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synopsis 
Transition temperatures by thermo-optical analysis (TOA) and by DSC werc mea- 

sured on films of polystyrene (PS), poly(2,6-dimethyl-l,4-phenylene oxide) (PPO resin) 
and nine homogeneous blends of these polymers. The TOA procedure consish of auto- 
matically monitoring light transmission through bmfringent scratches in a film during 
heating a t  constant rate in a microscope hot stage between crossed (90") plane polar- 
izers. The TTOA transition temperature, defined as the temperature of birefringence 
disappearance in the scratches, increased monotonically from 113°C for pure PS to 
222°C for pure PPO resin a t  a 10°/min heating rate. The T, (DSC) similarly ranged 
from 99°C to 212OC a t  a 20°/min heating rate. The TOA technique as described 
should be a useful additcion to thennomechanical studies of transparent polymers and 
polymer blends. 

INTRODUCTION 

Glass transitions, ductile-brittle transitions, and other phenomena as- 
sociated with changes in polymer mobility have been investigated by many 
techniques. During the past year it was discovered by Kovacs and Hobbs' 
that polarizing microscopic observation of the disappearance of scratch- 
induced birefringence in glassy or semicrystalline polymers during heating 
is a convenient means of detecting the onset of greatly increased segmental 
mobility in polymer films. The present study examines by this technique 
the disappearance of birefringence in homogeneous blends of polystyrene 
with poly(2,6-dimethyl-l,4phenylene oxide) (PPO resin, registered trade- 
mark of the General Electric Company) during lO"/min heating. The 
thermo-optical transition temperatures TTOA thus obtained will be com- 
pared with the specific heat transition temperatures T,(DSC) , obtained by 
differential scanning calorimetry at a 20"/min heating rate. 

Blends of polystyrene and PPO resins were recognized several years ago 
as being homogeneous at all compositions.2 True thermodynamic miscibil- 
ity of these two polymers in ternary solutions with toluene further attests to 
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their ~ompatibility.~ Differential scanning-calorimetric4 and adiabatic- 
cal~r imetr ic~*~ studies of PPO resins have shown their glass transitions at 
rather slow heating rates to be about 207°C. Many measurements of 
T,(DSC) have been made on PS-PPO resin blends during the past eight 
years, with two published accounts appearing in 1970.738 A monotonic in- 
crease in TJDSC) with increasing PPO resin content is observed in accord 
with expectation for compatible blends. 

No studies have been reported on the stress-optical or strain-optical 
birefringence characteristics of PPO resins. On the other hand, a wealth of 
experimental and theoretical publications exists concerning these char- 
acteristics for PS. Birefringence studies have been reported on styrene 
atactic homop01ymers,~-~~ isotactic homopolymers,60-62 statistical co- 
p o l y m e r ~ , ~ ~ - ~ ~  block cop01ymers,~f-~9 graft c~polymers,~O statistical ter- 
p0lymers~~l-7~ and crosslinked network~.74-~~ Birefringence has been used 
to observe residual orientation effects in PS resulting from specific processing 
condition~.6~-5~ Most of the birefringence investigations have been con- 
cerned with stressed films and sheets, but work has also been performed on 

and on spheres'4 internally stressed by swelling. The stress- 
optical coefficient for PS at low strains is positive at temperatures well below 
T,, while at high strains near and above T, it is negative. This negative 
contribution arises from the polarizability of the phenyl groups perpendicu- 
lar to the oriefitation direction of the somewhat stretched-out 
chains.9-41.46~80~s1 In the present study, the sign or absolute magnitude of 
the birefringence is not determined. It is merely necessary that the tem- 
perature of essential disappearance of birefringence in the scratches is not 
made ambiguous by any of several stress-optical or strain-optical artifacts.' 

observations of birefringence changes in stressed and strained PS have been 
made. The observations of birefringence change to detect glass transitions 
by experiments involving temperature steps51 or constant rate temperature 
scans (at 0.5"/min18-19 and 1.0°/min37,38) are especially pertinent to the 
present study. Our technique differs principally in the introduction of 
birefringence by scratching well below the T, of the polymer films and in the 
observation of polarized light transmission due to birefringence effects 
rather than measurement> of the birefringence itself. Also, the present 
work is the first study of stress/strain-optical transition temperatures in 
homogeneous polymer blends. 

Several annealing23,27.30,54,59,61 and multitemperature18 19 3 83-38.5 1,65.66,72 -75 

EXPERIMENTAL 

Materials and Sample Preparations 

Polystyrene Lot 4a (Pressure Chemical Company) , an anioriically poly- 
merized polymer of molecular weight 97,200 and a quoted M , / M ,  >1.06 was 
used. The PI'O resin, designated PR5255, has an intrinsic viscosity at 
S0"C in chloroform of 0.49 dl/g, M ,  = 1S,500 by osmotic pressure, and 
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144, = 37,200 by light scattering. The PS and PPO resin will occasionally 
be referred to as component 1 and component 2, respectively. 

Initially films were cast by doctor blade onto Mylar sheet from solutions 
containing 5.0 g PS-PPO resin and 25 ml toluene at 0.1 weight fraction com- 
position intervals. Rapid air drying of these films produced "orange peel" 
surface textures, and films containing weight fraction PPO resin (w2) 2 0.60 
were opaque due to the PPO resin crystallization during drying. Some 
preliminary thermo-optical analysis (TOA) measurements, not reported, 
were made on small portions of these films, but the major portion of each 
was redissolved in 40 ml toluene at 60°C. A drop of each of these solutions 
was cast on a microscope slide and air dried. These air-dried films were 
annealed on the slides at 270°C for 3 min and then quenched to room tem- 
perature to give clear, amorphous samples. These films on the microscope 
slides are designated SM-1 to SM-11. The remaining solutions were pre- 
cipitated into 200 ml methanol in a Waring blendor. The precipitated 
blends were dried under vacuum for 1/2 hr at room temperature and for 20 
hr at 80°C. The dry powders were compression molded between aluminum 
sheets for 2 min at temperatures ranging from 180°C for pure PS resin to 
270°C for pure PPO resin, followed by quenching in water at room tempera- 
ture. The clear, transparent films ranged in thickness from 5 to 8 mils. 
These films are designated PM-1 to PM-11. 

Apparatus and Experimental Procedure 
DSC measurements were made with a Perkin-Elmer differential scanning 

calorimeter Model DSC-1B. Sample weights were approximately 10 mg. 
The heating rate was 20"/min, and temperature calibration was accom- 
plished with naphthalene, benzoic acid, indium, tin, bismuth, lead, and 
zinc as standards. A nitrogen flow of 0.04 scfg was maintained through 
the chamber around the sealed aluminum sample containers. DSC traces 
were taken twTice for each sample over the range of 45" to 280°C. Between 
the first and second heating, the sample was cooled rapidly by removing its 
container from the 280°C stage and placing it on a metal surface at room 
temperature. 

The thermo-optical transition temperatures T T o A  were determined with 
the thermo-optical analyzer (TOA) , which is schematically represented in 
lpigure 1. It consists of a triocular polarizing microscope 1 4  (Zeiss standard 
WL) equipped with a hot stage H (Mettler FP21) programmed by a control 

Fig. 1. Schemat,ic representation of thermo-optical analysis apparatus: C, tempera- 
t lire programmer; 11, tot  state; M, polarizing microscope; I), photocell; L), voltage 
divider; It., strip chart recorder. 
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unit C (Mettler FP2) and a photocell P receiving transmitted light. The 
photocurrent is fed to a voltage divider D, whose output is displayed on a 
strip chart recorder R (Leeds and Northrup, AZAR, Speedomax) against a 
time base. 

I I I 
140 180 220 

T ("C) 
(b ) 

Fig. 2. DSC traces of diflerential power input vs. teniperature for the 11 PS-PPO 
resin blend film samples. Heating rate SO"C/min. 
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The experimental procedure involves scribing by hand close-spaced 
scratches into the polymer film surface with a steel stylus at room tempera- 
ture and placing the film on its slide in the microscope hot stage between 
crossed (90") plane polarizer and analyzer. White light from an incandes- 
cent tungsten bulb is used. Light is transmitted to the photocell only 
through the birefringent scratches. The microscope aperature, voltage 
divider, and recorder range are arbitrarily set to  give a nearly full-scale 
voltage reading on the strip chart. With the stage initially stabiliied at 
60°C, the temperature rise controller (1O0/min) and the chart drive 
in./min) are simultaneously started. The strip chart record is then essen- 
tially a plot of transmitted light intensity versus sample temperature (30"/ 
in. in the temperature axis). At some temperature, the molecular motions 
in the sample become sufficiently rapid to allow relaxation of the stress/ 
strain-induced birefringence, and the transmitted light intensity rapidly 
diminishes to a near-zero value. The intersection of the tangent to  the 
light intensity-temperature curve at its inflection point with the tangent to 
the subsequent low-slope or zero-slope baseline locates TTOA. The temper- 
ature readings on the controller were calibrated at a lO"/min heating rate 
with naphthalene (triple point 80.24"C), adipic acid (triple point 151.46"C), 
and 2-chloroanthraquinone (triple point 208.95"C) standards. Their 
apparent melting points in the TOA using the crossed polarizer-analyzer 
arrangement were 81.9", 154.1°, and 211.3"C) respectively. Therefore, 
2°C was subtracted from each apparent (controller dial) TTOA to yield the 
reported TTOA. 

RESULTS AND DISCUSSION 

The DSC traces (20°/min) for the pressed PS-PPO resin blends PM-1 
to PM-11 are shown in Figures 2a and 2b. The second number in the 
labels indicates first or second run. Although the curves are not com- 
pletely unambiguous uith regard to the specific heat transition locations, 
especially in the middle mixture composition region, fairly well-defined 
T,(DSC) values are obtained and listed in Table I. 

Figure 3 presents representative TOA curves for the PM-1 to PM-11 
pressed films. The vertical scale, labeled transmitted light intensity 
although actually a voltage reading from the photoelectric circuit, is 
arbitrary, and the vertical displacement of the curves for display clarity is 
also arbitrary. The TTOA values from these curves and from other runs 
involving rescratching of run-and-quenched samples or new scratched 
samples are listed in Table I. Also in Table I are listed TTOA values for 
the toluene-cast and annealed films Sill-1 to SM-11. 

The T T ~ A  and TJDSC) of the PS-PPO resin blends are plotted against 
composition in Figure 4. The TToA-versus-wz plot is a smooth curve 
showing very little scatter, with the exception of the pure PS and the 
wz = 0.2 data points. The T,(DSC)-versus-w2 plot is a smooth curve up 
to about w2 = 0.5, beyond which greater scatter occurs. The data are fit 
extremely well by the relations 
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TABLE I 
DSC and TOA Data for Films of 

Polystyrene-Poly(2,6-dimethyl-l,4-phenylene Oxide) Mixtures 

wt. 
fraction 

PPO PM SM 
resin series T,(DSC), "C TTOA, "C series TTOA, "C 

0.000 
0.100 

0. 200 

0.300 

0.400 

0.500 

0.600 

0.700 

9.800 

0.900 

1.000 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

91 
109 

118 

1%7 

139 

151(127) 

165 

176(173) 

184 

194 

211 

99 
107 

117 

127 

129 

152(129) 

161 

176(112) 

177 

192 

213 

110,116(95) 
120,120,119, 
119 

124 

140 

150,149,149 

159 

171 

182 

195 

209 

221 

1%5, 125,124, 

141,141,140, 

151,151, 150, 

161,160,160, 

172, 171,171, 

185,183,183, 

196,196, 195, 

211,210,209, 

223,222,222, 

1 (116),110 
2 118,119 

3 124,124 

4 144,145 

5 150,158,158 

6 165,170 

7 162,175 

8 190,188 

9 191,193 

10 206,207 

11 222,222 

~ / T T O A  = (1 - ~z)/386.2 + wz/495.2 

1,lTJDSC) = (1 - W2)/372.2 + ~2/485.2 
(1) 

(2) 

with temperatures in degrees Kelvin. 
correspond to these equations. 

The curves drawn in Figure 4 

The data were also fitted by least-squares linear regression to the relation 

T(transition) = A + Bwz + Cw2(1 - WJ. (3) 

with T(transition) in "C, the constants in eq. (3) for T T ~ A  are A = 112.1, 
I3 = 110.2, and C = -27.17, with an index of determination (40 data 
points) of 0.9987. For T,(DSC), the constants are A = 98.2, B = 111.2, 
and C = - 18.80, with an index of determination (21 data points) of 0.9899. 

The present use of stress/strain-optical measurement to detect a chain- 
mobility transition temperature relies upon a rather complex set of 
mechanical and optical parameters. Scratching the glassy polymer. 
blends produces both local stress-optical arid slightly longer range strain- 
optical birefringence. The high, but not measured, stresslstrain-optical 
coefficients of PS and PPO resin make this system very convenient for 
thcse mrasurcmants. Refraction of light in thc near-surface layers of tho 
plastic and a t  the plastic-air interface of the scratchcs produccs an ill- 
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h 
I 90 120 150 180 210 240 

T FC) 

Fig. 3. Thermo-optical curves of transmitted light intensity vs. temperature for the 11 
PS-PPO resin blend films. Heating rate 10"C/min. 

defined optical geometry. Chromatic dispersion of the birefringence and 
wedge interference effects often cause the white light transmission to pass 
through several orders of interference colors during heating just prior to 
the final zero-order fadeout. Lack of linearity in photocell response due to 
wavelength and polarization variations can affect photocurrent output in 
this region. Despite the complex features of the TOA measurement, a 
remarkably reproducible TTOA is obtained in this system. The same 
T T ~ A  is found on different film specimens of the same blend composition, 
on different scratch patterns and scratching conditions, and on first, 
second, and third temperature scans of a given sample with interspersed 
scribing. 

The T T ~ A  and TJDSC) curves are nearly parallel, differing by 14°C: 
at the pure PS and by 10°C at the pure PPO resin end. It is obvious that 
there is a close correlation between the onset of chain motions responsible 
for the specific heat increase and those responsiblc for stresslstrain-optical 
rclaxation. The actual correspondencc of thc two phonomcw. is much 
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Fig. 4. Thermo-optical transition temperatures and glass transition temperatures by 
I>SC as function of PB-PPO resin blend compositions: (0 )  TTOA (0) Z’,(DSC). 

closer than indicated, since T,(DSC) is taken as the temperature a t  which 
the specific heat increase appears to start in the scan, while the TTOA is 
here taken as the temperature in the scan a t  which light transmission has 
dropped to a low, limiting value. Considerable optical changes proceed 
in the scratches in the 10’-15°C region below TTOA as here defined. The 
sharpness and reproducibility of the “endpoint” temperature of the 
transition recommend it as the definition of TTOA. Use of the inflection 
point in the (decreasing) transmitted light intensity-versus-temperature 
curve to define the transition temperature in a manner comparable to the 
use of the inflection point in birefringence-versus-temperature curves18*19 
under constant tensile load is conceivable. However, in the latter “con- 
stant stress” experiments, the change (increase) in birefringence due to the 
onset of strain orientation was load sensitive, and the inflection point 
temperature increased with decreasing load. Our TOA measurements are 
more comparable to the recently reported free stress/strain relaxation 
technique3’; and, indeed, our TTOA value for polystyrene lies about midway 
in the To (100’) to TI (120’) transition region of that study. The negative 
birefringence induced by tensile strain orientation a t  T,  (110’) > T ,  in 
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polystyrene3* certainly must differ considerably in polymer chain confor- 
mation origin from that of the stress/strain-induced birefringence within 
our scratch marks introduced at  T (30") < T,. In spite of this, the di6- 
appearance of birefringence occurs in the same temperature region in both 
experiments. 

Thermo-optical analyses of scratched PS-PPO resin blend films by 
means of an automatic-recording polarized light transmission-temperature 
scan technique have revealed sharp, reproducible transition temperatures 
TTOA that parallel T,(DSC). The present TOA technique should be a 
valuable addition to physical property studies on transparent polymers 
and their blends. 

The authors wish to thank Prof. A. Kovacs and Dr. S. Y. Hobbs for drawing their 
attention to the TOA technique possibilities and for assembly of the TOA apparatus. 
The consultation of Dr. D. G. LeGrand concerning various rheo-optical effects which 
may enter into data interpretation is also acknowledged. 
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