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Summary
The fo rmat ion  o f  β -cy l ind r i t i c  m ic romorpho log ic  s t ruc tu re
produced  by  pu l l ing  a  Kev la r  f ibe r  f rom an  iso therma l
c rys ta l l i z ing  β -nuc lea ted  iso tac t ic  po lyp ropy lene  me l t  (a t
T c=133°C)  has been  s tud ied  by  us ing  po la r ized  l igh t
m ic roscope ,  phase con t ras t  op t ica l  m ic roscope ,  scann ing
e lec t ron  and  a tomic  fo rce  mic roscopes .  The  mic rographs
revea l  a  c lear l y  in te r fac ia l  shear  zone ,  α -cy l ind r i te ,  β -
cy l ind r i te  and  β -spheru l i tes  near  the  sheared  layer .  Some o f
the  po in t - l i ke  β -nuc le i  was  no t  o r ig ina ted  f rom the  su r face
o f  the  in te r fac ia l  shear  zone .  A  mod i f ied  mode l  based  upon
the  theory  o f  shear - induced  c rys ta l l i za t ion  can  exp la in  the
phenomenon o f  po lymorph ic  s t ruc tu re  and  the  boundary  shape
near  the  in te r face  w i thou t  assuming  ep i tax ia l  g rowth .

In t roduc t ion
I so tac t ic  po lyp ropy lene  ( iPP)  i s  a  po lymorph ic  mater ia l  w i th
a  number  o f  c rys ta l  mod i f i ca t ions .  Three  c rys ta l l i ne  phases
are  we l l  known fo r  iPP:  α  monoc l in ic  phase (1 ) ,  β  hexagona l
phase (2 ,3 ) ,  and  γ  o r tho rhombic  phase (4 -6 ) .  Usua l ly  iPP
crys ta l l i zes  in  the  most  thermodynamica l l y  s tab le  α -phase
f rom the  me l t .  The  b i re f r ingence  o f  α -phase spheru l i tes  i s
pos i t i ve ,  negat ive  o r  m ixed  type  depend ing  on  the
crys ta l l i za t ion  tempera tu re  (7 ) .  These spheru l i tes  a re
eas i l y  d is t ingu ished  f rom β -phase spheru l i tes  wh ich  revea led
a  very  s t rong  nega t ive  b i re f r ingence .  The  metas tab le  β -phase
crys ta l l i zes  f rom the  me l t  in  tempera tu re  range  o f  105-
135°C.  Severa l  fac to rs  favor  β -phase  c rys ta l l i za t ion :
the rma l  g rad ien t ,  shear ing  o r  e longa t ion  o f  the  me l t  du r ing
c rys ta l l i za t ion  and  nuc lea t ing  agen ts  in  the  po lymer .
The  iPP morpho logy  near  the  sheared  layer  was most  s tud ied
by  a  the rmo-op t ica l  method  on ly .  Leuger ing  e t  a l .  (8 )  f i r s t
po in ted  ou t  the  fac t  tha t  shear ing  o f  iPP inc reases  the
amounts  o f  the  β -mod i f i ca t ion .  Dragaun  e t  a l .  (9 )
demonst ra ted  tha t  a  c r i t i ca l  th resho ld  o f  shear  ra te  has  to
be  exceeded fo r  β -phase  c rys ta l l i za t ion .  Varga  (10)  found
tha t  the  a  and  β  phases  coex is t  in  the  t ranscrys ta l l ine- l i ke
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in te rphase reg ion  by  se lec t ive  me l t ing  o f  the  β -phase .  Varga
and Karger -Kocs is  (11-13)  suggest  th is  t ranscrys ta l l i ne - l i ke
(o r  cy l ind r i t i c )  c rys ta l l i za t ion  i s  induced  by  se l f -
nuc lea t ion  o f  the  iPP,  wh ich  is  d i f fe ren t  f rom he terogeneous
nuc lea t ion .  Due to  the  l im i ted  reso lu t ion  o f  po la r ized  l igh t
m ic roscopy  (PLM) ,  the  m ic romorpho log ic  fea tu re  a t  the  f ibe r -
po lymer  in te r face  cannot  be  cap tu red .  The  au thors  (14 ,15)
suggested  a  mode l  to  exp la in  the  fo rmat ion  o f  th is
po lymorph ic  s t ruc tu re  by  assuming  tha t  me l t -shear ing ,  caused
by  f ibe r  pu l l ing ,  i s  assoc ia ted  w i th  the  fo rmat ion  o f  α - row
nuc le i .  The  sur face  o f  the  in -s i tu  fo rmed α - row nuc le i  may
induce  the  nuc lea t ion  o f  the  β -phase .  They  be l ieved  tha t
au to -ep i taxy  in  iPP may  be  a  poss ib le  exp lana t ion  fo r  the
observed  α -β  b i fu rca t ion  on  the  α  row-nuc le i .
Kobayash i  e t  a l .  (16 )  der ived  a  se t  o f  equa t ions  fo r  the
sheared  po lymer  me l t .  They  accoun ted  fo r  the  en t ropy
decrease  by  mo lecu la r  o r ien ta t ion .  In  the  h igh  tempera tu re
reg ion ,  bo th  ra tes  o f  nuc lea t ion  and  g rowth  inc rease  rap id ly
w i th  mo lecu la r  o r ien ta t ion .  Yeh  and  Hong (17 ,18)  es t imated
tha t  the  t remendous inc rease  o f  nuc lea t ion  ra tes  in  sheared
po lye thy lene  me l t  can  be  severa l  o rders  o f  magn i tude  h igher
than  tha t  in  the  qu iescen t  s ta te  i f  the  nuc lea t ion  i s
heterogeneous, and the enhancement in homogeneous nucleat ion
is  much  h igher .  In  a  recen t  paper ,  Vancso  e t  a l .  (19)
repor ted  the  resu l ts  o f  a tomic  fo rce  m ic roscopy  (AFM)  s tudy
wh ich  a imed a t  imag ing  in te r fac ia l  morpho log ies .
Un fo r tuna te ly ,  i t  i s  s t i l l  an  open  ques t ion ,  whether  au to -
ep i taxy  in  iPP can  fu l l y  exp la in  the  exper imenta l
observa t ions  o r  no t .  In  con t ras t  to  p rev ious works  o f  PLM,
the  a im o f  th is  con t r ibu t ion  i s  to  c la r i f y  the  na tu re  o f  the
cy l indr i t i c  m ic romorpho log ic  fea tu re  a t  the  β - iPP/Kev la r  49
in te r face .  A  mod i f ied  schemat ic  d iagram dep ic t ing  the
po lymorph ic  boundary  l ines  is  p roposed  and  the  o r ig in  o f  β -
cy l ind r i te  i s  d iscussed  w i thou t  the  assumpt ion  o f  ep i tax ia l
c rys ta l l i za t ion .

Exper imenta l
The β - iPP res in  used  in  th is  s tudy  was a  Dap len  BE 50  821c
grade ,  marke ted  by  PCD (L inz ,  Aus t r ia ) .  An  Aramid  f ibe r
(Kev la r  49 ,  DuPont ,  USA)  was  p laced  in  an  iPP f i lm be tween
two g lasses wh ich  resu l ted  in  a  th ickness abou t  30 -50  µm.
PLM invest iga t ions  were  car r ied  ou t  in  a  Le i tz  D ia lux  20
mic roscope ,  equ ipped  w i th  a  ho t  s tage .  The  spec imens were
heated  to  200°C and  ma in ta ined  a t  th is  mo l ten  s ta te  fo r  5
min .  The  ho t  s tage  was  then  coo led  to  the  c rys ta l l i za t ion
tempera tu re  (Tc=133°C)  a t  a  ra te  o f  40°C/min .  The  f ibe r  was
manua l ly  pu l led  a t  Tc  and  the  spec imens  were  a l lowed to
c rys ta l l i ze  fo r  1  h r .  These  spec imens  were  la te r  e tched
chemica l l y  accord ing  to  the  p rocedure  o f  O l ley  and  Basse t t
(20)  in  o rder  to  s tudy  the  in te r face  morpho logy  by  phase
contrast opt ical  microscopy (PCLM; Leitz,  Wetzlar,  Germany),
AFM, and scanning electron microscopy (SEM; Jeol 6400).  AFM
exper iments  were  per fo rmed a t  amb ien t  cond i t ion  in  a  tapp ing
mode by  us ing  a  NanoScope I I Ia  se tup  (D ig i ta l  Ins t ruments) .
The  scann ing  f requency  was 0 .6  Hz  and  a l l  images shown were
cap tu red  w i thou t  the  use  o f  image f i l t e r ing .
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Resu l ts  and d iscuss ion
The PLM mic rographs in  F igs .  1a  and  1b  exh ib i t  the  bas ic
fea tu res  o f  shear  induced  cy l ind r i t i c  morpho logy .  When  a
f iber  was  pu l led  in  the  mat r i ces  o f  β - iPP a t  Tc ,  a  β -phase
cy l ind r i t i c  s t ruc tu re  appeared  (F ig .  1a) .  As  the  tempera tu re
was  inc reased f rom Tc to  156°C,  the  β -spheru l i tes  and  the  β -
cy l ind r i t i c  layer  me l ted  and  the  “saw tee th ”  α  phase  nearby
the  f ibe r  su rv ived ,  as  shown in  F ig .  1b .  Th is  observa t ion
agrees  w i th  the  p rev ious  resu l ts  f rom the  thermo-op t i ca l
s tud ies  o f  α - iPP (7 -9 ,11-15) .  In  add i t ion  to  the  cy l ind r i te
the  sample  con ta ins  the  α -  and  β -mod i f i ca t ion  c rys ta ls  in  a
grea t  dens i ty  wh ich  resu l ts  in  d is to r ted  boundary  be tween
the  α -  and  β -spheru l i tes .  The  α -spheru l i tes  appear  in  the
sample  and  genera l l y  a t  a  cons iderab le  de lay .

F ig .  2  dep ic ts  the  morpho logy  a f te r  chemica l  e tch ing
revea led  by  PCLM wh ich  shows a  c lear l y  in te r fac ia l  shear
zone (p re -o r ien ted  c rys ta l l i ne  zone near  the  bo t tom edge) ,
α -  and  β -cy l ind r i t i c  layers .
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The β -cy l indr i t i c  layer  i s  about  a  few µm to  10  µm d is tan t
f rom the  shear  zone  con ta in ing  o r ien ted  po lymer  cha ins  a long
the  f ibe r  leng th .  Th is  m ic rograph  shows the  in te r fac ia l
reg ion  near  the  f ibe r -me l t  in te r face  w i th  a  magn i f i ca t ion
s ign i f i can t ly  h igher  than  the  reso lu t ion  l im i t  o f  op t i ca l
m ic roscopy .  I t  y ie lds  va luab le  in fo rmat ion  regard ing  the
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mic romorpho log ic  fea tu re  o f  sheared  me l t  in  the  v ic in i ty  o f
f ibe r  and  ind ica tes  the  imp ingement  l ines  be tween the  α -  and
β -cy l ind r i t i c  layers  a re  no t  comp le te ly  s t ra igh t .  Some o f
the  boundary  l ines  be tween the  α - cy l ind r i te  and  β -
spheru l i tes  ( la te r  deve loped  in to  β -cy l ind r i te )  a re
hyperbo l i c .
F ig .  3a  dep ic ts  the  mic romorpho log ic  fea tu re  a f te r  chemica l
e tch ing  revea led  by  SEM wh ich  shows α -cy l ind r i t i c  layer ,  β -
cy l ind r i t i c  layer ,  and  a  c lear ly  p re -o r ien ted  c rys ta l l i ne
zone  on  the  bo t tom s ide  o f  the  pu l led  f ibe r .  A  c lose-up  o f
the  α - cy l ind r i te  tex tu re  near  the  bo t tom s ide  o f  f ibe r  i s
shown in  F igs .  3b  and  3c .  The  number  (o r  the  dens i ty )  o f  α -
nuc le i  a t  0 -10  µm d is tan t  f rom the  shear  zone  i s  la rger
compared  w i th  the  po in t - l i ke  β -nuc le i .  Thus α  cy l ind r i te
fo rmat ion  is  favored  in  the  c lose  v ic in i ty  o f  the  f ibe r .  As
shown in  the  m ic rographs (F ig .  3 ) ,  an  α -cy l ind r i te  w i th  pa lm
shape is  fo rmed w i th  a  d is tance  o f  abou t  20  µm between  two
po in t - l i ke  β -nuc le i  wh ich  i s  no t  loca ted  on  the  sur face  o f
p re-o r ien ted  c rys ta l l ine  zone.  Because o f  the  g rea ter  g rowth
ra te  o f  the  β -phase  (Gβ )  w i th  regard  to  the  α -phase  (Gα )
(21) ,  the  β -spheru l i tes  w i l l  encompass  the  α -cy l ind r i te ,
wh ich  thus  becomes an  inc lus ion .  Dur ing  the  fo rmat ion  o f  an
inc lus ion ,  the  g rowing  f ron ts  o f  the  β -spheru l i tes  meet
beh ind  the  inc lus ion  fo rm ing  a  s t ra igh t  in t r ins ic  β β -
spheru l i t i c  boundary ,  wh ich  leads to  the  charac te r i s t i ca l l y
mic romorpho log ic  fea tu re  o f  β - cy l ind r i te .  F ig .  4  d isp lays
(40µm)2 scan :  the  f ibe r  i s  loca ted  near  the  bo t tom marg in  o f
the  m ic rograph  ( the  f ibe r  i t se l f  i s  no t  shown) .  The  bas ic
mic romorpho log ic  fea tu re  observed  in  AFM image is  s im i la r  to
the  images ob ta ined  by  SEM:  the  po in t - l i ke  β -nuc le i  in  the
v ic in i ty  o f  f ibe r  a re  obv ious and  the  β -cy l ind r i t i c
s t ruc tu re  can  be  c lear l y  seen .  AFM image showing  the  po in t -
l i ke  β -nuc le i  ind ica tes  the  number  o f  α -nuc le i  a re  much
la rger  nearby  the  pu l led  f ibe r .

The  mic romorpho log ic  fea tu re  nearby  the  pu l led  f ibe r  i s
shown as  be ing  α  phase  in  F ig .  1b .  I t  shou ld  be  no t iced  tha t
there  a re  β  he te rogeneous nuc le i  in  β - iPP mel ts .  By  pu l l ing
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a  f ibe r ,  the  induced  α -  and  β -c rys ta l l i za t ion  near  the
in te r face  s ta r ted  ear l ie r  than  fo r  the  he te rogeneous  o r
homogeneous ones and  Nα>Nβ ,  where  N i s  the  number  o f  s tab le
nuc le i .  An  overg rowth  o f  the  β -phase  was observed  fo r
tempera tu res  100°C <Tc ≤T p u l l  <140°C,  where  Gβ >Gα  (21 ) .  Tp u l l

i s  the  f ibe r  pu l l i ng  tempera tu re .  The  ear l ie r  s tage  o f
fo rmat ion  o f  the  β -cy l ind r i t i c  layer  inh ib i ts  the  g rowth  o f
β  heterogenerous and α homogeneous nuclei .  The shear- induced
crys ta l l i za t ion  is  loca ted  on ly  tens  o f  m ic rons d is tan t  f rom
the  f iber  sur face .  Th is  i s  as  a  resu l t  o f  the  s t rong
decrease  o f  shear  s t ress  in  rad ia l  d i rec t ion  o f  the  pu l led
f ibe r  (22) .
Varga  quan t i ta t i ve ly  ana lyzed  the  boundary  l i nes  deve loped
between  cy l ind r i te  and  spheru l i te  by  us ing  mathemat ica l
equa t ions  (10) .  He de f ines  “d ”  as  a  d is tance  f rom the
sur face  o f  the  cy l ind r i te  to  the  nuc leus o f  the  spheru l i te .
I t  shou ld  be  no ted  tha t  the  g rowth  ra te  o f  the  β  phase  is
abou t  30% fas te r  than  tha t  o f  the  α  phase  a t  133°C when
crys ta l l i zed  f rom the  qu iescen t  me l ts  (21 ) ,  i .e . ,  Gβ /Gα ≈1 .3 .
The  re la t ionsh ip  o f  Gβ /Gα>1 s t i l l  ex is ts  in  sheared  me l t  a t
133°C.  In  sheared  iPP mel ts  the  p re-o r ien ted  c rys ta l l ine
zone  i s  fo rmed f i r s t  and  Nα>Nβ  i n  the  v ic in i t y  o f  pu l led
f ibe r .  A  g rea t  number  o f  α  nuc le i  deve lop  in to  α -cy l ind r i te
and  the  po in t - l i ke  β  nuc le i  g row rad ia l l y .  The  boundary
l ines  be tween  α - cy l ind r i te  and  β -spheru l i tes  ( la te r
deve loped  in to  β -cy l ind r i te )  a re  hyperbo l i c  because Gr  (=
Gβ /Gα )  >1 .  S t ra igh t - l ine  boundar ies  may  a lso  be  fo rmed i f  β -
nuc le i  a re  sporad ica l l y  in i t ia ted  on  the  g rowing  a-
cy l ind r i t i c  f ron t ,  i .e . ,  d=0  o r  d→0.  Based  on  the  resu l ts
o f  m ic rographs and  the  theory  o f  shear - induced
crys ta l l i za t ion .  we p ropose  a  mod i f ied  schemat ic  d iagram as
shown in  F ig .  5  wh ich  can  exp la in  the  phenomena o f
po lymorph ic  s t ruc tu re  and  the  boundary  l ines  near  the  pu l led
f ibe r  w i thou t  assuming  ep i tax ia l  g rowth .
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The  exper imenta l l y  observed  shape  o f  boundary  d i f fe rs  f rom
tha t  expec ted  f rom the  above  mode l  because the  dens i t y  o f  β -
nuc le i  depends on  the  app l ied  s t ress  (9 ) ,  the  pu l l ing
tempera tu re ,  and  the  c rys ta l l i za t ion  tempera tu re .

Conc lus ion
The resu l ts  p resen ted  here  show tha t  the  induced α -  and  β -
c rys ta l l i za t ion  near  the  pu l led  f iber  s ta r ts  ear l ie r  than
fo r  the  he te rogeneous o r  homogeneous ones and  the  dens i ty  o f
α -nuc le i  i s  much  h igher  than  tha t  o f  β -nuc le i .  The
po lymorph ic  s t ruc tu re  and  the  boundary  l ines  o f  sheared  β -
iPP me l t  in  the  v ic in i ty  o f  pu l led  f ibe r  can  be  exp la ined
f rom the  theory  o f  s t ress- induced  c rys ta l l i za t ion  and  a
mod i f ied  mode l  w i thou t  assuming  ep i tax ia l  g rowth .
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