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RHEOLOGICAL PROPERTIES OF AMPHIPHILIC
FLUIDS BASED ON REACTIVE OLIGOBUTADIENE

This work investigates self-organization processes in dispersed media (matrices) that occur during shear deformation. The
most relevant aspect of this self-organization is the relationship between structure and properties in dispersed systems,
which largely determines the properties of future polymer composites. One of the most common dispersed media is diene
oligomers (rubbers). This work examined the rheology of oligobutadienes with terminal hydroxyl (HTPB) and carboxyl
(HTPB_m1) groups over a wide range of shear rates and temperatures. It was assumed that, for the studied oligobutadienes,
the increase in the activation energy of viscous flow (from 33.5 to 66.4 kJ/mol) with decreasing temperature is associated
with an increase in the density of the fluctuating dynamic structure with an increase in the volume content of polar OH- and
COOH-group associates (i. e., non-ionic micelles) with a decrease in thermal energy kT (k is the Boltzmann constant). The
results of rheological studies (for non-ionic liquids) were presented for the first time within the framework of Angel's model,
which indicated that these systems are fragile, i. e., they are very promising for studying structure formation in a shear field.
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Introduction

In terms of solving the problem of creating new
composite polymer materials, a relevant area of sci-
entific research is the study of structural self-or-
ganization processes in dispersion media (matri-
ces). It is known (see, for example, [1]) that one of
the most widely used dispersion media are diene
oligomers (liquid rubbers). Diene oligomers with
terminal hydroxyl groups can be obtained with
different molecular weights, i. e., with different
contents of polar hydroxyl groups. The presence
of polar groups in a non-polar hydrocarbon ma-
trix (i. e., the amphiphilic nature of the substance
molecules) leads to structure formation through
the formation of non-ionic micelles during ag-
gregation of the hydroxyl groups [2]. Aggregation
occurs mainly due to hydrogen bonds. Therefore,
it should be emphasized that amphiphilicity pre-
determines the possibility of forming various
structures, i.e., it is the generator of structural self-
organization [3, 4].

However, the study of the functional proper-
ties of new materials and the development of new
technologies have revealed new problems that re-
quire a more detailed consideration of the com-
plex rheological behavior of various structured
systems. In general, there has been significant re-
cent interest in developing non-classical hydrody-
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namic models and studying non-Newtonian fluid
flows, and therefore experimental studies that re-
liably demonstrate the different types of flow in
the same system across different shear rate ranges
play a particularly important role. As G. Schramm
wrote [5], “the flow curve of a sample can be called
its rheological “fingerprint, i. e., each newly stud-
ied structured compound is unique.” Therefore,
a comparison of several samples is best made by
comparing their flow and viscosity curves over
the widest possible range of shear rates or over the
range corresponding to the technological process
used in their processing.

Experimental section

In this paper, the rheological properties of am-
phiphilic oligomeric fluids—hydroxyl-terminated
oligobutadiene (HTPB, initial) obtained by radical
polymerization (MW ~2800, functionality ~1.9,
OH group content ~1.13%)—are presented and
discussed. A sample of this oligomer modified with
carboxyl groups (HTPB_ml1) was then studied.
Butadiene rubber with terminal carboxyl groups
was stripped with isomethyltetrahydrophthalic
anhydride (IMTHPA) at a molar ratio of 1:2. The
reaction was monitored using IR spectroscopy by
the decrease in the intensity of the C=0 anhydride
bands (1858 and 1777 cm™) and the appearance of
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Fig. 1. Butadiene rubbers with hydroxyl (HTPB) (a) and carboxyl (HTPB_m1) (b) groups
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band at 1708 and 1737 cm™ due to the formation
of carboxyl and ester groups, respectively. The final
concentration of carboxyl groups was determined
by titration.

Rheological studies were conducted in the tem-
perature range of 5—60 °C using an Arx2000 rheo-
meter (TA Instruments, USA) with a plane-on-
plane (1 mm gap) and a cone-on-plane working
unit. The experiments were primarily performed
in two deformation modes:

scanning the shear rate as it increases and de-
creases in the range from 1077 to 10° s!, which al-
lows for the identification of the sample flow curve.

Results and discussion

The main experimental results are presented as
flow curves in Figs 2 and 3. Here, as an example,
the dependences of viscosity n and shear stress o
on the shear rate y (Figs 2, a and 3, a) are shown,
as well as the dependences of viscosity on shear
stress (Figs 2, b and 3, b) for HTPB (Fig. 2) and
HTPB_m1 (Fig. 3), measured at 20 °C. Similar de-
pendences were obtained for HTPB at 5 and 20 °C,
and for HTPB_m1 at 5, 30, 40, 50, and 60 °C.

The figures show that, with a decrease in shear
rate from 200 to 0.1 s and a change in tempera-
ture in the range of 5—30 °C for HTPB and from 5
to 60 °C for HTPB_ml1, the viscosity of the studied
compounds does not change, i. e., the fundamen-
tal equilibrium (Newtonian) values of the original
and modified oligobutadienes were measured. In
the low-shear-rate region, an increase in viscosity
n was observed at <0.1 s7/, leading to the appear-
ance of a yield point oy, indicating the formation
of a fluctuation rheopex structure in HTPB and
HTPB_m1. Yield points were determined from
experimental data (see Figs 2 and 3) and from the
Herschel-Bulkley equation (see below). The de-
bate over whether a yield point exists or is a physi-
cally undefinable quantity has been ongoing for a
long time (see, for example, [6, 7]). However, it is
known that a large number of materials do not flow
at low shear stresses. At the same time, over a wide
range of higher shear stresses, these materials can
flow and be transported like any other liquid. The
boundary between these two states is understood
as the “yield point.” Media possessing the property
described above are called viscoplastic. The yield
point is one of the fundamental parameters for
characterizing the properties of such materials.
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Fig. 2. Flow curves (n—y, 60—y (a) and n—o (b)) of
HTPB at a temperature of 20 °C

nPa-s oPa nPa-s

. (.00' 104 S

10* fo »{ < 103 10* f
2 s 110 g

103 & c (,"0 1 101 103 F ©
e 0 e

. ‘w}bvm_uwwm_ e
10! By el 1072 10! Eh S R Sl i)

107°1074107210° 10? 102 10° 10> 10*
Y, ¢! o, Pa
a b

Fig. 3. Flow curves (n—y, o—y (a) and n—o (b)) of
HTPB_m1 at a temperature of 20 °C
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Fig. 4. Dependence of viscosity on shear stress of HTPB
(a) and HTPB_m1 (b) at different temperatures (°C): 5 (1),
20 (2), 30 (3), 40 (4), 50 (5), and 60 (6). The arrows indi-
cate the yield strength and the direction of deformation

The concept of the yield point was introduced
by Bingham [8].

A large number of different rheological equa-
tions for such materials have been proposed in the
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Fig. 5. Temperature dependences of viscosity (in Arrhe-
nius coordinates) of HTPB (I) and HTPB_m1 (2)
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Fig. 6. Temperature dependence of viscosity in the coor-

dinates of equation (5) for compounds: HTPB_m1(I) and
HTPB (2)

literature. Among the most popular and simple are
the following equations:
the Bingham equation [8]

G =0y + MY, (1)
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Casson equation [9]

1/2 1/2

c' =oy +(nP§/)”2, (2)

Herschel—Bulkley equation [10]
o=o0, +Ky", (3)

In these equations, oy is the yield stress, 1, is the
“plastic viscosity, K and n are experimentally de-
termined parameters.

Plastic viscosity is a quantity distinct from the
effective viscosity of a fluid. According to the stan-
dard definition, the effective viscosity of a Bing-
ham viscoplastic medium is defined as

n= Oy "jan _
¥

Yield strength is a very important value in rheo-
logy, as it determines the formation of a structure,
its strength, durability, and the characteristics
of its failure. The yield strengths of HTPB o, =
=0.0712 Pa and HTPB_m1 o, = 0.106 + 0.024 Pa,
which are virtually independent of temperature,
are considered fundamental constants of the origi-
nal and modified oligobutadienes.

The dependences of viscosity on shear stress
at various temperatures for the original and car-
boxyl-modified oligobutadienes are shown in Fi-
gures 4, a and 4, b, respectively. It should be noted
that we have discovered for the first time for the
studied liquid rubbers an unusual rheological
effect: in contrast to the rheopex structure for-
mation under the influence of a calm slow flow
(gentle movement), in the case of the initial oli-
gobutadiene at temperatures of 40 and 50 °C in the
region of low shear rates (or stresses), a noticeable
decrease in the effective (structural) viscosity with
a decrease in y (or o) was recorded.

This behavior of the initial rubber is associated
with a liquid-to-liquid structural transition (simi-
lar to the high-temperature transition [11]). This
transition is explained [11] by the emergence of
the ability to move the polymer chain as a single
unit, which is ensured by an increase in free vol-
ume and the mobility of the polymer chains with
increasing temperature. The physical meaning of
this transition is reduced to the transformation of
one amorphous state, characterized by the pres-
ence of hindered rotation mainly due to the inter-
action of adjacent chains, into another amorphous
state in which, as the authors of the study [12]
suggested, free rotation can occur. A reliable expla-
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nation of the mechanism (nature) of such an unu-
sual effect still requires further research. Returning
to Fig. 4, b, it should be noted that for oligobuta-
diene with terminal carboxyl groups, a liquid-to-
liquid transition is not observed. In this case, at all
temperatures studied, a liquid-to-solid transition
occurs, indicating the formation of rheopex dissi-
pative structures. We found a similar influence of
terminal carboxyl groups on the structure forma-
tion of macromolecules only in the work [13].

The temperature dependences of the viscosity of
the initial (1) and modified (2) oligobutadienes are
shown in Fig. 5. They are satisfactorily described
by the Vogel-Tammann equation [14—16]:

=1, €ex B\ ex D1,
n=", €xp -1, Mo €Xp T—T, ) (5)

where n, (Pa - s), B (K) and T, (K) are empirical
constants (fitting parameters) for a given sub-
stance. In terms of the free volume theory, the
parameter T, represents a certain critical tem-
perature at which the free volume disappears. The
same dependence is valid for most other liquids at
lower temperatures (down to the glass transition
temperature). The parameter D = B/T, of equation
(5) can be used to describe the “strength” of a lig-
uid (see below). The calculated values of the fitting
parameters of this equation are given in Table 1.
The temperature dependences n(1/T) of HTPB
and HTPB_m1 are practically symbatical, and the
main effect of modifying the initial oligobutadiene
by grafting carboxyl groups to its chain consists
of a noticeable increase in the viscosity and yield
strength of HTPB_m1 (see Fig. 5 and Table 1).
Table 1 also presents the calculated values of the
fitting parameters of the Vogel —Tammann equa

the range of 5 °C—60 °C (see Table 2 below). It is re-
lated to the parameters and the relationship [17, 18]:

2
T
T-T,)’

where R is the gas constant.

It is known that the activation energy of viscous
flow strongly depends on the polymer structure
[4]. For example, while the activation energy of
melt flow for linear polyethylene is 25 kJ/mol, for
branched PE it exceeds 50 kJ/mol. Therefore, it
can be assumed that in the case of oligobutadienes
HTPB and HTPB_ml, the observed increase in
activation energy with decreasing temperature is
associated with an increase in the density of the
fluctuation dynamic structure with an increase in
the volume content of polar OH group associates
(i. e., non-ionic micelles) with a decrease in the
thermal energy kT (k is the Boltzmann constant).

We now present the rheological data within the
framework of Angell’s concept [19]. This concept
was developed for amorphous substances. We
have previously described it in detail in [2, 4]. In
this article, we present Angell’s model for the reac-
tive oligobutadienes studied by us and presented
in the table (Fig. 6).

It is known that the most studied characteristic
of liquids is viscosity and its dependence on tempe-
rature. The equilibrium glass transition temperature
is usually defined as the temperature at which the
viscosity is 10'> Pa-s. Another generally accepted
result of observation is that at infinitely high tem-
peratures, the limiting viscosity n, = 10 Pa - s.

Consequently, in the temperature range between
T > o and T, the viscosity changes by 16 orders of
magnitude. These data were used by Angell to clas-

(6)

ET=RB(

Table 1. Rheological characteristics, parameters of the Vogel-Tamman equation,

and brittleness of HTPB HTPB_m1

Compound N Pa-s oy, mPa N mPa-s B,K Ty K T, K T K D Mo m
HTPB 11,6 71,2 3,60 1049 163 196 195 6,44 14,4 89,0
HTPB_ml 59,2 106,0 4,90 1117 174 196 208 6,42 14,3 87,8

tion: ng, B, and Ty, My Oy, o, m,, and m. The | Table 2. Activation energy of the E; flow
e m . f HTPB and HTPB_m1
last three characteristics were calculated using the | ° and -
equations given in [4]. Compound k]fs’ 1 kII/Em 1 k]]/sw | k]J/ESO) 1 k]}/sﬁo’ |
. . . mo. mo mo mo. mo
In our case, the activation energy of viscous flow
(E;) is an effective value; it increases from 33.5 kJ/ | |HTPB 50,0 | 40,9 | 38,0 | 360 | 335
mol to 66.4 kJ/mol with decreasing temperature in | [HTPB-m1 | 664 | 51,2 | 471 | 436 | 407
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sify liquids by constructing a phase diagram. The
diagram shows a semi-logarithmic dependence of
viscosity on temperature, normalized by T,, i.e., log
no — T,/T. A diagram for the studied oligobutadi-
ene liquids is shown in Fig. 6. Here, the straight
dotted line represents the interface between two
classes of liquids: strong (“strong” according to
[19]) and fragile (“fragile” according to [19]).
According to Angell’s concept, the systems stu-
died are generally brittle; that is, they can self-
organize and readily form rheopex dissipative
structures under the influence of a shear field.
These structures remain stable over long periods
of time with a continuous input of dissipative
energy. However, recent studies [20] have shown
that such dissipative structures, when formed in
sufficient quantities, form ensembles and, through
the cooperative interaction of these ensembles,

can subsequently create sufficiently strong and
stable structures that also exhibit flexibility. The
reactive liquid rubber samples we examined
showed strong potential as the foundation for new
soft materials.
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PEOJIOTTYHI BJIACTMBOCTI AMOIOUIbHMX PIAVH
HA OCHOBI PEAKIIIMTHO3JATHOT'O O/NITOBYTAIEHY

Po6oTa npucBsdeHa FOCIiKEHHIO IPOLeCiB caMoopraHisauii B JUCIePCiiHNX cepenoBuIax (MAaTPULIAX), 110 Bigby-
BAIOThCA IpH iX 3cyBHOMY fedpopmyBanni. Hait6ipur akTyaIbHUM acIIeKTOM TaKOi caMOOpraHisariii € B3a€MO3B 130K
CTPYKTYpM Ta BIACTMBOCTENl Y JUCIEPCHUX CHUCTeMaX, 10 6araTo B 4OMYy BU3HA4Ya€ BIACTMBOCTI MalbyTHIX Io-
niMepHMX KoMITo3uTiB. OTHUM i3 HaVMOMYNTAPHIIINX JVCIEpPCIlHNX CepefioBULL € Ii€HOBi oniromepu (kaydyknm). ¥
it po6oTi 6y10 JOCTiIKeHO peonoriio onirodyrazieHis 3 kinnesumu rigpoxcunbaumu (HTPB) Ta kap6oxcunbHUMM
(HTPB_m1) rpymaMu B IIMPOKOMY Jialla3OHi IIBMAKOCTEN 3CyBY Ta Temmeparypu. [Ipumyctmm, mo y pasi gocri-
IKeHUX oniro0yrajieHiB 306imbIeHHs eHepril akTyBalil B'a3Koi Teuii (Bix 33,5 mo 66,4 x[I>k/MO/b) IIpy 3MeHIIeHH]
TeMIIepaTypu 0B si3aHe 31 301/IbIIeHHM IIBHOCTI PIYKTYALilTHOI AMHAMIYHOI CTPYKTYPM 31 3pOCTAHHSIM 06 €MHOTO
BuMicry aconiartiB nomsapunx OH- i COOH-rpym (t. e. bonmbiMana). Pesynbratu peonorivHux JOCIimKeHDb Brieplie ([
HeiOHHUX pifuH) 6Y/IO IIPeCTaBIeHO B paMKaX KOHIIEMIil AHXXea, 3BifKM BUIUIMBAJIO, LIO Lii CCTeMN HAJIeXXaTb [0
kpuxkux (fragile), To6TO BOHU fy>Ke MePCIEKTUBHI II0A0 FOCTIIXKEHHsI CTPYKTYPOYTBOPEHHS B 3CYBHOMY IIOJI.

Kntouoei cnosa: peonoeis, 8’a3xicmo, dedpopmauist 3cysy, camoopeanidayis, enepeis akmusayii, mooenv Anicena.
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