of volumetric fictive temperature during aging. See

text for additional details.
temperatures from the enthalpy recovery DSC scans (first
heats), using the DSC instrument analysis software. An associated with unusual undershoot behavior may not
example of the determination method employed by the soft- have been offset to the extent it should have been. The
ware is illustrated in Fig. 11 for enthalpy recovery heating measurement of fictive temperatures may be a more appro-
traces that were exhibited by the 50/50 blend. This techni- priate methodology for materials, such as these blends,
que enables relaxation ratesdTi/d log(t,) values) to be where the determination &fH appears to be problematic.
determined, and these are given in Fig. 10b. Both analysis Determination of relaxation rates based upon changes in
techniques provided similar trends in these rates with fictive temperature can also be assessed for volume. This
respect to blend composition at the aging temperature of can be accomplished by dividing the values by the rele-
Ty — 3C°C, but notable differences are present at the under-vant jumps in thermal expansion coefficient Bf, Aa,
cooling of 60C. At T, — 60°C, the blends relax much values of which are given elsewhere [26]. Values of the
slower than additive for the rates determined from MNi¢ volume relaxation rate—dT;/d log(t,) = by/A«) are plotted
data while the direct determination Gk values yielded  in Fig. 12 in order to compare with the rates determined for
essentially a linear trend with respect to composition. A enthalpy. The rate trends are quite similar for volume and
possible source of this discrepancy becomes evident uponenthalpy affy — 30°C, irrespective of which technique was
closer scrutiny of the enthalpy recovery DSC traces in Fig. used to assess the enthalpy relaxation rate. For the under-
8. For the blends containing 25 and 50 wt.% PPO, the recov-cooling of 60C, the direct T; calculation procedure
ery curves undershoot the unaged reference scans (secondppeared to provide enthalpy relaxation rates which exhib-
heats) following the endothermic recovery bumps. Such ited a compositional dependence similar to that obtained for
undershoots were not apparent for samples which werevolume. A valid comparison of direct volume relaxation
annealed aly — 60°C for short aging times, and the degree data with indirect enthalpy relaxation measurements can
of undershoot appeared to become more pronounced withnever be made without some question, particularly in this
increased aging time. The cause for this very reproducible situation where very different trends result from the two
behavior is not known, but it leads to a reduction in the distinct methods used to analyze the same enthalpy recovery
apparent recovered enthalpy, thus resulting in low recovery data. However, based upon the above suggestion that the
rates when the method employing thel data is used. Itis fictive temperature approach may be the best technique for
undeniable that caution must be exerted when interpretingindirectly assessing enthalpy relaxation, it appears as though
recovery response and attempting to directly correlate it to volume and enthalpy display similar relaxation rates for the
the prior relaxation event. Following aging & — 60°C, if blend system at both undercoolings of 30 anfiG0
the enthalpy recovery events for the a-PS/PPO25 and a-PS/
PPOS0 blends are atypically broad, particularly at the low 3 3 aging-induced changes in creep compliance behavior
temperature side of the pig- endothermic peaks, these
breadths may not be able to be discerned decently relative |n order to gain insight into the influence of the changing
to the underlying glassy heat capacity responses. Some posiglassy structure on mechanical response for the a-PS/PPO
tive area may have been omitted, consequently, when inte-blend system, small-strain creep compliance measurements
grating the curves generated by subtracting the referencewere made as a function of aging time. Typical data are
scans from the recovery scans. Hence, the negative arealisplayed in Fig. 13 for a-PS, PPO, and the 50/50 blend.



C.G. Robertson, G.L. Wilkes / Polymer 41 (2000) 9191-9204 9201

-005 N ta: L5 hr _0_05 4 & T.a’—“ 1.5 hr
t,=3hr ¢ t,=3hr
-0.10 - t, = 6 hr (ref) 010 | .« t =6hr(red)
015 e || o =12t
OIS . oo
-0.20 020 1
-0.25 4 -0.25
= = s 3
'S -0.30 - P 3 8
Ky & 030 i oc
< ©
N’ Nl T T T T T T T
o -0.05 - A -0.05 4
o = a-PS/PPO50
S -0.10 4 & 010
-0.15 4 -0.15
-0.20 - -0.20 A
-0.25 - -0.25
-0.30 -0.30 -
00 05 1.0 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
(a) log[creep time (s)] (b) log[creep time (s)]
005 * =15k
© t=3hr
-0.10 4| =t =6hr(ref)
o t=12hr
SRCE |y
-0.20 - ot
-0.25 Dol
= S g e
‘s -0.30 °
[~
&) :
N’
A -0.05 -
=)
© -0.10 1
-0.15
-0.20 -
-0.25
-0.30 -
00 05 10 15 20 25 30 35 40
(© log[creep time (s)]

Fig. 13. Creep compliance responses for a-PS (a), a-PS/PPO50 (b), and PPO (c)lgge@@&C. Upper plots depict the data as a function of aging time, and
the lower plots are the master curves generated at a reference aging time of 6 h as well as the stretched exponential fits to the master curvétygataly-or clar
every fifth data point is included in the master curves.

Horizontal and vertical shifting were used in the typical parameter is defined as [1]

manner to generate master curves, and time-aging time

superposition appeared to be sufficiently valid for the d log(a,) ty)

blends and pure species. The degree of horizontal shift- & = Wg(ta) wherea;, = ) )

ing can be used to determine a parameter, which @ aref

may be considered a mechanical aging rate, and this The compliance curve at an aging time of 6 h was
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Fig. 14. Mechanical aging rates determined from horizontal and vertical Fig. 15. Variation of the stretched exponential function parametarsd 3
shift factors used during formation of creep compliance master curves.  with composition for creep compliance response Tgt— 30°C and
T, — 60°C.

selected as the reference, and the shift fa@gy was deter-

mined from the amount of shifting to the left on the 44ing. The relaxation parameters are indicated in Fig. 15 as
log(time) axis which was required in order to superimpose 3 function of aging time and undercooling. The relaxation
a data set with the reference curve. The valueg.afiere time functions were broader for the blends in comparison to
subsequently determined, and these results along with theine pure polymers, and this is not surprising based upon the
vertical shift rates are shown in Fig. 14. The dependence of yrgader glass transition responses yielded by the blends.
w on blend composition indicates that the blends age much a|so, the relaxation time function appears to broaden with

slower than additive at botRy — 30°C andT, — 60°C. Itis  jncreased undercooling for both the blends and neat

trends are present in the vertical shift rate data because ofg|axation time function also broadens with increased
the large error bars. It does appear as though the composiaging time for a given undercooling. Although time-aging
tional trends for the vertical shift rates mimic, to a certain jme superposition may not be valid in the strictest sense
extent, the corresponding relationships observed between pecause of this expectation, decent superposition of the data
and PPO content. . was apparent and the degree of shifting can still be informa-
Further analysis of the creep-compliance master curvestiye, The role of composition om att, = 0.6 h indicates

can provide information concerning relaxation times and that the blends are inherently less mobile than additive for
their breadth. The master curves were fit using the stretchedygth undercoolings, and this is consistent with the negative

exponential expression: deviation observed for the specific volume (unaged) versus
t\B composition data. The additional mobility which was mani-
D(t) = Do exp(;) C fested in the volume relaxation response3at 60°C due

to the cooperative secondary relaxations for the blends, as

The 7 parameter represents the most probable relaxationwas previously hypothesized, apparently did not play a
time for the reference aging time, agdorovides a measure  significant role in the unaged mechanical relaxation times
of the relaxation function breadth. Exponential relaxation is for the blends compared to the influence of initial density
given by 8 = 1, and the relaxation function broadensfs  features.
decreases from this value towards zero. Because it is more Although the dependence of the initial relaxation time on
useful to compare the relaxation times before any significant composition can be rationalized, the increases in the relaxa-
aging has occurred, the relaxation times determined from tion times during aging, which define the mechanical aging
the fits were scaled back to an aging time of 0.6 h using the rates, show some unusual behavior. The negative deviation
w values. During ensuing discussion, the relaxation times atin w with respect to composition &, — 60°C is a peculiar
this short aging time of 0.6 h will be assumed to be repre- result because the volume relaxation rates were essentially
sentative of the initial creep compliance behavior prior to linear with PPO content at this undercooling. One of the
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0.6 rates for pure a-PS and PPO. Broader glass transitions for

= —o0—Tg-30°C the blends in comparison to a-PS and PPO were not respon-

— 05 o T.-60°C sible for this volume relaxation trend as was proven by

3. ] g rescaling the data with respect to the onset of the glass

S 04 transition temperature. A heightened state of glassy packing

:3 for the blends was held responsible for the volume relaxa-

C}I} 0.3 4 tion behavior atTy— 15°C and T, — 30°C. The negative

o2 §\ deviation in the volume relaxation data diminished with

Z . .

= o2 \ increased undercooling, and eventually the volume relaxa-

= g\\_\——% — tion rates displayed a nearly linear trend with respect to

= . - . .

= 014 ~— composition at the greatest undercooling of&0which

& was employed. This change in trend is conjectured to be
0.0 4 . : —— caused by a unique cooperative secondary relaxation

0 25 50 75 ']éo process in the blends in the vicinity of tigerelaxation for
a-PS which played more of an active role for aging
PPO Content (wt.%) performed deep in the glassy state. Enthalpy recovery
) L . experiments were performed following aging at undercool-
Fig. 16. Sensitivity of mechanical creep changes to structural volume . £30 and 6t dt thod dt |
changes for the blend system at undercoolings of 30 afd.60 Ings o .an ! an. W0 methods W_ere US(? 0 analyze
the data in order to infer the relaxation which occurred

during the annealing process. Both techniques gave similar
characteristics which is often linked in a causal manner to results for aging performed a — 30°C, and the composi-

mechanical mobility is free volume. A pertinent quantity is, tional dependence of enthalpy relaxation was similar to that
therefore, the degree to which a reduction in volume affects observed for volume at this aging temperature. Due to
the mechanical properties during aging. The sensitivity unusual enthalpy recovery responses for the blends with
parameter, S, indicates the extent to which mechanical 25 and 50 wt.% PPO following aging & — 60°C, a discre-

property changes are influenced by the changing struc-pancy existed between the trends exhibited by the enthalpy

ture [1]: relaxation data using the two methods. Therefore, a compar-
2303 ison of volume and enthalpy relaxation rates was inconclu-
S= ’bv (5) sive at the undercooling of 80. The variation of

mechanical aging rate with composition exhibited a signifi-
Inspection of the variation of sensitivity with composition Cant negative deviation from additivity, and this trend
and undercooling in Fig. 16 reveals that the increase in featuring substantially retarded aging rates was present at
sensitivity upon going fromT, — 30°C to T, — 60°C is both undercoolings of 30 and BDwhich were investigated.
less than expected for the blends relative to the behavior '€ compositional dependence of glassy packing appeared
of a-PS and PPO. As was stated earlier, no significant differ- 10 b€ the governing influence on the initial mechanical beha-
ence in the role of PPO content on the initial mechanical Vior prior to aging at both temperatures of — 30°C and
relaxation behavior was evident for an aging temperature of T ~ 60°C. Strength for this argument was provided by the
T, — 30°C compared tdT, — 60°C. The evaluation of the relaxation time parameters which were determined by fitting
sensitivity parameter, however, revealed that the impor- the creep compliance data. However, although the depen-
tance of aging-induced densification in dictating the degree dence of the initial mechanical response on the unaged state
to which the creep response shifts to longer times became®f Packing for the blend system was similar for the under-
noticeably diminished for the blends compared to additivity ¢00ling of 30C compared to 6T, the sensitivity of
for aging performed deeper within the glassy state at Mechanical property changes to the volume relaxation
T, - 60°C. response was quite different for the blends at the two
aging temperatures. The relaxation time distribution
breadths inferred from the creep compliance master curves
4. Conclusions by stretched exponential fits applied to the data indicated
that the blends possessed broader distributions than the pure
The physical aging process was investigated as a functioncomponents. This was consistent with glass transition
of blend composition and aging temperature for the a-PS/ breadths measured by both differential scanning calorimetry
PPO blend system by employing volume relaxation, and dynamic mechanical analysis.
enthalpy relaxation/recovery, and creep compliance
measurements. At aging temperatures ofCland 30C
below the midpoint glass transition temperatufig),(the Acknowledgements
a-PS/PPO blends exhibited volume relaxation rates, which
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