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Abstract

Thermoplastic polysulfone (PSF) was melt blended with a novel oligomer poly(bisphenatBPA) to produce samples of varying
composition by weight PSF-BPA of 99/1, 95/5, 90/10, and 58/42. Miscibility studies, performed via differential scanning calorimetry and
dynamic mechanical spectroscopy, show a singlentermediate to the pure componels, over the composition range of 1-42 wt%
oligomer. Viscosity, tensile properties, moisture uptake, aging rate, specific volume, PALS free volume, and thermal stability of the blends
are examined. Addition of as little as 1 wtb-BPA to PSF reduces melt viscosity as measured by rheometry and causes a significant
reduction in torque and RPM in the Brabender Plasti-corder. Additiom-8PA to PSF causes a ductile to brittle transition in tensile
properties, a decrease in relative free volume as probed by positron annihilation lifetime spectroscopy (PALS) and a decrease in water
diffusion coefficient. Aging results in a decrease in the relative concentration of free volume elements forBfghloadings. Humidity
absorption produces a decrease in the relative size of free volume elements in the pure components and the blends. The thermal stability of the
blends with low loadings ain-BPA (480—504C) is comparable to that of PSF (499—-80%. The aging rate of the blends is intermediate to
that of the pure component®. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction ketone)s which proved difficult to process due to very
high Tgs. In an effort to improve the processability, they

Use of the novel oligomer poly(bisphenol-AjyBPA) as then solution blended the polymers with two kinds of
a processing aid for high temperature thermoplastics wasoligomers, a low molecular weight poly(phthalazinone
first reported by Robertson and Ward [1]. Addition of ether sulfone ketone) and a commercially available poly(-
m-BPA to a polysulfone (PSF) melt causes a substantial ether sulfone). They reported significant decreases in melt
drop in the torque and the rpm of the Brabender Plasti- viscosity coupled with retention of mechanical and thermal
corder torque rheometer. The mechanism of viscosity reduc-properties of the neat polymer.
tion may be related to polymer-oligomer interactions and  Seibel and Papazoglou [6] chose oligomers as a way to
the influence of the oligomer on free volume [2—4]. In an increase flame retardancy in polycarbonate. They added
effort to understand the potential benefits and limitations of brominated polycarbonate oligomers to bisphenol-A poly-
oligomer addition to high temperature engineering thermo- carbonate and then correlated processability and mechanical
plastics, and in order to further investigate the rheological properties to the oligomer using antiplasticization theory.
effects of addition om-BPA to PSF, samples were prepared The authors found that tensile stiffness was improved only
over a range of compositions as well as solid state propertiesat high levels of oligomer addition, but rheological properties
were measured. were unaffected.

The concept of utilizing oligomers as additives for Rheological properties in a polymer—oligomer system
polymers is not new. For example, Meng et al. [5] first were studied by Myasnikova et al. [7] for the case of
synthesized a series of poly(phthalazinone ether sulfonemethacrylic oligomers and polymethacrylates. Schnall [8]

also demonstrated the use of oligomeric additives to

*Corresponding author. Tel:+1-540-231-5876; fax:-1-540-231-8517. improve f”m uniformity in_ high-solids baking syste_r_ns. In
E-mail addresstward@chemserver.chem.vt.edu (T.C. Ward). the adhesives area, oligomers have been utilized as
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OH of blending behavior can enable scientists and engineers to

tailor properties for applications as diverse as adhesives or
CH3
OO0
CH3—C—CH; ¢ Y f .
0

structural parts.
CH3

2. Experimental

OH PSF 2.1. Sample preparation

m BPA The materials used in this investigation are Utigloly-

Fig. 1. Materials used in this study. sulfone (PSF), provided by Amoco, and a novel oligomer,
poly(bisphenol-A) (-BPA). The PSF is an injection
molding grade with a number average molecular weight

tackifiers for rubbery polymers, and it was recently shown of approximately 26,600, whilen-BPA is an oligomeric

that blend miscibility is particularly important to mechan- material with number average molecular weight of 5400

ical properties such as fracture energy, peel strength, andand weight average molecular weight of 16,800 from our

holding power [9]. GPC analysis. The PSF molecular weight measurements
Goldanskii et al. [10] reported on the morphology, were taken using an on-line viscometer, so reported quan-
specific volume, and PALS free volume of blends and tities are absolute molecular weights. The oligomer values
copolymers of epoxide oligomer and metal—organic were taken relative to polystyrene standards. The structures
oligomer; however, these systems were thermosets andof these materials are shown in Fig. 1. All materials were
phase separated for compositions of 20 and 50 mol% dried overnight in a vacuum oven to remove moisture and
oligomer. Pfau and Mayo [2] reported PALS and viscosity residual solvent, and then stored in a dessicator prior to
data for high solids coating oligomers as a function of testing. Glass transition temperatures for the neat materials
solvent addition. Viscosity reduction was shown to be were measured via differential scanning calorimetry (DSC)
dependent on solvent type and was attributed to the effecton a Perkin—Elmer DSC 7 at a scan rate 6iclénin *. The

of solvent—oligomer interaction on free volume. The PALS T, values were found to be approximately 13%nd 186C

parameterr; was used to characterize the average free for mBPA and PSF, respectively.

volume of the solvent—oligomer systems adnpdvas used The materials were melt blended in a Brabender Plasti-

as a relative measure of the number of free volume sites. Itcorder torque rheometer utilizing a 60 g mixing head. PSF

was found that; was lower for mixtures of equivalent free  was added to the blender first and allowed to melt. Then the
volume but stronger solvent—oligomer interactions. The mBPA was added and the temperature lowered to prevent
combined effects of free volume increase with efficient degradation of the oligomer. Blends with compositions of
disruption of oligomer—oligomer interactions in favor of 90/10, 95/5, and 99/1 on a weight basis were prepared at
solvent—oligomer interactions were suggested as respon-temperatures of 240-28D and about 75 rpm. Mixing
sible for viscosity reduction. Pfau and Mayo [11,12] also times ranged from approximately 5 to 15 min, as the
reported that the PALS free volume parametgdisplayed concentration of PSF increased. It should be noted that
lower than additive behavior over the composition range in upon the addition of the oligomer, the torque and rpm of
miscible blends of polycarbonate/polycaprolactone (PC/ the melt blender dropped substantially. Torque values fell

PeCL) and polystyrene/poly(2,6-dimethyl-1,4-phenylene- from about 1.7 N m to essentially zero. This response indi-

oxide) (PS/PPO). This less than additive PALS free volume cates that the oligomer may have potential as a processing

behavior in miscible blends was discussed in terms of the aid.

specific interactions and volume contraction predicted by It should be noted that one other blend, 58/42 PSF/

mean field thermodynamic theory [12]. m-BPA, was prepared under the same conditions described

The present work characterizes blends of polysulfone/ above. Since any oligomer would be used only at an additive
m-BPA oligomer (PSRFh-BPA). In the quest for tailored level of less than a few percent, this blend was prepared
properties, blending can be a cost-effective alternative to purely for the purpose of elucidating miscibility. It was
synthesizing new polymers. As polymers become more hypothesized that if twdl,s were present in the blends

popular for use in engineering applications, the range of (i.e. immiscibility or partial miscibility), then having a

properties expected from these materials has never beenarger concentration of the oligomer would help distinguish

broader. While most binary polymer systems are immiscible a second’,. Data for this blend are not available for all tests
due to their positive free energy of mixing [13—16], there but are included wherever applicable.

are several systems, such as PPO/PS and polystyrene/poly- Following melt blending, samples were prepared in a

vinylmethylether (PS/PVME) [17] that demonstrate Pasadena Hydraulics compression molder at°@4and

complete miscibility. Oligomers as blend components are around 750 psi. The samples were left in the press for 45

the miscible example of interest to us. A full understanding minutes to one hour to let any air bubbles migrate to the
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edges and to allow for sample relaxation. Unless statedautomated EG&G Ortec fast-fast coincidence apparatus

otherwise, all samples were freshly quenched frogn temperature stabilized at Z3. The source consisted of
10°C (15 min anneal) and stored overnight in a vacuum 1.3 MBq of NaCl deposited on Ti foil and sandwiched
oven prior to testing. between identical samples of 1.3 mm thickness. This source
gave a single component-(L67 ps) fit to annealed alu-
2.2. Thermal testing methods minium; hence no source correction was used in the analysis

of the data using the PFPOSFIT program [18]. The spectra
were modeled as the sum of three decaying exponentials;

H o -1
eaghc ble_nd at akheatllng ratgcof mmﬂ from d30_ . only the third component 76, 15) showed systematic
250°C using a Perkin—Elmer DSC 7. Furthermore, dynamic |- iation with composition and will be reported. The

mechanical testing was carried out on each blend as well aSpA| S results did not vary as a function of contact time
on neat PSF using a Netzsch DMA 242 in the dual cantilever

hmod_e. Tempe;a%reg, [zlanged fro?ﬂgo t? 12240(: at 2 collected for each sample, and the results are the mean
eating rate o min °, an amplitude of 12Qum, an values with error bars based on population standard

freqqencigs of 01 025, 1, 5, 10, and 25 Hz. Thermo— deviation. Samples were measured in quenched and aged
gravimetric analysis (TGA) was performed on the materials conditions (i) in ambient air (2Z, 50% RH): (i) in ultra-
in order to measure thermal stability. A DuPont Instruments dry nitrogen; and (iii) post-vacuum anneal (25 in Hg°G7

951 Thermogravimetric Analyzer was used with the for 48h) in ultra-dry nitrogen. The aged samples were

temperfatylrt_e r_amped ffom 30-9@0 at a rate  of prepared by storage for 6 months in ambient conditions.
20°C min~~ in air, and weight loss was monitored.

To observe the changes ify, DSC was performed on

with the °Na source. From seven to nine spectra were

2.3. Rheology 2.7. Dynamic mechanical testing

Rheological testing was performed on four of the blends  |n order to observe potential changes in the Sytrans-
in a Rheometrics rms 800 parallel plate rheometer. itions, further dynamic mechanical analysis was performed
Frequency sweeps were carried out at 2% strain at aon a Seiko DMS 210. Samples of 2 rirross-section and
temperature of 29C from 0.1-100Hz. This testing long enough for a 10 mm clamping length were run in
temperature was chosen to reflect the temperaturetension at 2C min~* from —150 to 50C at 0.1, 0.3, 1, 3,
experienced in the Plasti-corder. 10, and 20 Hz.

2.4. Specific density
2.8. Mechanical testing
Measurements of specific volume were made using a
Micromeritics AccuPyc 1330 pycnometer. This instrument  Mechanical properties of the blends were measured using
measures density by a volume displacement technique usingg Polymer Laboratories Miniature Materials Tester (mini-
Helium gas. Each run in the pycnometer involves five purge mat). Samples were cut using an ASTM D3368 dogbone die
and fill steps, so density is measured five times. The datasuch that the width was 3 mm and the gauge length was 1

presented are the average of two to five such runs. cm. Thicknesses varied from 0.5—-1 mm. Each specimen
was pulled at a rate of 5 mm mihto a maximum load of
2.5. Moisture uptake 200 N and up to 20 mm displacement to generate a stress—

strain curve. Tensile modulus, yield strength, and toughness

Moisture uptake behavior of the blends was also (or strain energy) from the area under this curve, were
examined. Samples approximatelx3 cnf and thickness  ¢ajculated.

0.5—1 mm (where thickness was much less than length or
width) were dried and then freshly quenched and weighed.
They were then placed in water at room temperature and2.9. Physical aging
weight was periodically measured as a function of time
using a Mettler AE200 analytical balance. Using Fick's

law to fit the data, values were obtained for the diffusion

coefficient and the equilibrium mass uptake. In addition,
humidity absorption was calculated by exposing samples
to 23C and 50% relative humidity (RH) and subsequently

measuring the weight loss on evacuation for 48 h in a
vacuum oven at 3.

Physical aging rate measurements were carried out in the
Perkin—Elmer DSC 7. Each sample was taken aligvier
15 min to erase any thermal history and then quenched to
room temperature at a rate of 2@min . Next, the
material was taken to a temperature *€.Below theT,
for that blend composition and held for 0.1, 0.3, 1, 3, 10,
and 30 h. Then it was again quenched and scanned at a rate
of 10°C min™%. After once again erasing thermal history, the
2.6. Positron annihilation lifetime spectroscopy sample was scanned at°fOmin~* to obtain the unaged
heat capacity. For each blend composition, a single sample
Measurements of PALS parameters were made using anwas utilized for each of the six aging times.
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12+ Tgs of the neat components and is approximately given by
10 PSF the Fox equation with mass fractions [19]:
8 1 W W,
£ T, T_l1 T_22 @
S 90/10 ¢ ’
§ 41 95/5 or by Couchman'’s equation with massgg20]
E (2)_- 99/1 T — MACy)InTy + myAC,)In T, 2
£ ] 58/42 ’ My (AGy,) + My(AC,,)
'20 4] m-BPA with AC,; = 0.222 J(g °C) andAC,, = 0.305 J(g °C). One
— should note the difficulty in obtaining an accurate value for
-6 . . . .
; . ' ' , AC,, if there is a relatively small heat capacity step, as was
100 150 200 250 the case for the oligomer of our study. Therefore, it is uncer-
(a) Temperature, °C tain how much error exists in thg, value calculated from
the Couchman method. The data in Table 1 compare the
08 measured and calculatdg values (Egs. (1) and (2)).
] PSE ‘ 3.2. Oxidative behavior
0.6 =-nmmm- 99/1 A% o _
R Udel has many applications as a high use temperature
P 95/5 ; material. Furthermore, the hydroxyl groups on the oligomer
= 044 ___ 90/10 should impart antioxidant behavior to this material [21] and
= i promote thermal stability. It is thus of interest to examine
0.2 Y2 the high temperature behavior of the Udel blends. As seen in
] Table 1, the oligomer depresses the 5% weight loss tempera-
0 ture slightly relative to the neat PSF. However, the blends
are still thermally stable to about 480, adequate for most
150 200 250 ' applications.
(b) Temperature, °C 3.3. Rheology
Fig. 2. (a) DSC scans of all blends indicating singlgand hence misci- Since the processing of any thermoplastic is largely a
bility. (b) DMTA data for some of the blends demonstrating a sirfigland matter of the melt viscosity, frequency sweeps were
hence miscibility. performed on four of the blends to quantify the effect of
oligomer on rheology. The data were then normalized by
3. Results the viscosity of the neat PSF in order to more clearly quan-
tify how the oligomer affects the blend. These results are
3.1. Miscibility illustrated in Fig. 3.
Clearly, the 25% decrease in viscosity upon addition of
It is well accepted that the presence of a singjeriTa oligomer to PSF does not account for the large drop in

blend is indicative of miscibilty for that system [13,14]. torque observed during melt blending. However, it should
Based on data from DSC and dynamic mechanical tests, abe noted that the rheometer conditions of 100 Hz and 2%
singleTy is observed for each of these blends (Fig. 2a and b) strain are less vigorous than actual conditions encountered
indicating full miscibility over the composition range under during processing in the Brabender. Under more severe
investigation. Further, this observéglis intermediate tothe  conditions, shear thinning could be more pronounced,

Table 1

Oxidation and DS results for blends

Melt blend 5% Weight T, onset PredictedT (°C) PredictedTy (°C)
composition loss (C) (°C) [Fox Eq. (1)] [Couchman, Eq. (2)]
PSF 499-504 186 - -

99/1 502-504 183 185 185

95/5 494-495 182 183 182

90/10 480-489 179 180 179

58/42 407 160 163 160

m-BPA 348 135 - -
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These equations are not intended to be quantitative; but,

-
2 [ ; " . the qualitative changes in oPs lifetime reflect qualitative
2 - changes in the characteristic length, 6f free volume
. Vv, S ; cavities (radius, cuboid side) [23]. Over the range of life-
_O: M ; times (1-3 ns) typically measured for polymers, one can
S v v ; approximater; oc |, such that volume of the cavitie¥, oc
= = PSF v . (I, scales withr3. In the absence of oPs inhibition [25], the
§ e PSF/m-BPA99/1 v 2 . statistical weight I3 is representative of the relative
Z 4 PSF/m-BPA95/5 v 2 concentration of free volume cavities.
v PSF/m-BPA 90/10 v The data in Fig. 5a and b for quenched and aged samples
, : i , at ambient conditions lead to several observations. Addition
01 1 10 100 of mBPA to PSF decreases the mean free volume cavity

Frequency [Hz] size, 73, but the relative number of cavitieg;, remains
approximately constant for additions up to 10 wt%. The
relative free volume concentration as indicated hy
decreases for oligomer additions greater than 10 wt% and
leading to a lower viscosity for the blends containing more decreases with aging in the highBPA containing samples.
oligomer. At present, this explanation remains a hypothesis. This reduction in 4§ on aging is consistent with results
reported for aging of glassy bisphenol-A polycarbonate
3.4. Pycnometry data [26—29]. The less than additive; behavior with compo-

) ] sition is observed for both quenched and aged samples and
Fig. 4 shows the results of the pycnometry testing. The may be reflecting the miscibility [11,12].

data are shown in terms of the specific volume. The dotted Figs. 6a and b consider the effects of moisture uptake on
line indicates the result expected from linear additivity. he PALS free volume parameters. Moisture uptake, for
Within experimental error, the blend specific volumes gamples exposed at Z3to 50% RH, causes a decrease in
display approximately linear additivity with composition - with little or no effect onls. The data in Fig. 6a and b
except for the 58/42 blend which shows less then volume ¢ompare samples with ambient moisture content (humidity
additivity. This behavior at 42 wi%nBPA may be due 1o gpgorption as per Table 2), to similar samples exposed to
some interactions between PSF and the oligomer which jtr4_dry nitrogen, and to similar samples evacuated for 48 h
cause the chains to pack more closely than additivity in the vacuum oven and exposed to ultra-dry nitrogen. Ultra-
would suggest. Thus, at higher oligomer loading levels, gy nitrogen exposure increasesby 0.02 ns whilst vacuum
the behavior of the blend is consistent with a miscible 5yen plus ultra-dry nitrogen causes an increasersrof
system. 0.04 ns. Thus, humidity absorption in the PSMBPA
system results in a decrease in the mean free volume cavity
size, 73, as measured by PALS.

Because PSF is known to absorb significant amounts of
moisture, and because the oligomer has two pendant
hydroxyl groups on each repeat unit, the moisture uptake
behavior of these blends was of interest. Using the technique
outlined in the Section 2, and fitting the moisture uptake
data (see Fig. 7) to Fick's Law, a diffusion coefficient, D,

Fig. 3. Frequency sweeps for four of the blends at’29@nd 2% strain.

3.5. PALS and moisture uptake

Positron annihilation lifetime spectroscopy (PALS)
examines free volume from a more molecular perspective.
Semi-empirical equations relating orthoPositronium (oPs)
lifetime 73 to free volume cavity size have been developed
for spherical, ellipsoidal, and cuboidal cavities [22—-24].

and an equilibrium mass uptaksy,, were measured for
0.86 1 freshly quenched samples as shown Fig. 8a and b. One
—_ should note here each value is the average over two samples.
o0 0.85 - _ ! IR -
3 B Errors associated with the diffusion coefficient are on the
5 0.84 order of 5x 10~ ™, smaller than the size of the data points in
§ 083 Fig. 8b, and as such are not shown on the graph. The general
?; e trend is a decreasind and an increasingn, with added
= 0.82 - I oligomer. We should expect increasesny since, as more
5 I oligomer is added, there are more sites to which water can
& 0811 l L bind. A decreasind value indicates that water diffuses
0.80 . . . . . . more slowly as more oligomer is present. The moisture
0 20 40 60 80 100 absorption was also measured for samples exposed to 50%
Weight Percent m-BPA RH at 23C and the trend is similar to that found for equi-

librium mass uptake (samples immersed in water) as shown
Fig. 4. Pycnometry data for the blends. Line drawn to indicate additivity. in Table 2.
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Fig. 5. (a) oPs pickoff lifetimers, related to free volume cavity size, plotted

as a function of composition for quenched and aged samples. Line drawn to

indicate trend. (b) oPs pickoff intensiths, related to free volume concen-
tration, plotted as a function of composition for quenched and aged
samples. Lines drawn to indicate trends.

3.6. Secondary transition and tensile behavior

The PALS free volume and moisture absorption data
suggested a reduction in molecular mobility on addition of
m-BPA to PSF. The behavior (magnitude, breadth, acti-
vation energy) of the secondary transition, (termggdcan
be used as a measure of molecular mobility [30]. Boyer and
other workers [31,32] have theorized that prominent
secondary transitions in some polymeric materials contri-
bute to their tough behavior. PSF exhibity &ransition and
is generally thought of as a tough resin. The behavior of the
secondary transition as a function of oligomer content in the
blends was of interest in order to determine its role in trans-

port and mechanical properties. For each blend, data from

all frequencies were fit to an Arrhenius expression to calcu-
late the activation energy for the transition. In Table 3,

one can see that the activation energy showed no changeW

Table 2
Humidity absorption for blends

Melt blend composition Humidity absorption (wt%)

PSF 0.1
99/1 0.4
95/5 0.6
90/10 0.5
58/42 0.7
m-BPA 1.1
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Fig. 6. (a) oPs pickoff lifetimer;, related to free volume cavity size, plotted
as a function of composition for dry, moisture saturated and intermediate
samples. (b) oPs pickoff intensitl, related to free volume concentration,
plotted as a function of composition for dry, moisture saturated and inter-
mediate samples.

with oligomer content. Each datum, except the 5 wt% value,
represents a single sample tested at several frequencies.
Thus the error for these points come from the error in the
linear fit to the Arrhenius equation. At 5 wt%, however,
three separate samples were tested at all frequencies, so
the error here reflects the population standard deviation.
This larger error gives an indication of the accuracy of
this method, which, like all mechanical tests, is affected
greatly by any sample imperfections. The constancy of acti-
vation energy for this system indicates that sh&ansition

is not shifting or being obscured by the oligomer. In Fig. 9,

e see that neat PSF exhibits significant yielding and hence
toughness (or ductile failure). With only 1 wt% oligomer
added, however, yielding behavior is suppressed, and the
material shows only brittle failure.

3.7. Physical aging

Over the application lifetime of a material, physical
changes can occur which affect dimensional stability as
well as mechanical properties. To see how the presence of
the oligomer could affect the long-term engineering perfor-
mance of PSF, physical aging studies were conducted.
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Fig. 7. Representative moisture uptake versus time graph for neat PSF.
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Table 3 tabulates the values for the aging rates for each
composition.

As expected, the longer aging times in Fig. 10 show a
higher heat capacity overshoot®twhich is characteristic
of physical aging. The general trend in rates of aging, shown
in Table 3, is their increase with increased amounts of
oligomer. These data are measuredTgt— 145°C. The
samples with the highest aging rates;BPA and the 58/
42 blend, exhibited a decrease in the relative free volume
concentration/s, during aging at 23 over a six month
period. If the PSEhBPA blends were to be used in an
application, more attention would have to be placed on the
aging characteristics since the oligomer appears to accelerate
the aging rate.

Using the DSC data as described in the experimental 4. Discussion

section, the enthalpy recovery following isothermal anneal-

ing can be calculated from the difference in heat capacity  prom the above results, miscibility is clearly indicated for
between the aged and unaged sample. For each blend, thigyis plend. While one can speculate on the mechanism of
change in heat capacity was plotted versus log aging time, s miscibility, no definitive answers are evident from the

forming a straight line. The slope of this line was then

T, data. When the Fox equation is used, the meashysare

defined as the aging rate. Fig. 10 shows raw data for thegightly less than predicted by approximate volume (or free

95/5 blend, which is representative of all the blends, while

2'07 m Equilibrium Mass Uptake, %
: n
1.8
1.6
1.4
m_ ]
1.2
1.0
0.8 - "
&N
0.6 . T T T T —
0 10 20 30 40 50
(a) Weight Percent m-BPA
4.0x107% = Diffusion Coefficient, cm’ / sec
-
3.0x107F .
D 2.0x10%
1.0x10%
0 10 20 30 40 50
(b) Weight Percent m-BPA

Fig. 8. (a) Water absorption results for PSF and blends. (b) Diffusivity of
water in PSF and blends.

volume) additivity of the components [33]. This negative
deviation of Ty from free volume additivity could indicate
weak specific interactions between the components [34].
Schneider [33] has suggested that thjsbehavior results
from binary hetero-contact formation within the blends
leading to local interchain orientation. The smaller the
induced local orientation, the larger the mobility, confor-
mational entropy changes, and free volume (and hence
lower Ty than predicted). Thus the glass transition data
could suggest that weak oligomer—polymer interactions
are resulting in “looser” packing &k, than predicted by
free volume additivity [33].

If the Couchman equation is applied to tfg data,
however, no negative deviation from additivity is observed,
since measured values closely match those calculated.
However, there was difficulty in obtaining an accurate
value forAC;,, due to the small change in the heat capacity
change for the oligomer. For these calculations, a value of
0.305 J/(fC) was used forAC,, while AC,; was taken as
0.222 J/(gC). Due to the aforementioned problems, it was
not possible to estimate error in this calculation.

It should be pointed out that Fourier Transform Infrared
Spectroscopy (FTIR) was applied to these samples to
interrogate any specific interactions. However, difficulties
were encountered in examining the peak associated with the
hydroxyl group. Even though samples were dried prior to
testing, it was unclear whether slights shifts observed in this
region were due to interactions between the polymer and
oligomer, or to moisture uptake since this region would also
correspond to water in the samples. Both components are
quite hydrophilic, and they were inevitably subjected to
environmental humidity for short times just prior to testing.
No conclusions could be drawn from these tests.
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Table 3
Aging rate and secondary transition results 3@JL
Composition Aging rate Activation energy for 10h

(3 g~ decade?) v transition (kJ mot?) > MJE

(standard deviation) (standard deviation) g Th

8.. LYV g N
PSF 0.81 (0.02) 53.3 (1.4) @] 03h
99/1 - 52.6 (1.4) 8 01D
95/5 0.86 (0.02) 53.9 (6.7) an - -
90/10 0.86 (0.04) 52.7 (1.4) _unaged
58/42 0.88 (0.05) -
m-BPA 1.17 (0.07) - T T )
125 150 175 200
Temperature [°C]
Examination of the rheological data provides additional Fig. 10. Aging data for 95/5 blend.

insight regarding the miscibility. Utracki et al. [35] noted

that for blends with specific interactions leading to misci- cajcylations. The fractional free volume (FFV) calculated
bility, there is frequently a positive deviation of measured using the group contribution method of Bondi [36] is most

viscosity for the blend from that calculated from viscosities ofien used to characterize solid state chain packing [37].
of the neat resin. By plotting Inf) versus weight fraction  The FRV is defined as

oligomer one can examine whether specific interactions
play a role in the miscibility of the PSF-BPA system. FFV = (V — Vo)V 3
Such a plot is displayed in Fig. 11 where zero-shear viscos-
ity (no derived from the low frequency data of Fig. 3) is where V is the specific volume and, is the occupied
shown for neat PSF and the 99/1, 95/5, and 90/10 blends.volume of the polymer. The occupied volume can be
Obtaining viscosity data for the neat oligomer at Z2@vas  estimated as 1.3 times the van der Waals volume of the
not possible. As frequency is increased, in Fig. 3, the visc- constituent monomers [38]. Calculations using Eq. (3)
osity is reduced and the addition of oligomer causes further give values of FFV ranging from 0.10 fon-BPA to 0.15
viscosity reduction (suggesting an increase in system freefor PSF as shown in Fig. 12. Eq. (3) gives information on the
volume). However, at the lowest frequency, one can clearly total amount of free volume but does not indicate its size
see that addition of the oligomer leads to a positive distribution.
deviation from additivity for this system (Fig. 11), implying Recent evidence [39—-42] suggests that PALS data can be
that there are specific interactions in this miscible system ytilized to model water absorption and free volume changes
leading to free volume reduction. Thus, the free volume in polymeric materials. Several researchers [40—-42] have
trend with oligomer addition (less than, greater than, or shown that moisture absorption in nylon-6 is accompanied
additive with composition), as inferred from the melt py an initial decrease ims. PALS results for nylon-6 [40—
properties of this blend system, appears to be a function42] are shown in Fig. 13a and b. During initial water absorp-
of the measurement temperature. This finding is discussedtion r, decreases anld decreases, and this response corre-
further in the final section of the discussion. lates with absorption of strongly bound water molecules
Since free volume changes are believed to be important in

this system, it was of interest to carry out some related 8.80 1
| ]
100 ~ [
8.75 -
L]
80 |
— 60} -
s ! S 8.70
—PSF =)
=y S
7S R N H— PSF/m-BPA 99/1
O H i
% 20 | ............ PSF/m-BPA 95/5 8.65
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0 20 40 60 80 0 2 i 6 H 10
Strain [%] Weight Percent m-BPA

Fig. 9. Results of tensile testing for some of the blends. Fig. 11. Zero-shear-rate viscosity versus weight pergeBPA for blends.
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16 for the PSHNh-BPA system decrease with equilibrium
15 i. moisture absorption. It thus appears that PSBPA

samples exposed to ambient humidity are in the initial

S

Py

g 14 4 . . .

° L4 hole filling stage prior to swelling.

z 13 The PALS data in Figs. 5 and 6 show thatis less than

E 12 | ) additive with composition in contrast tgwhich is approxi-

T 11 mately constant for oligomer additions up to 10 wt%. These

5 results are is independent of whether the samples are

$ 101 T guenched or aged and whether they contain ambient moist-

E 9 . , . : | ure content or are dry. The data suggest that small additions
0 20 40 60 80 100 (<10 wt%) of mBPA to PSF decrease the molecular free

Weight Percent m-BPA volume by reducing the mean free volume cavity size. This

result can be compared to the fractional free volume, FFV,
Fig. 12. Fractional free volume calculated by group contribution method. calculated from specific volume and group contribution

methods [37-38] which shows greater than additive values
hydrogen bonding the N—H and=© groups [43]. These for 1 and 5 wt% additions ai+BPA and less than additive
water—polymer interactions lead to occupation of free values for 10 wt% (Fig. 12). The discrepancy between the
volume, as evidenced by PALS, and by modulus and trans-PALS free volume and density-based free volume may be
port results [40—45]. Heater [40] proposed a hole-filling attributed to many factors, including the effect of macro-
mechanism whereby molecular water enters a free volumescopic defects on density. In addition, oPs probes only sub-
cavity and effectively decreases the cavity size. The free microscopic free volume cavities that are accessible to it on
volume cavity size, as represented#ybegins to increase  a size and frequency basis [46]. Both PALS and density-
when water pushes the chains apart due to plasticization/based FFV indicate that free volume is decreased on going
swelling of the polymer. As shown in Fig. 6a, thevalues from neat PSF to neat-BPA. This reduction in total free

volume should be reflected in penetrant transport properties.

LU pvorerrm— ° The moisture uptake results are consistent with the PALS
1141 L eater free volume results. Reduction i3 on addition ofm-BPA
1124 singhetal A to PSF indicates a reduction in the accessible free volume
1.10 d l#J such that diffusive jumps are less probable. This effectively
21.08 makes it more difficult for water to move within the blend,
t:: 1.06 - leading to a longer time scale for diffusion. The modeling
€ 1.04 work of Greenfield and Theodorou [47] suggests that a
1.02 - penetrant molecule of sufficiently large radius sorbed at
1.00 low concentration within a glassy polymer spends most of
0.98 its time confined in small disjoint clusters of accessible free
0.96 - , ; , . volume. Transient connecting passages that open nearby
0 20 40 60 80 100 due to thermal fluctuations allow diffusive jumps from
(a) Water Absorption (% Saturation) cluster to cluster. This “Red Sea” mechanism has been

shown to prevail for diffusion of water in poly(vinyl alco-
hol) (PVOH) by Miller-Plathe [48]. The addition afBPA

1 to PSF lowers the PALS free volume in a similar manner to
g * that shown by the addition of the stiff 2,6-napthalene (N)
O, L units of poly(ethylene napthalate) (PEN) to poly(ethylene
,091 O o terephthalate) (PET) [49]. The addition of naphthalene by
3 A , copolymerization of PET with PEN results in a decrease in
= 08 | a g diffusivity and PALS free volume even though,., the
@ Welander and Mavrer equil_ibrium value, (and hence sorption) increases [49-50].
f:&z‘:f It is of interest to compare the penetrant transport and
0.7 ‘ . . T PALS free volume responses for the three cases discussed
0 20 40 60 80 100 in the previous paragraph, namely, (i) blendingneBPA
(b)  Water Absorption (% Saturation) with PSF, (ii) plasticization of PVOH by water, and (iii)

copolymerization of PET with PEN. The equation of
Fig. 13. (a) Normalized oPs pickoff intensity data for nylon-6 as a function Cohen and Turnbull [51]

of water absorption. Weight percent water absorption is normalized to
percentage of saturation. (b) Normalized oPs pickoff intensity data for D = B exp(—C/V;) 4
nylon-6 as a function of water absorption. Weight percent water absorption
is normalized to percentage of saturation. whereD is diffusivity, B andC are constants, and is the
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Fig. 14. Comparison of the relationship between diffusivity and PALS free volume for water in PVOH [43], acetone in PET/PEN copolymers [44], and water
PSFmM-BPA blends.

average free volume available for diffusive jumps, allows 5. Free volume
evaluation of the relationship between free volume and
diffusivity. Eq. (4) predicts a linear relationship between In the present work we have studied numerous phenom-
In(D) and V; %, and it has been previously shown that the ena that are modeled using free volume theory: (i) viscosity
PALS parameteril; can be used to represent the average [53]; (ii) blend miscibility [54]; (iii) the glass transition [55];
free volumeV; [52]. Fig. 14 compares a plot of ID) versus (iv) plasticization [56]; (v) penetrant transport [51]; (vi) the
(7313) 1 for the three cases. In these cases the reasonablaluctile to brittle transition [57]; and (vii) physical aging
fits to these data indicate that the oPs probes the samd58]. The results for each of these phenomena in the PSF/
static and dynamic free volume cavities accessible to the mBPA system are consistent with free volume theory, and
penetrant molecules. These room temperature data suggestere the room temperature properties correlate well with the
that the tighter molecular packing and specific interactions room temperature free volume measurements. However, the
that occur on addition off-BPA to PSF restrict the mole-  glass transition and melt properties indicated an enhanced
cular fluctuations necessary for the opening of transient free volume on addition of oligomer to PSF (reduced visc-
passages. osity, negative deviation of; from additivity) whilst the
Mechanical behavior of this blend system, particularly room temperature properties of the blends indicate a reduc-
toughness, is of prime importance for any future applications tion in free volume (embrittlement, reduced diffusivity).
of the materials. For PSF, it has been observed that additionThe room temperature free volume size distribution, as
of even 1 wt% oligomer leads to brittle failure. This feature, probed by PALS, shows that the mean free volume cavity
which has been previously reported in miscible blends [16], size, represented ks, decreases on addition of oligomer to
can be explained by considering the loss of free volume PSF. The relative concentration of free volume cavitigs,
mentioned above. When energy is introduced into a sampledoes not decrease until an amount greater than 10 wt% of
via some mechanical test, there must be some mechanisnoligomer is added to PSF. PALS data were not measured in
for dissipation of this energy, which is frequently reptation the glass transition temperature range (136-2C36r at the
of the chains. With less free volume in the blends, there is viscosity measurement temperature (Z90
also less chain mobility, which means energy cannot be Specific volume measurements of Zoller and Hoehn [59]
effectively dissipated, resulting in brittle failure. Due to for the miscible blend system PS/PPO show less than addi-
the lack of change in the transition, it is likely that this tive specific volume at room temperature and additive speci-
secondary transition does not play a vital role in the free fic volume in the supercooled liquid (well abovg).
volume and mobility reduction responsible for the transport Similarly, Li et al. [60] have measured PALS free volume
and mechanical properties. in miscible PS/poly(phenylene ether) blends at room
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temperature, T, and T4+ 50°C. They have observed is also greatly appreciated. Dr K.J. Heater is thanked for
variations in the free volume behavior of the blend allowing the publication of his data for nylon-6.

system:{; is less than additive with composition at°25

and additive with composition affy and T4 + 50°C.

Robertson [61] has interpreted these temperature dependerReferences

volume-versus-composition trends in terms of the influence
of intermolecular interactions on relaxation time and
molecular packing. A similar interpretation may be applic-
able to the liquid and glassy state data presented in the
current work. Specific volume and PALS free volume
measurements in the glass transition and liquid regions of
this blend system are left for future work.
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