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Tensile Properties of Ti0,-Filled 
Poly(viny1 Acetate) in the Transition Region 

I. GALPERIN and T. K. KWEI,* Central Research Laboratories, Inter- 
chemical Corporation, Clifton, New Jersey 

Synopsis 
The stress-strain properties of TiOrfilled poly(viny1 acetate) have been studied a t  

filler percentages of 0, 10, 20, 30, and 40% Ti02 over a strain-rate range of 100-5000%/ 
min a t  24°C. Tensile strength, Young's modulus, and offset yield strengths all were 
found to increase with higher strain rates and higher Ti02 contents. Ultimate elongations 
decreased with greater Ti02 content and higher strain rates. Shift factors for volume 
fraction of filler were estimated for tensile properties as function of test rate. Stress- 
relaxation studies have shown a reduction in relaxation times with increasing Ti02 con- 
t,ent. Calculations of the out-of-phase Young's modulus were made as a function of filler 
content employing a box-type of distribution of relaxation times. A possible explanation 
for the stress-strain behavior observed is that introduction of Ti02 changes the internal 
viscosity of the system, similar to the effect of temperature. This would also mean that 
the ultimate properties would be dependent on filler content and strain rate bevalise vis- 
cous resistanre to chain deformation would be altered. The effect of filler on stress relaxa- 
tion could be thought of being due to an increase in short-range chain motion. 

Introduction 

The glass transition of poly(viny1 acetate) has been reported over a 
range of 15OC. with values reported from 17 to  32°C.' The density of 
filled poly(viny1 acetate) calculated by using volume additivity is higher 
than observed experimentally.2 In  addition, thermal expansion coefficients 
for filled polymer are lower experimentally than calculated values. This 
suggests that filler particles may alter the close packing of polymer chains. 

The purpose of this work was to investigate the tensile behavior of 
poly(viny1 acetate) for TiOz filler concentrations of 0 4 0  wt.-yo (G16 
V O ~ . - ~ ~ )  a t  a temperature in the transition region (24°C.). 

Experimental 

The poly(viny1 acetate) employed was commercial AYAT (Union Carbide 
Corp.). The intrinsic viscosity in cyclohexanone was 0.69 dl./g. (20OC.). 
TiOz used was Rutile 610 (duPont Co.) with an average particle size of 
0.2 p. TiOz was incorporated into the polymer by two-roll melt mixing. 
Films were made with a Gardner gauge from solutions of poly(viny1 
acetate) in 2-butanone. Films were dried for 48 hr. a t  60°C. and then 
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allowed to stand in a desiccator for an additional 48 hr. a t  room temper- 
ature. Tensile properties 
were obtained with an Instron tensile tester equipped with a high-speed 
recorder @anborn #301). The use of a high-speed recorder allowed more 
reliable recording of tensile properties under the short test times involved 
(less than 0.2 sec.). Films were tested at  strain rates of 10&5000%/min. 
(test rates of 1-50 in./min., 1-in. samples). 

The thickness of test samples was 2 4  mils. 

Discussion 

Young’s modulus increased with filler content in an exponential manner 
(Fig. 1). As the strain rate increased, the rise in Young’s modulus be- 
came much larger with increase in filler content. Variation of Young’s 
modulus with filler content is predicted for noninteracting spheres in an 
elastic matrix to  be3 

E = Eo(1 + 2.54 + 14.14’) 

where 4 is the volume fraction filler. This equation was not followed for 
TiOz-filled poly(viny1 acetate). Equations for variation in Young’s 
modulus with filler content are given as a function of strain rate in Table 
I. 

Along with chain stiffening for higher filler content, ultimate elongations 
were reduced. Fractional decrease in elongation with filler content is 
given in Figure 2 at  different strain rates. With higher strain rates, the 
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Fig. 1. Variation of Young’s modulus with filler content: (0) 1 in./min.; (0 )  10 in./ 
min.; (x )  20 in./min.; (*) -50 in./min. 
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TABLE I 
Equations for Change in Young's Modulus for Ti02 Filler Conteiit 

Strain rate, 
%/min. Yourig's modulus equations 

100 
1000 
2000 
5000 

E = Eo(1 + 11.254 + 195.64' + 12.6+3) 
E = Eo( 1 + 13.94 + 179.44' + 652. 543) 
E = Eo(1 + 12.54 + 2784' + 784+3) 
E = Eo( 1 + 164 + 3794' + 35643) 

a E = Young's modidus at. a filler content,. volume fraction 4: Eo = Young's modulus 
at + = 0. 

Fig. 2. 
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Fig. 3. Variation of tensile strength with filler content at 50 in./min. 
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Fig. 4. Fract,ional increase in yield point, with filler cont,ent at 50 in./min. 

elongation decrease was greater. Ti02 acted as a reinforcing agent here 
with higher strengths resulting from greater filler content (Fig. 3). How- 
ever, the rise in tensile strength with filler content was not nearly as great 
as the increase in Young’s modulus. Offset yield points (initial change in 
slope of stress-strain curve) were determined for filled poly(viny1 acetate) 
and increased with filler content, following a similar increase in tensile 
strength. The fractional increase in offset yield points for filled poly- 
(vinyl acetate) were higher with greater filler content (Fig. 4). 

In  order to compare the variation in tensile properties with filler content 
and strain rate, plots were made of the logarithm of tensile properties 
(tensile strength, Young’s modulus, and ultimate elongation) versus the 
logarithm of strain rate. A typical relationship is shown in Figure 5 where 
the logarithm of tensile strength versus the logarithm of strain rate is 
given a t  different Ti02 levels. From this, tensile strength shift factors 
(A,) were defined for volume fraction filler in terms of strain rate. A ,  
values were also determined for elongation and Young’s modulus. Re- 
duced variable-type plots were then made of the logarithm of tensile 
properties versus the logarithm of l/(strain rate) (A,) (Fig. 6). This 
allowed tensile strengths to be predicted up to eight times greaier in strain 
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Fig. 5. Reduced variable plot of tensile strength. 
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Fig. 7. Stress vs. time for various filler contents: (0) no TiOz; (0 )  10% TiO2; (*) 20% 
TiOz; (+) 30y0 TiOz; (M) 40y0 TiOz. Strain rate = 100 %/min.; extension. 
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Fig. 8. Relaxation time vs. filler content; maxwell model; 1 in./min.; 1% extensiori. 
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rate than observed. Young's modulus and ultimate elongations were 
estimated up to 300 times higher in strain rate than found experimentally. 

The rate of stress relaxation was found to increase with filler content as 
shown in Figure 7, where the logarithm of fractional decrease in 
stress is plotted against the logarithm of time. The 10 wt.-% T i O r  
poly(viny1 acetate) was found to be closer in stress-relaxation rate to  
clear poly(viny1 acetate) than to the samples with a higher percentage of 
Ti02. This is also shown in a reduction in relaxation times (using a Maxwell 
model) with higher Ti02 content (Fig. 8). Calculations of the out-of- 
phase modulus E" were made (Table 11) as a function of filler content by 
employing a box type of distribution for stress 

E" = - (?r/2E0 log elo) (da/d log t )  

TABLE I1 
Stress-ltelaxation Calculation of Oiit-of-Phase Modulus by 

Using Box-Type Distribution 

G" observed (torsional 
E" calculated. pendulum) 

Ti02 % dynes/cm.2 dynes/cm.Z 

0 7 x 107 4.4 x 107 

30 4.8 x 109 1.8 x 109 
40 6 X lo9 2 . 2  x 109 

10 8 X lo7 4.8 X lo7 
20 2 x 108 6 X 10' 

where o is the stress, t is time, and Eo is extension. 
In  Table 11, the E" calculated values are compared with G" (out-of- 

phase shear modulus) values obtained with a torsional pendulum apparatus.6 
The out-of-phase modulus, E", increased with filler content, that of the 
10 wt.-% TiOz-poly(viny1 acetate) again being very close in magnitude 
to  that of clear poly(viny1 acetate). Thus, we see an increase in kinetic 
energy as a result of greater filler content. 

A possible explanation for the stress-strain behavior observed with 
Ti02-poly(vinyl acetate) systems is that the introduction of TiOz changes 
the internal viscosity of the system, similar to the effect of temperature. 
This would mean that the ultimate tensile properties would be affected by 
filler content very much like strain-rate dependence because viscous re- 
sistance to chain deformation would be altered. Temperature may be 
very important here, since the experimental temperature of 24°C. rep- 
resents a temperature within the second-order transition region for poly- 
(vinyl acetate). Also, the filler would then act as a viscous drag on the 
polymer system, resulting in lower elongation. Increases in yield and 
tensile strength are indicative of filler-polymer reinforcement interaction. 

The increase in kinetic energy for higher filler content as evidenced by 
greater rates of stress relaxation is indicative of more short-range chain 
motion as a result of filler presence, possibly due to movement involving 
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C-0 bond rotation.’ Increases in Young’s modulus with higher filler 
content indicates that the polymer chains as a whole are stiffened. This 
long-range immobilization of polymer chains effectively increases potential 
energy for the system. By reducing the degrees of freedom for the polymer 
chains as a whole as a result of pigmentation, the close packing of polymer 
chains could enter into a more ordered state (decrease in total entropy). 
In  this more ordered state of chain packing, side-chain groups or possibly 
chain ends may be more free to move on a short-range basis, resulting in 
increased kinetic energy for the system. 
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R6sum6 
Les proprietes de tension elongation d’acktate de polyvinyl charge d’oxyde de titane ont 

6t6 6tudi6es avec des pourcentages de charge de 0, 10, 20, 30, et  40% de Ti02 sup un 
domaine de vitesse de tension de 100 B 5000% par minute h 24OC. La force de tension 
(module de Young) et  les forces au rendement ont toutes 6tB trouvees croissantes avec 
des vitesses de tension plus Blevees et  des teneurs en TiOz croissantes. Des elongations 
finales decroissaient avec tine teneur croissante de Ti02 et  des vitesses de tension plus 
irlev6es. Les facteurs de glissement de la fraction de volume de la charge ont 6tb estimbs 
pour des propriet6s de tension en fonction de la vitesse du test. Des Btudes de tension- 
relaxation ont montres une reduction des temps de relaxation avec une teneur croissante 
en TiOs. Les calculs du module de Young ont B t B  faits en fonction de la teneur en charge 
en utilisant un type de distribution des temps de relaxation. Une explication possible du 
comportement tension-dongation observe consiste en ce que l’introduction de Ti02 
change la viscosit6 interne du systkme de fapori semblable B l’effet de la temperature. 
Ceci signifierait 6galement que les propribtes finales seraient dependantes de la teneur en 
charge et de la vitesse de tension par suite de la resistance visqueuse B la deformation des 
chaines. L’effet d’une charge sur la relaxation B la tension pourrait done &tre dti B une 
accroissement de la mobilite d’une chaines h petites distance. 

Zusammenfassung 
Die Sparinuiigs-Dehurigseigerischaf ten vori TiOrgefulltem Polyviiiylacetat wurden bei 

eiriem Fullstoffgehalt von 0, 10, 20,30, und 40% Ti02 in eiriem Verformuugsgeschwindig- 
keitsbereich von 10&5000%/min bei 24°C. untersucht. Zugfestigkeit, Youngmodul und 
Elastizitatsgrenze nahmen mit hoherer Verformungsgeschwindigkeit und hoherem TiOr 
Gehalt zu. Die Reissdehunung nahm mit hoherem TiOrGehalt und hoherer Verfor- 
mungsgeschwindigkeit ab. Verschiebungsfaktoren fur den Volumsbruchteil un Fullstoff 
wurden fur die Zugeigenschaften als Funktion de Test geschwindigkeit bestimmt. 
Spannungsrelaxationsuntersiichungen zeigten eine Jlerabsetznng der Relaxationszeit 
mit steigendeni TiOz-Gehalt.. Iler PhasenverschiehuIgs-Yoimgmodul wiirde als Funk- 
tion des Fullstoffgehalts mit einer ILechtecksvert,eilung der Relaxationszeiten berechnet. 
Eine mogliche Erkliirung des beobachteten Spanriurigs-Dehriungsverhaltens liegt in der 
Amahme, dass die Einfuhrung vori Ti02 die innere Viskositat des Systems ahiilich wie der 
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Temperatureinfluss verandert. Dies wurde auch bedeuten, dass die Grenzeigenschaften 
von Fullstoffgehalt und Verformungsgeschwindigkeit abhangen, da der viskose Wider- 
stand gegen Kettendeformation verandert ist. Der Einfluss des Fullstoffs auf die Span- 
nungsrelaxation konnte aid eine Zunahme der Kettenbewegung in kleinen Bereichen zu- 
ruckzufuhren sein. 
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