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Dilute solutions of a styrene-hydrogenated butadiene copolymer, a viscosity index improver, 
were studied by static and dynamic light-scattering techniques. In n-hexane (a  model 
solvent for paraffinic oils) and a mineral base oil, aggregation is observed below 30°C. In 
cyclohexane (a  model solvent for napthenic oils) only isolated polymers are present in the 
whole temperature range. 

Kinematic viscometric measurements from 20 to 6OoC in the mineral oil show a con- 
tinuous increase of the intrinsic viscosity together with a decrease of kH, the Huggins 
coefficient, from 2.5 to 0.5. At shear rates between 5000 and 40000 s-', a large shear thinning 
is observed a t  room temperature for the polymer in the mineral base oil. This effect pro- 
gressively disappears as the temperature increases and the suspension becomes Newtonian 
near 100°C. All results can be interpreted in terms of micelle formation. 0 1994 John Wiley 
& Sons, Inc. 

INTRODUCTION 

Understanding the relationship between polymer 
behavior in solution and the viscosity at various 
shear rates is of fundamental' and practical' im- 
portance. Various high molecular weight polymeric 
materials are often added as viscosity improvers3 in 
numerous lubricants that are generally paraffinic 
molecules. It is known' that at low temperature the 
lubricant viscosity has to be low at  low and inter- 
mediate shear rates whereas at high temperature it 
must not decrease too much at very high shear rates. 
Furthermore, in appropriate solvents and under 
particular concentration and temperature condi- 
tions, diblock copolymers tend to associate in mi- 
~ e l l e s . ~  What is the impact of these associations on 
the viscosity value at various shear rates? 

The aim of this article is not to give an answer 
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to this question but to present a study of a particular 
viscosity index improver that belongs to the family 
of styrene-hydrogenated butadiene ( SHB ) copoly- 
mer that is often used in formulated industrial lu- 
bricants. 

In this work, the dynamic light-scattering tech- 
nique (DLS) has been used to study the hydrody- 
namic radius variation of the SHB polymer as a 
function of temperature in various solvents. Three 
aliphatic solvents, representative of different base 
oil types have been chosen. Cyclohexane and n-  
heptane are representative of napthenic and paraf- 
finic oils, respectively, and 130NS Fawley is a clas- 
sical base oil with a low level of aromatic compo- 
nents. The angular dependence of the static light 
scattered by the polymers in n-heptane and 130NS 
solvents is also measured and compared with the 
DLS results. 

The kinematic and dynamic viscosity techniques 
have been run for the polymer in 130NS solvent. 
The shear viscosity a t  various shear rates measured 
by these methods is of great industrial interest be- 
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cause, for instance in lubricated contacts, it is di- 
rectly related to the film thickne~s.~ The comparison 
of these techniques with the DLS results is very im- 
portant as this latter technique gives information 
on suspension in equilibrium conditions that can 
further the understanding of results obtained in 
shear experimenk6 

EXPERIMENTAL 

Materials 

Suspension of SHB copolymer in a base oil at  10% 
g/g was purchased from Lubrizol Co. under the trade 
mark LZ 7440. Its architecture is intermediate be- 
tween a statistical and a diblock copolymer. The 
weight-average molecular weight ( M ,  = 128000 g/ 
mol) and the polydispersity (M, /M,  = 1.4, where 
M ,  is the number-average molecular weight) have 
been obtained against polystyrene standards by 
means of gel permeation chromatography (GPC) in 
1,2,4-trichlorobenzene at  135°C utilizing a Waters 
GCP instrument. 

Cyclohexane (Fluka, puriss.) and n-heptane 
(Fluka, for UV spectroscopy) were directly used af- 
ter filtration through 0.2-pm pore size filters (Ac- 
rodisc Gelman 13CR, PTFE) to remove dust. The 
130NS base oil is characterized by kinematic vis- 
cosities equal to 25.45 cst at 40°C and 4.68 cst at  
1OO"C, respectively, a density equal to 0.8674 g/cm3 
at 15°C. It is mainly a paraffinic oil with 4% of total 
aromatic carbons. 

Sample Preparation 

Solutions in cyclohexane, obtained by directly di- 
luting the base oil suspension, were filtered through 
a 0.2-pm pore size filter into dust-free scattering 
cells. 

Samples in n-heptane were prepared from the 
base suspension by dialysis and were diluted before 
filtration through a 0.2-pm pore size filter into dust- 
free scattering cells. 

Solutions in 130NS were prepared by dissolving 
the base polymer suspension in the 130NS oil at  
60°C. Agitation at 80°C during 1 h was required 
before filtration at 60°C under a 1-pm pore size filter. 

The refractive index of the three different sol- 
vents was measured with an Abbe type refractometer 
over a large range of temperatures. From these re- 
sults, the density variation as a function of temper- 
ature has been deduced using a density value at  a 
reference temperature and the Lorenz-Lorenz for- 
mula. 

light Scattering 

A standard laboratory-built light-scattering spec- 
trometer was used. The laser source (Coherent In- 
nova 90-3 ) was operated at 514.5 nm with an output 
power from 0.1 to 0.5 W and the scattering angle 
was continuously variable from 20 to 150". The 
scattering cell, put into an index-matching liquid, 
was temperature regulated by a circulating fluid 
whose temperature was stable within 0.2"C. The in- 
dex-matching liquid (0-xylene) was filtered when 
necessary with a 0.2-pm pore size filter connected 
to a peristaltic pump. 

For the DLS experiments, the main optical as- 
sembly was composed of a 150-mm focal length lens 
and two pinholes calculated to detect nearly one co- 
herence area. In the case of static measurements, 
the pinhole in the image plane was changed for a 
slit. This arrangement significantly reduces errors 
introduced by the angular variation. The photo- 
multiplier (EM1 9563) was selected for its low 
amount of afterpulsing. The autocorrelation func- 
tions (ACF) were performed with a 1096 Langley 
Ford Coulter multitau correlator and intensity mea- 
surements were performed with an independent 
photon counting system (ORTEC, 100 MHz). 

The normalized second-order ACF of the scat- 
tered light intensity, g"'( 7 )  , is related to the first- 
order one by: 

where BG is the base line that can be computed from 
the counters or measured at  long time delay and A 
is related to the coherence area number. In our ex- 
periments, it was advantageous to use the multitau 
function of the correlator that provides a logarithmic 
time scale. All the ACFs recorded in the correlator 
memory are transferred into an IBM-PC computer 
for further analysis. 

For a polydisperse system, 

where the G(  I') is the distribution function of decay 
rate r related to the translational diffusion coeffi- 
cient D by, 

r = k 2 D ,  (3 )  

and where k is the scattering vector ( k  = 41rn sin ( 8 /  
2) / A ) ,  n is the refractive index of the solution, 8 
the analysis angle, and X the laser wavelength. 



COMPARISON OF PROPERTIES OF SHB COPOLYMER 1717 

Through the Stokes-Einstein relation and as- 
suming that the particles are noninteracting, the 
hydrodynamic particle radius R can be computed as, 

where ke is the Boltzmann constant, 77 the solvent 
viscosity, and T the temperature. To compute the 
G( I') , eq. ( 2 )  must be inverted. We have performed 
this inversion by linearizing ( 2 ) , 

N 

g1(7) = C aiexp(-ri7). (5)  
i = l  

The N values of r are spaced on a logarithmic scale 
between rmin and rmax. Moreover an additional term 
corresponding to ri = 0 is added to expression ( 5 )  
to account for dust. The ai values, related to the 
scattered intensity by the particle i, are computed 
with the nonnegative least-squares algorithm pro- 
posed by Stock and Ray.7 

The different distribution functions are related 
by, 

a; = A r i G ( r i )  = ARiGI(Ri) = MiR:P(B) 

= AR~G, ( R ~ )  R: P (  e )  ( 6 )  

where GI(Ri) and G,(Ri) are the intensity and 
weight distribution functions, Mi the weight of par- 
ticles of radius between Ri and Ri+l, and P (  e )  the 
form factor. Because in our experiments, kR < 1, 
the Rayleigh-Gans-Debye formula8 can be used, 

P ( e )  = {3[sin(kR) - k R ~ o s ( k R ) ] / k ~ R ~ } ~ .  ( 7 )  

Note that relation (6)  shows that the factor R3 
between the intensity and weight distributions leads 
to a large enhancement of the smallest particles in 
the weight distribution. 

For each of thep  populations revealed by the dis- 
tribution functions, mean diameters corresponding 
to intensity and weight-averaged distributions, @I,p 

and @w,p, respectively, are calculated according to, 

NP NP 

C aiai 

C a i  

C Mi@i 
i=Np 

(8) and a,,, = i=N 
@I,, = Ns, NP 

C Mi 
i=Np i=Np 

where (NL - N,)  is the width of the population 
function p and ai = 2 Ri. 

Viscometry 

The kinematic viscosity measurements were per- 
formed with three capillary Ubbelohde viscometers. 
The range of viscosity covered extends from 0.4 to 
180 cst and kinetic energy corrections were made 
when necessary. The temperature stability of the 
bath is within 0.1"C. 

The dynamic viscosity measurements at shear 
rates extending from 5000 to 40000 s-' were carried 
out with the Haake RV20 Rotovisco, composed of 
the M10 measuring head together with the HS1 
sensor system. The temperature was varied over a 
large range with a thermal liquid circulator and par- 
ticular attention was paid to verify that no local 
heating was present at the highest measured torques. 

RESULTS AND DISCUSSION 

light-Scattering Studies 

Dynamic fight Scattering 

All the ACF were recorded at three 0 angles (45,90, 
and 135") but no detectable angular variation was 
observed in the different solvents. The relatively 
large polydispersity of the polymer could mask some 
small effects due, for example, to intermolecular in- 
teractions or to the structure factor of large particles 
that in our case will be neglected. 

Cyclohexane Solutions. The ACF were recorded at 
different temperatures from 20.3 to 57.8"C for a 
sample whose polymer concentration is C = g/ 
g. The intensity distribution is composed of a main 
population peak of small size particles and a sec- 
ondary less intense one of larger particles. Both the 
size and intensity of this last population decrease 
with increasing temperature. 

The weight distribution functions, deduced from 
the intensity distribution functions, are shown in 
Figure 1. Only one population of small particles is 
now observable, whose mean diameter is 17 nm with 
a small standard deviation ( u  = 3 nm). This small 
size, which decreases slightly with temperature, is 
certainly that of isolated polymers. 

n-Heptane Solutions. The ACF have been recorded 
at  four temperatures ranging from 20 to 78.2"C 
for a sample whose polymer concentration is 
C = 4 lop4 g/g or 2.7 g/cm3 at  20°C. 

The intensity distribution function is character- 
ized by a large temperature variation. The mean di- 
ameters computed from the various intensity pop- 
ulations are reported in the left-hand side of Table 
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Figure 1 Weight distribution function of particle size, 
G, in arbitrary unit, for SHB copolymer in cyclohexane 
as a function of temperature. 

I. At room temperature, only one population cen- 
tered near 70 nm is present. From 40 to 78"C, a 
continuously increasing population of small particles 
is present. This population is centered at 16 nm with 
a polydispersity that narrows at  78°C. 

The results for the weight distribution functions 
and the corresponding mean diameters are reported 
in Figure 2 and on the right-hand side of Table I. 
At 20.3"C, the whole quantity of polymer is concen- 
trated in only one large size population. However, 
over a range of less than 20"C, more than 90% of 
the polymer weight is gathered in a small size pop- 
ulation with a relatively large polydispersity. As the 
temperature rises to 78.2"C, only one narrow peak 
for particles of small size exists in the distribution 
and certainly corresponds to the isolated polymer. 

Other measurements made on more concentrated 
solutions lead to roughly the same behavior. 

130NS Solutions. The ACF were measured at 
six temperatures ranging from 20.3 to 90.6"C for 
a solution with a polymer concentration C = 1 

The intensity distribution functions are charac- 
terized by a variation particularly significant above 
70°C. The computed mean diameters are reported 
in the left-hand part of Table 11. Below 80"C, only 
one peak is observed and the mean size slightly in- 
creases with increasing temperature; simultaneously 
its polydispersity decreases. Above 80"C, a second 
peak for small size particles appears and becomes 
dominant near 90°C; that is the temperature at 
which the large particles have totally disappeared. 

The results obtained on the weight distribution 
functions and corresponding mean diameters are 
reported in Figure 3 and Table 11. Below 80°C all 
polymers are gathered in relatively large particles 
whose diameter varies from 64 to 76 nm when the 
temperature increases from 20.3 to 80.3"C. Above 
this latter temperature, these large size particles 
disappear and transform into small size ones with 
a very small polydispersity. 

g/g. 

Table I Mean Diameter, Standard Deviation, and Fraction of Different Populations Computed for SHB 
Copolymer in n-Heptane With C = 4.0 g/g 

Intensity Distribution Weight Distribution 

T ( " C )  Q1 (nm) u1 (nm) Il (%) Q2 (nm) 12 (%) Ql (nm) (rl (nm) 1, (%) QPz (nm) Iz (%) 

- 73 100 - 73 100 20.3 
39.3 17 4 12 67 88 14 4 93 66 7 
57.8 16 3 75 60 25 16 3 100 
78.2 16 1 100 - - 16 1 100 

- - - - 

- - 

- - 
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Figure 2 
copolymer in n-heptane as a function of temperature. 

Weight distribution function of particle size, G, in arbitrary unit, for SHB 

Static fight Scattering 

The scattered intensity was recorded at  three d an- 
gles ( 135,90, and 45" ) as a function of temperature, 
a t  concentrations C = g/g in 130N and C 
= 4 g/g in n-heptane. Over the whole tem- 
perature range the scattered intensity, corrected by 
the scattering volume term sin 8, has no angular 
dependence. The corresponding normalized mean 
value is reported in Figure 4 for n-heptane and 
130NS solutions as a function of temperature. 

In both solutions, as the temperature varies, the 
scattered intensity decreases. Moreover, the inten- 
sity reaches its minimum value at a lower temper- 
ature in the case of the n-he~tane  solution. 

The theoretical prediction of the intensity' is, 

S ( k )  (9)  

where N is the number of particles, V its volume, 
nl the particle refractive index ( n1 = 1.5 for poly- 

(n? - n;)2 
(n: + 2n; )2  

I a ( N V ) V  

Table I1 
Copolymer in 130NS Base Oil With C = 1.0 

Mean Diameter, Standard Deviation, and Fraction of Different Populations Computed for SHB 
lo-' g/g 

Intensity Distribution Weight Distribution 

T ( " C )  @I (nm) 01 (nm) 11 (%) (nm) 02 (nm) (nm) u1 (nm) Il (%) % (nm) I2 (%I 

20.3 - - 0 68 13 - - 0 64 100 
38.4 - - 0 74 15 - 0 72 100 
62.0 - - 0 74 8 - - 0 72 100 
68.8 - - 0 76 8 - - 0 76 100 
80.3 17 4 39 75 8 16 4 98 75 2 
90.6 18 3 100 - - 17 3 100 

- 

- - 
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Figure 3 
copolymer in 130NS base oil as a function of temperature. 

Weight distribution function of particle size, G, in arbitrary unit, for SHB 
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mers) , n2 the solvent refractive index, and S ( k )  the 
structure factor €or the analysis wave vector k .  

In this expression, for a given quantity of matter, 
the NV term can be considered as a constant. The 
main intensity variation comes from the V term that 
strongly depends on the particle size R.  Conse- 
quently, as the DLS results show a large decrease 
of the mean particle size, the corresponding scattered 
intensity must also decrease. At  about 60°C for n- 
heptane and 80°C for 130NS solutions, the scattered 

- 

I .  

0 intensity reaches its minimum value when only iso- 
lated polymers are present (Figs. 2, 3 ) .  The third 
term (contrast) is related to the nl /nz  ratio. In the 

to 1. Conversely, in n-heptane ( n 2  = 1.37) solutions 
this ratio is larger than 1. This explains why, even 

0 20 40 60 80 100 

Temperature ("C) 

Figure 4 Plot of mean normalized scattering intensity Case Of 130N ( n2 1.48) SOhtiOnS this ratio iS Close 
for SHB copolymer (0) in n-heptane and ( w )  in 130NS 
base oil as a function of temperature. 
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for a lower concentration, the scattered light of the 
n-heptane solution is larger than for the 130NS one. 
The S (  k )  factor depends on the kR value and is 
equal to 1 for small values of kR. No 0 or k depen- 
dence has been observed and hence this means that 
the radius of the particle is less than A /  10 in agree- 
ment with our DLS results. 

Comments 

It is clear that, in the three kinds of suspensions 
under study in the present article, the SHB copol- 
ymers are gathered in two kinds of populations: one 
composed of small size particles whose diameter 
( N 17 nm) corresponds nearly to that of the isolated 
polymers and a second that is a result of polymer 
association. 

In the case of diblock copolymer, it is known that 
under particular conditions, polymers can associate 
to form micelles'o~'' of which the central core con- 
sists of blocks immiscible in the solvent and the 
outer corona is composed of soluble blocks swollen 
by the solvent. 

Due to its architecture, SHB will have some 
properties of diblocks copolymers and we expect mi- 
cellization under certain temperature and solvent 
conditions, not necessarily the same as for pure di- 
block copolymers. 

It is known that cyclohexane is a good solvent 
for hydrogenated polybutadiene and, above 34"C, 
changes from 0 to good solvent for the polystyrene." 
Below this temperature, because SBH is interme- 
diate between diblock and statistical copolymer, we 
can expect that no aggregation will be observed down 
to 20°C. Our experimental results on cyclohexane 
suspensions are in good agreement with this as- 
sumption because from 20.3 to 57.8"C, all polymers 
are found to have only one single small size popu- 
lation peak that corresponds to the isolated polymer. 

In n -heptane and 130N solvents, the polymer be- 
havior is very different: at room temperature poly- 

mers are clustered and it is likely that these clusters 
(a  = 70 nm) are micelles. In agreement with this 
behavior, it has been recently observed13 that (sty- 
rene-butadiene ) block copolymers associate in n - 
decane solvent and form micelles. It is reasonable 
to suppose that, a t  room temperature, n -heptane 
and 130N are poor solvents for polystyrene and, as 
they are good solvents for hydrogenated butadiene, 
micelles with a central core consisting of polystyrene 
blocks are likely to form. 

As the temperature is increased, clusters are ob- 
served to change into isolated polymers. The tem- 
perature at which this modification happens is 
higher for 130N than for n-heptane. 

The reasons for this cluster disaggregation are 
still not totally clear to us. However, we think that 
they could be related to the temperature variation 
of the critical micellar concentration (CMC) without 
any change of the solvent quality as observed for 
polystyrene-block-poly (ethylene-propylene ) copol- 
ymer in hexane by Quintana et al.l4,l5 They found 
that the CMC varies by a factor larger than lo5 from 
25 to 86°C. So it is possible that as the temperature 
increases, the CMC becomes higher than the con- 
centrations under study. 

To verify this hypothesis, two very dilute solu- 
tions were studied. For the lowest concentration ( C  
= 2.710-6 g/cm3), the scattered intensity was very 
low and DLS measurements indicate that a t  20°C 
only isolated polymers are present. The results for 
C = 2.71OP5 g/cm3 or 4 g/g are reported in 
Table 111. They show that at 20°C only clusters have 
been detected which totally disaggregate at 40°C. 
So we can conclude that for this polymer the CMC 
is lower than 2.710-5 g/cm3 and higher than 2.710-6 
g/cm3 at  20°C and becomes higher than 2.710-4 g/ 
cm3 at 40°C (Table I ) .  

However, in the case of n -heptane, if we compare 
our values at 20°C with the CMC found by Quintana, 
it appears that our values are slightly high. But as 
the polymers are not the same, this discrepancy 

Table I11 
SHB Copolymer in n-Heptane With C = 4.0 

Mean Diameter, Standard Deviation, and Fraction of Different Populations Computed for 
g/g 

Intensity Distribution Weight Distribution 

T ( " C )  (nm) u1 (nm) TI (%) % (nm) 12 (%) % (nm) u1 (nm) Zl (%) @p2 (nm) Z2 (76) 

- 70 100 - - - 70 100 20.3 - - 
39.3 13 2 100 - 
57.8 16 1 100 - 

- - - 13 2 100 
- 16 1 100 - - 
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- 4  

- 3  

z 
- 2  3 
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could be explained by a more negative value of A H  
and/or a less negative A S .  If, moreover, the solvent 
quality varies with temperature, AH and A S  cannot 
be considered as constants. 

In the 130N solvent, comparison with the liter- 
ature is more difficult. We can only say that the 
CMC decreases with the carbon number of alkanes.15 
This could explain why, in this solvent, the isolated 
polymers appear at higher temperature than in 
n -heptane. 

Viscometry Measurements 

Kinema tic Viscosity 

perature the polymers are clustered in a single pop- 
ulation of micelles. If the micelle is modeled by a 
hard sphere, the intrinsic viscosity is given by the 
Einstein relation, l7 

where the 2.5 factor is the Einstein coefficient for a 
sphere, 4/3rR3,  its volume being Vand Mc/NA, its 
weight m. [ q] is proportional to the ratio V/m and 
consequently related to the compactness of the mi- 
celles. Figure 5 shows that within experimental er- 
rors and below 4OoC, the micelle volume does not 

micelle radius (R N 35 nm) and the intrinsic vis- 
cosity ( [ q] = 40 cm3/g) the micellar molar mass is 
found to be equal to 6.7 lo6 g/mol. Consequently 
the number of polymer units in a micelle is about 
50, in good agreement with values obtained for sty- 

The measurements were made on solutions at con- 

solvent within a temperature range from 20 to 
100°C. 

For concentrations lower than 1% g/g, the Hug- 
gins expression16 for the reduced viscosity qSp/C, 

centration between C = 0.1 and 2.5% g/g in 130NS depend On temperature* From the DLS values ofthe 

was found to correctly fit the experimental values. 
In this expression, [ q] is the intrinsic viscosity and 
k H ,  the Huggins' coefficient. The values of [ q] and 
k H  are reported in Figure 5. 

[q] is observed to increase when temperature 
varies from 40 to 60°C and then decreases above 
80°C. The Huggins coefficient varies in the opposite 
sense to the intrinsic viscosity in the same temper- 
ature range. 

These results are to be compared with the DLS 
measurements that indicate clearly that at low tem- 

70 1 

,bI 80 
20 40  60 80 100 

Temperature (" C )  

Figure 5 Intrinsic viscosity and Huggins' coefficient, 
k ~ ,  for SHB copolymer in 130NS base oil as a function 
of temperature. 

rene-butadiene copolymer in n -decane s01vent.l~ 
At high temperature, the DLS shows that all mi- 

celles are transformed into isolated polymers. In this 
case, which is more complicated, many expressions 
are proposed in the literature to calculate the in- 
trinsic viscosity." For instance in the Fox and Flory 
theory, l9 

where RG is the mean value of the radius of gyration 
related to the polymer expansion, M, its molecular 
weight, and Q, a universal constant independent of 
polymer, solvent and temperature and equal to 
5.3 loz4 in the case of a Gaussian coil. At 90°C, 
from relation ( 12) ,  we found R, = 11 nm. This can 
be compared to the hydrodynamic value (Rh  = 8.5 
nm) and confirms that only isolated polymers are 
present in the suspension at 90°C. 

As the constant terms in eqs. (11)  and (12)  are 
nearly equal, it is likely that the large variation of 
intrinsic viscosity, observed between low and high 
temperature, can be attributed to a compactness dif- 
ference between micelles and isolated polymers. 
Furthermore the gradual enhancement of the in- 
trinsic viscosity between 20 and 80°C is probably 
due to the progressive increase of the number of 
isolated polymers. 

Above 80"C, the intrinsic viscosity is observed to 
decrease. As the molecular weight of the polymer is 
constant, this variation can be attributed to a de- 
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crease of the polymer expansion coefficient, related 
to the modification of the solvent goodness. 

It is worth noting that generally, in the petroleum 
companies, standard measurements are made at 40 
and 100°C that in our case could lead to an erroneous 
idea of the fluid behavior between these two limiting 
temperatures. 

Figure 4 shows that the k H  coefficient varies, as 
already observed,6 in the opposite sense to the in- 
trinsic viscosity. It rises up to 3 k 0.5 and decreases 
to a value smaller than 0.5, the mean value generally 
found for isolated polymers in solution. The large 
k H  value generally indicates the presence of micelles 
in the suspension.'' 

The reduced viscosity values, obtained on a large 
range of concentration up to 2.5% g/g are reported 
in Figure 6. It is observed that, at high temperature, 
the Huggins expression describes correctly all the 
experimental results. However, at low temperature, 
the concentration dependence of the reduced vis- 
cosity becomes concave upward, which is a conse- 
quence of the micelle formation. 

Dynamic Viscosity 

The reduced viscosity values qsp/C are reported in 
Figure 7 at  40°C as a function of concentration from 
0.1 to 2.5% g/g at various shear rates from 8640 to 
40000 s-l. In the same figure, the reduced viscosity 
values from kinematic measurements are also 
shown. The observed shear thinning is greater at 
higher concentration and consequently, a t  high 
shear rate the resulting reduced viscosity becomes 
linear as a function of concentration. 

Figure 8 details the behavior of the specific vis- 
cosity tSp at  two particular concentrations ( 1  and 

h P 3w1 / 

I 

0.00 0.01 0.02 0.03 
3 

C (dcm ) 

Figure 6 Reduced viscosity for SHB copolymer in 
130NS base oil at  (.) 20°C and (0 )  90°C as a function 
of concentration. 

0 I 
0.00 0.01 0.02 0.03 

C(dC2 ) 

Figure 7 Reduced viscosity for SHB copolymer in 
130NS base oil for different shear rates: ( * )  40000 s-'; 
(m) 24000 s-'; (0 )  14360 s-'; (+ )  8640 s-l) and ( X )  
kinematic value as a function of concentration. 

2.5% g/g) as a function of shear rate. It appears 
that the critical shear rate at which the fluid becomes 
non-Newtonian is a decreasing function of the con- 
centration. These results are in agreement with 
those obtained by Hassanean and BartzZ1 with the 
same polymer diluted at 2.47 and 1.8% g/g in a pure 
base oil similar to the 130NS and reported in Figure 
8. Moreover a similar behavior has been observed 
by Kulicke and Kniewske 22 for polystyrene samples 
of various molecular weights from 0.33 to 23 X lo6 
g /mol dissolved in toluene at concentrations varying 
from 0.5 to 4% g/g. The critical shear rate, measured 
in our sample at  2.5% g/g, corresponds to a poly- 
styrene molecular weight larger than lo6 g/mol, 
which is in agreement with an estimated value of 
the micelle molar weight. 

.I 8 3 4 1  

5 -  u 1  

100 1000 10000 100000 

Shear rate (i' ) 

Figure 8 Specific viscosity for SHB copolymer in 130NS 
base oil with (.) C = 1% g/g and ( X )  C = 2.5% g / g  as a 
function of shear rate. Comparison with values from Has- 
sanean and Bartz" with (* ) C = 2.47% g/g and (0) C 
= 1.8% g/g  in a nonformulated base oil. 
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these results can be interpreted by the presence of 
micelles. 

In the intermediate temperature range, the sus- 
pension contains both micelles and isolated poly- 
mers. So the shear thinning is already present and 
the intrinsic viscosity increases with temperature 
along with a decrease of k H .  

0 20 4 0  6 0  80  100 

Temperature ("C ) 

Figure 9 Reduced viscosity for SHB copolymer with C 
= 2.5% g/g in 130NS base oil for various shear rates: ( *  ) 
40000 s-'; (m)  24000 s- ';  (0 )  14360 s- ' ;  ( 4 )  8640 s-l) 
and ( X ) kinematic value as a function of temperature. 

Figure 9 shows the reduced viscosity values of the 
2.5% g/g solution as a function of temperature at  
various shear rates. The shear thinning is observed 
to decrease with the temperature and becomes 
smaller than the experimental errors above 80°C. 
The same results were obtained by Hassanean and 
Bartz" who observed at  100°C a Newtonian behav- 
ior from 100 to 35000 s-'. At 80°C or higher, only 
isolated polymers of smaller molecular weight ( M ,  
= 128000 g/mol) are present in the solution. Con- 
sequently the critical shear rate becomes larger than 
40000 s-l as was also observed with polystyrene of 
different molecular weights.22 Because between 50 
and 80"C, polymers and micelles are present in var- 
ious proportions in the suspension, results in this 
intermediate range become more difficult to inter- 
pret. 

Note that Figure 9 shows clearly that the reduced 
viscosities at  high and low shear rates have opposite 
temperature dependence. This behavior means that 
high shear rates lead to an enhancement of the 
thickening effect as the temperature increases. This 
result is of importance for lubrication. 

Comments 

At 80°C or higher, all viscometric results in the 
130NS solvent are in agreement with the known be- 
havior of isolated polymers of low molecular weight. 
The Huggins relation fits the experimental results 
correctly with a kH value of about 0.5 and no shear 
rate effect up to 40000 s-l is detected. 

At  40°C a large shear thinning is observed and 
simultaneously the kH coefficient becomes large. All 

CONCLUSIONS 

The present study of an SHB copolymer diluted in 
three different aliphatic solvents has shown that the 
polymer behavior depends on solvent nature and 
temperature. 

At  high temperature, all the measurements prove 
the existence of only isolated polymers in the dif- 
ferent samples under study. 

Conversely at  room temperature, only micelles 
are observed in n-heptane and 130NS base oil 
whereas in cyclohexane isolated polymers are still 
present. This is in agreement with the diblock nature 
of the SHB in which the styrene and the hydroge- 
nated butadiene each have different affinity for 
n-heptane and 130NS whereas cyclohexane is a good 
solvent for the two blocks from 20 to 60°C. 

We have shown that this hydrodynamic behavior 
leads to a large modification of the rheological prop- 
erties of the suspension as a function of temperature. 
This result is of great importance for industrial ap- 
plications. 

We gratefully acknowledge financial support of this re- 
search work by SNEA Company (Elf Antar France, CR 
8282). We thank Mrs. C. Laye for her technical assistance. 
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