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Abstract : The effects of dioctylphthalate (DOP), a plasticizer, and Acryloid K—125, a
processing aid, on the rheological and physical properties of polyvinylchloride (PVC) were
investigated. DOP reduced viscosity and the first mormal stress difference, while Ac-
ryloid K —125 noticeably increased them. Both DOP and Acryloid K~—125, however, de-
creased the flow activation energy. Further, the flow activation energy was decreased with
increasing shear rate. Over the DOP content tested, DOP reduced glass transition tem-
perature, yield strain, and elongation to break. But incorporation of DOP up to 6 phr
slightly increased the tensile strength and the tensile modulus. Investigation of micro-
structure of tensile fractured surface revealed that DOP makes PVC more brittle, Judg-
ing from density variations, DOP seemed to play a role in enhancing the chain or-
derness of PVC.

INTRODUCTION ientific results on PVC processing available due

partly to poor thermal stability and to com-

Polyvinylchloride (PVC) has long been used plexities of the components.1~5 Up to now, the
in diverse areas due to easy accommodation of practical fabrication of PVC still remains more
additives which makes PVC develop a vari- of an art than a science. A slit die was set up
ety of properties. However, there are little sc- for rheological measurement. To minimize the
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decomposition of PVC the
mental apparatus was coated with nickel, and

thermal experi-
TM —700R, a high temperature resistant tin-mer-
captide type thermal stabilizer, was used.

This study examines the effects of plastici-
zer and processing aid on the rheological and
physical properties of PVC. Dioctylphthalate
(DOP), the most usual plasticizer of PVC, and
Acryloid K-125, a general-purpose processing aid
of PVC, were selected. The results were dis-
cussed in terms of rheological properties, flow
activation energies, and physical properties of
PVC.

RHEOLOGICAL BACKGROUND®

For a steady, fully developed flow as de-
picted in Fig. 1, wall shear stress is given by

Gl h
tw= (-2 5
in which, P is wall normal stress. For a non-
Newtonian fluid, apparent shear rate is de-

find as

,_6Q
Ya = "wh?

in which, Q is volumetric flow rate.

Within a range of shear rates giving a cons-
tant slope on the plots of wall shear stress ag-
ainst apparent shear rate, one may define power-
law index by

__dinTw
1="dny,

then, wall shear rate is obtained from the eq-

uation
Flow
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Fig. 1. Schematic description of flow in a rec-
tangular slit.
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Thus, one gets viscosity from the definition

Tw
n=-—
Yw
First normal stress difference is calculated from
the following expression :

dPexlt

T

= T12=Nj = Pexit+ 7w

w
in which, 7 jj represents the components of de-
viatoric stresses, and P, is exit pressure ob-
tained by extrapolating pressure profile to the
die exit.

EXPERIMENTS

Materials and Formulations

A suspension grade PVC (Korea Plastic In-
dustry Co., Korea) was used, whose proper-
ties are as follows : Degree of polymerization=
800+50 ; bulk density=min. 0.5g/cm® vol-
atiles=max. 0.3%. Dioctylphthalate (DOP, Korea
Plasitc Industry Co., Korea) and Acryloid K—
125 (Rohm and Haas Co.,, USA) were tested
as plasticizer and as processing aid, res-
thermal stabilizer and as lu-

acid and TM—700R (So-

ngwoun Industrial Co., Ltd., Korea)

spectively. As
bricant, stearic
‘vere used.
Experimental formulations tested are given in

Table 1.

Table 1. Experimental Formulations™*

Code Formulation
P—base PVC+TM(2)+8SA(0.5)
P—AK(5) P—base+AK(5)
P—AK(10) P—base+AK(10)
P—AK(15) P—base+AK(15)
P—-AK(5)—DOP(3) P—base+-AK (5)+DOP(3)
P—AK(5)—DOP{6) P—base+AK(5)+DOP(6)
P—AK(5)—DOP(9) P—base+AK(5)+DOP(9)

* Numbers in parenthesis are in “phr”.
TM : Thermal stabilizer, AK : Acryloid K—125,
and SA : Stearic acid
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Fig. 2. Detailed layouts of silt die rheometer used.
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Glass transition temperature was measured by
differential scanning calorimeter (Perkin Elmer
System 4, Perkin Elmer Co., USA), and ten-
sile properties were measured by an Instron te-
ster. The cross head speed in tensile testing was
lem/min, The microstructure of fractured sur-
face of tensile specimen was investigated by sc-
anning electron microscope (Hitachi—S—510, Hi-
tachi Co., Japan). Density was measured by use
of a density gradient column built—up with aq-
ueous solution of sodium bromide.

RESULTS AND DISCUSSION

Rheological Properties
Plots of viscosity and first normal stress di-
fference versus shear rate for P—base at three

Z2|0] Al113 A3% 19873 6¥

Shear rate(s ')

Fig. 3. Viscosity and the first normal stress
difference vs. shear rate for P—base.

different temperatures are given in Fig. 3. An
reduced both
cosity and first normal stress difference, Power—

increase of temperature vis-
law indices of various formulations at three di-
fferent temperatures are listed in Table 2, As
given in the table, the power—law index was
unusually small at low temperautures and no-
ticeably increased with temperature. We had also
obtained similar results using a capillary die rhe-
ometer for different grade PVC.7 Further, power—
law index was also increased as the usage level
of DOP or Acryloid K—125 was increased, which
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Table 2. Power—law Index of PVC Compounds

Temp.(TC) .

Code 170 180 190
P—base 0.061 0.110 0.178
P—-AK(5) 0.050 0.110 0.208
P—AK(10) - 0.166 0.265
P—AK(15) - 0.160 0.260
P—AK(5)—DOP(3)| 0.120 0.220 0.360
P—AK(5)—DOP(6)| 0.120 0.230 0.380
P—AK(5)—DOP(9)] 0.140 0.270 0.390
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Fig. 4. Effect of DOP on the viscosity and fi-

Shear rate(s™')

rst normal stress difference at 180TC.

10° 10°
[
0
40
@ o
] =@
g S
< o LA
3 - 23
o S o PAK(S 1 55
H e - ¢> P-AK (5)-DOP (3; £
s L - -G P-AK (5)-DOP (6} b
/ -+ ¢ P-AK(5:-DOP (9}
100 L " " o
710 10° 7x10°

Shear rate(s™)

Fig. 5. Effect of DOP on the viscosity and first nor-
mal stress difference at 1907TC.

may be ascribed to the improved chain mo-
bility.

In a normal PVC processing the use of pro-
cessing aid is usual for uniform flow and for the
better product properties. On the whole the pro-
cessing aids incorporated are polar com-
ponents to enhance compatibility with polar PVC,
Acryloid K—125, a ge-

neral —purpose processing aid for PVC, was used.

In this experiment,
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Fig. 6. Effect of AK on the viscosity and first nor-
mal stress difference at 180C.
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Fig. 7. Effect of AK on the viscosity and first nor-
mal stress difference at 190TC.

Although the exact composition of Acryloid K-
125 is unknown, the main component seems to
be polymethylmethacrylate (PMMA),
by IR Spectra,

The effect of Acryloid K—125 on the rh-
eological properties of PVC is shown in Figs.
4 and 5. Contrary to one’s expectation, both vis-

judged

cosity and first normal stress difference were inc-
reased with increasing Acryloid K-125 content,
Therefore it should be prerequisite in rigid PVC
processing to measure the rheological pro-
perties accurately. Fig. 6 and 7 represent the
effect of DOP on the rheologioal properties of
PVC. Both viscosity and first mormal stress di-
fference were reduced with increasing DOP con-
tent as expected. Plots of first nomal stress di-
fference versus shear stress are given in Figs.8
and 9. Although there is some scattering of data

points substitution of shear stress for shear rate

Polymer(Korea) Vol. 11, No. 3, June 1987
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Fig. 8. Plots of first normal stress difference ag-
ainst shear stress showing the effect of DOP.

5-10°

s 100 A

. ~AP-base
o, & < P-AK (5

o, s o P-AK (10!
4 . . P-AK 15

. N

First normal stress
difference (Pa
)

10°F

5x10* 10° 10%
Shear stress (Pa)

Fig. 9. Plots of first normal stress difference ag-
ainst shear stress showing the effect of Acry-
loid K—125.

gave almost straight lines independent of temper-
ature, It is interesting to see that Acry-loid
K-125 considerably increased first normal stress
difference but DOP had little effect on it. The
elimination of temperature effect in most el-
astic parameters such as first and second no-
rmal stress differences, exit pressure, die swell
ratio, recoverable shear strain and steady state
shear compliance by substituting shear stress for
shear rate has also been reported by others 210
In an engineering sense, it is advisable to con-
struct a master curve independent of te-
mperature since it makes comparison of el-
astic properties at different processing te-

mperatures more convenient.
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Fig. 10. Polts of viscosity vs, reciprocal of tem-

perature for P—base.

Table 3. Flow Activation Energy of PVC Com-
pounds

ear rate(sec’l) 20 50 100
Code

P—base 17.57 ) 13.06 [11.53
P—AK(5) 13.20 | 12.00 |[11.72
P—-AK(10) 12,76 | 10.65 |10.21
P—AK(15) 1435 | 11.66 [10.43
P—-AK(5)—DOP(3) 13.24 { 10.80 | 9.90
P—AK(5)—DOP(6) 1133|1055 | 9.36
P—AK(5)—DOP(9) 10.44 | 10.20 | 9.02

* Dimension of activation energy is (kcal/mol).

Flow Activation Energy

To obtain flow activation energy, viscosity was
replotted against reciprocal temperature at a
given shear rate. Typical plots for P—base at
four shear rates are given in Fig. 10, The flow
activation energy was calculated from the slope

using Arrhenius—type equation : 1

n=Aexp(AE/RT)
in which, # 1is viscosity (poise), A is con-

stant, AE is (kcal/mol)
R is gas constant (kcal/mol 'K), and T is ab-

activation energy
solute temperature (‘K). The flow activation
energy of tested formulations at three di-
fferent shear rates are given in Table 3. In ge-
neral the flow activation energy was di-
minished with increasing shear rate. Further, in-

clusion of DOP and Acryloid K—125 reduced
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Fig. 11. Variations of tensile strength and tensile
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Fig. 12. Variations of elongation to break and glass
transition temperature with DOP con-
tent.

flow activation energy. This suggests that DOP
and Acryloid K—125 enhance chain mobility at
higher temperatures, since flow activation en-
ergy represents the influence of temperature on
the viscosity.
Physical Properties

Variations of tensile strength, tensile mo-

dulus, elongation to break and glass transi-
tion temperautre with DOP content are shown
in Figs. 11 and 12, It sholud be noted that while
the glass transition temperature was lineary de-
creased with DOP centent, tensile modulus and
tensile strength were increased up to DOP con-
tent of 6 phr. Further, inclusion cf a small am-
ount of DOP also reduced elongation to break.
At first sight, these facts appear to be some-

what contradictory. However, some cther re-
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Fig. 13. Typical stress—strain curves showing ef-
fect of DOP on embrittlement of PVC,
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Fig. 14, SEM photomicrographs of tensile frac-
tured surfaces showing the effect of DOP
on embrittlement of PVC.

searchers have also found the similar ph-
enomena for the compatible polar resin—polar
plasticizer systems in the glassy state, and they
denominated it an “antiplasticization” '™ '° Fig.13
represents typical stress—strain curves of P—
AK(5) and P—AK(5)—DOP(6). It clearly shows

that DOP reduces ductility of PVC, SEM photo-

Polymer(Korea) Vol. 11, No. 3, June 1987
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Fig. 15. Plots of density vs. DOP content show-
ing the effect of DOP on the molecular or-
derness of PVC. CDF=(measured de-
nsity —calculated density ) x1000.

micrographs of tensile fractured surfaces of the
two formulations are given in Fig. 14. The mi-
crofibril structure is more noticeable with
AK(5) than with P—AK(5)—DOP(6). In ad-
dition, the fractured surface of P—AK(5)—DOP
(6) exhibits some cracks. This also indicates that

DOP makes PVC more brittle. The em-
brittlement may be ascribed to the partial re-
striction of chain motion. That is, the polar DOP
molecules cohere to FVC segment through di-
pole—dipole interaction and the motion of co-
hering parts of PVC chain may be greatly hin-
dered. As a result, such a local hindrance of
chain motion may develop an embrittlement of
PVC in the glassy state.

To trace the change in chain packaging by
adding a small amount of DOP, calculated and
measured densities are plotted against DOP con-
tent in Fig. 15. It is a generally accepted fact
that when the temperature is lowered to below
glass transition temperature, a non—equli-
brium structure is usually observed in a poly-
mer because of long relaxation time required to
get a new equilibrium state corresponding to a
new lower temperature. An introduction of pl-
asticizer may promote a more compact struc-
ture at the temperatures below glass trans-
ition temperature due to reduced relaxation time.
5 In addition, the free volume may also be di-
minished through the polar-polar interaction be-

E2|0 A11¥8 A3E 19873 69

tween PVC chain and DOP molecule. In consequ-
ence, the measured densities were higher than
the calculated densities as given in the figure.

CONCLUSIONS

1. While dioctylphthalate (DOP) reduced vis-
cosity and first normal stress difference of poly-
vinylchloride (PVC), Acryloid K—125 increased
them.

2. Flow activation energy of PVC was de-
creased with the increase of shear rate, and both
DOP and Acryloid K—125 reduced flow acti-
vation energy of PVC.

3. Incorporation of a small amount of DOP re-
duced ductility of PVC. It increased tensile strength
and tensile modulus, and reduced elongation to
break of PVC. DOP seemed to play a role in
enhancing the chain compactness of PVC.
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