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SUMMARY 

Dif ferent  scanning force mic roscopy  [SFM) modes were app l i ed  for the 
examina t ion  of d rawn films of isotact ic  and synd io tac t i c  po lyp ropy lene ,  iPP 
and sPP. Uniaxial ly s t re tched films with a d raw rat io ;g = 6 were studied a t  
amb ien t  condi t ions,  and  under water.  In iPP films st r iated pat terns of 40-50 
nm in width, which are or iented a l o n g t h e  stretching d i rect ion,  exhib i t  shish- 
kebab  morpho logy .  The domina t ing  nanosca le  features are nanofibri ls of 
10-15 nm in width,  and lamel lar  p latelets,  which are 40-50 nm in width and 
30-35 nm in length. In many  p laces lamel lar  p la te le ts  are c losely packed ,  
and  they  form per iod ica l  sequences with a r e p e a t  d is tance of 30-35 nm, 
which is consistent with the I o n g p e r i o d .  Similar and  d i f fer ing morpho log ica l  
features were found compar i ng  the images of IPP and  sPP films. Extended 
f ibri l lar pat terns of sPP exhib i t  similar width in the 40 - 50 nm range,  while the 
lamel lar  structure is more c o m p a c t ,  and the p la te le ts  are less uniform in 
length than those in iPP. The length of lamel lar  p la te le ts  ranges from 30 to 
60 nm, and they  form loca l  per iod ica l  patterns. 

INTRODUCTION 

With the d e v e l o p m e n t  of scanning force m ic roscopy  [SFM) [1] the cha-  
racter izat ion of po lymer  surfaces is essentially improved.  In first SF M app l ica t i -  
ons to polymers the images showed surface features in the i~m scale and 
the mo lecu la r  cha in  a r r a n g e m e n t  in the nm scale [2]. It was also real ized 
tha t  image  ar t i facts  p reven t  a re l iable analysis of the nanosca le  surface 
features. In order to o v e r c o m e  this prob lem an opt imizat ion of exper imenta l  
condi t ions is required.  Essential progress was a c h i e v e d  by  opera t ing  under 
l iquid, where the app l i ed  force is strongly d imin ished in compar ison with 
amb ien t  condi t ion exper iments [3], This allows one to enhance  the resolution 
of imag ing  nanosca le  features and to avo id  sur face mod i f i ca t i on  [4a-4b]. 

With these Improvements  we have de tec ted  for the first t ime an organized 
nanostructure within the topmost  surface layer of d rawn ul trahigh molecu lar  
we igh t  po lye thy lene  (UHMWPE) t a p e s [ 4 b ] .  Or ien ted  features as small as 
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2-3 nm in wid th ,  wh i ch  are a l i gned  a long  the s t re tch ing  d i rec t ion  and  per- 
p e n d i c u l a r  to it, were reso lved in the images r eco rded  wi th a small fo rce  of 
~ 1 nN. The f ound  nanos t ruc tu re  was assigned to interf ibr i l lar and  intraf ibr i l lar 
t ie molecu les ,  wh i ch  are present  on the nano f i b r i l su r face .  An increase of 
the  app l i ed  fo rce  led to a remova l  of the topmos t  layer and  the observa t ion  
of  the nanof ibr i l  core.  The pe r i od i ca l  prof i le wi th a r e p e a t  d i s tance  of ~ 25 
nm was observed  a l ong  the nanof ib r i l  co re  in the images r e c o r d e d  wi th the 
e l e v a t e d  force.  It was f o u n d  tha t  these pe r i od i ca l  var ia t ions are re la ted  to 
the sur face d e f o r m a t i o n  prof i le,  wh i ch  arises from d i f fe ren t  i nden ta t i on  
d e p t h  in hard crysta l l ine and  in soft amorphous  regions wi th in  the core.  

The results o b t a i n e d  by the s tudy of d rawn  UHMW PE tapes  m o t i v a t e d  us 
to a p p l y  SFM to o ther  o r ien ted  polymers,  i so tac t ic  a n d  s y n d i o t a c t i c  po ly-  
p r o p y l e n e ( i P P a n d s P P ) .  Images o b t a i n e d  on d rawn  iPP and  sPP films with 
d i f fe ren t  SFM modes are p resen ted  and  discussed in this paper .  

EXPERIMENTAL PART 

Mater ia ls  

Polymer films for s t re tch ing  exper iments  were  p r e p a r e d  by pressing from 
the mel t  b e t w e e n  glass slides, iPP was f r a c t i o n a t e d ,  and  the se lec ted  po ly-  
mer f rac t ion  exhib i ts  the me l t ing  t e m p e r a t u r e  T m =145"C, 94 % m m m m  pen-  
tades,  M n = 1.0 ' 105 , and  Mw/M n = 2.0. Pressing was c o n d u c t e d  at  200~ in 
v a c u a ,  and  the o b t a i n e d  film of ~ .1 mm thickness was q u e n c h e d  from the 
melt.  St re tch ing was c o n d u c t e d  a t140~  w i t h a s p e e d o f 2 m m / m i n .  The 
d raw  rat io of ;k = 6 was r e a c h e d  in the necked  par t  of the samples. The stri- 
pes c u t t e d  of the n e c k e d  par t  were  e x a m i n e d  wi th SFM. 

The sPP s tud ied  exhibi ts T m = 141~ 92 % of rrrr pen tades ,  and  M n = 1.1 . 
105 , with Mw/M n = 2.5. Films of ~ .1 mm thickness were  o b t a i n e d  by pressing 
from the mel t  a t  180~ in v a c u a .  Before s t re tch ing,  the sPP film was cry- 
stal l ized at  130~  7hours .  St re tch ing was c o n d u c t e d  a t80~  and  
the o r ien ted  mater ia l ,  wi th 7. = 6, was e x a m i n e d  by  SFM. 

In order  to visual ize the crysta l l ine st ructure b e l o w  the skin layer  of un- 
s t re tched iPP and  sPP films, the amorphous  sur face layer of such films was 
r e m o v e d  b y p e r m a n g a n i c  e t ch ing .  The i nves t i ga ted  films were rece i ved  
by  crystal l iz ing 20~ be low  the me l t ing  point .  

M e t h o d  

SFM exper iments  were  c o n d u c t e d  wi th a scann ing  p robe  m ic roscope  
" N a n o s c o p e l l l " ( D i g i t a l l n s t r u m e n t s l n c . ) .  Measurements  were car r ied  out  
in the c o n t a c t  a n d  the t a p p i n g  mode ,  CM and  TM. Dur ing ope ra t i on  in the 
t a p p i n g  m o d e  he igh t  (HT) and  de f l ec t i on  (DF) images were  r eco rded  simul- 
taneous ly .  In the c o n t a c t  m o d e  we regis tered s imu l taneous ly  he igh t  and  
la tera l  fo rce  (LF) images,  In bo th  modes  the HT images co r rec t l y  r e p r o d u c e  
the he igh t  var ia t ions,  whi le  DF and  LF images visual ize f ine m o r p h o l o g i c a l  
fea tures  wi th a be t te r  cont rast .  Exper iments were  c o n d u c t e d  in air and  un- 
der  water ,  the l a t t e r i n  a l i q u i d c e l l f i l l e d  with tw ice  dist i l led water .  Further 



639 

detai ls  of the SFM exper iments can be found in ear l ier  pub l ica t ions [4]. 

Co lo r - coded  SFM images are used in this presentat ion,  brown for iPP and 
red for sPP. A br ighter  contrast  in HTimages is re la ted  to higher surface fea-  
tures. In DF images br ighter  cont rast  ind icates Surface features causing 
larger can t i l eve r  def lect ions.  

RESULTS AND DISCUSSION 

The unst re tched films of mel t -crystal l ized iPP and sPP possess surface lay- 
ers enr iched  in amorphous mater ia l .  In order to observe the crystal l ine 
structure be low the topmost  layer, this layer  was removed  by pe rmangan i c  
e tch ing.  

Isotactio polypropylene 

A SFM image,  which shows the lamel lar  a r r a n g e m e n t  of the crystal l ine 
spherul i t ic structures of iPP be low the skin, ls presented in Fig. 1. Numerous 
l inear pat terns with a width in the 100-150 nm range are observed on the 
e t c h e d  surface. From smaller scole images it was ev iden t  tha t  these pat-  
terns consist of s~veral edge-on  standing lamel los with a thickness around 
15-20 nm. Similar pat terns assigned to th icker  (mother)  and th inner 
(daughte r )  lamel las where found in an ear l ier  SFM study of iPP, c o n d u c t e d  
in air with the c o n t a c t  mode [2d]. Our exper ience shows that  the app l i ca t ion  
of the t app ing  mode  has a d v a n t a g e s  when studying spherul i t ic structures. 
The HT and DF images ob ta ined  in this mode  exhib i t  a be t te r  contrast  than 
those reco rded  in the c o n t a c t  mode.  However,  in both cases the problem 
of deconvo lu t ion  of the contr ibut ions of surface t opog raphy  and of hardness 
to the image  cont rast  is not  ye t  solved [5]. 

To survey the microscop ic  features of sur face structure of or iented iPP 
films we se lec ted  the SFM images recorded  in the t app ing  mode.  In the HT 
image  shown in Fig. 2a one sees a sl ightly co r ruga ted  surface consisting of 
numerous fibrils with a width in the 20-40 nm range.  These fibrils are or iented 
a long the st retch ing d i rect ion.  Bright spots sca t te red  over  the examined  
area might  be re la ted to surface imperfect ions,  such as ends of broken fi- 
brils. At h igher magn i f i ca t ion  one sees a more de ta i led  nanosca le  organiza- 
t ion within the f ibri l lar patterns, Fig. 2b. Many fibrils consist of br ight and 
wide spots, which a l te rna te  with thinner and d immer  spots, like beads on a 
string. These features give rise to the per iod ica l  cont rast  var iat ions with a 
r e p e a t  d is tance of -30-35 nm a long the ind iv idual  fibrils. This repea t  dis- 
t a n c e  is similar t o t h e  va lue of the long period de te rm ined  by d i f f ract ion 
techn iques  for iPP films s t re tched at  e l e v a t e d  tempera tu res  (> 130"C) [6]. 

Detai ls of the sur face nanostructure were revea led  in the contQct  mode  
exper iments  c o n d u c t e d  under water .  Fig. 3a - 3c. The HT image  registered 
with small app l i ed  force (Fig. 3a) demonst ra tes  thin nanofibr i ls of 10-15 nm 
d i a m e t e r  and grain- l ike patterns a t t a c h e d  to the fibrils. These grains are 40- 
50 nm in width and 30-35nm in length. This observed nanosca le  morpho logy  
resembles the shish-kebab structures of ten ly  found in or iented polyolef ins. 

. 
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SCANNING FORCE MICROSCOPY OF ISOTACTIC POLYPROPYLENES 
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SCANNING FORCE MICROSCOPY OF SYNDIOTACTIC POLYPROPYLENES 

Fiaures 1 -6 :  Size of  s u r f a c e  a r e a s  

7 . 5 . 7 . 5  i~m 2 in Figures 1 - 2a  

1.5 .  1.5 i~m 2 in F igure  2b  

750-  750 nm 2 in Figures 3a  - 3b  

3 0 . 3 0  nm 2 in  F igure  3c  

7 .5 .7 .5  i~m 2 in Figs. 4a  - 4b  - 5a  - 5b  

1.9-  1.9 ~,m 2 in F igure  6. 

In HT i m a g e s  t h e  c o n t r a s t  c o v e r s  
h e i g h t  v a r i a t i o n s  in t h e  

0-250 nm r a n g e  in F igure  2a 

0-60 nm r a n g e  in F igure 3 a  

0-600 nm r a n g e  in Figs. 4a  a n d  5a.  

O t h e r  d e t a i l s  a r e  g i v e n  in t h e  tex t .  
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By a n a l o g y  we propose to assign the f ound  nanof ibr i ls  to shish crystals, 
wh i ch  form a core  of the shish-kebab structure, and  the grains to the lamel-  
lar p la te le ts  or kebab  elements.  The lat ter  present  t h e l a m e l l a r b l o c k s e p i -  
tax ia l l y  g rown  on the shish crystals. These assumpt ions are con f i rmed  b y t h e  
fo l l ow ing  f indings. 

We f o u n d  t ha t  scann ing  with an e l e v a t e d  fo rce  doesn ' t  c h a n g e  the 
image  features  drast ica l ly .  Only the con t ras t  of t h e l a m e l l a r p l a t e l e t s i n -  
c reased ,  and  they  b e c a m e  wel l  p r o n o u n c e d ,  espec ia l l y  in the LF images as 
shown in Fig. 3b. Consequen t l y ,  the pat terns observed  in the image  of an 
o r ien ted  iPP film c a n  be  assigned to the sur face t o p o g r a p h y ,  bu t  not  a sur- 
f a c e  hardness or de fo rma t i on  prof i le as f ound  in the images of d rawn  
UHMW PE tapes.  The image in Fig. 3b shows a sur face region,  where a 
c o m p a c t l y  p a c k e d  s e q u e n c e  of lamel lar  p la te le ts  was d e t e c t e d .  It de-  
monstrates the pe r iod ica l  a r rangemen t  of lamel lar  p latelets,  wh ich  is respon- 
sible for the a p p e a r a n c e  of the long period d i f f rac t ion  pa t te rn .  Whilst in 
d rawn  PE tapes  the Iongperiod is re la ted  to  the a l te rna t ion  of hard and  soft 
n a n o d o m a i n s  wi th in  the fiPrit core,  the long period fea tu res  of d rawn  iPP 
films are c o n n e c t e d  wi th the fo rmat ion  of sh ish-kebab m o r p h o l o g y  dur ing 
the s t re tch ing  process. In the UHMW PE tapes  intra- a n d  interf ibr i l lar  tie mo- 
lecules, be ing  expe l l ed  out  of a nanof ibr i l  core,  form a weak ly  b o u n d e d  
topmos t  sur face  layer with an o r ien ted  nanos t ruc tu re  [4b]. We haven" t  
f ound  a similar layer  on the sur face of iPP films. This m igh t  be exp la i ned  by 
the p resence  of t ie mo lecu les  in the space  b e t w e e n  n e i g h b o u r i n g  lamel lar  
p late lets .  

The impor tan t  step in the SFM analysis of po lymersur faces  is the instal lat ion 
of a re la t ion b e t w e e n  mo lecu la r  order ing  a n d  n a n o s c a l e  features in the 5- 
l O O n m r a n g e .  One of the images of d rawn iPP,  where  one  can  dist inguish 
mo lecu la r - sca le  features,  is shown in the la tera l  fo rce  image  reco rded  un- 
der  water ,  Fig. 3c. Linear striations with a s e p a r a t i o n o f -  1 nm, w h i c h a r e  
visible on the grain surface, demonst ra te  e x t e n d e d  po lymer  cha in  structures, 
p r o b a b l y  3~ hel ices. This conf i rms the ass ignment  of the grains to the lamel-  
lar p la te lets .  The resolut ion of the mo lecu la r -sca le  features in this image  is 
re la t i ve ly  poor.  This is a genera l  p rob lem of the measurements  wi th low 
fo rce ,  wh i ch  are c o n d u c t e d  under  water ,  it was r ecogn i zed  tha t  the reso- 
lut ion of the m o l e c u l a r  scale SFM images of o r ien ted  iPP is essent ial ly impro- 
ved  wi th  an  inc rease of the app l i ed  fo rce  [7]. However ,  in such a case it 
appea rs  c ruc ia l  to assume tha t  the image  was o b t a i n e d  from the virgin 

s u r f a c e  bu t  no t  f rom a crysta l l ine b lock  f ound  by the i nden t i ng  t ip wi th in the 
mater ia l .  

Syndiotactic polypropylene 

The structure of sPP spherul i tes is s tud ied less in tens ive ly  than  tha t  of iPP. 
A par t  of a sPP crysta l l i te  demons t ra t i ng  the a r r a n g e m e n t  of rad ia l  lamel ias 
is shown in the t a p p i n g  mode  HT and DF images in Figures 4a - 4b. In these 
images one  sees numerous  blocks, e a c h  cons is t ing of several  e x t e n d e d  
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pat terns.  Ind iv idua l  pat terns are .5 - 1 i~m in leng th  and  - 150 nm in wid th .  
As in the case of iPP these l inear pat terns are c o m p o s e d  of several  e d g e -  
on s t and ing l ame l l as ,  wi th a thickness of ~ 2 0 n m .  Blocks consis t ing of tan-  
gen t i a l l ame l l as  are seen in the lower  left  par t  of the image .  At  o ther  p laces  
we f ound  sur face pat terns,  wh i ch  c a n  be ass igned to i nc l i ned  and  a lmost  
f l a t - l y i ng lame l l as .  The resolut ion of the SFM images reg is tered in the tap-  
p ing  mode  a l lows one to dist iguish the pe r i od i ca l  con t ras t  var ia t ions a l ong  
the e d g e  of i nd iv idua l  lamel las,  wh i ch  can  be assigned to their  substructure.  
These and  o ther  n a n o s c a l e  features d e t e c t e d  in the SFM images of several  
crysta l l ine po lymers  are discussed in more de ta i l  e lsewhere  [5]. 

The HT and  DF images  of o~Tented sPP fi lm o b t a i n e d  in the t a p p i n g  m o d e  
are shown in Figures 5a-5b.  In the large sca le  image  one  sees wel l  de f i ned  
f ibr i l lar pa t te rns  with a re la t ive ly  uni form size. They are a r r a n g e d  wi th in 
larger  e x t e n d e d  units c o n t a i n i n g  several  i nd iv idua l  fibrils. The w id th  of the 
ind iv idua l  f ibr i l lar pa t te rns  ranges from 50 to 60 nm. Similar un i fo rmf ib r i l l a r  
pat terns with s l ight ly nar rower  ind iv idua l  e lements  (~ 40 nm) were  f ound  in 
the c o n t a c t  m o d e  images of sPP registered under  water .  These va lues are 
closer to the a c t u a l  d imensions of po lymer  fibrils. In the t a p p i n g  m o d e  DF 
image  wi th h igher  resolut ion,  Fig. 6, the substructure of i nd i v idua l  fibrils is 
resolved. Closely p a c k e d  nanob locks  with a length  of 30-50 nm are 
d is t inguished a l ong  the fibrils. As imi la r ,  but  less p r o n o u n c e d  substructure 
was f ound  in the images r e c o r d e d  under  water .  These features can  be as- 
s igned to the lamel la r  crystals. This assumpt ion was con f i rmed  by the 
d e t e c t i o n  of the e x t e n d e d  cha in  order  in the mo lecu la r - sca le  SFM images 
o b t a i n e d  in the c o n t a c t  mode .  Because the lamel la r  p la te le ts  exh ib i t  non-  
uni form leng th ,  a n d  they  form pe r i od i ca l  sequences  loca l l y  only, one can  
e x p e c t  t ha t  the re la ted  long period d i f f rac t ion  pa t te rn  should be dif fuse. 

Compar i son  of the SFM images of o r ien ted  iPP and  sPP films revea led  the 
d i f fe rences  in their  morpho logy .  Though the sh ish-kebab m o r p h o l o g y  of iPP 
films is e v i d e n c e d ,  we have  no expe r imen ta l  proof  for the same m o r p h o l o g y  
in sPP films. The main d i f f e rence  b e t w e e n  the morpho log ies  of o r ien ted  iPP 
and  sPP films is re la ted  to the a r r a n g e m e n t  of the lamel la r  p late lets .  IniPP 
films lamel lar  p la te le ts  are loosely packed ,  and  the s p a c i n g  b e t w e e n  the 
ne ighbo r i ng  p la te le ts  is var iab le .  Places with a c o m p a c t  a r r a n g e m e n t  of 
lamel tar  p la te le ts  (Fig, 3b) are not  the d o m i n a t i n g  the sur face features  of 
iPP films. The s i tuat ion is d i f fe ren t  in sPP films, where  the lamel la r  ptate lets 
are c o m p a c t l y  p a c k e d .  A last po in t  may  be cons ide red ,  howeve r ,  when  
c o m p a r i n g  the s t re tched  iso- and  synd io tac t i c  p o l y p r o p y l e n e  films. Both 
were  o b t a i n e d  by ' co ld  d raw ing ' ,  sPP at  essent ial ly lower  t empera tu re ,  
however ,  t han  iPP. 
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