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SYNOPSIS 

Oils and resins are widely used in rubber industries to improve or control the mechanical 
properties, viscoelastic behavior, processability, and tackiness of a rubber compound. Very 
few fundamental studies have been reported on the function and the mechanism of oils 
and resins in a rubber mixture. In this article oil or resin distribution to each phase in an 
immiscible binary elastomer blend was studied by measuring the change of thermodynamical 
parameters, such as glass transition temperature, melting point of crystallines, and heat 
at melt of each polymer component. Several independent approaches give consistent results. 
It was found that aromatic oil was favorably distributed to the polystyrene-butadiene (SBR) 
phase of an SBR/natural rubber (NR) blend. Similarly, unequal distribution of resin in a 
blend was observed for a natural resin (rosin) and a petroleum resin. 0 1996 John Wiley & 
Sons, Inc. 

INTRODUCTION 

Oils and resins are widely used in rubber industries 
to improve or control the mechanical properties, 
viscoelastic behavior, processability, and tackiness 
of rubber compounds.',' A high loading of filler be- 
comes possible with oil. Normally, the oils and resins 
employed in rubber compounds are complex mix- 
tures of various  material^,^ making it difficult to 
characterize them. Very few fundamental studies 
have been reported on the function and mechanism 
of oils and resins in rubber mixtures. The first sys- 
tematic research was carried out by one of the 
authors' on the role of oils and resin in rubber com- 
pounds. However, to our knowledge, the distribution 
of oils or resins to each phase of an immiscible binary 
rubber blend has not been studied. In this article 
the change of thermodynamic properties of the 
polymer component was measured when oils or res- 
ins were added to an immiscible elastomer blend. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 61,755-762 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/050755-08 

EXPERIMENTAL 

Materials 

The elastomers used were natural rubber (NR, RSS 
no. I), cis-174-polybutadiene (Japan Synthetic Rub- 
ber Co., BROl), and polystyrene-butadiene rubber 
(Japan Synthetic Rubber Co., SBR 1500). Naph- 
thenic oil (Japan Petroleum Co., spindle no. 2), ar- 
omatic oil (Japan Synthetic Rubber Co., JSR 
AROMA), rosin (Taisha Pine Spirit Oil Co.),  and 
petroleum resin (Esso, Piccodiene) were mixed with 
elastomers, as shown in Table I. 

The oils and rubbers were mixed by a Plastograph 
(Brabender Corporation) a t  a rotor speed of 70 rpm 
for 10 min. Resins (up to 10 phr) were also com- 
pounded by using the Plastograph. A 3-inch-diam- 
eter roll mill was employed for mixing 30 and 50 phr 
resins. The amount of oil or resin added to rubber 
was measured using the weight gain after com- 
pounding. This was also checked by measuring the 
density of the compound precisely. As indicated in 
Table 11, these values agree with each other. 
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Table I Compounding Recipe of Samples 

1 2 3 4 5 6 7 8 9 10 11 12 

NR 100 100 100 50 50 
BR 100 100 100 50 50 
SBR 100 100 100 50 50 
Oil or resin 10 30 50 10 30 50 10 30 50 50 50 50 

Parts per hundred rubber (phr) by weight. 

High-Resolution Nuclear Magnetic Resonance 
and Infrared Spectroscopy Analysis 

To characterize the structure of oils and resins used, 
high-resolution nuclear magnetic resonance (NMR) 
and infrared (IR) spectrographic studies were carried 
out. Carbon tetrachrolide was used as the solvent 
in NMR analysis a t  a resonance frequency of 60 
MHz (JEOL minimer 60MC). In the IR measure- 
ment, a Hitachi EP-2 spectrometer was used. Naph- 
thenic and aromatic oil were supported by a sodium 
chloride disc, and a KBr disc method was used for 
rosin and Piccodiene in the analysis. 

Glass Transition Temperature Measurement 

A Perkin-Elmer model DSC-1B was employed to 
measure the glass transition temperature (T,) of the 
oils, resins, NR, SBR, and their mixtures a t  a scan- 
ning speed of 8"C/min. The measurement was made 
twice for each sample to confirm the transition tem- 
perature. Figure 1 shows the measurement method 
to determine the typical Te For BR and its mixtures, 
a DTA (Rigaku Electric) modified for low-temper- 
ature measurement was used. As the coolant, a mix- 
ture of isopentene and liquid nitrogen was employed. 
The measurement was carried out at a scanning 

speed of 4"Clmin using quartz powder as a reference. 
In the measurement of Tg for BR/NR, BR/SBR, 
and their mixtures with oils or resins, the Tg of BR 
and an exthotherm caused by the crystallization of 
BR(-80°C - -50°C) were observed during the first 
run (Fig. 2). Then the sample was rapidly cooled to 
-150°C and a second run was made to obtain the 
Tg values of NR and SBR, since these Tg values 
were masked by the exthotherm of the BR at the 
first run. 

Melting Point Measurement of Polybutadiene 
Crystals 

Samples were cooled to -150°C and then heated at  
a scanning rate of 8"C/min in a differential scanning 
calorimeter (DSC) (Perkin-Elmer Model DSC-1B). 
The polybutadiene crystallized rapidly in the tem- 
perature region of -75°C to -45°C and it started to 
melt at around -20°C. The melting was complete 
below +5"C. The temperature at the peak of melting 
was defined as the melting temperature (T,). 

Crystallinity of Polybutadiene (BR) 

As illustrated in Figure 3, an endotherm in the ther- 
mogram of BR at melting was observed, and the 

Table I1 Density Measurement 

Calculated Density Based on 
the Difference in Weight 
before and after Mixing 

Observed Value by Density 
Gradient Column Measurement 

NR plus naphtenic oil lOPHR 0.914 0.914 
3OPHR 0.909 0.909 
5OPHR 0.907 0.906 

BR plus naphtenic oil lOPHR 0.902 0.902 
30PHR 0.900 0.900 
5OPHR 0.897 0.898 
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Experimental definition of the glass transition 

area enclosed by the endotherm and the base line 
was defined as the crystallinity of the BR compound. 
About 15 mg of each sample was precisely weighed, 
and the crystallinity of the sample was corrected 
based on the weight. 
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Figure 3 Endothermic thermogram of BR and BR/ 
Piccodiene mixture. The dashed line defines the base for 
crystallinity measurement. 

RESULTS AND DISCUSSION 

Glass Transition Temperature Shift 

The glass transition temperature (T,) of a miscible 
polymer-plasticizer mixture is known to shift when 
the Tg values of components are different. This phe- 
nomenon has been explained by assuming that the 
free volume of a mixture is the sum of the free vol- 
ume of the polymer and the plasticizer: Therefore, 
the Tg of a mixture is a function of oil. It is expected 
that the T, shift of a polymer A may be smaller than 
expected while that of polymer B is larger than an- 
ticipated when an oil C preferentially mixes with 
polymer B (assuming the polymers are immiscible). 

The thermograms for raw polymers, oils, and their 
mixtures are shown in Figures 4 to 6. The relation- 
ship between the Tg values of NR and SBR mixtures 
and the volume fraction of oil added are shown in 
Figures 7 and 8. From Figure 6, for example, for an 
NR : SBR, 50 : 50 and naphthenic oil 50 PHR mix- 
ture, the Tg of the SBR phase was -64"C, corre- 
sponding to the Tg when the oil was added to SBR 
alone at a volume fraction of 0.21 (Fig. 8, black dot). 
On the other hand, the Tg of the NR phase was 
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Figure 4 Thermogram of unblended polymers and aromatic oil. 

-75OC (Fig. 6), corresponding to a volume fraction 
of 0.36 (Fig. 7, black dot). When a uniform distri- 
bution of oil is assumed, the volume fraction of oil 
in both phases should be approximately 0.29. This 
suggests that the oil was preferentially distributed 
to the NR phase of the immiscible NR/SBR blend. 
Similar results are observed for NR/SBR/rosin, 
NR/SBR/aromatic oil, and other systems. These 
results are summarized in Table 111. For example, 
rosin was preferentially distributed in the BR phase 
of NR/BR, shown as BR in the bottom row of Table 
111. In this study all oils and resins employed, except 
the naphthenic oil, showed higher Tg than those of 
elastomers. The relationship between Tg and the 

volume fraction of oil (up to 0.29) was found to be 
linear (Figs. 7 and 8). 

Eutectic Melting Point Depression 

It is well known that melting point depression occurs 
when a foreign material mixes with a crystalline one 
(assuming that the materials are miscible). The eu- 
tectic melting point depression is expressed as a 
function of volume fraction of polymer in the mix- 
ture and an interaction parameter ( x,) between 
polymer and 

The oil distribution in an immiscible polymer 
blend can be estimated when the relationship be- 

SBR Piccodiene 

1 
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Figure 5 Thermograms showing the shift of Tg in SBR/Piccodiene blend. 
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Figure 6 Thermogram of NR/SBR blends containing oil or resin. The NR/SBR naph- 
thenic oil blend (top curve) shows the Tg of the SBR component to be -64°C and that of 
the BR to be -75°C. 

tween the melting point depression and the volume its melting point depression is expected to be larger 
of the oil or resin added is known. Cis-1,4-BR easily than that of a uniform distribution. Figure 9 shows 
crystallizes in the temperature region between the thermogram of an aromatic oil and BR mixture. 
-70°C and -50°C and melts at  -20°C to +5"C. It can be seen clearly that the melting point of the 
Assuming that an oil would preferentially mix with mixture decreased as the volume fraction of the oil 
BR in an immiscible BR and other elastomer blend, increased. The oil, rosin, and Piccodiene distribu- 
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Figure 7 Relationship between T, and volume fraction 
of oil in NR and naphthenic oil mixture. The solid dot is 
for the Tg of an NR/SBR mix with a 0.29 average volume 
fraction of naphthenic oil. 

Figure 8 Relationship between T, and volume fraction 
of oil in an SBR and naphthenic oil mixture. The solid 
dot is for the Tg of an NR/SBR mix with a 0.29 average 
volume fraction of naphthenic oil. 
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Table I11 Distribution of Oil or Resin Estimated 
by Tg Shift 

Polymer Combination 
Oil or Resin 

Added NR/BR NR/SBR SBR/BR 

Naphtenic oil Vague NR Vague 
Aromatic oil Even SBR - 
Piccodiene - SBR - 
Rosin BR SBR BR 

tions in BR/NR and BR/SBR measured using this 
method are summarized in Table IV. 

It was found that the degree of melting point 
depression for BR-rosin was smaller than that of 
BR-Piccodiene. From the equation which expresses 
the relationship between the melting point depres- 
sion and the volume fraction of oil (or resin), there 
are two possible causes for this difference in melting 
point depression. First, the volume per mole of rosin 
may be larger than that of Piccodiene. Second, the 
interaction parameter XI in the equation may be 
larger for BR/rosin. Since the specific gravity and 
the average molecular weight per unit of the two 
materials are almost the latter seems to be 
most probable. The existence of carboxyl polar 
groups in rosin causes a higher XI value in a BR/ 
rosin mixture. 

Table IV Distribution of Oil or Resin Estimated 
by Melting Point Depression 

Polymer Combination 

Oil or Resin Added NR/BR SBR/BR 

Aromatic oil BR BR 
Piccodiene BR - 
Rosin BR even (BR?) 

Crystallinity 

As mentioned in the previous paragraph, BR easily 
crystallizes and the degree of crystallinity is influ- 
enced by adding oil or resin when this oil or resin 
is miscible with BR. Thus, the extent of preferential 
distribution of an oil in a BR and other elastomer 
blend can be estimated, when the relationship be- 
tween the crystallinity of BR and the volume frac- 
tion of the oil is known. 

The degree of crystallinity of raw BR was nor- 
malized by weight. A comparison of crystallinity was 
made between BR and BR with oil added. Calcu- 
lation of the crystallinity was done based on the 
assumption that the change in crystallinity was 
caused by the volume of oil added. Thus, 

where C ,  is the crystallinity of the BR and oil mix- 
ture, Cb is the crystallinity of BR, and Veil is the 
volume fraction of oil. Table V shows the comparison 
between the two values, calculated and observed. 

The observed crystallinity for a BR/NR and Pic- 
codiene blend is much smaller than that of the cal- 
culated one. This result implies preferential distri- 
bution of Piccodiene to the BR phase. These con- 
clusions are summarized in Table VI. The 
crystallinity observed sometimes exceeds the cal- 
culated one. Two possible causes for this are that 
(1) there was an experimental error in crystallinity 
measurement, or (2) the oil may have accelerated 
the crystallization of the BR. 

Infrared Spectroscopy and High-Resolution NMR 
Analysis 

Oils and resins for rubber formulation are normally 
composed of several complex components. For ex- 
ample, naphthenic oil is a mixture of normal paraf- 
fin, isoparaffin, alkyl cycloalkene, alkyl benzene, and 
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Table V 
and Observed 

Comparison of Apparent Crystallinity of BR between Calculated (Based on Volume Effect) 

Polymer Combination 

NR/BR SBR/BR 

Oil or Resin Added Calculated Observed Calculated Observed 

Naphtenic oil 
Aromatic oil 
Piccodiene 
Rosin 

9.2 
10.5 
8.8 

9.9 
1.7 
4.3 

10.6 
9.4 

9.9 
- 

12.7 
5.4 

6.4 
- 

aromatic condensed hydrocarbons. Few studies have 
been made of their structures and properties. Figure 
10 illustrates IR and NMR spectra of the oils and 
resins used in this study. Compared with naphthenic 
oil, aromatic oil contains more aromatic structures. 
This difference may explain the preferential distri- 
bution of the aromatic oil to the SBR phase in NR/ 
SBR and BR/SBR blends. 

Density of Mixtures 

The density of a mixture can be expressed by the 
following equation': 

where p is the density of the mixture, pr  is the density 

of rubber, poil is the density of oil, and L is the in- 
teraction parameter. 

In eq. (3), L is an empirical interaction parameter. 
A decrease in volume is observed when the rubber 
and oil molecules of some mixtures attract each 
other, resulting in a negative value of L. For NR- 
naphthenic oil and BR-naphthenic oil, as seen in 
Table I, the calculated density coincides with the 
observed value to three decimals places. This implies 
that the interaction between the oil and the polymer 
is small in these cases. Applying eq. (3), L was found 
to be nearly zero for SBR/naphthenic oil and NR/ 
naphthenic oil mixtures.' On the other hand, for 
SBR/rosin and NR/rosin, L was -0.064 and -0.028, 
respectively; and for aromatic oil, L was -0.007 with 
SBR and +0.014 with NR. This supports the conclu- 
sion that the distribution of oil or resin in immiscible 
elastomer blends is as tabulated in Table VII. 

;I TYS 
NKR Spectrum of Oils 

I 2 3 1 5 6 'I 8 9 10 I 

Figure 10 NMR spectra of oils and resin. 
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Table VI Oil or Resin Distribution Estimated by 
Crystallinity 

Polymer Combination 

Oil or Resin Added NR/BR SBR/BR 

Naphthenic oil - Even 
Aromatic oil Even BR 
Piccodiene BR - 
Rosin BR BR 

Figure 11 IR spectra of oils. 

Table VII 
Estimated by Three Different Methods 

Oil or Resin Distribution Collectively 

Polymer Combination 
Oil or Resin 

Added NR/BR NR/SBR SBR/BR 

Naphthenic oil Slightly BR NR Slightly BR 
Aromatic oil Slightly BR SBR BR 
Piccodiene BR SBR - 
Rosin BR SBR BR 

CONCLUSIONS 

The distribution of oils and resins in immiscible 
elastomer blends has been measured by the shift in 
glass transition temperature Tg (Table 111) the 
melting point depression (Table IV) and the change 
in the crystallinity (Table V )  of the components. 
The three independent approaches to determination 
of the oil/ resin distribution in immiscible polymer 
blends are summarized in Table VII. All three 
methods give the same distribution. These present 
a consistent picture of the oils or resins being pref- 
erentially mixed by one of the components of the 
blends. 

The authors would like to thank Miss Nobuko Katoh for 
her assistance in NMR measurements and analysis and 
useful discussions on the structures of oils and resins. 
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