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Research Subject: Polymer melts show complex response under the
act of deformation. This response has direct relation to their molecular
structure. The purpose of this study was to investigate the rheological
behavior of branched polymers and the effect of branching on
linear and nonlinear viscoelastic flow for usage in various industrial
applications.

Research Approach: For this purpose, the rheological tests such
as frequency sweep and extensional for two polyethylene (LDPE)
with long branches have been used. From these tests we obtained
storage and loss moduli, complex viscosity and extensional viscosity.
Molecular models in nonlinear viscoelastic regions can also be used
in this regard.

Main Results: Linear viscoelastic tests can partly show the presence
of branch in LDPE, while nonlinear viscoelastic tests show strain
hardening behavior for branched sample. One of the efficient models
for branched polymers is the Multimode Pom-Pom (MPP) model
which can be used to predict the strain hardening phenomenon in
extensional flows. In this study, the average number of lateral branches
was also calculated using this model.
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Fig. 1 Strain hardening effect on sample deformation a) with strain hardening b) without
strain hardening

Sl Sl ¢ (i Loy Ly amaglie 5o uf‘ﬁ)_
5 e lyeas ool Jese LSl ay Cos ]
S rask Slsieas (HDPE) (S o Lol L 8 Il
S92y e (BT e oo aiSlit
Sle—o o og—aza ol glasl i 5 L ,0lks
00 4]l peed 6L 55061 Langs ooy sl
asld ol e ablye 51 5 ks o LY £]
Lo g, bawgi Lol olalis aS ol o8 go> 4
s Ol (S35, sl gy IS (i
Sl— Gy ol Ols—eds NMR (g )3 o sizmen
L sl gloazls sload ol gloasl s oo
oS s el JS B 5 55 S Sl
aSLb s a sl gl 5l oy S Sl LSl
o=l el VO sga s g DLl ol asll (il
sboyoel yo ol sloasld ol e ot £5—290

sl panhy 28 50 le)lBle iz 352y Sl
St et e a5 (255 1l 0 (SN S
S alg e et oo 6 ek slaclie S SpSy
S s, ) Sl 0 sloml vlge j0 e B0
S Vgl pds 5 Sdg—dioww Sl g o,
oo ooyl 231555l i ms o i S sl o
39 6Xg—iimCSrw 00l ;o ool S poss 82 4
55) 50 e g Ll 5 S
Ol GRS sl 5o T gl (5 e
G2l Aol ol )o (28T (59 51,5 Ao )3 e oo
&= Ll (adhY JSb) 05—i oo oo )5 ddigad a8l
o0y olomy) 135Sl o S ig i L35, (yaiss ool
aiged (5b am Enle 5o 4 wabee il s L
oS (ool YLl mlple (om) JS8) 995 o0 yomie
G e e (SNeh S aS slapl o

DY 7oh - oo (oo 2,0 b g (sl 4y  (SApg S (oole aolidad



oy S Oy (3ol JLS) (o)

S oo i vg s 5l n S

&3_.0.7}& u)s_»od.s MPP JA_A B w_u )5_......».» FENKY 5o
ol el sladssse 5l S o s slajgns
u_..ur[‘a l_Qj)lJ q.._u )l

" "

dr )
S -|—=__\Q|E
07 I ~c(r)] p{ !rb[si(r'j]}g[ 0]
,izm:S—i(a—l) for A<q M
T:
Sc—[q—+S ]a S— 7 @) for J=q )
o= Zo- Zgﬂ, )S, () o

S oS o ol S S iur jeis (V) ala,
“—Yj}l—.’j‘d)—wSECsJS—:’)—m*-’"ﬁ—@Q‘QTp
(V) ataly o ul 0g i co 0aniS Lol oy J3lo
S oS K g ) ol oy S so S Lo
20 5 (50 ,550,5 slaas (V) alal) ool S
kol ey adg) g0 4 a8 g5l 5l (s 5 Z) Ly Lo
el o S3,50,% S 6 ane 3 935 e £S5
an S al-ply Joce jo ceuload ool L S L
oS ST sl 99 q 31 S gl Sl de
o0g2S (ol jzmiy adol (59,0 4 Lagil g q 1l 2

gl 5

@)—”U o ‘ Y
é‘,.e \-Y

).) o..\_..u.\.an.w &._w U_L""kSL &9_> 50 )‘ Hsf U_" ).)
Jsaz) (LPDE2) al¥ 5 (LDPET) pliol jusy anis oy
el sody solazwl (\

Ol ez Y-Y

oS B 5 55 Jp b L olsS slaasls sl
slagss, oyl JAl o5l o amlge IS 2 Lo )
Sl ) 5 Sl be J=el) (o S038) 5,

3 Sreahy slaclie (Su3eles, L8, sl ieaghy 5
Byt (o8 (o) p Bt 5 (b iS55 Ol >
oSl Sl (Sammn amaag by el o
b e Ly as [VY-4] MPP _JsSUge Jos 5l oS
I, bzl =l Pom-Pom slo JsUge 5l bulo 28,5
aS cl S LLS e b o colaiul 00gad pu )
ol o ol Gleasls L) () 2 sl m Joe o2

Dyl 0,05 Ga S S

r'a-’f‘ =8, Lrw)J" )° s 6‘4—’114-’ Ot
) Dygmets sl slaper (HeSge Lzl
logolass ol o a0 a S 0g b e a8 T i o
3 &Bly sy Sk pley O 9o il o0l I8
dgd el )z 40 0ud sloul iaS asdl .ol Lagsl
Jleel Lccnlq b ol p s cand 1 25Tas 5 009
oS (ol jmiy adgd J2 s an Lagsl 5 i 25
atads oS e LodMlaol caay ol a4 S Wg i o
Sg—i o 3Dl (Branch Point Withdrawal) glasL_%
) L;we_ww )Ld) ey r )° M.ml )JlP FEEA Y
= gy &S Cwl ol s L albay sl el
J—B b il o il lrasl i 5 ola
adls olge jlaiws ol 5o )58, (59 0 (o2
J5 L 5 ymay sl plyply s a5 (ol 5
)l_.ﬁ) A_>‘946m U_")"L"‘ ol 00 H‘).Io J‘od_>|
I, LDPE Lo ooz Hsge )Ll Ly ol ady
3l laegozme |, LDPE ,oudy )9Syl 0SS o yien
Sy e o g o5 s al-al slaJoSdge
[a] 5,5 (—s iy MPP Jos L 1, LDPE (—S354)55,
LDPE O—0d 6|Om )L.}Lw ‘ra.l)ibl} é_la..a
el plomply 48 cul ool plo-pl JoSdge Lo

Slgo (JoSlge Slasin ) Jgox
Table 1 Molecular Characteristics of Materials

. N M, MFI Density I}, J. T,
Material | % /o1 | [kg/mol] | P! | 190/2.16 °CKg | g/cm® | [Pas] | [Pa] [s]
LDPE1 |15.75 1478 |93 |193 0.92 11640 |0.000562 | 6.53
LDPE2 |1416 |1289 |91 |19 0.92 26963 | 0.000507 | 13.67
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Fig. 3 Effect of long chain branches at 160 °C on storage (a) and loss (b) moduli
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Fig 3 Complex shear viscosity vs frequency for LPDEs at 160 °C
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Table 2 Parameters of MPP model for LDPE1

g; (Pa) T, (5) q T,/ T,
1.39E+02 3.10E+01 1 9
3.00E+01 3.76E+02 2 7.5
6.47E+00 2.11E+03 3 7
1.40E+00 6.66E+03 4 6
3.01E-01 1.56E+04 4 5
6.50E-02 3.03E+04 5 2
LDPE1
: - . . ' -
oL | oo |
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Extensional Viscosity (Pa.s)
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Fig 5 Prediction of MPP model for LDPE1 at 160 °C
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Table 3 Parameters of MPP model for LDPE2

g, (Pa) T, (5) q /1,
2.06E+01 6.31E+02 1
2.04E+00 4.69E+03 3
2.02E-01 1.70E+04 4 7
2.00E-02 4.20E+04 5 6.5
1.99E-03 9.80E+04 6 45
1.97E-04 1.22E+05 7 3

LDPE2

Extensional Viscosity (Pa.s)

10" 10’ 10°
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Fig 6 Prediction of MPP model for LDPE2 at 160 °C

et 0 4S5 ol oy >gl 4 S ol cola

|y el sloas L ola s gogi> L5 ol Joo

0)9_7:@& r.......f LSL"”Qli)-’.’ 59 MPP JA_A s
&l i ) (Sogl Gl il (slmosls 5 (sSUse
FEKY BN od_a] Cwddy Y 9 Y Jslu\_‘> B meb}oa U_"
el oy Sy S L, (F) aal, 5l soli il Ly

6 oD GloUSt) El oo b i i Lsperl,

Sl o sloosls 5l s> —m i 42,51 MPP
s.,_CL\ as ‘) vasLd ~)5_>5 4.»-..»..)‘5.’ Lol el oalos
50 aees i 0 S e S Lo SNy S
S WS Olme az e g S (S ol
o=l il 5 s 4Ll slacss asib 5 g i S L
Syl q lade L ppiie alayly MPP Jus ;0 g4-590

SrSazs ¥
slolol s o ol laasls 31 ingh ol jo
b e g o LwiS g5 slanl > 0 S

=S on Sl e S 8 (e 95
G Sy —iiS ol > 0 MPP JsS0ge Jao

oy = (o (w59, Sb Giag (sl ah) o (SABg (oole bl NG



ey S SR (S35, L8, (o

&=l

[1] Minstedt, H., Kurzbeck, S., and Stange,
J., Importance of Elongational Properties of
Polymer Melts for Film Blowing and Thermo-
forming. Polymer Engineering & Science, 46(9),
1190-1195, 2006.

[2] Doi, M. and Edwards, S.F,, Dynamics of
Concentrated Polymer Systems. Part 2.-Molecu-
lar Motion Under Flow. Journal of the Chemical
Society, Faraday Transactions 2: Molecular and
Chemical Physics, 74, 1802-1817, 1978.

[3] Doi, M. and Edwards, S.F, Dynamics of
Concentrated Polymer Systems. Part 3.-The
Constitutive Equation. Journal of the Chemical
Society, Faraday Transactions 2: Molecular and
Chemical Physics, 74, 1818-1832, 1978.

[4] Doi, M. and Edwards, S.F,, Dynamics of
Concentrated Polymer Systems. Part 1.-Brown-
ian Motion in the Equilibrium State. Journal
of the Chemical Society, Faraday Transactions
2: Molecular and Chemical Physics, 74, 1789-
1801, 1978.

[5] John, D. and Ronald, L., Structure and
Rheology of Molten Polymers From Structure to
Flow Behavior and Back Again. Munich: Hanser
Gardner Publications, 2006.

[6] Benham, E. and McDaniel, M., Ethylene
Polymers, HDPE. Encyclopedia of Polymer Sci-
ence and Technology, 2002. 2.

[7] Shroff, R.N. and Mavridis, H., Long-
Chain-Branching Index for Essentially Linear
Polyethylenes. Macromolecules, 32(25), 8454-
8464, 1999.

[8] Chen, X., Costeux, C., and Larson, R.G,,
Characterization and Prediction of Long-Chain
Branching in Commercial Polyethylenes by a
Combination of Rheology and Modeling Meth-
ods. Journal of Rheology, 54(6), 1185-1205,
2010.

[9] Inkson, N.J. and McLeish, T.C.B., Predict-
ing Low Density Polyethylene Melt Rheology
in Elongational and Shear Flows with <Pom-
Pom» Constitutive Equations. Journal of Rheol-
ogy, 43(4), 873-896, 1999.

[10] McLeish, T.C.B., Long Chain Branching.
Chemical Engineering Research and Design,
78)1), 12-32, 2000.

[11]  Graham, R.S., McLeish, T.C.B., and Har-
len, 0.G., Using the Pom-Pom Equations to An-
alyze Polymer Melts in Exponential Shear. Jour-
nal of Rheology, 45(1), 275-290, 2001.

[12]  McLeish, T.C.B., Tube Theory of Entan-
gled Polymer Dynamics. Advances in Physics,
51(6), 1379-1527, 2002.

[13] McLeish, T. and Larson, R.G. Molecular
Constitutive Equations for a Class of Branched
Polymers: The Pom-Pom Polymer. Journal of
Rheology, 42(1), 81-110, 1998.

DY 7ok = od owiditen 600,15 o gy sl A o (kg3 (oole aoliliad



