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Figure 6.1 Steadv shear viscosity 1 and first normal-stress coefficient ¥ as a function of shear rate
y for a concentrated solution of a narrowly distributed polybutadiene; replotted from Menezes and
Graessley [177]. M., = 350 kp/mol; M, /M, < 1.05; concentration = 0,0676 gfcm> in Flexon 391,
a hydrocarbon oil, Source: From “Nonlinear rheological behavior of polymer systems for several
shear-flow histories,” by E. V. Menezes and W. W. Graessley, Journal of Polymer Science, Polymer
Physics Edition, Copyright © 1982 by John Wiley & Sons, Inc. Reprinted by permission of Johg
Wiley & Sons, Inc.
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Figure 6.2 Steady shear viscosity n and first normal-stress coefficient | as a function of shear rate
y for concentrated solutions of four narrowly distributed polybutadienes; replotted from Menezes and
Graessley [177]. Filled symbols are viscosity 1; open symbols are first pormal-stress coefficient ).
&, My = 200 kgfmol; [, M, = 350 kg/mol; A, My, = 517 kg/mot; O, M,, = 813 ke/mol. For all
materials M, /M, < 1.05; concentration = 0.0676 g!cm3 in Flexon 391, a hydrocarbon oil. Note that
the ¥, data are displayed three decades lower than the 7 data. Source: From “Nonlinear rheological
behavior of polymer systems for several shear-flow histories,” by E. V. Menezes and W. W. Graessley,

Journal of Polymer Science, Polymer Physics Edition, Copyright © 1982 by John Wiley & Sons, Inc.
Reprinted by permission of John Wiley & Sons, Inc.
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Figare 6.3 Shear viscosity n as a function of shear rate 3 for linear and branched polydimethyl-
siloxanes. +, My=131 kg/mnol, M,/ M=1.9, lincar; A, M,=156 kg/mol, M,,/M,=2.8, branched;
O, My,=418 kg/mol, M,/ M,=3.2, linear; O, M,,=428 kg/imol, M,,/M,=2.9, branched; from Pian
et al. [207]. Source: Reprinted from Journal of Non-Newtonian Fluid Mechanics, 30, 1. M. Piau, N, El
Kissi, and B. Tremblay, “Low Reynolds number flow visualization of linear and branched silicones
upstream of orifice dies,” 197232, Copyright © 1988, with permission from Elsevier Science.
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Figure 6.4 Shear first normal stress coef-
ficient ¥ as a function of shear rate y for
hincar and branched pelydimethylsilox-
anes. +, My = 131 kgfmol, M,/ M, =
1.9, linear; A, M,, = 156 kg/mol, M,/
M, = 2.8, branched; [ 1, M,, = 418 kg/
mol, M,,/M, = 3.2, linear; O, M, =
428 kg/mol, M, /M, = 2.9, branched;
from Piau et al. [207]. Source: Reprinted
from Journal of Non-Newtonian Fluid
Mechanics, 30, 1. M. Pian, N. El Kissi,
and B. Tremblay, “Low Reynolds number
flow visualization of linear and branched
silicones upstream of orifice dies,” 197-
232, Copyright © 1988, with permission
from Elsevier Science.
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Figure 6.5 Viscosity and first nommal-stress coefficient as a function of shear rate for a dilute solution
of polyisobutylene in a viscous solvent, a mixture of polybutene and kerosene; from Binnington
and Boger [24]. This is a Boger fluid; note that the viscosity is constant, but the fluid is clearly not

Newtonian since W # 0. Source: From the Journal of Rheology, Copyright © 1985, The Society of
Rheology. Reprinted by permission. '
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Figure 6.6 All three shear-flow material functions (7, ¥y, ¥r5) as a function of shear rate for two
polystyrene solutions; from Magda et al. [163]. O, 28% polystyrenc in dioctylpthalate (DOPY; [T,
28% polystyrene in tricresylphosphate (TCP). The polystyrene in these solutions is broadly distributed
with M, = 47 kg/mol. Source: Reprinted with permission, “Rheology, flow instabilities, and shear-
induced diffusion in polystyrene solutions,” J. J. Magda, C. 5. Lee, S. J. Muller, and R. G. Larson,
Macromolecules, 26, 1696-1706 (1993). Copyright © 1993, American Chemical Society.
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Figure 6.12 Effect of wmolecular
weight on the measured zero-shear
viscosity for a variety of polymers;
from Berry and Fox [21]. Below a
critical molecolar weight M, 5y «
M1 at higher molecular weights ng o
M34-33_Source: From “The viscos-
ity of polymers and their concentrated
solutions,” G. C. Berry and T. G Fox,
Advances in Polymer Science, 5, 261
357 (1968), Figure 1. Copyright ©
1968, Springer-Verlag,
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Figure 6.13 Schematic of (4) unentangled and (5) entan-
gled polymers, Unentangled polymers are able to rapidly
relax interactions with neighboring molecules. Entangled
polymers form knots and are slowed down in their ability
to relax interactions with their neighbors.
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Figure 6.14 Effect of molecular weight distribution on viscosity; from Uy and Graessley [250a].
Shown are viscosity versus shear-rate master curves for poly(vinyl acetate} concentrated solutions
in diethyl phthalate. Polymers of different M,, values were shifted empirically using the zero-shear
viscosity np and a time constant tg/2 to produce the master curves for comparison. The different
curves represent samples with different molecular weight distributions: A—M,, /M, = 1.09: B—
My /M, = 2.0, C—branched. Source: Reprinted with permission, “Viscosity and normal stresses in
poly(vinyl acetate) systems,” W. C. Uy and W. W. Gracssley, Macromolecules, 4, 458—463 {1971).
Copyright © 1971, American Chemical Society.
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Figure 6.17 Effect of branching on zero-
shear viscosity ng, that is, at low shear rates;
from Kraus and Gruver {131]. Curves are
for O linear, [] three-armed star-branched
{linear with one long side chain), and A
four-armed star-branched polybutadienes at
379 K. At lower molecular weights the
branched polymers have lower ng; at very
high molecular weights, however, the vis-
cosity of the branched polymers greatly
exceeds that of the linear polymer. Source:
From “Rheological properties of muitichain
polybutadienes,” by G. Kraus and J. T. Gru-
ver, Journal of Polymer Science, Part A,
Copyright © 1965 by John Wiley & Sons,
Inc. Reprinted by permission of John Wiley
& Sons, Inc.
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Figure 6.19 Effect of branching on vis-
cosity at ¥ = 20 s~ L; from Kraus and
Gruver [131], Symbols are defined in Fig-
ure 6.17. n{y = 20 s~ is lower for
branched polybutadienes than for linear
polybutadienes of the same molecular
weight. Source: From “Rheological prop-
erties of multichain polybutadienes,” by
(. Kraus and J. T. Gruver, Journal of Poly-
mer Science, Part A, Copyright ©@ 1965
by John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc,
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Figare 6.20 Steady shear viscosity of generations () 0 through 6 ethylenediamine (EDA)-core,
poly(amidoamine} (PAMAM)-bulk dendrimers at 70°C; from Uppuluri [248). Each generation rep-
resents an add:tional growth cycle of the dendrimer, that is, increasing molecular weight.
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Figure 6.21 Viscosity versus shear rate at 200°C for talc-filled polypropylene; from Chapman and
Lee [40]). Data at low rates were taken in a cone-and-plate theometer; high-rate data were taken in
a capillary rheometer. Source; From SPE Journal, Copyright © 1970, Society of Plastics Engineers.
Reprinted by permission.
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Figure 6.22 Viscosity versus shear rate for polypropylene and for polypropylene mixed with inert
glass filler and interacting talc filler; from Chapman and Lee [40]. Although the absence of specific
interactions reduces the viscosity of the glass-filled compared to the talc-filled polypropylene, the
viscosity of the glass-filled system is still greater than that of the neat polymer. Source: From SPE
Journal, Copyright © 1970, Society of Plastics Engineers. Reprinted by permission.
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Figure 6.23 Viscosity 5 versus
shearrate ¢ for blends of nylonand a
branched polyolcfin at various tem-
peratures; from Chwang and Han
[46]. Various blend compositions
are shown. The nylon wt % of the
blends vanes as follows: O, 100:
0, 80; v, 60; G, 40; ©, 20; A,
0. Temperatures (°C) are indicated
by the shading of the symbeols: left
half filled, 220; open, 230; filled in,
240; right half filled, 250, Source:
Reprinted with permission, “Rheo-
logical behavior of blends of nylon
with a chemically modified poly-
olefin,” H.-K Chuang and C. . Han,
Advances in Chemistry: Polymer
Biends and Composites in Multi-
phase Systems, 206,171-183(1984).
Copyright © 1984, American Chem-
ical Society.
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Figure 6.24 First normal-stress differ-
ence Ny = 11 — T2 versus shear stresg
733 for blends of nylon and a branched
polyolefin at various tempetatures;
from Chuang and Han [46]. Various
blend compositions are shown, The
symbols are defined in Figure 6.23
Source: Reprinted with permission,
“Rheological behavior of blends of
nylon with a chemically modified
polyolefin,” H.-K Chuang and C. D,
Han, Advances in Chemistry: Polvmer
Blends and Composites in Multiphase
Systems, 206,171-183 (1984). Copy-
right © 1984, American Chemical
Society.
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Figure 6.25 Steady shear viscosities versus shear rate of three {(&)polystyrene—()polybutadiene—
(&)polystyrene (SBS) triblock copolymers at 175°C; from Holden et al. {111]. Block molecular weights
of each copolymer are also listed. Source: From “Thermoplastic elastomers,” by G. Holden, E. T,
Bishop and N. R. Legge, Journal of Polymer Science, Part C, Copynight © 1969 by John Wiley &
Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.
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Figure 6.27 Viscosity versus shear rate for five suspensions of TiO» in water; recalculated and
replotted from Metzner and Whitlock [178]. The diameters of the TiO; particles were between 0.2 and
1 z¢m, and the data were taken on a Couette {cup-and-bob) rheometer. Souwrre: From the Transactions
of the Society of Rheology, Copyright © 1958, The Society of Rheology. Reprinted by permission.
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Figure 6.28 Viscosity versus shear rate at four different temperatores for a polybutadicne melt. Raw
capillary data from Gruver and Kraus [102] corrected for nonparabolic velocity profile (Rabinowitsch
correction; see Chapter 10) and plotted. M,, = 145 kg/mol, My /M, = 1.1. From “Rheological
properties of polybutadienes prepared by n-butyllithium inittation,” by J. T. Gruver and G. Kraus,
Journal of Polymer Science, Part A, Copynght © 1964 by John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.
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Figure 6.29 Apparent viscosity of polystyrene and branched polyethylene as a function of pressure;
replotted from Maxwell and Jung [172]. Use of the term “apparent viscosity” reflects that the
Rabinowitsch correction has not been applied; see Chapter 10. Source: Reprinted from Modern
Plastics, March, 1957, pp. 174-182, 276, a publication of the MoGraw-Hill Companies, Inc.
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Figure 6.30 Master curve of the material functions G'(w) and G” (ev) for an atactic linear polystyrene;
data taken by D. J. Plazek and V. M. O'Rourke as plotted in Ferry [75]. My = 600 kg/mol,
narrow molecular-weight distribution. The reference temperature is 100°C. Source: From Viscoelastic

FProperties of Polymers, J. D, Ferry, Copynight © 1580by John Wiley & Sons. Reprinted by permission
of John Wiley & Sons, Inc.
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Figure 6.31 Master curve of the material function &'(r), the relaxation modulus, for an atactic linear
polystyrene; calculated from the &' and G” data in Figure 6.30 calculated by Perry [75] from the
data taken by D. I. Plazek and V. M. O’Rourke. The reference temperature is 100°C., Source: From
Viscoelastic Properties of Polymers, J. D. Ferry, Copyright © 1980 by John Wiley & Sons. Reprinted
by permission of John Wilcy & Sons, Inc. | |



"'\}XA ¥
5 a
104 Y y.i

7
I:E .1‘ N
= -
5
hﬂ' I
- RN
= EY
n "1.\
10° S
- Fy
B
162
0.01 0.1 1 1 160 1000

Frequency, rad/s, or shear rate, g1

Figure 6.32 Dynamic (o', #*) and steady shear (x) viscosities versus frequency and shear rate,
respectively, for a low-density polyethylene (LDPE) at 175°C; from Venkatraman et at. [251]. O, data
taken in a cone-and-plate theometer; A, comected capillary data. Source: From Polymer Engineering
and Science, Copyright © 1990, Socicty of Plastics Enginecers. Reprinted by permission,
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Figure 6.33 Master curves of storage mody.
lus by G’ versus ara for narmow-molecular
weight-distribution polybutadienes of varioug
molecular weights; from Palade et al. [201),
br is the vertical shift factor, br = Tt 0reg/
Tp. Master curves were obtained from time-
temperature superposition. Tres = 25°C, M,
(kg/mol): TV504 = 464, TV506 = 229,
LV498 = 85.8, TV510 = 70.6, TV5i4 =
51.3. Source: Reprinted with permission,
“Time—{emperature superposition and linear
viscoelasticity of polybutadienes,” L. I. Palade,
V. Verney, and P. Attane, Macromolecules, 28,
7051-1057 (1995). Copyright © 1995, Ameri-
can Chemical Society.
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Figure 6.34 Master curves of storage modulus G versus erw for narrow-molecular-weight-
distribution polystyrenes of various molecular weights; from Onogi et al. [196]. Master curves were
obtained from time—temperature superposition. Trer = 160°C, My, (kg/mol): L18 = 581, L19 =
513, L5 = 351, L22 = 275, L15 = 215, L27 = 167, L37 = 113, L16 = 58.7, L34 =
46.9, L14 = 289, L12 = 148, L9 = 8.9. Source: Reprinted with permission, *Rheological
properties of anionic polystyrenes. I. Dynamic viscoelasticity of nammow-distribution polystyrenes,”
Onogi, 8., T. Masuda, and K. Kitagawa, Macromolecules, 3, 109-116 (1970). Copyright © 1970,
American Chemical Society.



Figure 6.35 Master curves of loss modulus
G" versus arw for narrow-molecular-weight-
distribution polybutadienes of various molecu-
lar weights; from Palade et al. [201]. Master
curves were obtained from time-temperature
superposition, Ter = 25°C; M, listed in Fig-
vre 6.33. Source; Reprinted with permission,
“Time—temperature superposition and linear
viscoelasticity of polybutadienes,” L. L. Palade,
V. Verney, and P. Attane, Macromolecules, 28,
7051-7057 {1995). Copyright © 1995, Ameni-
can Chemical Society.
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Figure 6,36 Master curves of loss modulns G versus ay for narrow-molecular-weight-distribution
polystyrenes of various molecular weights; from Onogi et al. {196]. Master curves were obtained from
time-ternperature superposition. Trer = 160°C; My, listed in Figure 6.34. Source: Reprinted with
permission, “Rheological properties of anionic polystyrenes. I. Dynamic viscoclasticity of narrow-
distribution polystyrenes,” Onogi, S., F. Masuda, and K. Kitagawa, Macromolecules, 3, 169~116
(1970). Copyright © 1970, American Chemical Society.
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Figure 6.37 Master curves of storage modulus G’ versus ar o for narrow-molecular-weight-distribu-
tion polystyrene melts and blends; from Masuda et al. [168]. T, = 160°C. Mixtures of two molecular
weights: 1.34 = 46.9 kg/mol and L.27 = 167 kg/mol. Binary blends have commpositions as follows:
BB38 = 80 wt % L27, BB36 = 60 wt % L27, BB34 = 40 wt % L27, and BB32 = 20 wt % L27.
Source: Reprinted with permission, “Rheological properties of anionic polystyrenes. II. Dynamic
viscoclasticity of blends of narrow-distribution potystyrenes,” T, Masuda, K. Kitagawa, T. Inoue, and
S. Onogi, Macromolecules, 3, 116-125 (1970). Copyright © 1970, American Chemical Society.'
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Figure 6.38 Master curves of loss modulus G* versus ar e for narrow-molecular-weight-distribution
polystyrene melts and blends from Masuda et al. [168]. Tier = 160°C. Samples are identified in
Figure 6.37. Source: Reprinted with permission, “Rheological properties of anionic polystyrenes. II.
Dynamic viscoelasticity of blends of narrow-distribution polystyrenes,” T. Masuda, K. Kitagawa,
T, Tnoue, and S. Onogi, Macromolecules, 3, 116-125 (1970). Copyright © 1970, American Chemical -
Society.
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Figure 6.39 Modulus versus temperature for (a) styrene isoprene block copolymers and (b) styrene
butadiene random copolymers as a function of styrene content; from Cooper and Tobolsky {52).
Source: From “Properties of linear elastoeric polyurethanes,” by S. L. Cooper and A. V. Tobolsky,

Journal of Applied Polymer Science, Copyright © 1966 by John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.
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Figure 6.40 Linear viscoelastic moduli G'(w) and G”(w) for a polystyrene—polybutadiene—poly-
styrene block copolymer (block My, =7-43-7 kg/mol) [47}; from Chung and Gale. The data have
been time~temperature shifted to a reference temperature of 125°C. The moduli at low frequency
do not follow the power laws G’ o w® and G” « o that are exhibited by linear polymers. Rather
for microphase-separated block copolymers G ox % and G” o @, At 175°C the microphase
structure is melted, & o¢ w!? and G” « w84 Source: From “Newtonian behavior of a styrene-
butadiene-styrene block copolymer,” by C. I. Chung and J. C. Gale, Journal of Polymer Science,
Polymer Physics Edition, Copyright © 1976 by John Wiley & Sons. Reprinted by permission of John
Wiley & Sons, Inc.
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Figure 6.41 Linear viscoelastic moduli G’ (w) and G” (@) for a 1,4-polybutadiene—1 ,2-polybuiadiene
block copolymer (block M, =27.3-44.5 kg/mol) [14]}; from Bates. The data have been time—
temperature shifted to a reference temperature of 67°C. Near 100°C the microphase structure is
melied, and at the highest temperature shown G’ o w? and G o w". Source: Reprinted with permis-
sion, “Block copolymers near the microphase separation transition. 2. Linear dynamic mechanical
properties,” F. Bates, Macromolecules, 17, 2607-2613 (1984). Copyright © 1984, American Chemical
Society.
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Figure 6.42 Dynamic viscosity n’
versus frequency « and steady
shear viscosity n versus shear rate
y for a (b)polystyrene—(b)polybu-
tadiene—{b)polystyrene triblock co-
polymer of block M,, = 7(PS)-
43(PB)-7(PS) kg/mol; from Gou-
inlock and Porier [94]. For #
various temperateres are shown
as indicated; steady shear viscosity
is given at a single temperature,
151°C. At 150°C the block copoly-
mer goes through the microphase-
separation transition, and both vis-
cosities become independent of the
rate of deformation. Sowurce: From
Polymer Engineering and Science,
Copyright © 1977, Society of
Plastics Engineers. Reprinted by
permission.
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Figure 6.43 Linear viscoelastic storage compliance J' of poly(n-octyl methacrylate) as a function
of frequency and temperature; replotted from Dannhauser et al. [56]. Source: From the Journal of
Colloid Science, Copyright © 1958, Academic Press. Reprinted by permission.
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Figure 6.44 Master curve of linear viscoelastic storage compliance J* of poly(n-octyl methacrylate)
at T = —14.3°C = 258.9 K as a function of reduced frequency arw; recalculated from data in
Figure 6.43 from Dannhauser et al. [56]. Sowrce: From the Journal of Colloid Science, Copyright ©
1958, Academic Press. Reprinted by permmssion. '
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Figure 6,45 Shift parameters versus temperature for poly (r-octyl methacrylate) in Figure 6.44,
Tt = —14.3°C = 258.9K. Also included is the fit to the WLF equation; calculated from data in

Dannhauser et al. {56]. Source: From the Journal of Colloid Science, Copyright © 1958, Academic
Press. Reprinted by permission.
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Figure 6.46 Master curve of steady shear viscosity 5, versus reduced shear rate ar y obtained through
time~temperature superposition for the polybutadiene data shown in Figure 6.28; Tre¢ = 300 K.
Source: From “Rbeological properties of polybutadienes prepared by n-butyllithium initiation,” by
1. T. Gruver and G. Kraus, Journal of Polymer Science, Part A, Copyright © 1964 by John Wiley &
Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.
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Figure 6.47 Shear creep compliance corrected for vertical shift, J, (1} = J ()T o/ (Tief Pref), versus
shifted time, ¢ far for nearly monodisperse polystyrene (46.9 kg/mol) reduced to Ty = 100°C by
using values of ar calculated from ay = n(T)/n(Ter); from Plazek [209]. Poor superposition is seen
due to the proximity of T, for the lower experimental temperatures. Source: Reprinted with permission
from “Temperature dependence of the viscoelastic behavior of polystyrene,” D, J. Plazek, Journal of
Physical Chemistry, 69, 3480-3487 (1965). Copyright © 1965, American Chemical Society.
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Figanre 6.48 Storage modulus G and tand for a block copolymer {Kraton 1111, (b)polystyrene—
{bypolyisoprene—(b)polystyrene block copolymer, Shell Development Comgpany) and three mixtures
with tackifier (Piccotac 95BHT, a hydrocarbon resin; Hercules, Inc.) showing thai adding the tackifier
reduces the plateau modulus and moves the glass transition to higher temperatires (transition zone
shifts to the right): O, Kraton 1111; A, 30 wt % tackifier; [1, 50 wt % tackifier; ¥, 70 wt % tackifier;
from ¥im et ab. [126]. Source: From “Viscoelastic behavior and order-disorder transition in mixtures
of a block copolymer and a midblock-associating resin,” by J. Kim, C. D. Han, and 5. G. Chu,
Journal of Polymer Science, Polymer Physics Edition, Copyright © 1988 by John Wiley & Sons, Inc.
Reprinted by permission of John Wiley & Sons, Inc.
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Figure 6.49 Shear-stress growih
function as a function of time r 4

several shear rates for a concentrated
solotion of a namowly distribuged
polybutadiene; from Menezes ang
Graessley [177]. Mw = 350 kg/mol:
My /M, < 1.05; conceniration =
0.0676 g/cm? in Flexon 391, a hydro-
carbon oil. Source: From *“Nonlip-
ear theological behavior of polymer
systems for several shear-flow histo-
ries,” by E. V. Menezes and W, W,
Graessiey, Journal of Polymer Sci.
ence, Polymer Physics Edition,
Copyright © 1982 by John Wiley &
Sons, Inc. Reprinted by permission
of John Wiley & Sons, Inc.
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Fipure 6.50 First normal-stress growth
function as a function of time ¢ at several
shear rates for a concentrated solution of
a namowly distributed polybutadiene; from
Menezes and Graessley [177]. My = 33
kg/mol, M,,/M, < 1.05; concentration =
0.0676 g/cm? in Flexon 391, a hydrocarbon
oil. Source: From “Nonlinear rheological be-
havior of polymer systems for several shear-
flow histories,” by E. V. Menczes and W, 'W.
Graessley, Journal of Polymer Science, Poly-
mer Physics Edition, Copyright © 1932 by
John Wiley & Sons, Inc. Reprinted by per-
mission of John Wiley & Sons, Inc.
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Figure 6.51 Normalized shear stress ces-
sation function versus time since cessa-
tion of flow r at several shear rates v
for a concentrated solution of a narrowly
distributed polybutadiene; from Menezes
and Graessley [177]. M,, = 350 kg/mol;
My /M, < 1.05; concentration = 0.0676
glcm?® in Flexon 391, a hydrocarbon oil.
Source: From “Nonlinear theological be-
havior of polymer systems for several
shear-flow histories,” by E. V. Menezes
and W. W. Graessley, Journal of Polymer
Science, Polymer Physics Edition, Copy-
right © 1982 by John Wiley & Sons, Inc.
Reprinted by permission of John Wiley &
Sons, Inc.
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Figare 6.52 First normal-stress stress
cessation function at several shear rates
for a concentrated solution of a narrowly
distributed polybutadiene; from Menezes
and Graessley {177]. My, = 350 kg/mol;
My /M, < 1.05; concentration = 0.0676
glem? in Flexon 391, a bydrocarbon oil.
Source: From “Nonlinear rheological be-
havior of polymer systems for several
shear-flow histories,” by E. V. Menezes
and W. W. Graessley, Journal of Polymer
Science, Polymer Physics Edition, Copy-
right © 1982 by John Wiley & Sons, Inc.
Reprinted by permission of John Wiley &
Sons, Inc.
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Figure 6.53 Shear creep compliance corrected for vertical shift, Jp(t) = J()Tp/(Trer Prer), of
nearly monadisperse polystyrene (46.9 kg/mol) at various temperatures; from Plazek [209]. Sosurce:
Reprinted with permission from “Temperature dependence of the viscoelastic behavier of poly-
styrene,” D. J. Plazek, Journal of Physical Chemistry, 69, 3480-3487 (1965). Copyright © 1965,
American Chemical Society.
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Figure 6.54 Recoverable shear creep compliance J, — #/ng of nearly monodisperse polystyrene
{(46.9 kg/mol). Data have been corrected for vertical shift, Jp(8) = J()Tp/(Tret pres); from Plazek
[209]. Source: Reprinted with permission from “Temperature dependence of the viscoelastic behavior
of polystyrene,” D. J. Plazek, Journal of Physical Chemistry, 69, 34803487 (1965). Copyright ©
1965, American Chemical Society.
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Figure 6.55 Master curve at 100°C
of recoverable shear compliance ver-
sus time ¢ of a nearly monodisperse
polystyrene {46.9 kg/mol) calculated
from the data in Figure 6.54; from
Plazek [209]. Source: Reprinted with
permission from “Temperatire de-
pendence of the viscoelastic behavior
of polystyrene,” D. J. Plazek, Jour-
nal of Physical Chemistry, 69, 3480-
3487 (1965). Copyright © 1965,
American Chemical Society.
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Figure 6.56 Shift factors as a function of temperature. O, values calculated from viscosity [Equa-
tion (6.14)], ®, values used to produce the master curve of recoverable compliance in Figure 6.55
for monodisperse polystyrene (46.9 kg/mol; Thos = 100°C); from Plazek {209]. Source: Reprinted
with permission from “Temperature dependence of the viscoelastic behavior of polystyrene,” D. J,

Plazek, Journal of Physical Chemistry, 69, 3480-3487 (1965). Copyright © 1965, American Chemical
Society.
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Figure 6.57 Nonlincar shear relaxa-
tion modulus G{¢, o) as a function of
time ¢ at 33.5°C, measured in relax-
ation after step shear strain for 20%
solutions of narrow molecular-weight-
distribution polystyrene (M, = 1.8 x
10%) in chiorinated diphenyl; from
Einaga et al. {72]. Different curves
are for different strain amplitudes y; :
Q. yo = 0.41; pip up yp = 1.87; for
successive clockwise 45° rotations of
pip, yo = 3.34, 5.22, 6.68, 10.0, 134,
18.7, and 25.4. Source: From Poiy
mer Journal, Copyright © 1971, The
Society of Polymer Science, Japan
Reprinted by permission.
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Figure 6.58 Shifted relaxation
modulus G(t, v}/ h(3) at 33.5°C
for the polystyrene solution data
shown inFigure 6.57; from Einagaet
al. [72]. A(yy) is the damping func-
tion and is equal to G(¢, vp)/ G(1),
where G{¢) is the relaxation mod-
ulus at small strains, and logh is
the vertical shift required to super-
pose the curves of Figure 6.57. Sym-
bols are the same as in Figure 6.57.
Source: From Polymer Journal
Copyright @ 1971, The Society of
Polymer Science, Japan. Reprinted
by permission.
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Figure 6.59 Nonlinear shear relax-
ation modulus G (¢, yo) versus time
for aconcentrated solution{c = (.23
gfem?®) of nearly monodisperse poly-
styrene (8.42 x 10° g/mol) in tricre-
syl phosphate; 30°C; from Morrison
and Larson [184].
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Figure 6.60 Steady uniaxial elongational] viscosities /() of several polystyrenes at the temperatures
indicated; from Miinstedt {187]. The elongational viscosities are plotted as a function of o = 33— 171,
while shear viscosity n(z) for PS IV is plotied as a function of + = 73; Molecular weights: PS 1,
M, = 74 kg/mol, M, /M, = 1.2, PSII, M, = 39 kg/mol, M,,/M, = 1.1; PS III, M,, = 233
kg/mol, My, /My = 1.9; PS IV, My, = 219 kg/mol, M,,/M, = 2.3. Source: From the Journal of
Rheology, Copyright © 1980, The Society of Rheology. Reprinted by permission.
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Figure 6.61 Uniaxial elongational viscosity asa function of elongation rate for polyisobutylene (PIB)
and PIB filled with «-alumina powder to varions volume fractions; from Greener and Evans {101},
The data are at 294 K. The filler canses the PIB to become tension-thirming. Source: From the Journa!
of Rheology, Copyright © 1998, The Society of Rheology. Reprinted by permission.
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Figure 6.62 Start-up uniaxial elongational viscosity 77 (¢, ég) versus time ¢ for two polystyrenes at
130°C; from Miinstedt [187]. For PS I, M,, = 74 kg/mol, M,,/M, = 1.2; for PS I, M,, = 39

kg/mol, M,,/M,, = 1.1. Source: From the Journal of Rheology, Copyright © 1980, The Society of
Rheology. Reprinted by permission.
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Figure 6.63 Start-up uniaxial elongational viscosity, it (s, ég) versus time ¢ for low-density poly-
ethylene at 140°C, M,, = 250 kg/mol, M, /M, = 15; from Inkson et al. [130a]. Solid curves
represent a fit to a molecular constitutive equation called the 12 mode pompom melt, Souwrce: From
the Journal of Rheology, Copyright © 1999, The Society of Rheology. Reprinted by permission.
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Figure 6.64 Start-up uniaxial elongational viscosity, 777 (¢, éo), versus time ¢ for polypropylene at
180°C; from Kurzbeck et al. [135]. Two initial sample lengths were used, Lo = 25 mm and 10 mm
as indicated on the figure. Source: From the Journal of Rheology, Copyright © 1999, The Society of
Rheology. Reprinted by permission.
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Figure 6.65 Trouton ratio Tr =
it (t, é0)/no versus time for a
Boger fluid made from 0.185%
polyisobutylene in a mixture of
kerosene and polybutene; from
Sridhar et al. [234]. Since Boger
fluids exhibit constant viscosity,
Tr versus ¢ has the same shape as
the curves of ij+ versus . Source:
Reprinted from Journal of Non-
Newtonian Fluid Mechanics, 40,
T. Sridhar, V. Tirtaatmadja, D. A.
Nguyen, and R. K. Gupta, “Mea-
surement of extensional viscosity
of polymer solutions,” 271-280,
Copyright © 1991, with permis-
sion from Elsevier Science.
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Figure 6.66 Trouton ratio as a
function of time for a solution
of 1.95 x 10° molecular-weight
polystyrene; from Li et al. [153].
The polymer had a narrow molec-
ular weight distribution, and the
data were taken at room temper-
ature. The solid and dashed lines
are Brownian dynamics simula-
tions of a bead-spring model of
polymer solutions. Source: From
the Journal of Rheology, Copy-
right © 2000, The Society of Rhe-
ology. Reprinted by permission.
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Figure 6.67 Startup of steady biaxial elongation, from Soskey and Winter [230]. (@) Low-density
polyethylene at 150°C. (b) Polystyrene at 180°C. The solid curves are calculations of the shear (lower
curve) and biaxial elongational start-up curves using the generalized linear viscoelastic constitutive
equation (see Chapter 8). The data shown were calculated using the positive biaxial strain rate

ég = —%é, and thus n; in the figure is equal to 27 p (see Problem 5.18). Source: From the Journal
of Rheology, Copyright © 1985, The Society of Rheology. Reprinted by permission. |
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Figure 6.68 Nonlinear elongatio
150°C and (b) polystyrene at 180°C; from Soskey and Winter [230]. At low strains the step-strain curves are ind )
which is also observed in shear. Source: From the Journal of Rheology, Copyright © 1985, The Society of Rheology. Reprin

permission.
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Figure 6.69 Step biaxial damp-
ing functions for {@) low-density
polyethylere and (&) polystyrene
calculated from the data in Fig-
ure 6.68; from Soskey and Winter
{230] . The solid and dashed lines
are empirical fits of the curves to
the models of Soskey and Winter,
where ¢ is a parameter in their
model, and €z = —¢p/2. Source:
From the Journal of Rheology,
Copyright © 1985, The Society of
Rheology. Reprinted by permis-
sion.



