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Polymer Systems through Rheological Methods
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ABSTRACT: Rheological measurements have been a preferred approach to the characterization of the structure
and properties for multi-component or multi-phase polymer systems, due to its sensitive response to changes of
structure for these heterogeneous polymers. In this article, recent progress in the studies on the
morphology/structure and rheological properties of heterogeneous systems is summarized mainly depending on the
results by the author’ group, involving the microstructure and linear/nonlinear viscoelastic behaviors of block
copolymers, the correlation between the morphology and viscoelastic relaxation of LCST-type polymer blends, the
relationship between the structure/properties and rheological behaviors of filled polymer blends. By means of
rheological measurements, not only some new fingerprints responsible for the evolution of morphology and
structure concerning these polymer systems are obtained, the corresponding results are also significant for design

and preparation of novel polymer-based composites and functional materials.

Keywords: Heterogeneous polymers; Dynamic rheological properties; Phase- separation; Morphology and

structure;
Introduction

The studies on rheological behavior and structure/morphology of heterogeneous polymer
systems have attracted extensive attention of researchers in the polymer science and materials
fields over the past decades, due to their great academic interest and increasing technological
value 1%, Rheological properties of multi-component/ multi-phase polymers are related to their
phase structure/morphology and the interaction of their components, and rheological response can
sensitively reflect their changes. However, it is well-known that rheological behavior of
heterogeneous polymers appears more complicated than that of homogeneous systems, and it is
due to the complication of the correlation between the rheological behavior and
structure/properties of material systems that relevant aspects have become a surge in the study on

the miscibility, phase separation, structure/morphology of polymers. Furthermore, rheological
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properties have been associated with some functional characteristics (i.e. thermal and electrical

properties) of polymers in order to optimize functions/properties of ultimate materials.

In general, the rheological methods can be divided into two kinds according to the different
case of force exerted™ during tests: one is the static rheological measurements, namely the steady
shear flow method under certain stress or strain, and the other, the dynamic rheological
measurement, namely the oscillatory shear flow method under periodic stress or strain. For the
former, the information on some interaction can be obtained by testing the flow curves of systems
(i.e. the plots of composition ¢ versus apparent viscosity 7,) or some viscoelastic parameters (i.e.
normal stress difference calculated by extrusion swelling ratio). However, for
multiphase/multi-component polymer systems, the above information is limited, and the
continuous effect of stress (or strain) exerted during the static rheological testing usually leads to
the change, even breakage of structure/morphology of polymer tested, especially for
multiphase/multi-component polymers. Besides, it could hardly obtain accurately the information
of the structure and macromolecular segment. It should be pointed out that static theology can be
integrated with optics to detect the orientation and shear stability of polymer segments and
aggregates in a flow field by means of rheo-optical material functions, such as flow birefringence

and flow dichroism™.

Compared with static rheological testing, the destruction of structure/morphology for polymers
exposed to this testing process could be avoided and their linear viscoelastic response is quite
sensitive to the change or formation of structure/morphology, because dynamic rheological testing
is carried out under small-strain amplitude, which can be employed effectively to probe the
morphology/structure of multiphase/multi-component polymer systems'*. It has been verified that
dynamic rheological testing is very effective for achieving valuable information on structure and

2, 6-8] Ina

phase behavior that can hardly be obtained by other common research measurements *
low frequency @ (long time) region, termed “terminal region” in rheology, the dynamic
viscoelastic function of heterogeneous polymer systems usually deviates from the classical linear

viscoelastic theory (namely the relationships among @ and the main vicsoelastic parameters, such

as dynamic storage modulus G', dynamic loss modulus G", ie. G'c®’, G"ocw or

G'oc G") ™. On the other hand, the so-called “second plateaw” phenomenon appearing in

terminal region is considered to be related to some heterogeneous characteristics of polymer

systems, such as the polydispersity of molecular weight, the phase separation, the formation of

9-12

network structure and the change of droplet shape”'?. Depending on the rheological properties at

terminal region, the objects of dynamic rheology has been extended to supermolecular

]

compoundsm. Recently, magneto-rheological suspension (MRS) in “smart fluids” has also
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attracted many researchers’ attention due to their industrial and academic interest (4] People have
had a partiality for applying the small strain rheometry and oscillatory shear flow because they
enable people to give insights into the viscoelastic nature of the aggregates for some complex

fluids before they yield, and facilitate researchers’ optimizing the performance of materials.

The authors and their collaborators have focused on the applications of rheological
measurements to multi-component/multi-phase polymer systems, including (1) the microstructure

[15-17

and linear/nonlinear viscoelasticity of block copolymers!'™'7), (2) the correlation between the

[18-23

morphology and viscoelastic relaxation of LCST-type polymer blends!'®* and (3) the relationship

between rheological behavior and performance of polymer composites filled with particles[24'34].

The results of the studies on the former two aspects have been reported in our previous review!™ %,

In this article, we will mainly summarize the recent progress in the latter three aspects.
Microstructure and linear/nonlinear viscoelastic behaviors of block copolymers

For block copolymers, different chain segments in block copolymers may form their
individual micro-phases due to the thermodynamic immiscibility, and these structures are
endowed with special mechanical properties different from those of homopolymers polymerized
through corresponding blocks. Hence, the correlations of their microstructure and linear/nonlinear
viscoelastic behavior are important factors to determine processing and ultimate properties for
these materials. Owing to the predominant properties of
styrene-[ ethylene-(ethylene-propylene)]-styrene block copolymer (SEEPS), the studies on the

linear and nonlinear viscoelastic behavior of SEEPS were also carried out in our group !>,

It is found that “second plateau” appears in low ws of the master curves for G' versus w through
TTS (Fig. 1), which is attributed to the entanglement of macromolecular chains. This implies that
hard blocks, polystyrene, act as entanglement points, resulting in a topology restraint to the

(15161 On the other hand, the nonlinear viscoelastic region

movement of macro-molecular chains
can be determined through dynamic strain sweep test, and the critical shear strain . of transition
from linear viscoelastic region to nonlinear viscoealstic region can be figured out, as shown in Fig.
2. These indicate that the elastic mechanism of SEEPS is destroyed by the cumulate strain ['7).
When the strain is lower than y., the simulated curve by Maxwell model (Eq. (1)) can describe the
linear relaxation process of SEEPS well in the wider range than that by Ninomiya and Ferry

equations (Eq. (2)). These two models are described as given as

G(t) = Z Ge A 0

i=1
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G(t) = [G'(0) - 0.4G" (w) +0.014G"' (100) ], , .

in which G; and /; are the modulus and the relaxation time of the ith relaxation mode, respectively.
Meanwhile, it is noted that there exists a plateau in the long time region, which is due to the
complex heterogeneous structure of SEEPS (Fig. 3). As is noted in Fig. 4, the nonlinear relaxation
modulus obtained at relatively low shear strains follows the strain—time separation principle (STS),
and when > 50%, a new characteristic relaxation process appears for the change of

microstructure in SEEPS, which coincides with the results of dynamic strain sweep.
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Fig. 1 The master curves of dynamic storage modulus (G’) and loss
modulus (G") for SEEPS at the reference temperature 7= 190°C
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Fig. 4 The nonlinear stress relaxation behaviors for SEEPS at various large strains

Correlation between the morphology and viscoelastic relaxation of LCST-type polymer

blends

Recently, rheological research on multi-component polymer systems has been mainly focused
on the immiscible systems. And for such systems, there often exists a characteristic relaxation in a
long time region. However, the investigation of the system’s rheological response in the
homogenous regime has been seldom dealt with, especially for their phase-separation boundary
region. A clear conclusion on the complicated thermo-rheological mechanism during the
phase-separation of homogenous polymers has yet to be drawn. In order to study the correlation
between the phase behavior and dynamic rheological characteristic of LCST-type polymer blends,
poly (methyl methacrylate) and poly (a-methyl styrene-co-acrylonitrile) (PMMA/a-MSAN) blend

is selected as model system, in which the miscibility derives from the so-called “repulsion effect”
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B3 The influence of thermal-induced viscoelastic relaxation on their phase behavior has been

: . 8,23
examined by means of rheological measurements ™ >/,

There exist some characteristic thermo-rheological behaviors of polymer blends near phase
boundaries induced by great concentration fluctuations from homogeneous to heterogeneous
region. Fig. 5 gives the @ dependence of G’, loss tangent tand, linear relaxation modulus G(?) and
relaxation time spectrum H(z) for a-MSAN and PMMA/a-MSAN (80/20) blend. In low w (long
time) region, the shoulder appearing in G' or G(¢), the peak in tand and the additional relaxation in
H(z) are all characteristic thermo-rheological response. Obviously, these rheological parameters’
deviating from linear rheological model seems a useful approach to assessing the critical point of
phase-separation in polymer blends.

Moreover, an initial sharp increase in complex modulus G* in low @ region induced by the
phase-separation is attributed to the highly interconnected a-MSAN-rich and PMMA-rich phases,
and the subsequent decrease is the result of the loss of interconnectivity between the two phases
induced by the breakup and coarsening of the phase-separated domains. On the other hand, the

influence of interfacial tension (namely, the ratio of interfacial tension o to the volume average

radius EV of the dispersed phase, 0(/ i_?v) is often assumed to be 0 or 1000 N/m” in previous

[19, 36

literature ], because it is difficult to measure o in the melt. However, the influence of o during

real phase-separation is not as ideal as the assumption. Here, according to the calculated a/ EV ,a

satisfactory description can be given for the viscoelastic behaviors of 80/20 PMMA/a-MSAN
blends” 38], based on the Palierne’s emulsion model and Bousmina’s emulsion model, as given in

Eq. (3), (4) and (5).

1+3¢H(w)

1-2¢H () ©)

G'(0)=G, (o)

where

U226, (@) +5G,(@)]+[G; (@)~ G, (@166, @) + 19G;@)] ¢
H(w)= *
40(%)[@1 (@) + G, (@)]+[2G, (@) +3G, (0)][16G, (©) +19G, ()]

2(G, +%)+3G;; +34(G, +%—G;)
G, =G, av av %)
2G,+5)+3G, ~2(G,+5~G)

v
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Where G, (@), G,(w),and G, (@) are the complex shear moduli of the matrix, the dispersed

phase, and the blend, respectively; ¢ is the volume fraction of the dispersed phase.
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Fig. 5 Frequency w dependence of storage modulus G’, loss tangent tand, linear relaxation
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Fig. 6 depicts the evaluations of the rheological behaviors by using two kinds of emulsion
models for the phase-separated 60/40 PMMA/a-MSAN blends and 80/20 PMMA/a-MSAN blends
at 180 °C. It is worth noting that these two emulsion models could be hardly valid for 60/40
PMMA/a-MSAN blend because the blend with this composition shows co-continuous
morphology even after being annealed for a long time and this morphology dissatisfies the
assumption of these two emulsion models. However, it can be seen in Fig. 6(b) that for 80/20
PMMA/a-MSAN blend, the predictions by two models are approximate and good agreement
between theoretical and experimental curves can be achieved over the whole investigated ws for
the blends. It is suggested that Palierne’s emulsion model and Bousmina’s emulsion model are
effective for the prediction of the variation of phase behavior and viscoelastic behavior of polymer

blends with insular morphology.

@ (®)
10k 10° b
10°
© £ w0tk
W ~
5 g
O | i g
O 10F mode e di l?ns R model preditions
from Palierne's Model P
________ ” 100 b from Palierne's Model
model preditions o
from Bousmina's Model model pr edltfons
. from Bousmina's Model
10"
P
10°
1 1 1 1 1 1 1 1 1 1
10 10" 10’ 1 10' 10° 10” 10" 10° 10' 10°
" -1
o/rads o/ rads

Fig. 6 Evaluations of the rheological behaviors at 180 °C with two kinds of emulsion models for
the phase-separated (a) 60/40 PMMA/a-MSAN blends and (b) 80/20 PMMA/a-MSAN
blends **.

Structure/Properties and Rheological Behavior for Filled Polymer blends

The incorporation of the filler into the filled polymer blends will result in the variation of their
flow behavior and then their processing capabilities. Therefore, the investigation of/into/about the
melt rheology for filled polymer systems has attracted extensive attention. The authors and their
collaborators have carried out some systemic research on the correlation between the
structure/property and rheological response for different kinds of filled polymer systems. Here, the

[34]

results for styrene butadiene rubber (SSBR)/ SiO, and hydroxyl-terminated

polydimethylsiloxane (PDMS)/carbonate calcium (CaCOs) 53] are mainly introduced.
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The mechanisms of Payne effect for reinforcement and nonlinearity still remain controversial
1] The dependence of visoelastic functions on @ and y for solution- polymerized SSBR filled
with SiO, has been investigated for the purpose of probing mechanism of Payne effect **). It was
found that the nonlinear viscoelastic behavior of the filled rubber is similar to that of unfilled
SSBR, which is inconsistent with the general concept that this characteristic comes from the
breakdown and reformation of the filler network. Fig. 7 presents y dependence of G’ and tand for
SSBR filled with different loadings of SiO, and their corresponding master curves. It is interesting
that the curves plotting either G' or tand, versus y for the filled rubber, can superpose on that for
the unfilled one, suggesting that the primary mechanism for the Payne effect is mainly dealt with
the nature of the entanglement network in rubbery matrix. It was found that the filler network
influences the characteristic strain for the onset of molecular disentanglement as well as G' and
tand values due to the filler-rubber interaction, and it is believed that the existence of a synergism

between the breakdown and reformation of the filler network and the molecular

10° 10°
(@) "
oo
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Fig.7 The strain y dependence of (a) storage modulus G' and (b) loss tangent tand for SSBR filled
with different loadings of SiO, at 150°C and (a’, b') their corresponding master curves [34]
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disentanglement result in the enhancement of the Payne effect and improvement of the mechanical
hysteresis at high strain amplitudes. Moreover, the vertical and the horizontal shift factors for

constructing the master curves could be well understood on the basis of the reinforcement factor

(f(@)=G',(9)/G',(9=0), where G';is the modulus at low y) and the strain amplification

factor (A(@) = y(@)/ y(@ = 0)), respectively. Meanwhile, according to the modified Guth-Gold

function, f{¢) and A(p) reflecting the reinforcement effect of the fillers can be also obtained** *.

f(@)=1+2.5kp+14.1% (k@) (6)

A(p) =1+2.5k,p +14.1* (k,p)’ (7)

where £; is an adjustable parameter responsible for an effective filler volume fraction due to the
existence of bound rubber and k; takes an effective y of the rubbery phase under the existence of
filler network into account. Fig. 8 gives the influence of filler volume fraction ¢ on f{p) and 4A(p)
for SSBR filled with SiO, and surface-modified SiO, the solid lines being data calculated by Eq.
(6) and (7). It can be found that a decrease in f{p) is ascribed to the weakening of the filler-filler
interaction and improvement of the filler dispersion induced by the surface modification of SiO,.
However, strain amplification could hardly be affected by the variation of the surface nature of

Si0;.

(@
O SSBR filled with SiO, (b)
10°F 0 SSBR filled with surface-modified SiO, s O SSBR filled with SiO,
5 O SSBR filled with Surface-modified SiOZ
o __
— /@/
~_~~ | -
§ 10'F S 0k ~
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O < //,/6
’ /
10 F 10° F
1 " 1 " 1 " 1 n 1 n 1 1 1 1 1
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¢ 9

Fig. 8 The dependence of (a) concentration shift factor f{p) and (b) strain amplification factor
A(p) on the filler volume fraction ¢ for SSBR filled with SiO, and surface-modified SiO,.

The solid lines in (a) and (b) are calculated by equations (6) and (7), respectively 34,
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On the other hand, the steady data and dynamic data can be correlated effectively based on
the “Cox-Merz” rule (as shown in Eq. (8) and (9)). Hence, the rule has been extensively employed
for transforming rheological data or for checking consistency of data collected through different
experimental modes, which is often applicable to most concentrated polymer systems, including
the melts, concentrated solutions and semidilute solutions, as well as some particle filled systems

142.43] ' Accordingly, the rule can be used to predict 5( ) of the materials in the case that their (7 )

is difficult to measure. Furthermore, the rule can also be used to investigate the microstructure of

materials %',
n(7)=ln" (o), ®)

7(7)=|G" (@) ©)

Based on the aforementioned “Cox-Merz” and modified “Cox-Merz” rule, the steady and dynamic
rheological properties of PDMS filled with different volume fractions of CaCO; have been
investigated. Fig. 9 presents the comparison of the steady rheological response and the dynamic
rheological response for PDMS filled with different volume fractions of CaCO;. It is obvious that
there exists a critical @ (D, = 3.6%) for the suspensions, referred to as “percolation threshold”,
below which the “Cox-Merz” rule is competent over the whole shear regions; whereas beyond @,
the rule breakdowns in the whole shear regions, and steady shear functions are lower than data
collected from dynamic tests. The reasons for this phenomenon are believed to be the formation of

percolated filler network structure and contributions of nonhydrodynamic forces and the deviation

in highy s may be related to the unstable flow and interfacial slippage. Moreover, using a

concentration-dependent parameter B(®), master curves of dynamic complex modulus |G'| as a

function of w, and shear stress 7 as a function of y for all PDMS/CaCOs suspensions, could be

obtained through shifting |G”| curves along the ordinate, and 7 functions along the abscissa using

different B(®) as shifting factor. Figure 10 presents master curve of 7 versus |G| and steady

viscosity #( 7 ) versus complex viscosity |5"(w)| for PDMS/CaCOs suspensions with different filler
volume fractions @. It should be pointed out that the reasonable superposition range is restricted

only in the high w or ¥ regions.
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Fig. 10

suspensions with different filler volume fractions @: (a) Comparison between the

shear rate 7 dependence of the steady state 7( ) (open) and the frequency w

dependence of complex viscosity |7"(w)| (filled )***).
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(a) Master curve of shear stress 7 and complex modulus |G*| and (b) master curve of

steady viscosity 5( ) and complex viscosity |;"(w)| for PDMS/CaCOs suspensions

with different filler volume fractions @ ©**/,

Conclusions

The examination of correlation between the morphology/structure and rheological properties for

block copolymers, LCST-type polymer blends and particle-filled polymer systems has been

believed to be valuable and significant to probing and studying the microstructure evolution of

heterogeneous systems.

The linear/nonlinear characteristic relaxation behavior of block copolymers in long time

region is the sign for the transition of their microstructure. In low frequency w (long time) region,
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the appearance of the shoulder in dynamic storage modulus G' or linear relaxation modulus G(z),
the peak in loss tangent fand or the additional relaxation in relaxation time spectrum H(z) can be
employed as effective criteria to assess the critical point of phase-separation in polymer blends.
Furthermore, based on the studies on the rheological behavior for styrene butadiene rubber/silica
(SSBR/SiO;,) composites, their Payne effect, i.e. strain-dependent dynamic modulus effect, is
attributed to the entanglement network of rubber matrix. For hydroxyl-terminated
polydimethylsiloxane/carbonate calcium (PDMS/CaCO;) composites, when @ is lower than
percolation threshold @., the “Cox-Merz” and modified “Cox-Merz” rule is applicable to the

transformation of steady and dynamic rheological data.
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Abstract: Present review is given to report advances in research on continuum theory of constitutive equation of
liquid crystalline (LC) polymer liquids, Influence on of un-symmetric stress tensor on material functions,
vibrational shear flow of the fluid with small amplitudes, rheology of anisotropic suspension. A new concept of
simple anisotropic fluid is introduced. On the basis of principle of anisotropic simple fluid stress behaviour is
described by velocity gradient tensor /" and spin tensor W instead of velocity gradient tensor [ in the classic
Leslie—Ericksen continuum theory. Two relaxation times are introduced:. Analyzing rheological nature of the fluid
and using tensor analysis a general form of the constitutive equation of co-rotational type is founded. More general
model LCP-H is developed for the fluid. The un-symmetry of the shear stress are predicted by the present
continuum theory for anisotropic viscoelastic fluid — LC polymer liquids. The influence of the relaxation times on
material functions is specially studied. It is important to study the unsteady vibrational rotating flow with small
amplitudes , as it is a best way to obtain knowledge of elasticity of the LC polymer i.e. dynamic viscoelasticity.
For the shear-unsymmetric stresses, two shear stresses are obtained thus two complex viscosities and two complex
shear modulus ( i.e. first and second one) are introduced by the constitutive equation which are defined by rotating
shear rate introduced by author. For the fluid two stability problems such as stability of hydrodynamic flow and
orientational motion are discussed. The polymer suspension systems exhibit anisotropic character.. The
experiments show that the PNC systems can exhibit significant shear-thinning effects. The research shows that for
more concentrated polymer nano-suspensions the first normal stress difference change from positive to negative ,

which is similar to LC polymer behavior.

Key words: non-symmetric constitutive equation , anisotropic fluid, liquid crystalline polymer, material function,,
stability , hydrodynamic flow, orientational motion, vibrational shear flow with small amplitude, rheology of

polymer suspension
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1968,1979; Ericksen1961,1960,1962,1976) 5| A A B m) 44 7 Fil [a] % (431~ B 10 ) (Y i) 3 50y, £ )5
wEAPE L B SFE TR, e SRR A ) &SP A B Leslie #1 Ericksen (1986)A& FERIE . T
WOSESEA TR, DA RAE I B BE Al bR R IR AL B8 38 & TR 3738t R BB ) Ao
3o HHIU G AR BLIR & HE L AE Leslie-Ericksen [/ 3R] |,

2. TIF faifb#% Baleo Z5(Baleo et al ,1992) £ =R B IR ~, 1 Leslie-Ericksen i 15
H R BE

3.NIEkES FH I Doi 1 Edwards (Doi and Edwards, 1986) WA Ay i 43143 TR0 2 NIl 2oy
SIFRGT B BRI R 7 TR OB K L TG R BE IR RIR 23 1 IR i . S T i U e vk
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PEB G I3 AT R By g SORRIR 73 1A TR X 8] w22 u + du RO L u i1

Sl A R L7 T B IS BT 2R A . 5 18 B BRI 5tk S ) A iR KO RE
4.Brave JERIAHITHE Brave %( Brave et al 1993)I\Jy WIFEME % 531 BUR L HRR 7 740
FEAEAY I o v 3R Ay WP % 5~ S 5 R T TR S D B A0 A AR R 1,
ST SR KL O R
5. MMM R S THRAMRE 5 BIR TSR IF O T2 7 3 i, Volkov
I Kulichikhin (Volkov and Kulichikhin, 1990),5| Atk 5t A, FIRBUREIK Iy, fESLARZ

) Maxwell #7| Volkov Al kulichikhin ( Volkov and Kulichikhin ,2000) 335 £ £k 1 (1) % 17 57
P Maxwell (1867) FEAUELR L4 th 1 2% 1) S MERG SRR AR IAEZ ME AR R 2R, A2 E# WA
HAK T R BB TG B T rI IR )N TEAE TR, 3 R AERTRAY ) KR =

HAT, 7EES RS A Leslie-Ericksen S ELE AT Volkov 1 Kulichikhin
HE ¢ Leslie-Ericksen PRI& &L MIE LN )22 i B S An B &5, JLgi R ow N T
WORIFST, ERILEZE JEIX, 1994) 1, 51 Leslie-Ericksen PRSI & T Wi
FHEESAR B 7o 3h 207 I A JRE 110 4% 1) e PR BB AR — YRt v 20 1L RO D7 R B0
FER A _E LA AR I A

=, AR R R A TR

— RIS SR IR, W 0 VR A R (R SRR AR AT O R
PAELU R JUAN T av VEWR N ) ZEMRe R by TEBTUIREN Th = AL M 1) R o0 1
B R BT, dv AL AR PR SR . SR 2 LIS . DL A T BRI R
T AR LA 2 I

07T H 1995 R4 T M A R 7T Maxwell-Oldroyd BUAKY 7 #E (B,
1995,1996,1998,1999; Han shifang,1998,1999,2000a-c), 7t & & (#:J7, 2000a)+, & Gieik
TR TR, WU RARAK RS, DA = 4 RS A K TR S W A
AR B B DL R 8 IR A TR . YEAREAE B3 A LAY (TLAREZ, 2004)—
P BRI S LT LA E 380 = 231 A 75 R SO, AR LR 4 [ AR 2 2 I ) Al
KT TR €. EEFKARREEG TR, SR KIRIBET, WihE o Tt
SHOUAK 7 REBIR I QBT 7 RAT TR Bk, R T R 5,
FFI R A R (5
A 77 ,2001a-b,2002a-b,2004,2005,2006a-¢,2007,20082-b; Han  shifang,2001,2004,2005a-b,
2007a-¢,2008a-b), #hEA G AELE (F7, 2008) HiHE-—HE45 T 2000 4E % 2008 4E, A
N5 R 5 10] S PR SER R AR — YA v 0 T AN O R B R AR A A A ) 27 7 T R B
U .
1. &l RGBT AR A M T PR R
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12007 (3#2077,2008a; Han Shifang 2007a—c )& J& T Green (Green, 1964 a-b)J¢ 1% [n) -t
] B IAE AR PO A5, £ T AR 2R v 5 308 5 1) S P 7 P 4, B A LA A b R 5 [ e ik 2 7,
DA SO e sk i R o

ARTFFTIBR A 5 53 — 2% 1) e MR A A TR A A B, R IR 4% 1) S P e P ) B AU
WML LA, #E)ILE Oldroyd B WAAAK T RE, FEEE LA ) S PERG SF A A A b 7 R 2
A B R R AT R I DU B e R HE (#52077,2008a; Han Shifang 2007a-b, 2008a) :

av A& ) SR PR SR SRR BT 2 X, N PRSI AR T SRz o, RIEE LA AR R 2R ol
SE AR TERGRE 2 F R4 A g TR W AR T L IRVZ iR e by ASK 7 AR A 5 B8 B AL A4 3
1 E W IB I TTHR, DLHAR I = 2 IR 5 1) e o N sk B L SHUR R Y
kL AR TR B R i ORI B BETR I, S IR R, DR ek v A R R R v
BE. o N EBEASEE SRR Oldroyd B WKAK HRE, 764510 [ PE AR A1 A4 7
b )z N o R BT e A TR — SRR A, BT ASEEE Oldroyd B it 44
(YA a7 R R 45 1) S MRS AR A R 6t v] LU R4S 3545 Oldroyd B it A4
TR 3 4% 1) S PR SR A AR T R

FEZ5 L[] Leslie-Ericksen & LA & Volkov Al kulichikhin P H 2 SR 3 5 1 5 7k & D
RACAEAZ I 52, Volkov Al kulichikhin (Volkov Al kulichikhin ,2000) 752k (1) 4%l S
Maxwell (1867) BIBRUELA FHRH T 8% 1) S VER SR A IO HE L E AR C R . AERFTUR e T
w2 FIRASE AN REe T, 5 UL BRI, 207 DAk 8 ) S R s A A 1R AR TR ) s
N AR T R i ORI R W A . A WA )2 # K, T Truesdell

(1951) Al Ericksen (1960) FSZAM TR R, 7E#E) 3L Oldroyd B #1241 KLvil
B A AR R g R R N g 4y R S 3B e — B Rivlin-Ericksen 5K JL A 3 AU

n, N Ay AR o, (00796, R F BRSO A IO, (EULEie

LAt T AR AR N g R (R et 3 TR % T S S R A AR S R,
AR 7 REAT R BT VIS N ) 5K AR RR AR AL 55— NS BT P) N ) RS — e —
PR, W)FRRBh 3 AN A 4 Ao FELL ERS JEEAER b, AR S T 2R B R
T SRR R 701 =5 TR VR ARG S A S BOUAK TR . e BUIET, AHr REn]
IR 9 LR P )

VA IR N ) A T

) o 0 (D
SU +ﬂ,n Skl :ﬂAl]"'LIllj[Aljenl)Nl’ﬂj]
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b A —RALTR T -RARN AR5, Aoy Ay —RALBIY)- AR PR SRR ot o Forb el — A
WS T SO = AR T RS LCP-Qs 47

Si+ A 1, )Sij = 77*(11/1)145] +u" (1) Aij + ﬂlnin_jnknsAks + :ani”kAkj

+ﬂ3n nkAlk +Zln] s 13 +l2nl s jé +Z3 +l4ninjnknsa)ks (3)

N
I, = Etr(Az)

Mo B =B =X = =X =0 R AR B (1995-1999)48 i i

)
H

S5 T Oldroyd-Maxwell % LCP-B B . 5 LA b3k ft bl OB TF3% S S04 S o i 11
L 4 R, T LA A R 4 U 2 R B0 5 ) O

FEFAZSAWE T, O T WEGT AN AR R, 0 W A 5 R N 3 Tl SR B U1t 8l

HHE BRI PR R, JFR AT RAR RS, DOBUEAH Jy FE & B

2. VEMMNERRHRRZRZEAT A C #3007 ,2000,20052,2008a; 4 77 4,2002,2003,2008,
Han Shifang, 200a,2007a-b,2008a ;Han Shifang et al,2005,2007)
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3+ AEXHIRRL 5K E (320 7,2008a;HanShifang,2007a,2008a)

FES ) SRR I LR R K 5 FEE S RFE R 60l b, N JT LCP-Qs #5570 5t 1 BT )0
BNIIBIYIN ) 43 R AR RRIN, BIAEAE A BT DI ), FHPASFOMRG B, LA AR TR L
TR FRBY DA P R A 3 AN 4 A, ORI E R WoR A R B S . AE
LR = 53 T AR BY D8 By AE R e BT D) Y. 3 7 AR 2 A I TR i i 217 >4 60 Je B IR
EMEZ AP AN SE N

B 3 o SRS T AROUURG B B U e 2 7 % 1) S R SRR A BT DR B A
ANBIYIN )« PIANOUURE BERI A% 1N g, BRI = AR g R iRz 2y, 3k — BB LI AT RE A
T 5 23 T AR IR B 7 B o 3 1 2R i 554l Volkov F1 kulichikhinm (2000) 4 7E45 1k
(118 1) Pk Maxwell (1867) BEBYELAE B HY 1 4% 1) S MRS B AA T HE LR VE AR C R, 3 MY
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YEZ TORHTPE DTk, FARBES AT 145 ) S PR S AA - B s 2 T N iR i 9 9 B D) it 3y 3
WM, AFAEAERTRRR IR 3 AN 22 52 4R B AN B2 Gk i, 4518 5 Volkov A1 Kulichikhin
(2000) [PAERTRRRG M 258 2 — 2.
5. & SRR SN 2 (7520 77,2008a; Han Shifang, 2008c)
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Fig. 5 First apparent viscosity vs director angle, Fig. 6 Disturbed amplitude function p( t ) vs Akt
director is parallel to flow direction for orientational extensional flow with 2D disturbance

(with variation of anisotropic viscosity ﬂs )

6. FrHI-PrFEE (352X 77,2008a; Han Shifang, 2005b,2007¢)
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Fig.1 The test principle of the extensional rheometer
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TVGKF R (Fe®™+ Fe¥™ )\ 8™ WA =g, /8 SE56 sl 15 /KR 3L EHLES 1
[l R ZKRE ik 30 st [ R R B R rpory, S5 K WU BEAT T 430047, LR 1.

HEAVGKA A (mg/L): K'+Na® (7439), Ca?'+Mg®" (339), CI' (11631), SO,
(95), HCO;3 (732), S* (10), Fe*'+Fe’™ (0.6), Wf#4 (0.6), WH AL (20236); JiF
B 3AYmD, BRREERE (600 A~/mDs HHLE (0.200, HHLEE (0.03), EE (0.05),
il (0.06). IKAHTEHRLH, FHAKT Ca®, Mg™, S*, Fe*', AN M m fb ks .
J& T EREmG K, WEANIIF DB IKRE, ARSI HoS Ak, &l — B ) 224405
157K R

Table 1 analysis of organic compound composition for injected water

Rl g/l Rl B g/l
JIE Wi 5195.8 TSR AR S 5.77
iR 220.2 7R 10.3
3-FRAL R 12.8 T 300 1.56
3R 3.87 TSR 16.2
AR AN, 9.77 RO TR T 16.4
2- IR 6.18 iTEN 13.4
[} 66.2 R B 2.85
2-Fg 40.6 2, 3-THURLER N 1.85
4-HTy 80.8 = BRI A5 1.71
2-2HE:Wy 721 iR B 221
2, 4-—Hy 1.26 2, 3- LIPS 19.8
3-F 2 Ay 1.57 AN SR 32.6
e o I NN 521 2N 11.8
T HEBRR i 12.0 N- R i 0.97

2 HER51E
2.1 BEGKFTEHLE F BB HIX T A VIR K

IKEE R AW AR R BN, RAWR A A BB RN YR E W)
FEAE PR R R P A D B A AR B ARG SRAAE T, LA 2 o3 i A
XL SO G Y TR B RN, ARG T HER R AR A i
FAAEIRJEEZR AT T b B B B (A e B, b 7 B i AL R, Ik TR A
WIRESR . LA LTS KT L, V5K b AR Pt STRIG UM RIS AR, I HEAT
FATBmR I e, DR 3R S W ORGSR A 5 o

TENU X6 SR IR E R M AE S R ORT T 3RS o 1 A B B

MRERZRIIE N, FERBRRF Sk, 20 FIREE IS . 7076 iR, KB 1A

AR AL J2 K 23 1 3 4t A3 1SR I E IR, AR IR TR 23 13014 ) 22 A A BAA
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TR/, S A AR S5 /N, W03 1 ) oA B 0 o 2 AL R, VRS B e B B A1

[ 2 S 7K PR ] Fe? 881 O B AT IR BE (R0, ml L Fe? B8 1R BE KT 0.1

mg/L, X R YIE R B K T .

IR R[] 8™ B 7 R B A M vk T 1A S ml WL S8 T IR BE K, SR A v il
R T (SR b 5, 24 SRS TR A E 10mg/L I, At RS SR S VK] Zokt B B 90%
Lo STBS TR A WIBEAR (4 P LIS Fe® MM

AR s LR SO VR B SR T iR S N PR 0K (Debye-Huckel) ¥4 1 1L
WRER I o FETCHLERIR B RIBH RS FAH RIS B0 T, A0 4 s 2 i i i s s — M & e i 1
VRN 3 Ao RV L 2 A B s, BRSO rh LTI D kgt K, 1
Fali TS . Fe Rl ST AT RRINIE T, eI A9 5 1 RS A B R R R
EATREY Fe? B 1 WL IR G AT 06, A e REMISS Ao T IHEF 00, ISR R & 453
TR AL . MR R A B S S T R R TEE, HTUL S™ B FIIE IR PSR, 54 8*
FEAE, 248 R-COO-:41, MRAW DT, (KD EATE, BAL TR EWIORIE. Ca® Rl
Mg™ BB T AR RO TR, AW TR UK R A R S, BL S cat R
Mg M AR, MEREWR AR, DL ISR Z A MR, R R A YR
FERR R A0 B TR R S I ORI EBUR IS I T . Fe*™>Fe’™> 8>Ca” >Mg™ B 1.

TR B A A 4 Rl A, 15K P RIAE 0.2me/L. HIZRERUTS K iy (15
5, WETT T T AN ER B I SR S s BORG BE (KI5 o mT L,  BEE A  R By  JEE
Ko XFREVIFEMREMTR, LI w o BEFRAR SR, I HAETHR I LR, Byt i
EACREMELLR o T LAAE S B FH VK BC R 2R S iy, R AET S K h bR 2 2RArie
JE, DR N e — A B SR A R A A S IR DL R A A, B BEA T A
HFE, AR 32 2 AT A BT, I SRR LS R VIR R . T
HAT IR A DR, R A o 20,

viscosity (mPa.s)
o)
S

0 10 20 30 40 50 60 70 80
time (d)

Fig. 2 The effect of Fe’" content in water on
viscosity of HPAM solution
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Fig. 3 The extensional diameter of 3 HPAM solutions prepared
with distilled water at 1500mg/L versus breakup time
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AL FYE AR DI RERLIR S W) 731 (s Wi i K, U 4 i AR AN I TR AR /N . R
DR 7K AR AT A R v L RSGEAT JEAs PR A T A5 53 B kA e e v, AN IE
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Fig.4 the effect of water quality on extensional diameter
of functional HPAM solution at 1500mg/L
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AP0 T I A S 08 PRI FEE O, T 2 & P o R85 A R P o 285 P it 12 3 88 PR W P /0
VLI ThREAL R SV A L AR S R, P AR s B ) K. B 6 i P AN R] 2K E A P 5%
EE /el EmA LI ) WIE S 7/ NI RIP RO B S/ ENACE S A TEE ST PNIEY, Oa BV et
REIHL RGBT W o BEA KB A R L E TR TR K, &5 R S8R G W i
R K JEE A o
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Fig.5 the extensional viscosity of 3 HPAM solutions prepared with
distilled water at 1500mg/L versus. Hencky strain
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Fig. 6 the effect of water quality on extensional viscosity
of functional HPAM solution at 1500mg/L
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The effect of water quality on elongational behavior of

polymer solution

LI Dao shan
( Dagang Petroleum Technology Institute Tianjin 300280)

Abstract: The content of inorganic ion, organic compound, and three kinds of bacteria in he injected water in
block fault G80 of south Dagang oilfield is analyzed systematically with modern equipments. The mechanism of
the effect of the active components in the injected water on polymer oxidative degradation has been studied. The
working principle of extensional rheometer is introduced. Elongational behavior of three kinds of typical polymer
solution is measured with extensional rheometer. The effect of constituents of water on extensional viscosity is
investigated. The results show that extensional viscosity of functional polymer is the highest and tension failure
time is the longest. The higher salinity water and active components of water, the lower tension failure time and

extensional viscosity of polymer solution made with water is.

Key words: elongational behavior; extensional viscosity; injected water; polymer flooding; functional polymer
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BYUI/E T YR 560 2R & M A AR S AR 5 e . ) 55
WAL BRI

WL R TR S TR% R, b, 310027

i 2 VILDPE/EVA/AIAKS L E A AARMBT TR, B TBIUMERIT, 20 B RLAF (40 Kot Lo 2
PR G DGR BEARE B I (K520 o RSB UIN, FEARBYDNERT, QUOKRAS I AR R ik m )
Z2 (N RGN RKORE 380 T SRS MRt s s I A S ARt TS DR A SR 5
W ARG N LF-BEA S, T IR T3 wt % IIAKRG L), BORZ I DI ARLE, 2 TRBT Ui
HEWRBESBVIN B Nyl ph R MRS B UI N W e T B AR R BTV G iR &85 1)
IS ZEAE B ARG L S T S 0, 5 B IR NN O B PIIN TR] CRARD MR AR R AR W R A2
s BEAARE LS AT, Ny W R U BTUIE TR GRS 0 S5 s AR ARG 5o i [ 5%
W AT RENLEEAE T AORAG LAE MR SR L BER G0 THERZ TR L 2, TR AT
FRaifey, JFAESTUIE R N HESIHR R, SR R A AR LRt 5 1 S By Sk

=S 0N TTCARIPSTRO Y N PSS

W RN, RE WM 1 55 APRMA SR R LI RS 828 AR B D) A AT
AU QR R DIR R, AU RARA BT VIR, 2 BORS + 2  (888 b3 n, i £ 755
YUY, A PPRHE AR BT DAL BRI ARG - B AOE, BIZAKORS L I A BEAS
SN Z e BY VIR I (BT UDRE FE: @328 (2D 20 IR U PR M AORS A B AR 5 s 1
(RBNARESRAT oy HAT B2 IR S SR R . @ RIR IR B UM AR R rhokli 1 v ZHUA], A
T A 3R A o DX R [R5 P, X SR A R AR T AT FE R Bl Ak o O
i (flow reversal) Sy CLZ8 BN FH - 1) #1290 A SR Ak =00, 3t 2% S AR 1 Ay
A FH SEOX 1) 210 2500t SR 5 PR AR 800 17 R 50, DABIF U0 B0y o R 1) 8 R A R it o 285
T, ORI BT SRS DO A5 A5 R, X PR 1 T A% P ik B g 2t LG AR S B D B
AR5

H TSR EWIEGURRS L AR, QKRS 1 R 8RR R 7 1 2 4584,
(EEy =R U NERY ARSI TR TIPS TE Se /RSB S o VRS = SR i) it AuSPEiE &3 o =t
FORHIETE S I 1) SEE TR, ORI T AN DA 3 SO ILERD Y, (BRI AR RGERIR N
DRI, AT SORE 5 AR L AEAEI, 2R LIRS b oK 52 B R AR 2R 04 (A T I Ao e
AR, LU B4R L B D) N AR T, ISl BUA R b1 W 2 ah il . B 2 R
Yooy 7 A5 REA AR L, ANITEEYR N T R 2 A R R IO 4544 o
1 32586
1.1 3256 Jm 44

R#FE % 444 (LDPE), PE-H-18D075 (1C7A), ¥AfFE4 MI=7.1 g/ 10 min (190°C,
2.16 k), dbnteilifaib TG PRA AL T —) 7= s 9Kp+, B FAc#efigf) CEC =
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90 meq/100g, 2% >95%, M+ 7NkidE = FIERALEL (70 wt %) 5+ )bk = B LIk g
(30 wt %) VEA VLRI AN FESZ I AT, WL L TH A E 7 OF-BERR 405
LY (EVA), H2020, %RbiE% MI=1.6 g/10 min (190°C, 2.16 kg), #ik Polyolefin
Co.0 " fho
1.2 #mE&E
HBEW AR WL saE 2k %, BUBKINAR EVA 59Kk +84, BE5RE
LDPE 54 . L6 28U AL (PRISM TES 16 TC, UK) 347, #HH T2H8: B
TR JE 140~180°C, LR SE 170°C, BEAFELIE 50 rpm. A T ARUEFT A AL 2 A R i o,
AR AY) (LDPE/EVA=77/20 JLIRY)) AEMIE I L2440 R Wi, AN FTAa £E S
Y IE EHUESN, DL AR s i FE AR S AL . T A FEA T, LDPE:EVA ¥
77:20, QKRG LSRR N 04 1. 34 54 7 9 wt%. FTRNESWLE 170°C F&H
JEM U Sl e A A o
1.3 MK FRAE
MRy R4 (Advanced Rheology Expansion System, ARES, Rheometrics Sci.
Ltd., USA) JEAT B UIINR, DL SR R PR Rt i . o MR AP AT AR N 3647, R R 150°C,
FES N EAR 25 mm, 5 2 mm [FR .
1. Basuiy), B 0.01 ~10s", NRIER 7 iE ).
2. WBRASRG I Y 42 Step Rate Test” B xCiHEAT, A it in ity N A8 el 2 4
a) LBV : 78— B VIR N, SPREM I — & By I N AR O ), 1
i 300 s
b) ATEIDIN: 7@ B PR, GRS In— 2 BT DI N AR OBIEF 719D, T
300 s; f21E52E, RN ERE 1800 s; FEAHREIMIBIVIHR R, SHEE S PRIt
INESINAR eI, DIl 300 s
3. AR % “Dynamic Strain Sweep Test 1T, WM 0 = 10 rad/s.
2 #£R51E
2.1 FRZSHTE N [
PAPE, S IR A YRS ARG SR N () E SR, T2 1) N 2 W SR A s AR v ) R
M. BEWIEARSZ BT UIE RIS, 85 e B )R 5 7 W) e AEvk m N, Herh 5 — ik m
J175 Ny I 5E SUA

leall—azzz‘l’l-}?z (D
Hp
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Al

BT TRESSIYIR, RAEREWAARFRIRN Lo B E A H RN N, 55U R K
KAMES . SRR, LR, FrakRIN N EOCT3 R IR 8T D) id %K
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NAETFG 2R, mE 1 (). B 1@EEW, HRN N AT 5900 L& E 8K,
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IR, 2B E L@FTRI N EBUE (<0257 K (> 025" BITIERX K5
PER, 2321 1) (o)X R M. AE 1(b)rT UG, FEARBI DRI, QKRR+
MAEAE, A G REIH AR AW 56 A F BRI BEGRORE LR, 4R
GHTFRILH TS IR N ) 2 RINEBTUIER <~ 0.07 57 I, —N; M5B9 KA 75
RN, fE ~ 0.07 57 B HIURAL, BTSSR RN, B BERR, + 5 w0
I, E ~0.2 57 AT IEAEEAE, HARR N, B2 B BRI o R >
~025) RAYIN, HE () EH, MEBTUIMRAMN, TEERRMN N, EHH N A,

MTAARRE XA R N, RS, S 2)LT-RAENE. B 1t xR, f£y=02~1
sTHE N, log N, ~ logy MR R A 2, (H y QRS ) 2k R R i 15 2.

—BME , RMUEREWIEAAE AR ST e, TR B UM I SE i, AR
oo Oy ERARA S IR AT S R I N 25 N A AT RO BT, B, SR AW N,
A o ARFEXT [ ST TR A WA BT VIR AT 5T R I, AERARE D)% T
HBL N RIS . DO EERIE T PR 7, AFERRIRAT 7454 (director),
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Fig. 1 The dependence of primary normal force difference, N;, on shear rate for the polymer matrix

and the composites with different contents of nanoclay at 150 °C
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Fig. 3 The transient stress response under shear rate of 0.1 5" with and without pre-shear for the polymer

matrixand the composites with different contents of nanoclay at 150 °C
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Fig. 6 The primary normal force difference, N;, under shear rate of 0.1 s/ (a) without and (b) with pre-shear for

the polymer matrixand the composites with different contents of nanoclay at 150 °C
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The Influences of Nano-clay on Nonlinear Viscoelastic Response

Under Shear for Polymer Melts

Hongmei YANG**, Zhenwei ZHANG and Qiang ZHENG
(Department of Polymer Science and Engineering, Zhejiang University, Hangzhou, 310027)

Abstract The influences of nano-clay on nonlinear viscoelastic response for polymer melts were studied by
using LDPE/EVA/nano-clay composites as research models. During steady shear, the composites have negative
primary normal force difference (N;) at lower shear rates region. It can be found that the dependence of matrix
viscoelastisity on the stress histories can be increased by the nano-clay layers dispersed well into polymer matrix.
The viscoelastic responses of matrix polymer are independent on the pre-shear. However, for the composites
containing 3 wt % or more nano-clay with pre-shear, the values of transient stress, overshoot and steady stress are
lower than those of the sample without pre-shear. The differences of transient stress at steady state for the
composites with and without pre-shear increase with the contents of nano-clay, and the dependences of primary
normal force difference (V) on time (strain) for the composites with pre-shear differ entirely from those of the
samples without pre-shear. The composites with pre-shear have positive N, instead of negative one with increase
of nano-clay content. The possible mechanism of polymer melts viscoelastic response affected by nano-clay
should be proposed. It seems that the layers of nano-clay were exfoliated or intercalated by polymer chains, which
induce the formation of directors in the polymer matrix. The composites melts show abnormal nonlinear

viscoelastic response due to alignment or orientation of directors under shear stress.

Keywords Viscoelastic response, Nano-clay, Polyethylene, Nanocomposites
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Study on the Rheological Dynamics for the Delayed Formation of
Viscoelastic Micelle Systems

2

Fang Bo! Lu Yongjun" Fang Dingye' Ding Yunhong® Zhang Rusheng’

Shu Yuhua® Wang Yongli®

(1. East China University of Science and Technology, Shanghai ,200237; 2. Langfang Branch,

Research Institute of Petroleum Exploration and development, Langfang, 065007)

Abstract: The rheological dynamics for the formation of clear viscoelastic micelle fracturing fluids (VES-60)
were investigated. The 4-parameter rheological dynamics model and equations were established firstly, and was applied
to simulate the delayed formation of clear viscoelastic micelles fracturing fluids. The results showed that, the
rheological dynamics equation can be applied to describe the delayed formation of viscoelastic micelle systems
correctly, the calculated data were in good agreement with the experimental data, and the meanings of the model
parameters were reasonable.

Keywords: Viscoelasticity, Micelles, surfactant, Rheological dynamics, Clear fracturing fluids
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Abstracts: A least energy dissipation principle with new intension was introduced and discovered on its application
in the rheological solid mechanics. According to the constitutive relation theory based on the least energy
dissipation principle, the constitutive relation of Bingham body and Maxwell body were deduced; According to the
least work consumption principle based on the least energy dissipation principle, two basic kinds of variational
principle of quasistatic visco-elastic mechanics were established. It is shown from two examples that the correct

solutions of the problems can be gained according to the two basic kinds of new variational principle above.

Keywords: The least energy dissipation principle; rheological solid; constitutive relation; variational principle.
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SSBR/SiO,iR BB Bh 7S k81T A
KL, o W, K R
(R T5 S T RE A 3 20 FR T SE 6 %
WL TRMAS TR R BN 310027)

M WEILT AR B SIO) AW BB G T HRBM(SSBR) M3 & Wi AAT N s %4 T I [A] - & 7
(Time-concentration superposition, TCS) = BRLE 7 7 SH 78 198, 3845 LLARJA 78 SSBR 4 34 (19 A8 &
g, WA R M MAET RIS 6, SRR LN YIRMAT R, MHFER T tansrErR € M
T . T NI P 5 B0 R AR TBOR RN BL AL Si0, Fi—+1i] SSBR 43+ % Riz3), R+ T TCS
BLESPRE IR T Ag IR T A,b SiO) AT BB . A A0 plIFRIEREL, H A~ KRN
FFERLT REE A [ 5K (cluster-cluster aggregation, CCAYEMY . 18 T REAF 3- B HEAAR-1- N 58 = 2 A Akt
KEINXT)X BN ZSIAAT I B . NXT A2t S th 2 p AT & 85 5 V)RR aa . ARm, 5
NSRBI A L, NXT i il SSBR S AEFA St IR (a4, FAJEH Ag K.

JeHtIA . IR T I, ARE, ShASKTE, B TR)-3K E B N(Time-concentration superposition, TCS)J5 ¥,
&Y O I

B 78 AR AN o ) 1R A . AEANTE TEORL 1 ) LA RN () 1450 T, AT FH Einstein /7
R T AR oL, g ', KRB ARBEISR T AR, it
WTE R, #hom AR TR SR AR AR 41 28 (cluster-cluster aggregation, CCA)Id#2
I, 8R1fl, ANEF £ Einstein /5 FEid 2 CCAREAY, 35 2008 555 73 T B EDRPRL 1 40 M B e P
FL7 70 F8GE A e 5 B B A B AR TR S (T T (R AT 2 R ™, st e Be o 1
B TR PEBRARST . KIPRL 1 A7 7006 8 2 110 0 A R 28, B ) Bt A e S A
(1 J3 38 I AR 36 KT WL AR 1Y B AT A A SR R 85 AN B 2y T B Bl AR A 5 N AR TR
WV o

YOI 1R B (SI0) B AW HUER & T AR MBIR(SSBR) A N HI TR BN L« AR FE <& (1
IR IR . s K PESIOF AR I 0 HehE, SRR v, T8 IR i
DR AELEAR I o A SCLASSBR/SIONRMEI AL, 5 Besh M 5 N AR JEO N £ FE 43 Bt
BRI IS AR S, BRATAG I AN AR, JF 2% GBI R R 3R )5

1 RIS

1.1 R#E

R T R (SSBR, PR1205, KM i 25 %, WA-1,4-858 7 & 35 %), 7k
SOV PR W) PUTEE: 1 9% 2B (Si0,, Ultrasil VN3 GR, pH 5.4 ~ 7.0, HLE M 175 mY/g),
i[5 DEGUSSA A l; 3-FEEIEARA-1- A5 = Q5 FERELE(NXT), FE[E Crompton 24 ]; il
HRMR . Al SEALEE. N-(1,3- 2 FI3E T 38)-NIR L6 K —i%(6PPD), g ik THRA A .
1.2 HmREHI&

TR B (phr) . SSBR 100; SiO, 0~50; NXT {HIEH] 0 58 7; SAAbfr 2.5; IR

M B ARE IR0 JH A TR A, Email: s_yh0411@zju. edu.cn
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1.0; A% 1.5; 6PPD 2.0 K IFHEMLLE 50 °C HIiE SSBR. Si0, 5 H & Bhl, b5 K H Haake
WARAXAE 150 °C ¥ 10 min, KRBT 150 °C. 10 MPa F K E 4% 25 mm. J£/E 1.5 mm
1.3 ik

B RIMBI(TEM), H TEM 23 HT{X(JEM-1230, Electron Co., HA)M AT
SSBR I U] i (JEE 200~300 nm)JERA:. Bh&J24 M (DMA), K B R TA
Q800 DMA (TA Instruments, USA) EHEATIIIAR, #i% 4 1 Hz, THEM A 3 °C min's 312
WA, KFAT B A LR AR i R4 (ARES, TA Instrument, 5% [E) R THR 450
iR, WWEH 150 °C, NAER 0.1 %.

2 ZR5ihHe
2.1 SSBR HIRME D B S HBILET

145 HSSBRIMTEM iU S . SSBREILGHAAH 7325, T 5844 10 nm K AH L4 (1)
4R . K245 I SSBRINDMA Ik . il RERE (B REIR 2 (DT =TT PR, SSBRAKIKZ T
BOA . B S G X . HitansiiZenT WL, SSBRIFIIBIS I AR E(T,) h-63 °C.
TR G X, SSBRYESS CCHIBLIRGIEAR, Xf R LMtk X I B b 4548 . TEM5DMA
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Fig. 2 Temperature dependences of storage modulus E'

Fig. 1 TEM micrograph of unfilled SSBR and loss tangent tand at frequency 1 Hz for unfilled
SSBR
10° g T X
a vV A o
vy Y ¥ B0 3o
vyv?Y vy2toa g
5 MEIIRIIIR L 2 vvzﬁﬁ w'r o ® AAA?SD
10° F v i A A ° a N )
gxiisia’ g 8o LI .
Y vguw¥X A2 o 8 & g vV Yy
< A 8 A= . B ~ ¢ Vv v
o A [*] o L] L=} o A v
& ooth Ao ? s o % o ¢ Vv
E_-) A DD Lo ; E g C s LR ¢ v
"y o o o °® w0 5o 9~ v
6 | sieerirll RN :
oo 9 S ; .uno o v Vv v ° 0
10° F o © _— ©0 0.04 v v o 004
°a 012 X 5012
v v 0.20 v 0.20
104 1 1 1
10° e e e pyes 7 10? 10* 10° 10! 10
-1
olrads* olrads

Fig. 3 Storage modulus G' (solid symbol), loss modulus G" (hollow symbol) and loss tangent tand as a function of
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frequency o for the SSBR/silica compounds containing 7 phr NXT coupling agent

2.2 SSBR/SIO, R #5BX Bt T4 1%

K345 H SIO AT 73 B (@)% 157 phr NXTAEIK I I SSBR/SIO TR MM I A T ARAT A I 56
Wi o FELTEINF(w) T TSNS RERTEL(G) 5 BRI (GBI b KM &1 K, [H]
I tanSTE W F FRMK. @ =0, 1EHIX (w<2rads™) G>G", HGHIFRMANERSS: 1w
X(w>2rads™"), GHGW MBI, MR A, RIFESSBR hFHHOU 43 85 1M S 30T
£ XA X PR, Hotan SV AR AT o, Xt I 1 €5 X [ 4 28 Xt 9 OB AE N T 7. Bt
WK, GG IIHEMIGIEZEW TS . o=0200, G5GHEw<0.1rads' L 5ok X, 2
PR 78 1A 2R SR (AR AT 43 5 A S8 A » SRR AT N 5 = 4R T R 4% (1 T A 55
@t B KT 1) B AR 3, 55 S100E 10 P SSBR AN T-HE H- LI R ILIZ B A F I« NS NX T B
FUN, TR RIS B3R RARAT A, FUEAH A SIO & it M AR L 39 in 56 % W 2%

2.3 BB TR E IHE

Coussot™ 5% T /K Pk T B WM RE S WAAT A, RINAMCEIVIN ) 7/ 7 ~ZA0 A5 5
Eny/r, BERA— &R muishthge. X8, o5y 5l h8ivIN ) 5N, oo
W Sy, RS HE . Trappe 5 Weitz VR B, KPR S BRI 010 Bl 2 U AR B0ds 20 S
T SRR, PSRN DR RS A U T B £ . X LRI R TR BTN
I 8] -3 J& & N (Time-concentration superposition, TCS) JiR # . TCS Ji # 4 fl T o v H -+
Laponite/Z 1k /8% R A LM BIF WY LRGP IR ML T RS T amw, e
KRG R LB AR ) B 25 MR B AW AR AT N . NI TCS J5 B
i, 22 By BRI R AS I T BOE AS E RAE G 5 7/ G, . Mongruel 5 Cartault!™!
KL, R SIOMATE T AAGIE (0> 20 rad s )R th2k 5 R IEAT, MitanSih £k
HRMARES, IR G AR e XANRH T . Gleissle 5 Hochstein! & B, B
R AUOH . AR BRI O G I 2 AT TREENTE A, SRR S B
FIG BT fay 2 SUNAR ORI o 7T L, HATXTCS PR 78 = 85— (¥ 5E X - SSBR/SIO,
TR I BN AS TARAT M B AN T T R VR M e S B R S BV AE T o T Y
SSBR/SiO VRMRIR I T AAT, tanSMIZEA TS, WIGEME SRR BT, #ELLR
FHSCHREE B T A PR R 7.

TENABVINAE y" =y e AEHT, RFHAKRRKZEMN T 6" =0, NAZH
RN =iwy”, BEESERETHEENNANG =01y S5n =017« EH, n o 5lA
GRS 5 UERE, SR, BOR b, KT RIS SRS ) SRR TR
MRS "1, KRN 5 = Ay A > URRASHORE T . KT IR IR A
SHBRNG =o' Iy =0 [(Ay')=G | Ay LEEEN g =0/ A, TR, ST
(VAR AR JR P AR b, R IH A R SO IR 2 A 1 5 R B 3 38 KA. 53— 5,
NI~ 2 R 7 MR 7> FIa 8, 40 FRA I TR R o 7EXOREAR bR b, R AE 78 AR 1)
A5 IR T B log( Ag ) AN AT R EI T B logd, (4w < DAL, A5 R
P& S5 .
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Fig. 4 Master curves of G' (solid symbol), G" (hollow symbol), G* (solid symbol), 77* (hollow symbol) and tan& as

a function of @ for SSBR/SiO, compounds and influence of NXT on characteristic relaxation time as a function of

4
The data for compounds containing 7 phr NXT are vertically shifted by one order of magnitude upward for clarity

HEl4(a) 5 E4(c)rT W, G"itanob efff i iz @i i 25 S nih 2k, H ok, Sl
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fx =222 £0.36, ¥ SR TCCABR PG, BEHCCABIR IFAE I T-SiO/SSBRIA R .
BTG SIORIFH! TS SioMAe IR 5 T Y REVASLIRYPE A R 754 CCA
B, (HMAFIIMAZR, WSIO AT TR (= 52" SiOy/E4A ZMVEWo Bk (Si0,
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Fig. 5 Shift factors 4g and 4, as a function of ¢ for SSBR/SiO, compounds with and without 7 phr NXT
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DYNAMIC RHEOLOGICAL BEHAVIOR OF SSBR/SIO, COMPOUNDS

SONG Yihu", SUN Jin, ZHENG Qiang
(Key Laboratory of Macromolecular Synthesis and Functionalization, Ministry of Education , Department of
Polymer Science and Engineering , Zhejiang University , Hangzhou 310027 China)

Abstract Dynamic rheological behaviors of silica (SiO,) filled solution-polymerized styrene-butadiene rubber
(SSBR) compounds were investigated and application of the time-concentration superposition (TCS) principle to
this system was verified. Master curves were obtained by shifting the frequency sweep rheological data of the
filled compounds with respect to the unfilled SSBR. The master curves disclosed the existence of modulus
plateaus in the low frequency region while the complex viscosity exhibited marked shear-thinning. The master
tanod curves displayed maximum at a characteristic frequency that decreased with increasing filler volume fraction
@. The modulus and the frequency shift factors, 4G and A4, were introduced into the TCS principle on the basis of
strain amplification effect due to the presence of rigid undeformable SiO, particles as well as the constrained
molecular motion of SSBR among the particles. Scaling relations were revealed to Ag and A4, as a function of ¢.
However, the Ag ~ ¢ relation did not follow the cluster-cluster aggregation (CCA) model that was usually
suggested for particle suspensions or particle filled polymers. Influence of 3-octanoylthio-1-propyltriethoxysilane
(NXT) as coupling agent to the dynamic rheological behaviors was also discussed. NXT did not influence the
modulus plateaus and the shear-thinning index whereas it caused a reduction in characteristic relaxation time and
marked increments in consistency and Ag in comparison with the NXT-free compounds.

Keywords Solution-polymerized styrene butadiene rubber (SSBR), Silica, Dynamic viscoelastic behavior,
Time-concentration superposition (TCS) principle, Strain amplification factor
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Research on creep experiments under high temperature
and rheological model of visco-plastic metal materials

Luo Yingshel, Yang Liv%, Yu Ming1
(1. Institute of Rheological Mechanics and Material Engineering, Central South University of
Forestry and Technology, Hunan Changsha 410004, China;

2. School of Landscape Architecture, Zhejiang Forestry University, Zhejiang, Lin-an 311300,
China)

Abstract: The creep experiments under high temperature have been done on Lc4 aluminum alloy, TC11 titanium
alloy and the carbon constructional quality steels (20 steel, 35 steel). The integral creep constitutive equation and
differential stress-strain constitutive relationship can be established according to relevant rheological model named
revised Burgers and the integral core of the creep has been achieved through the experiments. Comparing the

calculation results conducted from the model with the experiment results, they were in good agreement. Moreover,
the coefficient }/<¢(F )> related with viscosity of visco-plastic materials were obtained through creep

experiments’ datum. The viscosity coefficients of the three kinds of materials were also compared and analyzed.

Keywords: visco-plastic material; high temperature creep; metal; rheological model; viscosity

coefficient
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Dynamic Rheological Behavior and Morphology Near

Phase-Separated Region for A LCST-type of Binary Polymer Blends

DU Miao GONG Jianhua ZHENG Qiang*
(Department of Polymer Science and Engineering,

Zhejiang University, Hangzhou, China, 310027 )

Abstract: The dynamic rheological properties and morphology in the vicinity of phase-separated region
for poly ( methyl methacrylate ) ( PMMA ) /poly ( styrene-co-acrylonitrile ) ( SAN ) blends with lower
critical solution temperature ( LCST ) behavior were investigated. When temperature was above the
phase separation temperature, i.e. cloud point (7,.) for some PMMA/SAN blends, the slope of plotting
logG” versus logw decreased at low frequencies (terminal region), indicating the appearance of
phase-separation and existence of heterogeneous structure. We employed a model dealing with complex
modulus of the two phases mixture proposed by Kopnistos et. al for describing the dynamic rheological
behaviors of PMMA/SAN blends, according to the assumption that the interfacial tension between the
matrix and the dispersed phase was independent of local shear and variation of interfacial area, and that
the dispersed spherical droplets were nearly monodispersed. It is found that the predicted results were in
qualitative agreement with the experimental data of this study. The ratio of interfacial tension « to the
size of dispersed phase R, a/R, was obtained for 80/20 and 60/40 PMMA/SAN blends, and the two
different morphology were also observed. It is believed that the decrease of loss tangent ( tand ) was
resulted from the formation of domains rich in PMMA or SAN component of the blends because of
decreasing the friction force between the two domains in the molten state. This behavior was attributed

to be the structure change from homogeneous to heterogeneous.

Keywords: PMMA/SAN blend; Phase-separation; Dynamic rheological behavior; Morphology

1. Introduction

The rheology of multi-component polymer systems, such as polymer blends and block
copolymers, has become the attractive interest because of the challenging physical problems and
the increasing technological applications behind. To date, most of the work addressed the
rheological behavior to immiscible polymer blends, which typically exhibited characteristics
concerning processing. However, a few attentions has been paid to the rheological properties of
homogeneous systems, especially for the lower critical solution temperature (LCST)-type polymer

blends 2.

" To whom correspondence should be addressed
Tel.: +86-571-87952522; Fax: +86-571-87952522 E-mail: zhengqiang@zju.edu.cn
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It is well-accepted that some specific intermolecular interaction including hydrogen bond, n-nt
complex and Lewis acid-base interactions are sufficient to promote the formation of single-phase
polymer blends. However, the occurrence of a stable single-phase polymer blend is not restricted
to the systems above. There exist miscible polymer blends in which the miscibility derives from
the so-called “repulsion effect”. In these blends at least one component is a random copolymer
with miscibility over a range of copolymer compositions even though combination of the
corresponding homopolymers are immiscible *!. A blend composed of a homogeneous polymer,
poly (methyl methacrylate ) ( PMMA ), and a random copolymer, poly ( styrene-co-acrylonitrile )
( SAN) can be taken as an example since it exhibits LCST phase-separation upon heat-treatments.
When temperature changes, it is possible to obtain blends with various phase morphology (single

or separated) and different viscoelastic properties *).

Rheological measurements, especially dynamic testing, have been the primary characterization
method for polymer blends ™ °. Based on the rheological measurements, many fingerprints can be
found out to infer qualitatively or quantitatively the critical point of phase-transition in polymers.
Especially, the second plateau on the curves for rheological functions of frequency (@) at low @
range (terminal range) is thought to be a sign for the deviation level of viscoelastic behavior from
the linear theory. The above phenomena have been responsible for the rheological properties of the
phase-separation for polymer blends " *. In our previous work ¥, we have reported that the
change of dynamic storage modulus (G’) against @ could be used to judge whether the phase
separation takes place in PMMA/SAN blend system or not, on the basise of whether the
relationship between G’ or dynamic loss modulus (G”) and @ follows G’ =< &’ and G” =< @ or not.
However, this method sometimes was not so effective when the “second plateau” was not obvious.
The change of dynamic modulus with @ for a blend system could be also estimated through a
model function " but up to now there has been few literatures concerning the dynamic
viscoelasticity behavior for PMMA/SAN blends system near phase separation. In addition, even
the loss tangent (fano) is understood to be strongly affected by the degree of phase homogeneity,

the change of tand caused by phase-separation in PMMA/SAN has not been reported hitherto.

In this paper, we try to estimate quantitatively the dynamic viscoelasticity and morphology
evolution in the vicinity of phase-separation region for PMMA/SAN blends by investigating the

dynamic rheological behavior.

2. Experimental

The materials used in this study were polymethyl methacrylate(PMMA) (LG chemical Ltd.

Korea with Mn = 3.8x10", Mw / Mn = 2.1) and poly(styrene-co-acrylonitrile) (SAN)
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(Chimei Corporation (Taiwan), AN = 28 wt%, M = 6.4x 10%, My/M,= 1.9).

PMMA/SAN films for small angle laser light scattering (SALLS) observation were prepared by
dissolving the two component polymers in dichloroethane (CH,CICH,Cl) at a weight fraction of
5%, and then the solution was cast on the surface of a microscope slide preheated to 30 °C. After
the solvent evaporated at the ambient environment, the samples were further dried in a vacuum

oven at 100 °C for at least 24 h to ensure no residual solvent.

The PMMA/SAN blends for rheological measurements were obtained by dissolving the blends
in methyl ethyl ketone (CH;COCH,CH;) at a weight fraction of 15 %. After the solvent
evaporated at ambient environment over a night, the films were heated for 24 h at 60 °C, 80 °C,
100 °C and 120 °C, respectively. For ensuring complete removal of solvents, the films were then
dried in a vacuum oven at 140 °C for 48 h. Weight loss of the samples was monitored until they
reached a constant weight. The films with thickness of 80 ~100 um were stacked up and
compression-moulded into specimen disc with a diameter of 25 mm and a thickness of 1.5 mm at

10 MPa and below 150°C for rheological tests.

The cloud point ( 7. ) of each sample was detected by SALLS. A piece of the blend film was
inserted into a hot chamber which was kept at a constant temperature and lived there 12 h for
annealing. When the scattering ring was observed on the screen, we ascertained that the blend was
located in the immiscible region in the 7,.’s curve. When no discernible change with the annealing
under above conditions was detected, the film was further annealed at the same temperature for 36
h. In case the film was still clear and no phase-separation was confirmed on the screen after
samples were exposed to annealing for a long time, we ascertained that the blend was in the

miscible region.

The rheological tests were conducted on an Advance Rheometric Expansion System
(2ARES-9A) with parallel plate geometry of 25 mm in diameter. The frequencies were from 10
to 10*rad-s™. Depending on the given temperature from 150 °C to 190 °C, the strain amplitude
was taken between 3.0 % and 20 % to obtain a high torque. All applied strain were in the linear

viscoelastic range.

A transmission electron microscopy (TEM) was used to observe the morphology of the blends.
The samples were stained using osmium tetroxide for 24 h. TEM micrographs of sections with

thickness of 200 nm were taken with a JEM-1200EX TEM.
3. Results and discussion
3.1. Effect of phase-separation on dynamic viscoelastic response

It is well-known that the measuring dynamic mechanical properties under long time relaxation
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is an appropriate method to obtain information on miscibility or immiscibility of polymer systems,
because the dynamic viscoelastic responses, under this condition, are sensitive to the changes of
structure and morphology for polymers "'l Actually, it is impossible to approach a infinite
relaxation time (or infinitesimal frequency) condition. Hence, many researchers characterized the
miscibility or phase-separation of multi-component and/or multi-phase polymer systems according

to the change of the intrinsic properties in relatively low @ region 2]

Table 1 The determined rheological demixing temperature (7))

and cloud point (7, SALLS) of PMMA/SAN blends

PMMA/SAN Ty °C T/ °C
20/80 >200 >200
40/60 185 190
60/40 165 173
80/20 165 163

The G' and G" for the component polymer and for the 20/80, 40/60, 60/40 and 80/20
PMMA/SAN blends were measured as a function of @ at different temperatures from 150 to 190
°C by a step of 10 °C. For clarity, the discussion in the present paper was mainly focused on the
blends with compositions 60/40 and 80/20. Fig. 1 (a), (b) and (c) present the typical isotherms of
G' for PMMA, 60/40 and 80/20 PMMA/SAN blends. It can be seen that at low temperatures, the
blends (b and c) behave similarly to a homogenous polymer PMMA (a) with a rubbery plateau
followed by a continuous decrease of G’ as a function of @. Such a decrease corresponds to the
beginning of the terminal region. But it is impossible to reach this terminal region at low
temperatures due to the limitation of the instrument exposed to a very loww. In contrast, at high
temperatures, G’ exhibits a shoulder, namely “second plateau”, together with an increasing width
with the increase of temperature in the low @ region. These phenomena were reported for
polystyrene/polyvinyl methyl ether (PS/PVME) blend, and the presence of the “second plateau” in
G’ was assigned to phase-separated domains of PS and PVME !> . On the other hand, this

behavior has been believed to be the result of change from homogeneous to heterogeneous

[15 [16]

structure !*! and was designated the fingerprint for the presence of phase-segregated domains" ™.
The thermorheological complexity of polymer blends near phase boundaries is due to the large
concentration fluctuation in the homogeneous region in the vicinity of phase-separation and in the
various morphologies in the phase separated region. Similar observations hold for the behavior of

G" as well, but much reduced sensitivity appears (a’, b’ and ¢’ of Fig. 1). We have reported that the
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change of G’ against @ could be used to judge whether the blend system appear phase separation
or not . The determined rheological demixing temperatures( 7}, ) were in satisfactory agreement
with those obtained from turbidity, 7., as given in Fig. 2 and Table 1. Because it was very difficult
to obtain the accurate of 90/10 or 10/90 PMMA/SAN blends by means of SALLS, Fig. 2 only

gave the T,.of 40/60, 60/40 and 80/20 PMMA/SAN blends.

log(G'/ Pa)

log(G'/Pa)

log(G"/Pa)

log(G"/Pa)

log (G'/Pa)

1 2

log (m/s'l)

log(m/s'l)

log(G"/Pa)

log(w/s™)

6
(©)

log(m/s")

Fig. 1 Dynamic storage modulus (G") and loss modulus(G”) as a function of frequency (@) for (a, a") PMMA,

(b, b") 60/40 PMMA/SAN and (c,c’) 80/20 PMMA/SAN blends at different temperatures.

108



AR 25 T 2009.vol. 1 (1) @17

250
Immiscible region
. r
200 o . .
@) ] .
. ° g 1sf 2
5 : 2 >
5 150+ o @ S
& Miscible region g Lok 3
5 E
et 5
100 = \
05F 4
5
50 L L L L 0.0 1 1 1 1 1
0 20 40 60 80 100 150 160 170 180 190
PMMA (wt%) T/°C
Fig. 2 The cloud points (7,.) for PMMA/SAN blends. Fig. 3 The temperature dependence of terminal

slopes for (1) PMMA, (2) 20/SO0PMMA/SAN, (3)
40/60PMMA/SAN, (4) 80/20PMMA/SAN and (5)

60/40 PMMA/SAN blends.

In order to characterize the phase-separation of PMMA/SAN blends more clearly, some
mathematical treatments are made here. The terminal slope of plotting logG’ versus logm in the
lower frequencies for PMMA and PMMA/SAN blends at different temperatures are shown in Fig.
3. It is very interesting that the terminal slope for PMMA increases with the increase of
temperature. According to linear viscoelastic theory, i.e. logG’ o< 2logw at the terminal region for
homogeneous polymer melts, it is clear that the terminal slopes of plotting logG’ versus logw for
PMMA at higher temperatures approach 2.0. But for PMMA/SAN blends, the relationship
between the terminal slope of the plotting and temperature changes, which is relevant to the
phase-separation of the blends. Similar to that of PMMA, the terminal slope of this increases with
the increase of temperature for 20/80 PMMA/SAN blends, indicating the blend system is
homogeneous under experimental conditions and the results obtained coincides with those

observed by SALLS (7. > 200 °C).

For other PMMA/SAN blend, 40/60, 80/20 and 60/40 PMMA/SAN, as shown in Fig. 3, the
terminal slope of plotting logG’ versus logw first increase and then decrease with the increase of
temperature. These phenomena are believed to be the results of phase-separation for polymer
blends. According to Fig. 2, 7. of 80/20 PMMA/SAN blends is 163 °C. Furthermore, from Fig. 3,
it can be seen that the terminal slope of plotting logG’ versus logw decreases when temperature is
above 160 °C, implying that the phase separation of the blend took place and became

heterogeneous.
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Fig. 5 Evaluation of the rheological behavior of
Fig. 4 Evaluation of the rheological behavior of the

the phase-separated 60/40PMMA/SAN blends at
phase-separated 80/20PMMA/SAN blends at 180 °C:

180 °C: experimental data ( open symbols ), G'(0)
experimental data (open symbols), G'(0) and G"(0);

and G"(o);emulsion model predictions from Eq.
emulsion model predictions from Eq.( 1) and Eq.(2)

(1) and Eq. (2) for o/R = 1000 Pa (solid
for /R = 1000 Pa (solid line); model predictions

lines); model predictions for /R = 0 (dashed
for a/R = 0 (dashed lines).

lines).

3.2. Quantifying the rheological characteristics of phase-separated PMMA/SAN blends

In phase-separated region, the time-temperature superposition (TTS) principle could no longer
be applied in the terminal region, associating with the enhanced moduli, as reported in our
previous work '”. However, this complex viscoelastic behavior in the two-phase region could be
quantitatively analyzed by utilizing a theoretical approach to the rheology of emulsions with
incompressible viscoelasticity. Concerning description of the rheological behavior for

incompatible polymer blends in the molten state [18]

, in which a general phenomenon observed was
the substantial increase of elasticity in the terminal region, it is recognized that this increase could
be described by constitutive equations for emulsions of two Newtonian liquids "'*! or emulsions of
two viscoelastic fluids *”; and furthermore the latter could be better for accounting for behavior at
the higher w as well. Hence, it was used for the case of immisicible polymer blends. In this work
we employ essentially this approach in order to quantify the rheological characteristics of
phase-separated PMMA/SAN blends. These systems are considered as emulsions of viscoelastic
incompressible materials, in which the “suspended” particles forming the dispersed phase are
assumed to be nearly spherical and their deformation remained small, i.e. located in the limits of
linear viscoelasticity. The pronounced elasticity at low w is actually attributed to the interfacial

tension. Furthermore, according to assumption by Kopnistos et. al'” that the interfacial tension

between the matrix and the dispersed phase is independent of local shear and variation of
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interfacial area and that the dispersed spherical droplets are nearly monodisperse, the complex

modulus of the two phase emulsion, G*(w), could be expressed as (7]

b 1+3¢H (w)
G (a))_Gm(w)—l—2¢H(a)) €]
in which, H(w) is given as
4% (2G,, (@) +5G, (@) + (G, (@) - G, (@))16G, (@) +19G; ())
H(w)=—2~ 2)

40%(G; (@) + G, (w))+(2G; (0) + 3G, (0))(16G, (0) +19G; (w))

where the subscripts m and 7 refer to the matrix and dispersed phase (inclusion), respectively; o, ¢
and R are the interfacial tension, and the volume fraction and size of the dispersed phase,

respectively. This model can be generalized to the case of polydispersed inclusions and also
reduced to a number of useful simpler models [18]. However, we simply employed the general
formula above for monodispersed inclusions. From Eq. (1) and Eq.(2) the modulus of the
emulsion can be estimated only if the corresponding moduli of the two constituents are known.
According to the phase diagram as shown in Fig. 2, the phase-separated blends in the temperature
region measured will never actually consist of pure PMMA or pure SAN domains, but consist of
PMMA-rich and SAN-rich domains with compositions determined by the tie lines of the phase
diagram. Hence we interpret the inclusions and matrix of the emulsion as these domains, into
which a phase-separated blend of a given concentration can be decomposed, on the basis of its
phase diagram (Fig. 2). More specifically, we examined the 80/20 PMMA/SAN blends at 180 °C,
which can be considered to consist of pure PMMA matrix and 60/40 PMMA/SAN inclusions.
According to the above model with one adjustable parameter, i.e. the ratio /R, we can obtain the
results as depicted in Fig. 4. The predictions are dependant on /R and are in qualitative
agreement with the experimental data in the whole o region, especially with respect to change of
the slopes observed at low@. Furthermore, for a value of (a/R)=0, corresponding to a dispersion of
incompressible Hookean inclusion in an incompressible Hookean matrix, the quantitative
agreement is believed to be considerably reasonable. Indeed, the results from the model reveal
higher sensitivity to the elastic modulus; but it is considered to be satisfactory even though it gives
a rather rough assumption concerning the dispersed phase. The limitation involving in the

assumption of spherical monodisperse droplets is dealt with the fact that the temperatures
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investigated (referring to Fig. 2) were near the phase boundary.

The more interesting situation is the case of the 60/40 PMMA/SAN blends at 180 °C, which is
thought as inclusions of PMMA-rich spherical domains of constant size with concentration 100%
PMMA (pure PMMA) dispersed in a matrix of SAN-rich domains with concentration 60% SAN
(40/60 PMMA/SAN) on the basis of phase diagram (Fig. 2). Fitting with Eq.(1) and Eq.(2) reveals
satisfactory results. Although the case of (o/R) = 0 gives mathematically slightly better results, the
value (o/R) = 1000 is considered to be the optimum fitting parameter. However, in this case, as
depicted in Fig. 5, the model could not satisfactorily capture the region of enhanced moduli and
the subsequent terminal flow in this experiment. It is evident that (a/R) is a critical parameter,
which depends strongly on the state of the phase-separated blends, including composition,
temperature and time. It is noted that the dispersed phase could be either PMMA-rich or SAN-rich
domains on the basis of the blend composition given in phase diagram. The general results reveal
that the linear viscoelastic behavior of a phase-separated binary polymer blends correspond to that
of an emulsion of two incompressible viscoelastic fluids, and thus it can be described by the
relevantly simplified model. This suggests an analogy of viscoelastic properties between the
time-dependent situation of a phase-separated blends and an emulsion of incompressible

viscoelastic fluids.

Fig. 6 TEM photos of (a) 80/20 and (b ) 60/40 PMMA/SAN blendsannealed at 180 °C for 30 min.

Fig. 6 demonstrates TEM photos of 80/20 and 60/40 PMMA/SAN blends annealed at 180 °C
for 30 min. It should be noted that the annealing temperature 180 °C is above T, of the two blends;

in other word, phase-separation of the two blends had taken place at 180 °C. It is very interesting
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that there is blurry interphase between the dispersed phase and matrix for 80/20 PMMA/SAN, but
clear phase boundary for 60/40 PMMA/SAN. These phenomenon are in agreement with the o/R
value obtained from the above model. For 80/20 PMMA/SAN blends, the o/R value is closed to
zero, indicating that the two components after annealing are miscible to some extent and appear a
blurry interphase. However, for 60/40 PMMA/SAN , the value of a/R can be considered as 1000,
indicating that the two components of the dual phases are immiscible and comparatively clear

phase boundary.

4. Concluding remarks

The thermorheological complexity of polymer blends near phase boundaries is resulted from
large concentration fluctuations in the homogeneous region in the vicinity of phase separation and
in the various morphologies in the phase separated region. The decreases in terminal slope of
plotting logG’ versus logw when temperature is above cloud point(7,) for PMMA/SAN blends
indicate occurrence of phase-separation of the blends. G’ appears much more thermorheological
complexity than that of G”. The viscoelastic properties for the phase-separated blends can be
interpreted on the basis of a simplified Kopnistos’s model for describing the rheology of
emulsions of two incompressible viscoelastic fluids. It should be noted that the morphology of
phase-separated blends is rather complicated and strongly related to the temperature, time and
composition. Further studies of morphology evolution near phase-separation region for

PMMA/SAN blends with various compositions should be carried out in detail in our future work.
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ABSTRACT: Aimed at improving the stability of geometri-
cal shape, mechanical performance, and particles dispersion of
electrorheological (ER) hydrous elastomers, a new gelatin
water-based elastic gels containing starch particles were pre-
pared under an applied dc electric field, and their ER effects
were described with the compression modulus and the electric
resistivity. The result demonstrates that the mechanical and
electrical properties of the ER elastomers are dominated by an
externally applied electric field as well as the weight fraction of
particles. On comparing with the same chemical composition,
elastomers cured without a field and with barium titanate/gel-

atin water-based elastomer, some conclusions are suggested:
the object elastomer has stronger responses to a field than the
same chemical composition elastomer, especially with higher
weight fractions of particles. The object elastomer has steady ge-
ometrical shape and mechanical performance because of the
addition of glycerin into the matrix, and has a better dispersion
of particles. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
1738-1743, 2007

Key words: electrorheological effect; water-based elasto-
mer; compression modulus; electric resistivity

INTRODUCTION

Electrorheological (ER) materials possess electrically
controllable properties in mechanics, electrics, and
optics."™ Owing to the fact that electric field can be
obtained and controlled expediently, ER materials
have many applications in actuators, dampers,
clutches, high power vibrators, torque transducers,
and artificial muscle.”™® ER elastomer is a composite
elastic gel, which consists of polarizable particles
dispersed in chemical crosslinked network of or-
ganic macromolecule.”” In the network, as matrix’s
solid-like nature, particles are restricted and the con-
gregation of particles are eliminated. Consequently,
the instability of the ER effect, which is caused
by the particles” congregation in ER fluid, is
improved.'”'! At the same time, the interaction
among the polarized particles under the applied
electric field induces the elasticity change of the
composite elastic gel, and then the elasticity change
induces a notable ER effect. In addition, the shape

and size of ER elastomer can be designed for the
practical requirement. Now, the advantages of ER
elastomers have attracted a lot of attention to use
them to produce mechanical devices.

In previous reports, a series of anhydrous macro-
materials such as polysilicanes have been used as
elastomer matrices,'? but they have drawbacks e.g.,
long synthesis time and high-cost. ER elastomers
with hydrous matrices have rarely been noticed. In
our previous studies, we synthesized barium tita-
nate/gelatin hydrous ER elastomers with gelatin/
water hybrid as a matrix.'”> Compared to anhydrous
elastomers, the ER elastomers have some advan-
tages, for instance, they are simple and convenient to
synthesize, they have marked ER effect, low-cost,
and are friendly to environment. On the other hand,
they have some shortages as well, such as the low
stability of geometrical shape and mechanical per-
formance because of the water in matrix volatilizing,
and low stability of particles in the matrix owing to
particle’s heavy density. In this study, an appropri-
ate glycerin was added into the gelatin/water
admixture matrix to improve the stability, and non-
water soluble starch particles, a crude organic mac-
romolecule with light density, were used to replace
barium titanate particles to improve particle’s dis-
persion. The aim is to produce water-based, crude
organic ER elastomers, a sort of potential bionic in-
telligent material, which will be innocuous, friendly,
and cost less.
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Figure 1 Scanning electron microscopy of starch particle.

EXPERIMENTAL
Materials

Gelatin (BR. M, = 77,970, My/M, = 1.16), was
bought from the Third Chemical Factory of Tianjin,
China. Glycerin (98%) and formaldehyde solution
(A.R. 40%, diluted to 4% when used) were from the
Chemical Factory of Xi'an, China. Nonwater soluble
corn starch M, = 1.28 x 10°, M, /M, = 15.14) was
from the Starch Factory of Xi’an, China. Its density is
1.5213 g/cm? and its particle size is about 6-12 pm,
and mostly about 8-10 pm, which is confirmed by
scanning electron microscopy (SEM) in Figure 1. Bar-
ium titanate was synthesized in our laboratory,'® and
its density is 3.5984 g/cm®. Deionized water was used
in all procedures.

Sample preparation

A 30% gelatin of aqueous solution was prepared at
60-70°C, and then added an appropriate glycerin. The
specific amounts of starch particles, with weight frac-
tions of 0, 5, 10, 15, 20, and 25%, respectively, were dis-
persed in gelatin/glycerin/water solution with grind-
ing, in an agate mortar at 70°C. After 30 min, each
mixture was transferred into the custom-made casting
cell (Fig. 2) and cured with a parallel dc field (2 kV/
mm) for an hour. For curing, the temperature was
retained at 70°C for 30 min and then naturally cooled
down to 25°C. The temperature at which the dc field
was carried out was about 70-25°C. Under the tem-
perature of 25°C, the composite physical gel was
obtained after 8 h and then dipped into the chemical
crosslinking agent (formaldehyde solution, 4%). After
16 h, a chemically crosslinked gel, A-elastomer, was
obtained. The elastomer, B-elastomer, was prepared in

2009.vol. 1 (1) 0 O

the absence of an applied electric field, which the
chemical composition was the same as the object elas-
tomer. The mechanisms of the gel chemical crosslink-
ing accounting for the action of formaldehyde is
described as follows

R — NH, + H,N — R + HCHO
— R —-NH — CH,HN - R + H,O

The barium titanate/gelatin water-based elastomer
was prepared by the reported method."

Mechanical and electrical property measurement

Compression modulus measurement

The elastic modulus of elastomer is a primary me-
chanical property. It can be performed with shear
stress and compression stress. In this article, we
describe it with compression modulus. According to
the elasticity theories, the compression modulus (E)
could be explained by the following formulas:

_ F/A
" ALJL,

L,
A=A, (LD — AL) (2)

where F is the uniaxial force applied to a sample over
its corresponding area A, A, is the sample’s original
area, L, is the original height of the sample, and AL is
the change in width of the sample induced by the
externally applied force."

The continuous static-state loading measurement
was carried out with the custom-made apparatus, as
shown in Figure 3. The dc electric fields (varying from
0 to 2.7 kV/mm), across a 3-mm gap with dc high-
voltage generator (WYZ-010, China), were applied to
the sample. The sample was compressed slightly to
ensure it is in good contact with the copper electrode
pieces, which were in the same area of the sample and

E

1)

[ —
"
e |

Figure 2 Schematic equipment for cure an elastomer and
measure its electric resistivity. A: HV power source, B: mul-
timeter.
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Figure 3 Sketch of measure instrument for compression
modulus of the elastomer. A: HV power source; B: shore; C:
mm meter (0.01 mm); D: force-transmeter; E: copper elec-
trode; F: sample; G: loads; H: platform.
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E
F

wrapped with the insulate film. The force was loaded
onto the transmitter of a millimeter instrument (Harbin
Axletree Factory, China) and then compressed to the
sample of 20 x 20 x 3 mm° size, overlaid with a thin
glass piece. The force was applied to the sample in the
same direction of the field for curing and measure-
ment. When the sample was compressed, the AL value
was displayed in the millimeter instrument. With the
force continuously increasing, a series of AL values
were obtained. Based on the results, the stress—strain
curve was drawn. From the drawing, the values of the
stress and strain in elastic region were chosen and lin-
ear -fitted, following the formula F/A = E(AL/L,). As a
result, E of the elastomer sample was obtained. Mea-
surements were performed at 25-30°C.

Electric resistivity measurement

Electric resistivities of composite systems were carried
out by a multimeter in the direction of the applied
field for curing, as depicted in Figure 2. The measure-
ments were maintained for 90 min until the resistiv-
ities of the systems did not change any more.

RESULTS AND DISCUSSION

Mechanical properties of the starch/gelatin/
glycerin elastomers

Response to an afplied electric field on compression
modulus of the elastomer

The starch/gelatin/glycerin elastomer, cured in the
presence of electric field (2 kV/mm), was denoted A-
elastomer, and the same chemical composition elasto-
mer cured in the absence of electric field was denoted
B-elastomeroppositely.

Compression modulus of the elastomers was mea-
sured in the absence and presence of field, referred as

2009.vol. 1 (1) O O

E and E', respectively. Figure 4 shows that compres-
sion modulus of both A and B-elastomers increases
with the weight fraction of particles probably due to
“particle’s filler-effect”.'* The effect increases with
particle’s concentration and induces the elastomers’
stiffness to increase. In addition, a noticeable phenom-
enon is found from the figure: the modulus of A-elasto-
merin the absence of field (E,) is larger than that of
B-elastomerin the presence of field (E'g). For a determi-
nate chemical composition system, E, is the result
induced by the field for curing, and E'g is induced by
the field for measuring. According to the dielectric
polarization theory,'”!" the particles dispersed in the
matrix are polarized as dipoles under an applied dc
field and the attractive/repulsive interactions between
dipoles make the particles aggregate as pearl chains.'
The particles in A-elastomer align easily because they
have been polarized before the matrix is cured as col-
loid. Consequently, the A-elastomer possesses higher
modulus, whereas the particles in the B-elastomer have
been restricted in the cured matrix before they are
polarized. Hence, they are difficult to move and form
particle chains under the applied field for meas-
uring.''®!” As a result, the B-elastomer possesses
lower modulus. That is why E'g is lower than E4. This
phenomenon indicates that the effect of the applied
field for curing is stronger than that for measuring.
Also from Figure 4, it is found that particle concen-
trations at 0 and 5%, the modulus of A-elastomer in the
presence of a field (E’,) is smaller than that in the ab-
sence of the field (E4). But E'4 is much larger than E,
when the particle concentration increases over 10%.
The reason is probably because the macromolecules of
the matrix are polymerized anisotropically under an
applied dc electric field for curing, and the anisotropic
structure of the matrix makes the stiffness of elasto-
mer decrease under an applied field for measuring.
When particles are dispersed orderly in the elastomer

28
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Compression modulus(kPa)

Starch wt%

Figure 4 Compression modulus of A and B-elastomer as a
function of the weight fraction of starch.
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Figure 5 Compression modulus of A and B-elastomers as a
function of dc electric field strength.

the elastomer’s stiffness increases. However, the stiff-
ness increases slightly when the particle concentration
<5%. The small increment is not able to counteract the
stiffness decrement from the anisotropic matrix, and
then E', is still low.'>!® When the particle concentra-
tion increases up to 10%, the stiffness increment,
which is induced by ordered particles, strongly coun-
teracts the stiffness decrement, and eventually E'4 is
much larger than E 4. The result suggests that the elas-
tomer has great response to the field with the particle
concentration.

Influence of the applied field strength for measuring
the elastomer’s modulus

As the best response of the elastomer appears at 25 wt
% starch, as shown in Figure 4, the modulus of A and
B-elastomers with 25 wt % starch were chosen and
tested under the field ranging from 0.5 to 2.0 kV/mm.
The results are shown in Figure 5: (1) E'4 and E'g are
enhanced by increasing field strength, indicating the
positive ER effects of A and B-elastomers; (2) E'4 does
not increase anymore with increasing the field
strength when the strength larger than 1.5 kV/mm.
Whereas, E'j increases continuously with increasing
the field strength till 2 kV/mm. The phenomena are
probably interpreted as following: the previously
polarized particles in A-elastomer are polarized ulteri-
orly by the measuring field, and the attractive interac-
tion increases. With an increase of the field strength,
the interaction becomes stronger and induces the par-
ticles to aggregate closer in lines. Consequently, the
modulus of the elastomer becomes larger. When the
measuring field reaches 1.5 kV/mm, the polarization
of particles rise to the top, and the interaction of par-
ticles does not increase any more with the increase of
the field strength,' so E’, approximately remains

2009.vol. 1 (1) 0 O

steady. However, for B-elastomer, the polarization of
particle can not reach the top under 1.5-2.0 kV/mm
measuring field, and then E’p increases continuously
with the increase of field strength.

Actually in experiments, the field of the application
apparatus could not be applied more than 2.0 kV/
mm. We will discuss the modulus increment under
the field of >2.0 kV/mm in the future.

Comparison in response to an electric field with the
barium titanate/gelatin elastomer

Both barium titanate/gelatin and starch/glycerin/gel-
atin elastomers are gelatin—-water based. The response
to an applied electric field on compression modulus of
the anterior elastomer was reported in Ref. 13.

It is noticed that there are a few similar phenomena
for the two elastomers. One is that their compression
moduli increase with increasing the applied field
strength, and the other is that they both have modulus
peaks with the weight fraction of particles.

Also, some differences between them are noticed.
The matrix, which improved with an appropriate
glycerin addition, makes the object elastomer’s geo-
metrical shape and mechanical performance steady.
Figure 6 shows relative change in modulus ((E'—E)/E)
of BaTiOs5 and starch of A-elastomer as a function of the
weight fraction of particle. Under the measuring elec-
tric field, the BaTiO; elastomer’s largest value of
(E'—E)/E was 79.36% at 1.5 wt % BaTiO;. Oppositely,
the starch elastomer’s largest value of (E'—E)/E was
only 21.04% at about 20 wt % starch. The dominating
factors of this result are probably the differences in
density and relative permittivity of the two particles.
Low density of particle is an advantage to reduce sedi-
mentation and is a foundation of good ER effect. The
density of the BaTiO; and starch particle is 3.5984
and 1.5213 g/cm?’, respectively. Sedimentation of the
BaTiOj; particle, due to its heavier density, induces its

SO m
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| | =
40/
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—m— BaTiO3 A-elastomer

—aA—starch A-elastomer

(E'-E)/E(%)

[ |
0 4 8 12 16 20 24 28 3
Weight fraction of particles(%)
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Figure 6 Relative change in modulus of BaTiO; and starch
A-elastomer as a function of the weight fraction of particle.
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Figure 7 Electric resistivity of the systems cured in the ab-
sence/presence of dc electric field, with the weight fraction
of starch particle of 0 and 5 wt %.

poor dispersion in the matrix at BaTiO; > 1.5 wt %.
Contrarily, the lower density of starch particle makes
particle disperse well in the matrix, and then the
weight fraction of particle extends to 25 wt %. As a
result, the starch elastomer’s largest response to the
applied field appears at 2025 wt % starch, and the
BaTiO; elastomer’s largest response only appears at
1.5 wt % BaTiO;.

Furthermore, the relative permittivity of BaTiOj; is
about 2000.*° Whereas, the relative permittivity of the
starch is about 2-5.*' According to the dielectric polar-
ization theory, the BaTiOj; particles that possess higher
relative permittivity are strongly polarized under an
electric field. The strong interactions between the
polarized particles induce strong ER response. On the
other hand, starch particle possesses lower relative
permittivity and is weakly polarized. The interactions
between the polarized particles are weak, and there-
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Figure 8 Resistivity and resistivity increment as a function
of the weight fraction of starch.
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Figure 9 Electric resistivity of BaTiO; and starch elasto-
mers in the absence/presence of dc electric field.

fore induce weak ER response. So it was possible that
the large difference in the relative permittivity induces
the obvious difference in the ER response, as de-
scribed in the previous paragraph.

The electric resistivity of the water-based systems

Electric resistivity of the starch/gelatin/
glycerin system

To compare the properties of A with B-elastomer ulteri-
orly, the electric resistivity of the two corresponding
systems was tested in the course of cure. Figure 7
shows electric resistivity of the systems cured in the
absence/presence of dc electric field, with the weight
fraction of starch particle of 0 and 5 wt %. In the fig-
ure, the temperature of the systems remained at 60—
70°C in section AB, and cooled down spontaneously
from 70 to 25°C in section BC. The 2 kV/mm field was
applied for 1 h in section AC (section AB + section
BO).

In Figure 7, the two electric resistivity curves of the
nonstarch system, cured in the absence and presence
of the field (2 kV/mm) respectively, show similar
behavior. This phenomenon indicates that the 2 kV/
mm electric field for curing has little influence on non-
starch system.

Also in Figure 7, for 5 wt % starch system, there is a
distinct increment of electric resistivity between the
system cured with the 2 kV/mm field and without the
field. This is the evidence that the 5 wt % starch sys-
tem has an obvious response to the applied field. It is
presumed that the curing field aligns particles in the
matrix and induces an additional electric resistivity in
the system.

In a series of systems with weight percent of 10, 15,
20, and 25, the electric resistivity increments are simi-
lar to that of the 5 wt % one. Evidently, the electric re-
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sistivity with an applied field is larger than the one
without a field. But the value of increment varies with
the particle contents, as shown in Figure 8. The largest
increment appears in the 25 wt % starch system. This
result matches with the results shown in Figure 4—the
maximum values of E4 and Eg appears at 25 wt %
starch.

Comparison in the electric resistivity with
barium titanate/gelatin elastomer

Figure 9 shows the electric resistivity curves of BaTiO;
and starch elastomer (both weight fraction of particles
are 1.5%) with and without an electric field. In the fig-
ure, the electric resistivity of BaTiO; elastomer is
larger than that of starch elastomer, and its resistivity
increment, influenced by the dc electric field, out-
classes that of starch elastomer. This phenomenon
indicates that the two elastomers have obvious differ-
ence in response to the field. Perhaps it is because the
particles have the apparent difference in the relative
permittivity and density, as mentioned earlier. This
result matches the fact, which was described in section
““Comparison with the barium titanate/gelatin elasto-
mer,” and reveals the difference in response of the
two elastomers to an applied field.

CONCLUSIONS

The starch/gelatin/glycerin composite hydrous ER
elastomers were prepared under an applied dc electric
field, and a series of tests on compression modulus
and electric resistivity were carried out. It is found
that the mechanical and electrical properties of the
elastomers are controlled by an applied electric field
and the weight fraction of particles. Compared to the

2009.vol. 1 (1) 0 O

elastomer cured without a field, it is found that the
response to an applied field for curing is stronger than
that for measuring. And compared to the barium tita-
nate/gelatin elastomer, the results indicate that the
differences of ER response of gelatin water-based elas-
tomers are mainly induced by the difference in par-
ticle’s density and relative permittivity.
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Gelling properties of waxy crude under quiescent and shearing conditions

LI Hong-ying(Z 8 9%)!, ZHANG Jin-jun(3k#) %), CHEN Jun(%:  12)"?, SUN Li-xin(#p237)!

(1. Beijing Key Laboratory of Urban Oil and Gas Distribution Technology,

China University of Petroleum(Beijing), Beijing 102249, China;
2. Beijing Huayou Natural Gas Co. Ltd, Beijing 100101, China)

Abstract: Gel point or pour point is the temperature indicating the gelling of waxy crude, and is widely used for evaluating the low
temperature flowability of a crude oil. While they are not sufficient to describe the gelling properties of waxy crudes under flow
conditions, since the rheological properties of waxy crudes are strongly dependent on shear history. The gelling characteristics of
waxy crude were investigated by dynamic temperature sweep measurements. At a given dynamic stress, the gelation temperature at
which the storage modulus equals the loss modulus almost coincides with the eigen-temperature, the temperature corresponding to
the maximum value of the curvature of a non-dimensional viscosity-temperature chart. For the rather low stress, the wax crystal
network formation will not be disturbed, and the crude is gelled as under the quiescent conditions, both gelation temperature and
eigen-temperature are close to the gel point of the specimen. However, they decrease with the increasing shear stress. This suggests

that these two parameters may be appropriate measures of the onset of gelling under static as well as flow conditions.

Key words: waxy crude; gelation temperature; eigen-temperature; gelling characteristic; viscoelastic property

1 Introduction

Waxy crudes, which contain significant quantities
of wax, are known to form a gel-like structure when the
crudes are cooled below certain temperature. Gel point
and pour point are widely used as industrial standard to
indicate the gelling of waxy crude. Gel point is the
highest temperature at which movement of the specimen
cannot be observed under the conditions of test. While
pour point is the lowest temperature at which movement
of the test specimen is observed under the conditions of
test. Since these two parameters are tested under the
quiescent conditions, they are not sufficient to describe
the gelling properties of waxy crudes under flow
conditions because the rheological properties of waxy
crudes are strongly dependent on shear and thermal

Gelling process of waxy crudes can be evaluated by
viscoelastic parameters. SINGH et al®®! studied the
gelation process of wax-oil system by a universal stress
rheometer RS75, and defined the temperature at which
the loss modulus equals the storage modulus as the
gelation temperature. LI et al'¥ showed that the gelation
temperature, which obtained in small amplitude
oscillatory shear temperature sweep experiments,
coincides with the gel point determined by standard test
method if the temperature sweep is made at cooling rates

of 0.5-1.0 C/min. The previous study was carried out
by small amplitude oscillatory shear, which has the
advantage of continuously observing evolution of the
viscoelastic properties without destroying the wax crystal
structure of the specimen. However, waxy crudes
experience extensive shearing during pipelining, which
inevitably disturbs the formation of wax crystal network,
thus the crude gelling process is quite different from that
under the quiescent conditions. In this study, the gelling
characteristics of waxy crude under dynamic shear
conditions were investigated by the viscoelastic
experimental results.

2 Experimental

Two typical waxy crudes from East China were
used, their main properties are listed in Table 1.

Table 1 Properties of crude samples

Sampl P20 Wax content ~ WAT Gel point
am

P kgm™) 1% /°C /C

A 858 254 432 32

B 849 20.2 49.7 33

A controlled-stress rheometer RS150 was used to
study the gelling properties of waxy crude. The
experiment started with heating the oil specimen to the

Foundation item: Project (04E7019) supported by the Youth Innovation Fund of China National Petroleum Corporation
Corresponding author: ZHANG Jin-jun, Professor; Tel: +86-10-89734627; E-mail: zhangjj@cup.edu.cn
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preheating temperature, and then loading the specimen
into the coaxial cylinder system preheated to the same
temperature. Dynamic temperature sweep measurements
were performed with different shear stress amplitudes at
a cooling rate 0of 0.5 “C/min and a frequency of 1 Hz.

3 Results and discussion

A representative plot of the viscoelastic data of
waxy crudes is shown in Fig.1. The storage modulus G’,
the loss modulus G”, and the complex viscosity #*, are
plotted as a function of temperature. At temperatures
higher than the wax appearance temperature (WAT), all
wax is dissolved in liquid oil, #* and G" increase slowly
with temperature decreasing. While the value of G’ is
rather low and almost remains unchanged, and G" is an
order of magnitude higher than G’, indicating that the
crude oil behaves as an inelastic fluid. At the temperature
of WAT, wax particles start to precipitate. This leads to
the loss modulus and viscosity of the oil increase
somewhat speedily, however, G'still remains unchanged.
With further decreasing of temperature, the precipitated
wax particles start to interact with each other and tend to
form a network. As a result, the viscosity of the crude
increases more rapidly, in the meantime, sharp increases
in the viscoelastic modules are observed. As temperature
lowers further, interaction among the wax particles
increases rapidly. So both viscosity and the shear module
increase further, while G’ increases more rapidly as
compared to G". This causes G' and G"” vs temperature
curves approach each other and intersect at a certain
temperature. Then it can be observed that G'>G",
indicating a gel formation is established.

103 106
104 105
3 —
10 7104 g
£ 10 L
> 1108 =
-0 10 . =
n 4102
1 -
107! 110
|0—2 N 1
25 30 35 40 45

t/'C
Fig.1 Curves of viscoelastic parameters vs temperature of
sample A  (stress amplitude: 1 Pa, heating temperature: 45 C,
cooling rate: 0.5 “C/min)

3.1 Gelation temperature

The common definition gelation temperature is the
temperature at which the storage modulus equals the loss
modulus. G—G" crossover is used and considered

satisfactory to indicate the sol-gel transition in many
studies, especially for some fast aggregation process.

The gelation temperatures at different dynamic
stresses are shown in Table 2. A decrease in gelation
temperature was observed with increasing of the
dynamic stress. The gelation temperature obtained at the
lowest stress (0.1 Pa) almost coincides with the gel point
of the specimen. Since such low stress cannot efficiently
disturb the wax crystal network formation, the crude
sample is gelled under quiescent conditions. With the
increasing of the forced dynamic stress, the aptitude to
destroy the wax crystal structure increases, this makes
the wax crystal network will not be formed until more
wax particles precipitate, thus the gelling of the crude is
delayed and the gelation temperature under shear
condition is lower than that under quiescent conditions.

Table 2 Comparison between gelation and eigen-temperature

Stress o Gelation Eigen
Sample amplitude /;a temperature  temperature

/Pa /C /C

0.1 6.10 325 31.8

1.0 8.31 309 29.0

A 4.0 15.84 29.1 28.6
7.0 25.23 279 28.2

10.0 29.91 27.3 26.8

0.1 3.82 334 31.7

1.0 6.01 32.0 309

B 4.0 11.25 29.8 29.4
7.0 16.20 29.0 28.7

10.0 21.59 28.1 28.0

3.2 Eigen-temperature

Our study has shown that an eigen-temperature
can be obtained from the viscosity-temperature sweep
experiment. The eigen-temperature was found and put
forward according to the results of viscosity and
temperature sweep experiments under the steady shear
condition®). The eigen-temperature is the temperature
corresponding to the maximum value of the curvature of
a non-dimensional viscosity-temperature chart.

It is found fortunately that the tendency of complex
viscosity along with temperature in dynamic tests is very
similar to that of the wviscosity temperature curve
obtained under steady shear conditions. That is, the
complex viscosity increases slowly with temperature
decreasing when the specimen temperature is higher than
WAT or just below WAT, then viscosity increases rather
rapidly with the decreasing of the temperature, when the
temperature is cooled to a certain temperature, the
viscosity increase rate slows down.

According to the method put forward in Ref.[5], the
eigen-temperatures were obtained from the complex
viscosity and temperature data at different dynamic
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stresses. The eigen-temperatures also decrease with
increasing of the dynamic stress, this tendency is similar
to that of gelation temperature, as seen in Table 2.

3.3 Correlation between gelation temperature and
eigen-temperature
From Table 2, it can be seen that the gelation
temperature almost coincides with the eigen-temperature
at a given dynamic stress, while the eigen-temperatures
are somewhat a little lower than the corresponding
gelation temperature.

4 Conclusions

1) The gelling chrematistics of waxy crude were
investigated by  dynamic  temperature  sweep
measurements. A decrease in both gelation temperature
and eigen-temperature were observed with increasing the
dynamic stress.

2) The gelation temperature is the temperature at
which the storage modulus equals the loss modulus,
while the eigen-temperature is the temperature
corresponding to the maximum value of the curvature of
a non-dimensional viscosity-temperature chart. The
gelation temperature stands for the transition from liquid
to gel, while the eigen-temperature is the turning point of
rheological properties of the specimen. At a given

dynamic stress, the gelation temperature almost

coincides with the eigen-temperature.

3) For the rather low stress, the wax crystal network
formation will not be disturbed, and the crude is gelled
under quiescent conditions, both gelation temperature
and eigen-temperature are close to the gel point of the
specimen. However, they decrease with the increasing
shear stress. This suggests that these two parameters may
be appropriate measures of the onset of gelling under
static as well as flow conditions.
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