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Abstract   We  propose  a  unified  thermodynamic  model  of  flow-induced  crystallization  of  polymer  (uFIC),  which  incorporates  not  only  the

conformational entropy reduction but also the contributions of flow-induced chain orientation, the interaction of ordered segments, and the free

energy of crystal nucleus and crystal morphology. Specifically, it clarifies the determining parameters of the critical crystal nucleus size, and is able

to account for the acceleration of nucleation, the emergence of precursor, different crystal morphologies and structures induced by flow. Based

on the nucleation barrier under flow, we analyze at which condition precursor may occur and how flow affects the competition among different

crystal forms such as orthorhombic and hexagonal phases of polyethylene. According to the uFIC model, the different crystal morphologies and

structures in the flow-temperature space have been clarified, which give a good agreement with experiments of FIC.
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INTRODUCTION

Flow-  or  strain-induced  crystallization  (FIC  or  SIC)  of  polymers
occurs  not  only  in  processing  like  film  blowing,  injection
molding  and  fiber  spinning,  but  also  in  service  of  some
polymers  like  natural  rubber  and  shape  memory  materials.[1−5]

Though  large  efforts  from  both  academic  and  industrial
communities  have  been  devoted  for  understanding  FIC,  it  still
remains  as  a  classic  and  important  challenge  in  polymer
physics.[5,6] In  recent  two  decades,  new  techniques  such  as in
situ synchrotron  radiation  X-ray  scattering  and  computer
simulations  provide  more  in-depth  information  about  the
kinetic pathway of FIC, but we still lack a thermodynamic theory
of  FIC  to  incorporate  these  new  observations,  such  as  the
mesophase  or  precursor,  shish-kebab,  and  the  emergence  of
new crystal forms.[7−15]
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At present, Flory’s conformational entropy reduction mod-
el  (CERM)  proposed  in  1947  is  the  most  widely  recognized
model  for  FIC,  which was originated from uniaxial  stretching
of natural rubber.[16] CERM depicts a process of flow-induced
chain straightening,  which results  in  conformational  entropy
reduction  (CER, )  of  melt.  Based  on  the  classic  nucle-
ation  theory  (see Fig.  1a),  CERM  simply  incorporates 
(see Fig.  1b) and expresses the nucleation barrier under flow

 as
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where  represents  the  nucleation  barrier  at  quiescent

condition.  As  is  negative,  thus ,  namely  the
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Fig. 1    Schematic illustration of the free energy barrier of nucleation
(a) at quiescent condition and (b) under flow from the conformational
entropy  reduction  (CERM)  model.  and  are  the  nucleation
barrier  at  quiescent  condition  and  under  flow;  is  the
conformational entropy reduction of melt induced by flow.
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nucleation barrier  is  reduced.  Correspondingly,  the equilibrium
melting  temperature  of  the  crystal  increases  under  flow,
which can be written as

1
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where  and  are the equilibrium melting temperature and
the crystallization enthalpy of the crystal at quiescent condition,
respectively.  CERM  can  qualitatively  account  for  flow-induced
enhancement of nucleation rate and has been widely employed
to  explain  FIC  experiments  and  simulations.[12−14] Later  on,
although various expressions of  have been introduced by
different  groups  and  chain  dynamics  of  polymer  without
crosslink  is  also  considered,  new  models  keep  the  essential
physics  of  CERM  and  take  as  the  core  contributor  in
understanding FIC.[17−19]
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Conformational  entropy is  a  global  parameter on the indi-
vidual  chains,  while  nucleation  and  crystallization  are  pack-
ing processes involving local  multi-chain segments,  suggest-
ing that  may not be the most important contributor in
FIC. Indeed, CERM misses several important physics observed
in experiments and simulations.[20−25] Fig. 2 presents a schem-
atic illustration of the factors modified by flow. Starting from
the classic nucleation theory with liquid and crystal states, we
first examine what happen in the initial polymer liquid under
flow.  (i)  Chain orientation.  Chain straightening or  only
considers  individual  chains  and  does  not  take  chain  orienta-
tion  or  parallel  packing  involving  multi-chain  segments  into
account,  while  parallel  packing  of  segments  is  inevitably  re-
quired  in  crystal  nucleation.  In  uniaxial  flow,  the  chain
straightening  and  chain  orientation  occur  synchronously,
leading  to  little  attention  on  the  effect  of  orientation  on  FIC
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for a long period. However, a recent discovery about the frus-
trating SIC of natural rubber during biaxial stretching has sug-
gested  the  crucial  role  of  chain  orientation  on  FIC.[20] There-
fore, in addition to , entropy change related to orienta-
tion  should be put into the theory of FIC separately. (ii)
Chain interaction. Flow-induced preordering or precursor has
been widely  reported in  FIC experiments,  in  which non-crys-
talline shish detected with in situ X-ray scattering is a repres-
entative  example.[9,26] These  experimental  observations  re-
veal that not only entropy but also enthalpy or molecular in-
teractions  are  changed  by  flow.  Thus  flow-induced  enthalpy

change  of  polymer  liquid  should  be  considered  in  FIC

theory.  After depicting the initial  liquid, we then shift  our at-
tention  to  the  final  crystalline  state.  (iii)  Crystal  morphology
and  structure.  Flow  modifies  crystal  morphology  (e.g.,  from
lamellae  to  shish-kebab)  and  crystal  form  (e.g.,  from  or-
thorhombic  to  hexagonal  crystals  for  polyethylene  (PE))  has
been  largely  documented  since  the  earliest  FIC  study,[27−33]

but  historically,  these  factors  had  been  surprisingly  over-
looked  in  FIC  theory.  If  flow  induces  new  crystal  forms,  en-
thalpy  difference  between  crystals  at  quiescent  and
strained  conditions  should  be  introduced.  Meanwhile,  trans-
forming  crystal  morphology  from  lamellae  to  shish  should
change  the  free  energy  density  of  end  surface,  that  is,  from
folded-chain  surface  to  extended-chain  surface .  Evid-
ently,  in  addition  to  in  CERM,  the  new  FIC  theory
should consider the above three factors.

Based on the experiment and simulation results,  FIC mod-
els incorporating the effects of orientation, chain interaction,
new crystal morphology and structure have been proposed in
recent  years,  which,  however,  were  considered  separately.
Chen et  al.[20] introduced  the  orientation  entropy  and  the
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Fig.  2    Flow-induced  changes  of  the  physical  parameters  in  FIC.  and  are  the  entropy  change  of
conformation  and  orientation  of  melt  induced  by  flow;  is  the  enthalpy  change  of  polymer  melt  due  to  the
interaction  of  ordered  segments;  is  the  enthalpy  difference  between  two  crystal  forms  like  flow-induced
orthorhombic and hexagonal phases of PE;  and  are the free energy densities of crystal end surface at quiescent
condition and under flow.
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chain  interaction  between  the  ordered  segments,  while  Liu
et  al.[24] took  the  free  energy  change  of  the  final  crystalline
state  into  account  and  proposed  the  entropy  reduction-en-
ergy  change  (ER-EC)  model.  Although  these  efforts  make  a
stepwise progress for understanding FIC, a unified FIC theory
incorporating  the  above  three  factors  has  not  been  de-
veloped yet.
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In this work, starting from classic nucleation theory, we pro-
pose  a  thermodynamic  model  for  FIC  to  unify  flow-induced
changes  of  conformational  entropy ,  orientation  en-
tropy ,  chain  interaction  of  polymer  liquid ,  and

modifications  of  crystal  structure  and  morphology .
Our model is a thermodynamically phenomenological model
but  explicitly  unifies  all  structural  changes  in  FIC  study.  For
the  convenience  of  description,  we  name  it  as  uFIC  model
hereafter.  The  possible  calculation  methods  for  the  changes
of  conformational  entropy ,  orientation  entropy 
and chain interaction of  polymer liquid  are  given in  the
Appendix, as they have been discussed in early studies.[16,20]

THEORY AND METHOD

μ = H − TS

To  deduce  the  uFIC  model,  we  first  incorporate  flow-induced
variations  of  entropy  and  enthalpy  into  the  chemical  potential

.  The  chemical  potential  difference  per  unit  volume
between  polymer  crystal  and  melt  (liquid)  phases  under  flow
can be written as

Δμf = ΔHf −TΔSf = ΔH+ΔHc
f −ΔHl

f −T (ΔS − (ΔScon + ΔSori)) (3)

ΔH ΔHf = ΔH + ΔHc
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where  and  are  the  crystallization
enthalpies  of  polymer  melt  at  quiescent  condition  and  under
flow,  respectively.  While  and 
are the crystallization entropies of polymer melt at quiescent
condition and under flow, respectively. Here, the contribution
of conformation and orientation to the entropy change of the
melt  are  considered.  Note  in  current  work,  the  symbols  with
subscript “f” represent the physical parameters under flow. In
Eq.  (3),  we  assume  that  the  difference  in  the  entropies  of
crystal  phase  between  quiescent  and  strained  conditions  is
negligible.  At  the  equilibrium  melting  temperature  under
flow ,  the  chemical  potential  of  these  two  phases  is  equal,

, which results in
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Then, Eq. (3) can be written as

Δμf = ΔHf (1 −
T
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ΔS
where  is  the  supercooling  under  flow.  Inserting 

into  Eq.  (4)  and  taking  the  reciprocal  lead  to  the  following
equation
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Tc

The CERM and other FIC models generally assume that the
free energies of  the critical  nucleus and the final  state under
flow keep the same as those at quiescent condition. However,
at the same crystallization temperature , the size of the crit-
ical  crystal  nucleus  should decrease as  the equivalent  super-

cooling  under  flow  is  expected  to  increase.  Obviously,  the
free energy landscape changes under flow, which will be con-
sidered in our uFIC model (see Fig. 3a). Following the classical
nucleation  theory,[34] the  free  energy  change  for  the  forma-
tion of a cylindrical crystal nucleus from the liquid phase un-
der flow is given by

ΔGf = πR2LΔμf + 2πRLσsf + 2πR2σef (7)
σef σsf

L R
Δμf

Lcf
Rcf

ΔGf L R

where  and  are the free energy densities for the end and
side  surfaces  of  a  cylindrical  nucleus  of  length  and  radius 
under  flow,  is  the  chemical  potential  difference  per  unit
volume  between  the  crystal  and  melt  phases  under  flow.
Combining  Eq.  (5),  the  critical  nucleus  thickness  and  the
critical nucleus radius  are obtained by finding the maximum
in  with respect to nucleus length  and nucleus radius  in
Eq. (7), ⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
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where  we  assume  that  the  ratios  of  these  two  values  to  the
length  and  radius  of  the  critical  nucleus  at  quiescent
condition  are  and ,  respectively.  Then  the  free  energy
densities of the end and side surfaces of crystals under flow can
be obtained as ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
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Fig. 3    Schematic illustration of the free energy barrier of nucleation
under  flow.  (a)  The  uFIC  model  incorporates  the  entropy  change  of
polymer  melt  originated  from  conformation  and  orientation

,  enthalpy  change  of  polymer  melt  due  to
oriented segments and the free energy change of final  nucleus with
different  crystal  morphologies  and  structures  induced  by  flow .
(b)  The  condition  for  the  existence  of  a  thermodynamically
metastable intermediate phase under flow.
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Lcf RcfSubstituting  these  expressions  of  and  into  Eq.  (7)
leads to the free energy barrier  of  critical  crystal  nucleus un-
der flow as

ΔG∗
f =

8πσef(σsf)2(T0
mf)2

(ΔHf)2(ΔTf)2 (10)

σef σsfInserting  and  of  Eq.  (9)  into  Eq.  (10),  we  have  the
nucleation barrier of critical nucleus under flow as

ΔG∗
f = K (1 +

1
Δμ0

(ΔHc
f − ΔHl

f) + 1
Δμ0

T(ΔScon + ΔSori))ΔG∗
0

(11)

ΔG∗
0 Δμ0where  and  are the nucleation barrier of critical nucleus

and the chemical potential difference per unit volume between
polymer crystal and melt (liquid) phases at quiescent condition,
respectively. We also inform a shape factor K as

K = KLK
2
R =

Vcf

Vc
(12)

Vc Vcfwhere  and  are the volume of critical cylindrical nucleus at
quiescent condition and under flow, respectively.  According to
Eq. (3) and Eq. (9), Eq. (11) can be further written as
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σs
)2(Δμ0
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DISCUSSION

σsf
σs

= 1

As  the  uFIC  model  takes  both  flow-induced  modifications  of
liquid and crystal into account, it is expected that this model can
explain all the experimental observations of FIC. To analyze how
flow  affects  nucleation  process,  we  compare  the  nucleation
barriers  at  flow and quiescent conditions.  Here we assume the
free  energy  density  of  the  crystal  side  surface  under  flow  is

unchanged, ,  then  the  ratio  of  the  nucleation  barriers

between these two conditions is

ΔG∗
f

ΔG∗
0

= (σef
σe

) (Δμ0

Δμf
)2

(14)

Taking  the  nucleation  barrier  expressed  in  Eq.  (14)  as  the
basic starting point,  we are going to discuss the 4 character-
istic  observations  in  FIC  experiments:  (i)  accelerating  nucle-
ation;  (ii)  changing  the  nucleus  from  lamellae  to  shish;  (iii)
preordering; and (iv) inducing new crystal form.

(i) Accelerating Nucleation
If  we assume flow only  changes the melt  entropy,  Eq.  (14)  can
be re-written as

ΔG∗
f

ΔG∗
0

= (σef
σe

) [1 −
T(ΔScon + ΔSori)

Δμ0 + T(ΔScon + ΔSori) ]2

(15)
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Below  the  equilibrium  melting  temperature  ( ),
.  The  molecular  chain  is  stretched  and  oriented  by

flow, , .  Un-

der  a relative weak  flow,  free  energy  density  of  the  end  sur-
face of crystal keeps the same as that at quiescent condition,

namely , then . Here we should notice that be-

sides  decreasing  the  nucleation  barrier, flow can  also  en-
hance the movement  ability  of  polymer  segments  along the

σef
σe

> 1

ΔT<0 Δμ0>0

Tc>T
0
m Tc<T

0
mf

ΔG∗
f

ΔG∗
0

< 1 T (ΔScon + ΔSori) <
−Δμ0

ΔT<0

stretching direction,  which would lead to the increase of the
pre-factor of the nucleation rate. Both the two could lead to a
higher  nucleation  rate  as  observed  in  FIC  experiments  and
simulations.[10−13,35−37] As the flow strength increases, the de-
gree of molecular chain stretching increases, which can trans-
form  the  crystal  nucleus  from  lamellae  to  fringed  micellar
structure.[38] Owning  to  the  end  surface  crowding  effect  of
the  fringed micellar  structure,  it  has  a  larger  surface  free  en-

ergy, ,  which  would  have  some  hindering  effects  on

FIC.  When  the  external  flow  is  sufficient  strong  that  the
crowding effect on the crystal surface has the opportunity to
be counteracted by the tensile stress on the molecular chain,
the  free  energy  density  of  end  surface  is  reduced.  Here,  the
crystal  morphology and structure may change, which will  be
discussed  below.  At  ( ),  namely  FIC  occurs  at

 (but ),  requires 

,  which supports that  the  deformation  exceeding  the
critical  strain  is  a  necessary  condition  for  FIC  to  occur  at

.

(ii) Changing the Nucleus from Lamellae to Shish

σef
σe

> 1

σsf
σs

≈ 1

K

Considering  that  the  free  energy  density  of  the  crystal  end

surface  increases  due  to  the  external  flow, ,  but  the

crystal  form  does  not  change,  then  the  transformation  from
lamellar to shish nucleus can occur. The dimension of a nucleus
in different directions is proportional to the free energy density

of its perpendicular surface[34] and , then according to Eq.

(9), the shape factor  can be written as

K = (σef
σe

) (Δμ0

Δμf
)3
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Here, combined with Eq. (3), we clarify the determinants of
the  critical  crystal  nucleus  size,  including conformational  en-
tropy  change ,  orientation  entropy  change  en-

thalpy change of polymer melt  and crystal , and crys-

tal morphology . And compared with Eq. (14), under flow,

,  then ,  which  means  that  the  critical  crystal

nucleus size is  more reduced than the nucleation barrier  un-
der  flow,  and  this  is  consistent  with  the  results  of
simulation.[10]

L0 = 20 nm R0 = 10 nm
Δμf Δμ0

Rf
σef
σe

= 5 K = 5
8

Lcf

σef
σe

= 5

Taking a lamellar nucleus with  and 
at quiescent condition, if  in FIC is twice as much as  at
quiescent  condition,  will  be  3.5  nm.  Here,  owning  to  the

surface  crowding  effect,  we  assume  that ,  then 

and the  increases to 100 nm in the scale of shish observed
in FIC. This simple estimation is reasonable as compared with
experimental observations.[24] Obviously, to meet the precon-

dition  of ,  the  applied  flow  field  must  reach  a  certain

strength,  that  is,  only  when  the  strain  or  strain  rate  is  suffi-
ciently high can shish-like crystalline structure be formed.

(iii) Preordering
If a precursor emerges in FIC with no change of the final crystal
form,  which  may  be  either  a  transient  kinetic  state  or  a
thermodynamic  metastable  phase  corresponding  to  a  free
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energy local minimum, the ratio of nucleation barriers is
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Obviously, when FIC occurs, 

.  Here,  the  change  of  the  free  energy  density  of  the
crystal end surface under flow needs to be considered separ-

ately.  (i) .  The  chains  in  pre-ordered  structure  are  ar-

ranged  in  parallel  and  retain  some  freedom  of  its  own  axes.
Compared with the crystal-melt interface, the density and en-
thalpy difference between pre-ordered structure and the melt
is  smaller,  which  results  in  a  smaller  free  energy  density.[39]

Therefore,  the  condition  of  may

occur  (see Fig.  3b),  which  supports  that  the  precursor  is  a
thermodynamically  metastable  phase.  The  occurence  of
this  metastable  precursor  has  been  observed  in  FIC  ex-
periments  on  polyethylene  and  other  polymers,[7,40] which
can  be  qualitatively  understood  with  current  uFIC  model  as

discussed  above.  ii) .  The  fringed  micellar  structure  of

crystal  nucleus  is  induced by strong flow,  with  an extended-
chain  surface  of  higher  free  energy  density.  So  the  condi-

tion  for  acceleration  of  nucleation  requires

. Here,  the  precursor  is  thermody-
namically unfavorable as compared with polymer melt, which
however may still occur as a transient kinetic state under flow.

(iv) Inducing New Crystal Form

ΔHc
f > 0

Finally we consider the situation with the competition between
two  crystal  forms  like  flow-induced  orthorhombic  and
hexagonal phases of PE,  where .  According to Eq.  (13),
the ratio between their nucleation barriers is written as
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where  ( )  is  nucleation  barrier  of  orthorhombic
(hexagonal)  phase  under  flow,  ( )  is  the  chemical
potential  difference  per  unit  volume  between  orthorhombic

(hexagonal) crystal and polymer melt under flow, and  

is  the  free  energy  density  of  orthorhombic  (hexagonal)  crystal
end surface under flow. Obviously,  in FIC, as ,

and  then .  According  to  the  relationship  of  ratio

 and  the  crystallization  enthalpy  ratio  between

orthorhombic  phase  and  hexagonal  phase, 

and ,[41−43] then .  Therefore,  the  condition

for  favorable  formation  of  the  hexagonal  phase 

requires . Combining Eq. (16), the relationship
between  and  the  critical  nucleus  size,  it  proves  that  for  a
significantly smaller critical nucleus size, the hexagonal phase is
a thermodynamically stable phase, which is in good agreement
with  early  reports.[41] In  addition,  the  driving  force 
required  for  nucleation  increases  with  temperature,  indicating

Th

T>Th

that  there  is  a  critical  temperature ,  above  which  the
hexagonal  phase is  more stable  than the orthorhombic  phase.
Based  on  the  above  discussion,  the  crystal  morphologies  and
structures in the flow-temperature space can be constructed, as
shown  in Fig.  4.  As  the  temperature  increases,  the  required
deformation is  increased for  FIC to occur.  And,  taking PE as  an
example,  the  crystal  morphology  and  structure  gradually
changes  from  orthorhombic  lamellar  crystal  to  orthorhombic
shish crystal, and finally to hexagonal shish crystal at . This
result agrees reasonably well with FIC experiments of PE.[24]

ΔScon

ΔSori ΔHl
f

ΔHc
f σef

The  above  discussion  is  qualitative  and  based  on  some
reasonable  assumptions,  which,  however,  demonstrates  the
capability  of  the uFIC model  on understanding experimental
observations. The CERM may be numerically applied to fit the
flow accelerated nucleation rate, but experimental result sug-
gests  may make a  weak contribution on this  effect.[20]

Moreover,  other  observations  of  FIC,  such  as  precursor,  new
crystal forms and morphologies have never been considered
in the CERM. Through introducing the changes of orientation

entropy ,  chain  interaction  of  polymer  liquid ,  the

modifications  of  crystal  structure  and  morphology ,
uFIC can not only specify the physical origins for accelerating
nucleation rate,  but  also  account  for  almost  all  experimental
observations in FIC. The above discussion only refers to some
specific cases, and the uFIC can be employed to explain other
observations of FIC experiments and simulations.

CONCLUSIONS

Taking all the changes of chain conformation, chain orientation,
interaction of ordered segments in the initial polymer melt, and
the  final  crystal  morphology  and  structure  into  account,  we
propose a uFIC model and rewrite the expression of nucleation
free  energy  barrier  under  flow,  as  presented  in  Eq.  (13).  Our
model  can  not  only  effectively  explain  the  flow-accelerated
polymer nucleation,  but  also offer  understandings of  other  FIC
experimental  observations.  It  theoretically  verifies  that  the
intermediate  phase  or  precursor  is  a  metastable  phase  only

Th

Tc Lamellar  crystal

Flow

Orthorhombic

Hexagonal

Shish

Shish

T

 
Fig.  4    Schematic  illustration  of  the  crystal  morphologies  and
structures of PE in the flow-temperature space.
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when  the  free  energy  density  of  the  interface  between  the
preordering and the melt is smaller than that of the crystal-melt
interface.  Based  on  the  nucleation  barrier  under  flow,  the
competition  of  different  crystal  forms  in  the  flow  can  be
clarified.  Taking  PE  as  an  example,  the  critical  transition
temperature  between  orthorhombic  and  hexagonal  crystal
forms  can  be  determined  by  comparing  the  crystallization
enthalpy and the end surface free energy density. In conclusion,
our  model  has  the  potential  to  be  applied  to  explain  all  the
observations of FIC experiments which have been done before
and can provide a theoretical guidance for further FIC study.

APPENDIX

ΔScon

ΔScon

The  estimation  of  has  been  proposed  by  different
authors  with  different  models.[44−46] Here  we  take  the  simple
one proposed by Flory.[16] At  quiescent condition,  the relative
coordination of chain ends of the equilibrium polymer melt is
approximately  considered to  obey the Gaussian distribution.
Under flow, the amorphous molecular chains are straightened
and deviate from the random configurations, resulting in the
decrease  of  conformational  entropy.  Based  on  Flory’s  CERM
model,  the  conformational  entropy  reduction  can  be
expressed as

ΔScon = 8NckB(β/π1/2)3 ∭ exp [−β2 (x2

λ2
x
+

y2

λ2
y
+

z2

λ2
z
)]×

{A′ − β2 ( n
n − ξ

) [x′2 + y′2 + z′2]dxdydz − Nck (A′ − 3/2)}
(19)

x, y z
x′, y′

z′ kB

β = (3/2n)0.5/l
l

n ξ
Nc

where  and  represent  the  coordinates  of  one  end  of  the
chain with respect to the other at quiescent condition,  and

 are  the  relative  coordination  after  stretching,  is  the
Boltzmann  constant,  represents  the  reciprocal
chain  displacement  value  that  is  the  most  probable,  is  the
Kuhn  length,  is  the  segment  number  per  chain,  is  the
number of segments in the flow-induced crystalline phase,  is
the total number of chains.

Considering the influence of orientation on the free energy
of  the  initial  melt,  the  parallel  arrangement  of  the  local
stretched  segments  leads  to  the  reduction  in  the  number  of
possible conformations of the molecular chain, which is con-
sidered as the entropy effect. At the same time, there is an in-
teraction  between  the  parallel  oriented  segments,  which
manifests as an influence on enthalpy.[20] The entropy change
of the melt caused by the oriented segments is defined as the
orientation  entropy,  based  on  statistical  mechanics  and
Maier-Saupe theory,[47] which can be expressed as

ΔSori=−NskB ⟨lnf (ϕ)⟩=−aN

V2

Ns

T
f2 + NskBln {∫ 1

0
exp [−u (ν, f)

kBT
]dx}
(20)

Ns f (ϕ)
aN V

f
u(ν, f)

ν

where  is  the  number  of  the  ordered  segments,  is  the
distribution  function  of  the  angle  between  segments  and  the
stretching direction,  is a constant related to the mean field, 
is  the  molar  volume  of  the  polymer,  is  the  Hermans’
orientation  parameter,  is  the  internal  energy  of  a
segment,  and  is  the  segment  vector.  Considering  that  the
change of volume of the polymer melt under deformation can
be  ignored,  the  enthalpy  change  of  the  melt  induced  by  flow

ΔHl
f Ns equals  the  internal  energy  change  due  to  oriented

segments,[20,47] which can be expressed as

ΔHl
f = ΔUori =

1
2
Ns

aN

V2
f2 (21)

Through Taylor expansion, ignoring higher-order terms, ac-
cording to the Eqs. (20) and (21), the contribution of orienta-
tion to the free energy of the melt can be written as follows

ΔGl
ori = ΔUori − TΔSori = af2 + bf3 + cf4 (22)

where a, b,  and c are  constants  related  to  pressure  and
temperature.

ΔHc
f

The  existence  of  crystals  with  different  morphologies  and
structures  under  flow  indicates  that  the  existence  of  the  en-
thalpy change of the crystal  induced by flow, which can
be obtained from the melting enthalpy of  the different  crys-
tals.
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