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Abstract   Using molecular dynamics (MD) simulations, this study explores the fluid properties of three polymer melts with the same number of

entanglements, Z, achieved by adjusting the entanglement length Ne, while investigating the evolution of polymer melt conformation and en-

tanglement under high-rate elongational flow. The identification of a master curve indicates consistent normalized linear viscoelastic behavior.

Surprising findings regarding the steady-state viscosity at various elongational rates (WiR>4.7) for polymer melts with the same Z have been un-

covered, challenging existing tube models. Nevertheless, the study demonstrates the potential for normalizing the steady-state elongational vis-

cosity at high rates (WiR>4.7) by scaling with the square of the chain contour length. Additionally, the observed independence of viscosity on the

elongational rate at high rates suggests that higher rates lead to a more significant alignment of polymer chains, a decrease in entanglement, and

a stretching in contour length of polymer chains. Molecular-level tracking of tagged chains further supports the assumption of no entanglement

under rapid elongation,  emphasizing the need for  further research on disentanglement in polymer melts  subjected to high-rate elongational

flow. These results carry significant implications for understanding and predicting the behavior of polymer melts under high-rate elongational

flow conditions.
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INTRODUCTION

The behavior of polymer fluids (melts or concentrated solutions)
under  high-rate  elongational  flow  conditions  has  long  been  a
focal point in the field of polymer rheology. One of the most re-
markable  challenges  in  polymer  rheology  is  the  entanglement
effect, arising from the inability of long polymer chains to cross
each  other.  This  entanglement  effect  gives  rise  to  unique  dy-
namics  and  rheological  phenomena,  directly  impacting  the
properties  and  processing  of  polymer  materials.[1−5] At  the  mi-
croscale,  the most successful model for describing this effect is
the  well-known  tube  model.[6,7] This  model  introduces  three
characteristic parameters to describe the properties of polymer
fluids:  the  relaxation  time  of  the  tube  segment  (τe),  the  entan-
glement  number  per  chain  (Z),  and  the  plateau  modulus  (Ge).
While  subsequent modifications of  the tube model  have intro-
duced  additional  relaxation  mechanisms,  such  as  contour
length  fluctuations,[8] constraint  release  (CR),[9] convective  con-
straint release (CCR),[10] and chain stretching,[11] these effects do

not  alter  the  fundamental  nature  of  the  entanglement  effect
predicted by the original tube model. Consequently, entangled
polymer fluids will exhibit similar normalized linear and nonlin-
ear rheological  behaviors if  they possess the same Z.  However,
recent experiments[12,13] on melts and solutions with the same Z
have revealed drastically different steady-state elongational vis-
cosity.  Specifically,  for  highly  concentrated  solutions  or  melts,
the systems exhibit an extensional rate thinning effect, whereas
for relatively dilute solution systems, they display an extension-
al  rate  thickening  effect.  This  contradiction  poses  a  significant
challenge to the theoretical framework of the tube model.[14−16]

The success of the tube model in addressing rapid elongational
flow is thus called into question, as it fails to fully account for the
observed  discrepancies  in  the  behavior  of  polymer  melts  and
solutions under high-rate elongational flow conditions.

In  the  context  of  high-rate  elongational  flow,  the  mecha-
nisms underlying the occurrence of the extensional rate thin-
ning/thickening  effects  in  entangled  polymer  fluids  have
been  the  subject  of  extensive  investigation.  One  commonly
proposed  explanation  revolves  around  the  concept  of  finite
extensibility  of  polymer  chains.[17] Specifically,  it  has  been
suggested that solutions with higher concentrations exhibit a
smaller  entanglement  length Ne,  which in  turn leads  to  a  re-
duced maximum chain stretch ratio,  thereby limiting the ex-
tensibility of the chains.[17] However, the finite extensibility ar-
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gument has been challenged by the findings of Ianniruberto
et al.,[16,18,19] who proposed an alternative mechanism involv-
ing  flow-induced  friction  reduction.  According  to  this  per-
spective, the alignment of Kuhn segments in a strong flow re-
sults in a decrease of the segmental friction coefficient, there-
by influencing the overall  behavior of  the polymer fluids un-
der  high-rate  elongational  flow  conditions.  This  viewpoint,
however, has been met with skepticism by proponents of al-
ternative models such as the slip-link model,[20] the extended
interchain  pressure  (EIP)  model,[21] and  the  work  of  Shahid
et  al.,[22] all  of  which  argue  against  the  notion  of  friction  re-
duction.  The debate  is  further  complicated by the utilization
of  molecular  dynamics  (MD)  simulation  results,  with
Ianniruberto et  al.[18] drawing  support  from  the  work  of
O’Connor et al.,[23] while O’Connor et al.[24] themselves argued
that there is no substantial evidence of a significant change in
monomeric friction or large reductions in entanglement den-
sity.

Moreover,  O’Connor et  al.[23,24] put  forth  the  proposition
that  under  high-rate  elongational  flow,  chains  may  become
fully  extended,  leading  to  a  viscosity  that  scales  with  the
square  of  the  chain  length.  This  perspective  suggests  a
greater  decrease  in  viscosity  with  rates  for  longer  and  stiffer
chains,  thereby introducing additional  complexity  to  the un-
derstanding  of  polymer  melt  behavior  under  high-rate  elon-
gational  flow  conditions.  Additionally,  the  contributions  of
factors  such  as  time-temperature  superposition  break-
down[25] and  interchain  forces  have  been  highlighted  by
Wang et  al.[26] as  important  considerations  in  the  context  of
elongational  stress.  In  addition  to  the  aforementioned  de-
bates  surrounding  the  mechanisms  of  extensional  rate  thin-
ning and thickening, the question of whether entangled poly-
mer melts or concentrated solutions can attain a steady-state
elongational state, or if the ultimate fate of these systems in-
volves  phenomena  such  as  fracture  or  necking,  remains  a
longstanding unresolved challenge within the field of nonlin-
ear rheology. This unresolved issue underscores the complex-
ity  and  richness  of  the  behavior  of  entangled  polymer  fluids
under  high-rate  elongational  flow,  and  highlights  the  need
for further research and theoretical development in this area.

MD simulation offers  the advantage of  directly  tracing the
microstructural  conformation  and  evolution  of  polymer
chains  during  the  stretching  process.  However,  it  does  not
provide direct information on the entanglement evolution. In
a different but related study, Baig et al.[27] demonstrated that
the Z exhibits shear-thinning behavior similar to shear viscosi-
ty,  with  the  entanglement  number  determined  by  the  Z1
code.[28] Notably,  there is  a  lack of  similar  analysis  in  elonga-
tional  simulations[23,26] due  to  the  complex  triclinic  periodic
boundary  conditions  in  the  general  Kraynik-Reinelt  (GKR)
boundary condition.[29,30] Recently,  Wang et al.[26] focused on
the  entanglement  lockup  before  the  stretching  ratio λ=18.8
(not  reaching  steady-state).  Through  the  combination  of
bonded  force  and  characterization  of  chain  conformation,
they  observed  that  chain  tension  can  build  up  due  to  the
unique hairpin structure of each load-bearing chain.[26] How-
ever, due to the absence of a convenient method, they were
unable  to  delve  into  the  complicated  clusters  of  multichain
interactions during the earlier stages of elongation. Therefore,

there  is  a  need  for  direct  information  about  entanglement
evolution and the interaction between chains  under  elonga-
tional flow. Understanding when and how chain disentangle-
ment  occurs  will  provide  valuable  insights  into  elongational
research.

To  address  this  gap,  we  recently  present  an  analysis  of
primitive paths (PPs) by combining energy minimization with
the  Frenet  trihedron  geometric  analysis  (FT-PPA).[31] This
method  outputs  the  index  of  each  pair  of  entangling  kinks
and  the  number  of  multiple  mutual  entanglements  (MuEs)
between two tagged chains  in  entangled polymer  melts  un-
der  equilibrium  and  shear  conditions.  Furthermore,  we  dis-
covered that the distribution of MuEs is closely related to the
appearance  of  shear  bands.  Therefore,  FT-PPA  can  theoreti-
cally  describe the entanglement evolution in  stretched poly-
mer  fluids,  thus  aiding  in  resolving  the  issues  addressed  in
this study.

In  this  study,  we  aim  to  investigate  the  conformation  and
entanglement  evolution  of  polymer  melts  under  high-rate
elongational flow, with a focus on the key factors influencing
the behavior of entangled polymer melts under rapid elonga-
tional conditions. To achieve this, we employ MD simulations
to  explore  the  properties  of  three  polymer  melts  with  the
same number of entanglements, Z, by adjusting the entangle-
ment length Ne. To begin, we validate that the three melts ex-
hibit  the same normalized linear rheological  properties.  Sub-
sequently,  we  utilize  the  GKR  boundary  condition  to  avoid
significant  size  effects  during the elongational  simulation,  as
well as to mitigate the occurrence of fracture or necking phe-
nomena commonly observed in experimental setups. Our fo-
cus  is  on  the  elongational  stress  growth  coefficient,  steady
stress,  and  normalized  elongational  behavior  of  these  three
melts. Our results demonstrate that, despite having the same
Z,  their  nonlinear  rheological  properties  differ  significantly
from classical  theoretical  predictions,  but are consistent with
rheological  elongational  experiments.  Finally,  to  explore  the
rheological  properties  of  entangled  polymer  melts  under
rapid  elongational  flow,  we  quantitatively  analyze  the  chain
orientation,  the  entanglement  number  per  chain  using  our
FT-PPA,[31] and the contour length of polymer chains. The re-
sults  reveal  that  under  these  conditions,  polymer  chains  un-
dergo  nearly  complete  disentanglement  and  are  fully
stretched, leading to a steady-state elongational viscosity that
is  almost  independent  of  the  elongational  rate,  but  can  be
normalized  by  scaling  with  the  square  of  the  chain  contour
length. These phenomena are often accompanied by fracture
or necking in real experimental processes. Consequently, it is
reasonable to infer that entangled polymer melts cannot en-
ter  a  steady-state  elongational  stage  under  rapid  stretching
conditions,  as  the  system  is  highly  unstable  within  this
regime.  These  findings  have  significant  implications  for  the
design  and  processing  of  polymer  materials  under  extreme
flow conditions.

SIMULATION MODEL AND METHOD

We employ the Kremer-Grest  (KG)  model[32] to  simulate entan-
gled  polymer  melts  at  a  monomer  density  of  0.85d−3.  All
monomer  pairs  interact  through  a  truncated  and  shifted  pair-
wise  Lennard-Jones  (LJ)  potential  with  a  cutoff  distance rc =
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21/6d, as described by the following equation:

ULJ (r) = 4u [(dr )12

− (dr )6] , r ⩽ rc = 2
1/6d (1)

where u represents the energy scale and d denotes the length
scale. To model chain connectivity, we utilize the finitely exten-
sible nonlinear elastic (FENE) potential, which is expressed as:

UFENE (r) = −0.5kr2
0ln [1 − (r/r0)2] (2)

In  this  equation,  the  spring  constant  is  denoted  by k =
30u/d2, and the fully stretched bond length is r0 = 1.5d. To ad-
just the entanglement length Ne, a bending potential is incor-
porated,[33] given by:

Ubend (r) = kb (1 − cosθ) (3)

where θ represents the angle between two subsequent bonds.
The Kuhn length of polymer chains increases with the strength-
ening  of  the  bending  potential kb.  In  other  words,  under  the
same chain length conditions, a higher kb value results in larger
root-mean-square  radius  of  gyration Rg0 and  occupied  volume
of the polymer chains.  Consequently,  with an increased proba-
bility of polymer chains encountering each other, the number of
chain  entanglement  also  rises.  Thus,  a  larger kb will  lead  to  a
smaller Ne.  Previous  work  by  Everaers et  al.[34,35] demonstrated
that  for kb=1.5,  0.75  and 0.0,  the entanglement  lengths Ne=28,
45 and 63,  respectively.  Consequently,  we set  the chain length
N=180, 300 and 500 for kb=1.5, 0.75 and 0.0, respectively. For the
sake of  brevity,  we will  not emphasize the bending stiffness kb

further,  as each kb value corresponds to a specific chain length
N.  The  characteristic  properties  of  the  three  melts  are  summa-
rized in Table 1. Due to different kb values, the three melts have
varied  Kuhn  lengths,  leading  to  the  deviation  of  their  root-
mean-square radius of gyration Rg0 from the N0.5 scaling.

Length,  energy,  and  time  are  normalized  using  the
monomer  diameter  (d),  energy  parameter  (u),  and  the  LJ
timescale [τ = (md2/ u)0.5], respectively. The monomer mass m
is set to 1. The temperature is selected such that kBT/u = 1 and
is regulated by the Nosé-Hoover thermostat.[36−37] Initial con-
figurations  are  generated  by  randomly  assigning  positions
and  further  equilibrated  using  the  double-bridging-MD  hy-
brid algorithm.[33] This algorithm is applied to the sample ob-
tained above at three stages, each lasting Rouse time τR, with
the spring constant k increasing from 10 to  20  to  30.  Subse-
quently,  further  equilibration  is  conducted  for τR.  The  chains
exhibit  the  same  mean  square  internal  distance  as  in  previ-
ous  work.[33] The  entanglement  number  per  chain Z is  mea-
sured  using  energy  minimization,[34−35] and  geometry  mini-
mization (Z1+ code[38]). The results in Table 1 confirm that the
three melts have the same Z per chain.

ε̇

ε̇

For  the  elongational  flow  simulations,  we  utilize  the  UEF
(under  extensional  flow)  package[39] of  LAMMPS  (large-scale
atomic/molecular  massively  parallel  simulator),  where  the
particles  move according to  the SLLOD equation[40] with  the
GKR boundary condition.[29,30] The initial simulation box is cu-
bic  with  an  initial  length L0;  the  box  basis  vectors  are  de-
formed with an elongational velocity gradient tensor, and the
deformed  basis  vectors  are  transformed  back  into  the  initial
cubic  box when they correspond to  the  reproducible  lattice.
The melts are stretched at a constant Hencky rate = dε/dt =
dln(L/L0)/dt along  the z-direction,  and  the  perpendicular  di-
rections (x and y) are both contracted by −0.5 to preserve vol-
ume, where Hencky strain ε = ln(L/L0) and L is the box length
at  time t.  All  simulations  are  performed  using  the
LAMMPS[41−42] (fix  nvt/uef command)  with  4  independent
samples, and the integration time step (Δt) is set to 0.005.

RESULTS AND DISCUSSION

Linear Viscoelasticity
The characteristic parameters of entangled polymer melts must
be determined prior to conducting elongational simulations. In
MD simulations, the entanglement time scale τe is often derived
from  the  scaling  crossover[7] in  the  mean  square  displacement
versus  time  plot.  However,  this  crossover  is  highly  ambiguous.
For  the  KG model,  different  researchers  have  obtained varying
values for τe. For example, Hsu and Kremer[43] reported τe=1980
with  a  bending  strength kb=1.5,  while  Ge et  al.[44] obtained
τe=6000  and  4000  with kb=0.75  and  1.5,  respectively.  The  dis-
crepancies are evident in the work of O’Connor et al.,[24] who as-
sumed τe=6000 with kb=0.75 and τe=1980 with kb=1.50 in their
elongational simulation. Furthermore, their data[24] do not align
with the linear viscoelastic (LVE) line, which is a crucial reference
for  nonlinear  data.  Consequently,  it  is  not  currently  feasible  to
accurately  determine  the  characteristic  parameters  of  entan-
gled polymer systems using the scaling crossover. These param-
eters are critical for understanding the underlying mechanisms
governing the viscoelastic properties of polymer melts.

To  quantitatively  compare  with  experimental  results,  it  is
necessary to conduct small-amplitude oscillatory shear simu-
lations  to  obtain  the  equilibrium  properties  of  entangled
polymer  melts,  including  the  storage  modulus G′(ω)  and  the
loss  modulus G"(ω).  These  moduli  can  be  fitted  using  the
Likhtman-McLeish  (LM)  theory  or  the  Baumgaertel-
Schausberger-Winter (BSW) equation. This approach is essen-
tial for obtaining reliable data that can be compared with ex-
perimental observations.

However, the process of conducting oscillatory shear simu-
lations  is  time-consuming.  Furthermore,  the  linear  modulus
G(t) can be expressed by the correlation function of the stress
σxy(t)  in  equilibrium, i.e., G(t)  =  <σxy(t)σxy(0)>.  Therefore,  we
can directly calculate G(t) by computing the correlation func-
tions. A requirements method[45,46] is utilized to calculate the
correlation  functions,  and  the  resulting  data  is  presented  in
Fig.  1(a).  For t < τe, G(t)  exhibits  a  behavior  of t−0.5,  as  de-
scribed  by  the  Rouse  model,  which  characterizes  the  chain
dynamics.  For τe < t < τd0,  the chains move in a tube regime,
and G(t) should ideally display a plateau value. However, due
to  the  finite  chain  length,  a  clearly  defined  plateau  value  is
not evident in our data.

 

Table  1    Simulation  parameters  used  in  this  work:  chain  length N,
bending stiffness kb, root-mean-square radius of gyration Rg0, initial box
length L0,  entanglement  number  per  chain  using  energy  minimization
(ZPPA), geometry minimization (Zk), and our FT-PPA (ZF0)[34]. The subscript
0, PPA, k, and F represent equilibrium, primitive path analysis, kink, and
Frenet, respectively.
 

N kb Rg0 (d) L0 (d) ZPPA Zk ZF0

180 1.50 8.82 53.28 6.56 12.58 10.16
300 0.75 10.22 59.40 6.65 12.47 11.32
500 0.00 11.88 71.48 6.66 12.39 12.01
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Subsequently,  we  fit G(t)  with  the  sum  of  Maxwell  modes
(G(t)  = ΣGiexp(−t/τi)),  as  depicted in Fig.  1(b). G′(ω)  and G"(ω)
can be calculated accordingly by

G′ (ω) = ∑10

i=1
Gi

(ωτi)2
1 + (ωτi)2 (4)

G′′ (ω) = ∑10

i=1
Gi

ωτi
1 + (ωτi)2 (5)

We then analyze these LVE data using the LM theory.[7] The
adjustable  parameters Ge, Z,  and τe are  provided  in Table  2.
The Rouse time τR and the disengaged time τd0 at equilibrium
can be calculated based on Z and τe. Table 2 will serve as a ref-
erence for the KG model, as Ge and τe should be consistent for
given melts with varied chain lengths. In this analysis, we use
10 modes because the data span 5 orders of magnitude.

Finally, Fig.  2 compares  the G′(ω)  and G"(ω)  using  dimen-
sionless  parameters,  where  the  frequency  is  normalized  by
1/τe,  and the moduli  are normalized by Ge.  A master  curve is
obtained,  confirming  that  the  three  melts  have  the  same Z
and the same normalized linear rheological properties.

Startup and Steady-State Elongational Flow

ε̇
ε̇ ε̇

ε̇

In  this  section,  we first  define the Rouse–Weissenberg number
as WiR = τR. Fig. 3 illustrates the elongational stress growth co-
efficient ηex = σex/  =  [σzz – 0.5(σxx + σyy)]/  (the  subscript  ex
means  extension),  which  is  represented  as  a  function  of  time
across a range of WiR values from 0.2 to 59.2.  It  is  important to
note  that  a  critical  aspect  of  the  MD  simulations  is  the  precise
control  of  temperature.  However,  due  to  the  inherent  chal-
lenges in maintaining temperature control within the system, it
is anticipated that the actual temperature will exceed the desig-
nated temperature (denoted as temperature 1) when >10−3.[30]

Consequently,  simulations  at  higher WiR values  were  not  con-
ducted. The dashed lines in Fig. 3 represent predictions derived
from G(t) in Fig. 1, specifically ηLVE(t) = 3∫G(t)dt. Notably, the data
corresponding  to  the  lowest  strain  rates  closely  align  with  the
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Fig. 1    (a) The linear moduli G(t) obtained from the simulation and
(b)  the  storage  moduli G′(ω)  (solid  line)  and  the  loss  moduli G"(ω)
(dash  line)  for N=180,  300,  and  500.  The  lines  represent  fits  of  the
Likhtman-McLeish  (LM)  model.  The  open points  correspond to  the
Maxwell mode results.
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Table  2    Characteristic  parameters  obtained  from  the  LM  theory:  the
entanglement  number  per  chain ZLM,  plateau  modulus Ge,  relaxation
time of a tube segment τe, Rouse time τR = τe , and disengaged time
τd0 = 3ZLMτR(1−3.38/ +4.17/ZLM −1.55/ ).
 

N ZLM Ge (md−1τ−2) τe (τ) τR (τ) τd0 (τ)

180 7.8 0.0428 870 5.30×104 3.13×105

300 7.6 0.0308 1270 7.45×104 4.27×105

500 8.2 0.0195 2970 1.99×105 1.28×106
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Fig.  2    The  normalized  storage  modulus G′/Ge and  loss  modulus
G"/Ge as a function of the normalized frequency ωτe for N=180, 300,
and 500. The lines represent the results of the LM theory.
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Fig. 3    Elongational stress growth coefficient as a function of time.
The WiR for N=180, 300, and 500 (from right to left) are 0.6, 1.2, 4.7,
23.7,  and  59.2.  The  dashed  lines  represent  the  linear  viscoelastic
regime.  For  clarity,  the  data  have  been  shifted  up  by  1  decade  for
N = 300 and 2 decades for N = 500, and the results of lower rates are
not shown.
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LVE line.
Furthermore,  the  data  corresponding  to  low  strain  (short

time)  demonstrate  conformity  with  the  LVE  line,  a  phe-
nomenon that was not addressed in Ref.  [22].  As the elonga-
tional stress data gradually increases above the LVE lines due
to  stretch  thickening,  these  observations  confirm  the  linear
viscoelasticity  of  our  simulation.  Additionally,  it  is  observed
that ηex approaches  a  steady-state  for  each  rate  at  Hencky
strain values exceeding 4. This finding underscores the estab-
lishment of  steady-state conditions within the system. These
results  provide  valuable  insights  into  the  behavior  of  the
polymer  melts  under  elongational  flow  conditions  and  con-
tribute  to  a  comprehensive  understanding  of  its  viscoelastic
properties.
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The  steady-state  viscosity  (the  superscript  ss  means
steady-state)  of  the  system  was  obtained  as  the  melts
reached unlimited strain under the GKR boundary condition.
In  this  study,  the  value  of ηex at  Hencky  strain ε=5.5−6  was
taken  as  the  steady-state  viscosity .  However,  it  was  ob-
served  in  the  experiment[13,47] that  was  not  clearly  de-
fined  even  up  to ε=5  at  high  elongational  rates.  The  Doi-
Edwards  (DE)  theory[1] predicts  three  distinct  regions  for  the
steady-state  viscosity  versus  Hencky  rate :  (I)  When  <

,  is  equal  to  3  times  the  zero-shear  viscosity η0.  (II)

When  <  < ,  the  tube  segments  are  oriented  to  the
stretching direction, resulting in a decrease in viscosity as −1.
(III) With further increasing  > , the chains start to stretch,
leading to an upturn in viscosity.

ηss
ex

ηss
ex

ηss
ex

Due to limitations in computational  resources,  data for  re-
gion  I  could  not  be  obtained.  However,  the  overlapping  of
normalized  storage  modulus  and  loss  modulus  (see Fig.  2)
confirms  the  overlapping  of  normalized  steady-state  viscosi-
ty  of  three  melts.  Surprisingly,  our  data  (see  the  inset  of
Fig.  4)  revealed  different  trends  at  higher  rates.  For N=180
and  300,  did  not  change  with  increasing  strain  rate  at
WiR<1, and gradually decreased to a stable value with increas-
ing strain rate at WiR>1. Conversely,  for N=500,  gradually
increased to a stable value with increasing WiR>1. This unex-
pected  result  is  particularly  intriguing  as  the  three  systems

possess  the  same  number  of  entanglement,  indicating  that
existing tube models are insufficient to explain these observa-
tions.  Nevertheless,  the  results  are  in  good  agreement  with
existing experimental data.[13]

Furthermore,  as  shown  in Fig.  4,  at  higher  elongational
rates, a non-normalized phenomenon was observed, which is
believed to be associated with the entanglement in polymer
melts. This observation is consistent with the findings of pre-
vious  studies.  Ianniruberto et  al.[19] introduced  the  IV  region,
where the polymer chain is fully extended without entangle-
ment, and the system exhibits an asymptotic viscosity, denot-
ed as η∞.  According to the Fraenkel  model,  which assumes a
nearly  inextensible Rouse model  and neglects  entanglement
effects,  Ianniruberto  and  Marrucci[18] derived  the  expression
η∞ = ζρb2N2/12, where ζ is the friction coefficient and b is the
averaged bond length. We set b=0.964, which represents the
equilibrium value.  Furthermore,  we confirm that the average
bond length b remains largely unaffected by the bending po-
tential  and  elongational  rates  employed  in  this  study.  This
asymptotic result was also reported by O’Connor et al.[23] This
finding  provides  evidence  to  support  the  hypothesis  that  at
higher elongational rates, the entanglement in polymer melts
decreases,  leading  to  the  full  extension  of  polymer  chains.
Furthermore,  based  on  simulations[32] utilizing  the  Langevin
thermostat,  Ianniruberto  and  Marrucci[18] indicated  that  the
friction coefficient ζ at equilibrium state is approximately 15, a
value  consistent  with  our  unpublished  data  (around  13)  ob-
tained  using  the  Nosé-Hoover  thermostat.  This  value  signifi-
cantly  exceeds  the  friction  coefficient  of  around  2  observed
for  individual  monomers  at  high  elongation  rates  in Fig.  4,
suggesting  a  notable  reduction  in  monomer  friction  coeffi-
cient.  However,  elucidating  the  underlying  reasons  for  the
distinct  elongation  thinning  and  thickening  behaviors  re-
quires further in-depth investigation.

Conformation and Entanglement Analysis

Pss
2

Pss
2

Pss
2

Pss
2

To demonstrate the evolution of polymer melt conformation by
analyzing the chain orientational order, specifically the nematic
order  parameter  (P2,  the  subscript  2  means  the  second-order
Legendre function). The nematic order parameter was calculat-
ed  using  the  formula P2 =  0.5(3cos2θ − 1),  where θ represents
the angle between the z-axis and the end-to-end vector of the
chain. Fig. 5 illustrates the steady-state orientational order ( )
at various elongational rates. It is important to note that at equi-
librium,  is  0,  indicating a completely random chain orienta-
tion. However, as the elongational rate increases,  approach-
es unity, particularly at high WiR values greater than 4.7. This ob-
servation is consistent with the findings of Baig et al.[27] and our
shear  simulations  (which  have  not  been  published),  both  of
which  demonstrate  that  approaches  approximately  0.9  at
high shear rates.

This comparison suggests that under stretching conditions,
the  chain  orientation  becomes  more  pronounced.  These  re-
sults also indicate a clear correlation between the elongation-
al rate and the degree of chain orientation, with higher rates
leading  to  a  more  significant  alignment  of  the  polymer
chains.  When WiR exceeds  4.7,  it  is  highly  likely  that  the  sys-
tem undergoes complete disentanglement due to the nearly
fully extended polymer chains.

To  substantiate  our  above  conjecture  regarding  complete
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exFig.  4    Elongational  steady-state  viscosity  normalized  by
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shows  the  normalized  steady-state  viscosity  as  a  function  of WiR.
Due to limited computational resources, there is no data available at
WiR=0.2 and 0.4 for N=500.
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disentanglement,  additional  direct  evidence  is  required.
While the Z1/Z1+ code[28,38] is  a  useful  tool  that,  in principle,
can provide information on the entanglement number under
the  GKR  boundary  condition.  However,  existing  versions  of
the Z1+ code are unable to handle the parallelepiped simula-
tion box. Consequently, we have developed a new entangle-
ment analysis method to address this limitation. Our method
comprises two key steps. Firstly, we obtain the smooth primi-
tive path (PP) for all chains in each system. Subsequently, we
conduct PP analysis using the Frenet trihedron. To obtain the
smooth PP,  we follow the approach outlined in  Ref.  [33]:  ini-
tially,  we  fix  the  chain  ends  in  space;  then,  we  eliminate  the
intrachain  excluded  volume  interactions,  remove  the  bend-
ing potential,  retain  the  interchain  excluded-volume interac-
tions,  and  preserve  the  FENE  potential.  Finally,  we  minimize
the  energy  of  the  system  by  cooling  it  towards T=0.  As  PPs
cannot pass through each other, sharp bends naturally occur
at the entanglement points where two PPs come into contact.
In other words, a PP can be viewed as a sequence of straight
segments connected by these sharp bends. To identify these
bends,  we  introduced[31] the  Frenet  trihedron,  which  de-
scribes  the  local  geometric  properties  of  a  curve  in  three-di-
mensional space.

At  equilibrium,  the  results  obtained  using  our  FT-PPA
method indicate that the entanglement number per chain is
very similar for systems with different chain rigidities (N=180,
300 and 500), the values of ZF0 are 10.2, 11.3 and 12.0, respec-
tively.  This  reaffirms  that  the  three  melts  have  the  same  en-
tanglement number, Z.  It is important to note that the differ-
ences in the values of Z in Table 1 arise from the application
of  different  definitions  of  entanglement.  The  steady-state ZF

as a function of elongational rate is depicted in Fig. 6. It is evi-
dent  that ZF decreases  significantly  with  the applied elonga-
tional  flow,  and  there  is  no  discernible  entanglement  at
WiR>4.7.  This finding provides further evidence in support of
our earlier conjecture. The reason for this phenomenon lies in
the  significantly  oriented  chains  along  the  uniaxial  elonga-
tional flow, which can slide past each other and thus become
almost disentangled compared to the equilibrium case.

These  results  offer  valuable  insights  into  the  evolution  of
entanglement in polymer melt  conformation under different
flow conditions. The observed decrease in entanglement with

increasing  elongational  flow  has  significant  implications  for
understanding the rheological behavior of polymer materials,
particularly in processes involving high rates of  deformation.
Furthermore,  the  development  of  our  new  entanglement
analysis  method  addresses  a  critical  limitation  in  existing
tools,  thereby enhancing the capability  to  study and charac-
terize entanglement in polymer systems with complex simu-
lation geometries.

Another  crucial  aspect  of  entangled  polymer  rheology  is
the evolution of the primitive chain contour length. We initial-
ly  divide  the  chain  into ZLM blobs  comprising N/ZLM

monomers  and  define  the  line  connecting  the  centroids  of
these  blobs  as  a  proxy  for  the  primitive  chain's  contour
length. Fig. 7 illustrates the steady-state contour length of the
primitive  chain as  a  function of WiR.  At  low elongation rates,
polymer chain stretching is negligible. However, as WiR>1, the
primitive chain is elongated by the flow field, leading to an in-
crease in its contour length. Notably, at sufficiently high elon-
gation  rates,  under  steady-state  conditions,  polymer  chains
fully  orient  and  disentangle,  resulting  in  no  further  elonga-
tion of the contour length, with the overall length remaining
nearly  constant  with  increasing  shear  rate.  Comparing  poly-
mer chains of different lengths, we also observe that the max-
imum elongational ratio of polymer chains increases with in-
creasing entanglement length, consistent with the findings in
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Fig.  6    Normalized  steady-state  number  of  entanglements  per
chain as a function of WiR for N=180, 300 and 500.
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Fig.  7    Normalized  steady-state  contour  length  of  the  primitive
chain as a function of WiR for N=180, 300 and 500.
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Ref. [17]. Additionally, it is worth mentioning that the quanti-
tative  relationship  between  the  steady-state  orientation,
steady-state  entanglement,  steady-state  elongational  ratio,
and  steady-state  viscosity  of  polymer  systems  with  high  en-
tanglement  number  during  rapid  elongation  is  highly  intri-
cate, a topic we plan to delve into further.

Pss
2

To provide a more detailed understanding of the disentan-
glement process at  the molecular  level,  we conducted track-
ing of  the tagged chain for N=300 at WiR=11.8,  as  illustrated
in Fig. 8. Our FT-PPA method facilitates the labeling of entan-
glement  locations,  enabling  direct  acquisition  of  neighbor
chain  and  monomer  indices  around  the  tagged  chain.  At
equilibrium (Figs. 8a1 and 8a2), the tagged chain intertwines
with other chains. Subsequently, upon application of elonga-
tional  stress,  the  tagged  chain  gradually  extends  along  the
elongational  direction  and  undergoes  disentanglement.  At
low  strain  (Figs.  8b1  and  8b2),  a  hairpin  structure  forms,  re-
stricting the sliding of the target polymer chain. Furthermore,
as the stretching stress reaches a steady state, as depicted in
Figs.  8(c1)  and  8(c2),  there  are  almost  no  entangled  chains
around  the  tagged  polymer  chains,  indicating  full  extension
of the chain, leading to the orientation parameter  ~ 1. This
result  supports  the  assumption  of  no  entanglement  in  the
work  of  Ianniruberto et  al.[16] However,  in  real  experimental
processes,  the  system  is  highly  unstable  within  this  regime.
Consequently,  it  is  reasonable  to  infer  that  entangled  poly-
mer melts cannot enter a steady-state elongational stage un-
der rapid stretching conditions. In other words, the fate of the
stretched  entangled  polymer  system  often  does  not  involve
reaching a  steady state,  but  rather  terminates  in  the  familiar
fracture or necking phenomena. The relative ease with which

simulations can enter a steady state is attributed to the use of
the GKR boundary condition, which can avoid significant size
effects  during  the  elongational  simulation,  particularly  miti-
gating  the  occurrence  of  fracture  or  necking  phenomena
commonly  observed  in  experimental  setups.  Therefore,  fur-
ther  research  should  focus  on  the  disentanglement  in  poly-
mer melts  under high-rate elongational  flow.  For  example,  it
is important to investigate whether a hairpin structure can ex-
ist  stably,  for  how  long,  and  to  what  extent  it  affects  the
macroscopic stress values of the system.

CONCLUSIONS AND OUTLOOK

This study has successfully characterized the linear viscoelastici-
ty  and elongational  behaviors  of  polymer melts  with the same
entanglement number per chain Z,  providing valuable insights
into the evolution of polymer melt conformation and entangle-
ment  under  high-rate  elongational  flow.  The confirmation of  a
master curve for normalized linear viscoelasticity data indicates
consistent behavior across different bending potential KG mod-
els, laying a solid foundation for future research in this area. Un-
expected  findings  regarding  the  steady-state  viscosity  at  high
elongational  rates  challenge  existing  tube  models  and  high-
light  the  necessity  for  further  investigation  to  accurately  de-
scribe  polymer  melt  behavior  under  such  conditions.  Evidence
presented in this study suggests a correlation between stretch-
ing  rate  and  chain  orientation,  with  higher  rates  leading  to  in-
creased  chain  alignment.  Moreover,  the  decrease  in  entangle-
ment observed under rapid stretching contradicts conventional
understanding  and  emphasizes  the  need  for  additional  re-
search on disentanglement in polymer melts subjected to high-
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rate elongational flow. In addition, the chain with larger entan-
glement  length  shows  a  larger  chain  stretch  ratio.  Overall,  this
research  significantly  advances  our  understanding  of  polymer
melt rheology and sets the stage for further exploration into the
evolution of entanglements in polymer systems.

Moving  forward,  it  is  imperative  to  delve  deeper  into  the
specific  molecular  mechanisms  behind  the  behaviors  ob-
served in this  study.  The FT-PPA method utilized here shows
promise  as  a  powerful  tool  for  addressing  unresolved  chal-
lenges  in  analyzing  polymer  melts  with  the  same  entangle-
ment number per chain. Further research is needed to devel-
op accurate predictive models that can effectively capture the
complex interplay between polymer conformation, entangle-
ment, and rheological properties. Investigating the impact of
entanglements on polymer behavior under high-rate elonga-
tional  flow  will  not  only  enhance  our  fundamental  under-
standing  but  also  pave  the  way  for  practical  applications  in
various  fields  of  polymer  rheology.  Future  studies[48] should
focus on elucidating the relationship between stretching rate,
chain  alignment,  and  entanglement  dynamics  to  provide  a
comprehensive framework for predicting and controlling the
rheological  behavior  of  entangled  polymer  systems.  By  con-
tinuing to explore these avenues, we can unlock new insights
and  innovations  that  will  advance  the  field  of  polymer  melt
rheology and its diverse applications.
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