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Dependence of Tg of NBR Vulcanisates on  
Plasticiser Level and Crosslink Density

Faridah h.a.h.*#, a.J. Tinker** and a.S. Farid***

This study reports the relationship between glass transition temperature ( Tg) and 
tributoxyethylphosphate (TBEP) concentration in acrylonitrile-butadiene rubber (NBR) 
gum vulcanisates.  A linear relationship with weight fraction of TBEP was observed for up 
to 37 weight percent TBEP and the change in Tg over this range was high.  However, the Fox-
Hoy relationship between 1/Tg provided a better fit to the data.  This observation provides a 
particularly reliable basis for estimating plasticiser levels through measurements of Tg.  The 
Gordon-Taylor relationship did not provide a good basis for predicting the Tg of the plasticised 
rubber.  A much lower dependence of Tg on crosslink density was also observed.
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The use of plasticisers to reduce the glass 
transition temperature (Tg) of polymers is 
a well-established method for altering their 
physical properties1,2. although more commonly 
used for this purpose with thermoplastics, 
plasticisers have also been used to reduce the 
Tg of rubbers which have relatively high Tgs, 
such as acrylonitrile-butadiene rubber (nBr) 
and epoxidised natural rubber.  Gelling et al.,3  
have demonstrated the effects of various 
plasticisers in lowering Tg and increasing 
resilience of 50 mole% epoxidised natural 
rubber (enr-50) filled with 50 p.p.h.r. of FeF 
carbon black. Jenckel and heusch4 have studied 
the effects of the glass transition behaviour of 
polystyrene and poly(methyl methacrylate) 
with a series of solvents and showed that 10% 

of solvent by weight is capable of reducing the 
Tg by as much as 50ºC. aris5 has also observed 
the same phenomenon when he was using a 
wide range of plasticisers in reducing the Tg of 
enr-50. 

The present study seeks to investigate 
the relationship between Tg of a polymer 
and plasticiser content by using nBr gum 
vulcanisates and tributoxyethylphosphate 
(TBeP), with some attention also being given 
to the effect of crosslink density of the nBr 
gum vulcanisates on the Tg. The abilities of 
a number of relationships proposed in the 
literature to accurately describe the dependence 
of Tg of the plasticised rubber on plasticiser 
level are examined and commented on. 
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The plasticiser chosen was TBeP, which 
is a non-volatile liquid of phosphoric acid 
derivative. Low volatility is essential to minimise 
loss of plasticiser during sample preparation 
and weighing. The reason for employing 
TBeP plasticiser in reducing Tg of nBr gum 
vulcanisates is to obtain a large reduction in 
Tg. This is mainly due to the large difference 
in Tg of about 85ºC between TBeP plasticiser 
(–101ºC) and gum vulcanisate of nBr with 
41% acrylonitrile content (about –15ºC). in 
general, the lower the Tg of plasticiser the more 
efficient it is in reducing the Tg of the plasticised 
polymer4.  a large reduction in Tg of plasticised 
nBr would allow more accurate estimation of 
the effect of plasticiser concentration on Tg and 
of plasticiser concentration from Tg in future 
work.  

MaTeriaLS and eXPeriMenTaL MeThOdS

The nBr used in the present work was Breon 
n41C45® with 41% acrylonitrile content 
and the density was 1.02 g/cm3. The nBr 
was vulcanised by using a semi-efficient 
vulcanisation (eV) cure system at a sulphur:
TBBS ratio of 1:1 following a standard 
formulation reported elsewhere6.  The crosslink 
densities of these nBr gum vulcanisates have 
also been determined, as reported elsewhere6.   
TBeP was supplied by Surfachem Group plc 
(Leeds, england).

a nBr vulcanisate cured with 2.1 p.p.h.r. 
sulphur and having a physically effective 
crosslink density6 (nphys) of 70.4 mol/m3 was used 
in the investigation of the effect of TBeP on Tg.  
Samples of plasticised nBr at various TBeP 
concentrations were prepared by immersing 
pieces of nBr cut to a size of 12.7 mm 3 12.7 
mm 3 1 mm in TBeP until the desired weight 
fraction of TBeP was obtained. On attainment 
of the desired weight fraction, test pieces were 

removed from the swelling liquid. The surfaces 
of the samples were cleaned by wiping off the 
excess TBeP before they were wrapped in 
aluminium foil and allowed to equilibrate for a 
period of two months in a carefully controlled 
environment at 23ºC + 1ºC. Tgs of unplasticised 
and plasticised gum nBr vulcanisates at various 
concentrations of TBeP were then measured by 
differential scanning calorimetry with a Perkin-
elmer dSC7 instrument. 

 
in order to calibrate the instrument two 

standard transition values were required, and 
these were both obtained from cyclohexane7. 
Cyclohexane was chosen due to the greater 
accuracy of the transition points and their wider 
separation.  

For each measurement of Tg, a sample 
amounting to about 20 mg ± 0.2 mg was used. 
The sample was cooled to 173ºk and it was 
allowed to equilibrate at this temperature. 
The sample was then heated at a rate of 10ºk/
min.  The uncorrected Tg was taken to be the 
temperature at the intersection between the 
extrapolations of the straight line preceding 
the transition and the steepest gradient of the 
transition slope in plots of heat flow against 
temperature. 

To ensure accuracy and precision, a number 
of measurements were carried out for several 
samples at each of the various concentrations of 
TBeP until two consecutive readings differed 
by <1ºk. Tg of raw nr was measured before 
and after each set of measurements and Tgs of 
the vulcanisates were corrected and quoted on 
the basis of 201.2ºk as the Tg of raw nr8. 

reSULTS and diSCUSSiOn

The incorporation of TBeP plasticiser into  
nBr gum vulcanisates had the expected effect of 
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reducing the Tg of the rubber (Figure 1).  Several 
relationships have been proposed to account  
for the lowering of Tg by plasticiser9–12.   The 
simplest of these is an empirical formula10:

Tg1,2 = Tg1 + kw2 … 1

where Tg1,2 and Tg1 are the glass transition 
temperatures of plasticised and unplasticised 
polymers respectively, w2 is the weight  
fraction of plasticiser, and k is an empirical 
constant.

a plot of Tg1,2 against weight fraction of 
TBeP, as shown in Figure 2, confirms that 
Equation 1 applies over the entire range of 
plasticiser contents investigated here.  Linear 
regression gives:

 Tg1,2 = 255.7 – 155.0w2 … 2

with a high correlation coefficient (r2 = 
0.991).  This implies that this simple empirical 
relationship can have useful predictive power 
to at least the levels of plasticiser used here.  
however, the relationship must break down 
eventually despite the apparent linearity 
implied by the linear fit; indeed some curvature 
is evident in Figure 2.

if Equation 1 is to be valid over the entire 
range of plasticiser compositions, then when w2 
is equal to 1 in the case of pure plasticiser, Tg1,2 
will become the Tg of the plasticiser, denoted by 
Tg2. The constant k would then be:

k = Tg2 – Tg1 … 3

it can be observed from Equation 3 that the 
constant k is related to the Tg of the plasticiser 
(Tg2) as well as the Tg of the rubber (Tg1).  The 
Tg for TBeP was experimentally found to be 
172.2ºk (s.d. = 6 0.12) when scanned at 10ºk/
min. 

Substituting k with –155.0 and Tg1 with 
255.7 in Equation 3 gives a calculated Tg2 for 
TBeP of 100.7ºk, confirming the breakdown 
of Equation 2 at plasticiser levels in excess of 
those considered here.

The value of k observed here is remarkably 
close to that obtained by aris5, who used TBeP 
to reduce the Tg of enr-50 and obtained a value 
of –150 for k.  any closer coincidence would be 
fortuitous since the Tg of the gum vulcanisate of 
enr-50 used by aris5 was 247.8ºk, compared 
with an observed Tg of 257.7ºk for the nBr 
vulcanisate used here and a value from the linear 
regression of 255.7ºk.  The small difference in 
values for k may be attributed to the difference 
of about 10ºk in the Tg values of the two gum 
vulcanisates i.e. enr-50 and nBr. 

There are other empirical or semi-empirical 
relationships in the literature.  Two of these and 
a third possibility are considered further here.  

The Gordon-Taylor equation has been used 
to describe the dependence of Tg on level of 
plasticiser13.  The equation assumes that the free 
volumes of the polymer and diluent (plasticiser) 
are additive14:

Tg1,2  =
 a1v1 Tg1 + a2v2 Tg2 … 4

       a1v1 + a2v2

where v1 and v2 are the volume fractions of 
rubber and plasticiser in the plasticised rubber 
respectively, and a1 and a2 are the thermal 
expansion coefficients of the rubber and 
plasticiser, respectively. Since:

v1 = 1 – v2 … 5

Equation 3 may be re-written as:

Tg1,2  =
 a1(1 – v2) Tg1 + a2v2 Tg2 … 6

       a1(1 – v2) + a2v2

Faridah h.a.h. et al.: Tg of nBr Vulcanisates on Plasticiser Level and Crosslink density



Figure 1. Dependence of Tg on the level of TBEP in gum vulcanisates of NBR, nphys = 70.4 mol/m3.

Figure 2. Dependence of Tg on weight fraction, 
w2 of TBEP in gum vulcanisates of NBR, nphys = 70.4 mol/m3.
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a difficulty arises in the use of Equation 6 
— there is a need for values for the thermal 
expansion coefficients.  Where no value is 
known for a1, it is usual14 to use 4.8 3 10–4 
k–1.  Values of a1 for a number of elastomers 
are given in Table 1.  it is seen that these are 
greater than the above value.  There is no value 
for the elastomer used here, but thermoelastic 
measurements on gum vulcanisates of blends 
of two nBr elastomers15 indicate a value of 
about 7.5 3 10–4 k–1.  This is in line with the 
values for other elastomers quoted in Table 1.   
There are few values for a2, and it is claimed 
that using a value of 10–3 k–1 often gives a good 
fit16.  it is evident from Figure 3, which presents 
Tg1,2 as a function of v2, that the relationship 
does not give a good fit to the experimental 
data regardless of which value is used for a1.  
This could be ascribed to incorrect values for a1 
and/or a2.  if the ratio of the thermal expansion 
coefficients is defined as:

a =
 a2  … 7

      a1

then Equation 6 may be written as:

Tg1,2  =
 v2(aTg2 – Tg1) + Tg1 … 8

       v2(a – 1) + 1

it is only then necessary to consider one 
unknown, the constant a.  even when a is 
adjusted to give a good fit at low plasticiser 
levels, the overall fit is not good because of 
a high degree of curvature (Figure 3) and the 
value required for a implies a larger difference 
in the expansion coefficients for the rubber and 
plasticiser than expected from the literature.

hoy12 proposed a modification to the Fox 
relationship17, normally used to estimate the Tg 
of a copolymer, so that it might be applied to  
a plasticised polymer, with the plasticiser 
replacing an internally plasticising comonomer.  
it should be noted that hoy referred erroneously 
to the Fox-Flory equation, which relates Tg to the 
molecular weight of the polymer.  The relation-
ship proposed by hoy may be written as:

  1    
=

  v1  +
  av2 … 9

Tg1,2         Tg1        Tg2 

where a is a constant introduced to allow for the 
greater mobility of the plasticiser relative to an 
incorporated comonomer.  applying Equation 
5 gives:

  1    
=

 v2(aTg1 – Tg2)  +
  1 

… 10
Tg1,2                      Tg1 Tg2              Tg1

TaBLe 1. LiTeraTUre VaLUeS FOr CUBiC TherMaL eXPanSiOn COeFFiCienTS

Polymer a 3 104 (k–1) reference

Polyisoprene (natural rubber) 6.6 23

Polybutadiene (43% cis-1,4, 50% trans-1,4 7% 1,2) 7.5 23

Polybutadiene (Budene, high cis-1,4) 6.3 24

Poly(butadiene-co-styrene), 23.5% styrene 6.6 23

Polychloroprene (neoprene) 6.1 23

Poly(ethylene-co-propylene) 7.5 24

Poly(2-hydroxypropyl acrylate) 8.4 25

Poly(iso-butyl acrylate) 7.2 25

Poly(iso-butyl methacrylate 6.6 25
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a plot of 1/Tg1,2 against v2 is a straight 
line with an intercept of 1/Tg1 and a slope of 
(aTg1 – Tg2)/Tg1Tg2. Given a knowledge of Tg2, a 
may be calculated.  The proposed relationship 
provides an excellent description of the data 
obtained here (Figure 4); r2 is 0.997, indicating  
a better fit than provided by the simple  
Equation 1.  The value of a is 1.19, which is 
lower than values obtained by hoy12 when using 
a form of the relationship for analysing data 
on minimum film temperatures for plasticised 
latices, but higher than those found by Taylor 
and klots18 when working with both Tg and 
minimum film temperatures.  hoy12 concluded 
that a was more influenced by the polymer than 
the plasticiser and may incorporate polymer-
solvent interaction.

as noted, the Gordon-Taylor equation 
assumes that the free volumes of the polymer 
and plasticiser are additive.  it may be viewed 
as a series model, and the Fox relationship 
provides a basis for a parallel model:

(v1a1 + v2a2) =
 v1a1  +

 v2a2 … 11
        Tg1,2                  Tg1             Tg2 

again, applying Equation 5 gives:

  1    
=

 v2(a2Tg1 – a1Tg2)  + a1Tg2 … 12
Tg1,2        Tg1 Tg2 [v2(a2 – a1) + a1]

 
Using a value for a2 of 10–4 k–1 and values 

for a1 of 4.8 3 10–5 k–1 or 7.5 3 10–5 k–1 does 
not give good fits to the data (Figure 4); again 
curvature is evident whereas the data are clearly 
linear.  The ratio given in Equation 7 may be 
used to reduce the number of unknowns to one:

  1    
=

   v2(aTg1 – Tg2)  + Tg2 … 13
Tg1,2         Tg1 Tg2 [v2(a – 1) + 1]

but adjusting the value of a to give a good fit at 
low plasticiser levels does not give a good fit to 

the data as a whole because of the high degree 
of curvature (Figure 5).

The Fox-hoy relationship remains an 
excellent description of the dependence of 
the Tg of plasticised polymers on plasticiser  
content, but there is no means of predicting the  
dependence before measurements are made.  
it should be noted, however, that Equation 11 
is equivalent to Equation 9 if the expansion 
coefficient for the plasticised polymer approxi-
mates to that of the unplasticised polymer.  
interestingly, if a and a from Equation 7 are taken 
to be equivalent, the value for a obtained here 
(1.19) would imply a value of 8.9 3 10–4 k–1 for  
the expansion coefficient of TBeP if the 
expansion coefficient for the nBr is taken to 
be 7.75 3 10–4 k–1, a not unreasonable result.  
This may provide a basis for estimating a, but 
the problem of lack of reliable values for a1 and 
a2 remains.  

Figure 4 poses a clear problem; there is no 
sign of deviation from linearity and yet the 
maximum observed value for 1/Tg1,2 is quite 
close to 1/Tg2 (0.00581).  There must either be 
a sharp deviation from linearity at plasticiser 
volume fractions in excess of 0.37 or the Tg of  
the plasticiser will be attained at a volume 
fraction significantly less than unity.  it is 
possible that this observation relates to the 
measured Tg being strongly influenced by the 
lowest Tg regions in the plasticised rubber.  
The Gordon-Taylor relationship is based on an 
assumption that the plasticised polymer may 
be treated as being homogeneous, so that the 
free volume contributions may be averaged.  
however, the constraints imposed on polymer 
segments to be immediately adjacent to the 
preceding and following polymer segments in 
the chain, made greater when the polymer is 
a vulcanised rubber, render this assumption 
questionable.  it is to be expected that the 
plasticised vulcanisate will be compositionally 
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Figure 3. Dependence of Tg on volume fraction, v2, of TBEP in  
gum NBR vulcanisates showing regression analysis according to equation 5.

Figure 4. Comparison of experimentally determined Tgs  
with the fits provided by the Fox-Hoy relationship and equation 12.

a
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inhomogeneous at the micro-level, that this will 
become more extreme at high plasticiser levels, 
and that this may well result in the Tg of the 
plasticiser being reached at a volume fraction 
considerably below unity.  This explanation 
is speculative, and further investigation is 
required with a wider range of rubber/plasticiser 
combinations and, where possible, significantly 
higher plasticiser loadings.  

it must be concluded that, at present, a 
relationship which will reliably predict the Tg 
of a plasticised polymer from the Tgs of the 
polymer and plasticiser and the amount of 
plasticiser remains elusive.  

a plot of Tg against crosslink densities 
(Figure 6 ) for a series of sulphur vulcanisates 
of nBr suggests significant dependency of Tg 
on crosslink density. Tg is observed to increase 
with incremental increase in crosslink density 
and linear regression gave:

Tg = 0.1014nphys + 250.0 
… 14

          (with r2 = 0.9007)

Lewan19 also observed a similar dependence 
of Tg of nBr vulcanisates on crosslink density, 
although he preferred a second order fit:

Tg = 250.7 + 0.0451nphys +  
… 15

          0.00000430n2
phys

 
here, the fit presented by Lewan has been 

converted from ºC to ºk.

The magnitude of the difference between the 
experimental Tg value for raw nBr, which was 
observed here to be 247.1ºk, and the ‘apparent’ 
Tg given by the intercept in Equation 14 is 
expected to be dependent on the cure system 
used, and should be highest for conventional 
sulphur vulcanisates on the basis of published 
work20,21. Lewan19 used a closely similar grade 

of nBr with an acrylonitrile content of 41% 
but a different cure system, with a higher 
sulphur: accelerator ratio, from that used here.  
This would explain the slightly higher intercept  
given by the equation obtained in his work 
(Equation 15).  Since the magnitude of the diffe-
rence between the Tg of the raw rubber and the 
Tg of vulcanisates extrapolated to zero crosslink 
density is dependent on the efficiency of the 
cure system21, it seems to relate to main chain 
modifications introduced during vulcanisation. 
it must be emphasised that there is no theoretical 
basis for using a linear fit to determine Tg values, 
but the work reported to date19–22 indicates that 
it is empirically reasonable. 

COnCLUSiOnS

results obtained have confirmed the utility of a 
simple empirical linear relationship between Tg 
and weight fraction of TBeP plasticiser and that 
the relationship can hold over a wide range of 
plasticiser levels.   an even better fit is provided 
by the Fox-hoy relationship.  Since both require 
that a constant is determined by experiment in 
order for the relationship to be used to predict 
Tg for a given plasticiser level, the latter is to be 
preferred.

The dependence of Tg on TBeP level is 
sufficiently high that measurement of Tg could 
be used to determine TBeP distributions in 
blends of nBr with other rubbers and hence to 
estimate a partition coefficient. 

The dependence of Tg on crosslink density 
has been shown to be significant, but should 
not be sufficient to preclude the use of Tg to 
determine TBeP distributions in blends of nBr 
vulcanisates.  
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Figure 5. Comparison of experimentally determined Tgs  
with the fits provided by the Fox-Hoy relationship and equation 13.

Figure 6. Dependence of Tg on nphys for NBR gum vulcanisates at various crosslink densities (S:TBBS 1:1).
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