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SUMMARY 

Atomic force microscopy studies of drawn ultra high molecular weight 
polyethylene tapes were conduc ted  under water, where the operat ing re- 
pulsive forces and the con tac t  area between probe and sample are smaller 
than in ambient  conditions measurements. In this way a higher image resolu- 
tion allows to identify nanofibrils with widths of 15-25n m, which are formed du- 
ring stretching. Numerous linear features with separation of 5-8 nm were re- 
solved on the surfaces of nanofibrils in a tape with draw ratio 70. Periodical 
contrast variations along the stretching direction with a repeat distance of 
ca. 25 n m -  I o n g p e r i o d  - were found on drawn tapes only at stronger ope- 
ration forces. This finding indicates that these features are related not to the 
surface topography but to differences in surface hardness. From the molecular 
scale images it is evident that the harder parts of nanofibrils consist of 
crystalline domains of extended polymer chains, while no ordered features 
were found between the elevated image patterns. 

INTRODUCTION 

Atomic force microscopy (AFM), which is based on probing the repulsive 
interatomic force between a tiny probe and a surface, is the new technique 
appl ied to study polymer surfaces (i). First it was demonstrated that the sur- 
face morphology of crystalline polymers and amorphous block copolymers 
can be recorded in the AFM images (2). Than the AFM ability to reveal the 
periodical surface structures with the molecular resolution, which is known 
from studies of organic and inorganic crystals, was demonstrated also on 
polymer samples. Periodical molecular scale features were registered in the 
images of polydiacetylen e single crystals, oriented polyethylene, polytetrafluo- 
roethylene and other polymer samples (3). These images correlate well to 
the expec ted  packing of surface molecular groups and extended polymer 
chains. It is more difficult to reliably record surface features in the scale from 
1 to 100 nm because in this range the tip shape artefacts screen the actual  
sample morphology. This effect has limited theAF M access to nanostructure 
of polymers, which is responsible for many of their-properties. 
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In the p receed ing  paper  we  showed that in the exper iments with 
se lec ted sharp tips and  in the appropr ia te  scanning force microscopy (SF M) 
m o d e  one can  improve the AFM resolution and  unambiguously  d e t e c t  the 
long period features in d rawn ultrahigh molecular  we ight  po lyethy lene - 
UHMW PE - tapes (4). Another  prob lem of AFM appl icat ions to polymers is 
re lated to destruct ive surface modif icat ion, which is caused  by the tip (5). To 
avo id  this difficulty new SFM modes, such as tapp ing  m o d e  - TM - are deve-  
loped.  In the  c o n t a c t  AFM tip-surface force interactions de tem ine  the con-  
tac t  a rea and,  consequent ly,  the image resolution. In the amb ien t  condi t ion 
exper iments these forces are in the range of 10 -7 - 10 ~ N. At an app l ied  force 
of 10 .9 N a c o n t a c t  area b e t w e e n  a ce ramic  tip and  an organic  surface was 
est imated as 2 nm (6), This value gives the limit of the AFM resolution in air. 
There is no contradic t ion b e t w e e n  this result and the exper imental  observation 
of surface a tomic  or molecular  lattices ach ieved  in AFM. Periodical image 
contrast variations, which are consistent with a surface lattice, can  be 
e x p e c t e d  even in the case of a mult iatom con tac t  (7). Indeed,  the atomic-  
scale de fec t s - such  as single a tom vacanc ies -  which might be regarded  as 
indicat ion on a one-a tom con tac t ,  were  not observed in AFM. In opera t ion  
in air linear dislocations- at  least several nm in length - are the smallest surface 
imper fec t ionsfound in the images (8). By lowering the interact ing forces and, 
correspondingly,  by diminishing the con tac t  area one  may  e x p e c t  that  the 
image  resolution will be  improved.  This situation is realized in measurements 
under  liquid, where  the interact ing forces are much lower than in air. AFM 
imaging in liquid b e c o m e s  a routine p rocedure  in studies of soft b io logical  
samples (9). The lateral resolution on biological  objects varies in the range 
from 1 to 50 nm, d e p e n d i n g  on the sample. Also on hard samples the 
operat ion under liquid might be  useful for the registration of local imperfections. 
Surface steps, separat ing the terraces with atomical ly  resolved structures, 
and  molecular  vacanc ies  within a surface latt ice were recent ly registered in 
studies c o n d u c t e d  under water  (10). Thus, the measurements in liqu!d with 
se lec ted sharp tips should prov ide AFM images with a bet ter  resolution. This 
c i rcumstance mot iva ted  us to re-examine the surfaces of the d rawn UHMW 
PE tapes under water.  Because of the hydrophob ic  charac te r  of this polymer 
no surfaces changes  occur.  

EXPERIMENTAL 

In our exper iments UHMW PE tapes with d raw ratio X = 10, 30 a n d 7 0  were 
used. These t a p e s w e r e  p repared  as descr ibed earlier (11 ). AFM studies were 
c o n d u c t e d  in air and  in the liquid cell, which was filled with bidistilled water.  
Scanning p robe  microscope "Nanoscope liP' (Digital Instruments Inc., Santa 
Barbara, USA) was used in the experiments. Measurements were per fo rmed 
with the simultaneous registration of height, normal force (normal def lect ion 
of a cant i lever) or lateral fo rce  (cant i lever torsion) images, which will be  
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n a m e d  HT, NF, LF images, respectively. In a opt ical  lever registration scheme 
a laser beam,  which is ref lected from the back  side cant i lever surface, is di- 
rec ted  to a quadran t  p ro todetec tor .  A differential signal of the horizontal 

segments is de te rm ined  by the cant i lever torsion and  that of the vert ical 
segments by  the normal cant i lever deflections. When an examined  surface 
is flat and  the geomet ry  b e t w e e n  a scanning direct ion and  position of hori- 
zontal de tec tors  is opt imal  (rotation angle - 90 ~ ) then the cant i lever torsion 
is re lated to the variations of local friction b e t w e e n  a p robe  and  a surface. 
On co r ruga ted  surfaces of d rawn PE tapes the best resolved images are re- 
c o r d e d  at a rotation ang le  + 45 ~ which determines the orientat ion of the 
t a p e  with respect  to scanning directions. In such a case the response of the 
horizontal detectors  is difficult to intepret. However,  LF images, as well as NF 
images, prov ide more resolved details than HT pictures. Thus, they can  be  
useful in surface character izat ion. 

For the  exper iments we have se lected those of the commerc ia l ly  
avai lable Si probes ("Nanoprobes") that  r ep roduced  best the vert ical profile 
of the cal ibrat ion g a u g e  (12). This p rocedure  allows us to choose sharp 
probes with an apex  radius smaller that  10 nm. 

RESULTS 

Uniaxialstretching of UHMW PE tapes is a c c o m p a n i e d  by drasticalstruc- 
tural rearrangements,  with a format ion of a nanofibrillar structure. The am- 
bient condi t ion AFM studies of these films with se lec ted sharp probes showed 
that  the transverse size of such nanofibrils is 30- 50 nm (4). A striking d i f ference 
is seen b e t w e e n  the AFM images, which were ob ta ined  on the surface of 

Figures l a  - 1 b: NF images of d rawn UHMW PE t a p e  (X = 70) - (a) - in air and  
- (b) - in water,  Stretching direct ion ind ica ted by an arrow. An area of 1.69 x 
1.69 i~ 2 is presented in both images. A gray-scale contrast shows normal can-  
ti lever def lect ions within 10 nm. 
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highly d r a w n  PE t a p e  in air a r i a  in wa-  
ter with the  same tip, Fig. l a  - 1 b. The 
wid th  of the l inear AFM pat terns recor- 
d e d  in wa te r  is ca .  15- 25 nm or 2 t imes 
smaller than  tha t  of nanofibri ls registe- 

red in air. These features can  be  assig- 
ned  to indiv idual  fibrils because  in some 
p laces  such pat terns resemble  "pull- 

out '  or broken nanofibri ls. In add i t ion,  

e l o n g a t e d  features with a w id th  5 - 8 
nm were found on surface of nanofibrils 
in NF a n d  LF images.  They might  be  re- 

l a ted  to the sur face structure of  nano-  
fibrils, and  c a n  be  cons idered  as the 
precursors of splitt ing to e v e n  smaller fi- 
brils upon  further stretching. The exis- 
t e n c e  of f ibers with w id th  of 5 - 20 nm 
was d e t e c t e d  in ul t rahigh d rawn  gel- 
spun Spect ra  900 and  1000 PE fibers 
with synchrotron X ray d i f f ract ion (13). 

These results c lear ly  i nd i ca te  the 
in f luence of the forces b e t w e e n  t ip 
and  samp le  on the i m a g e  resolution. 

When the t ip and  the  samp le  are im- 
mersed c o m p l e t e l y  in a l iquid, the 

a p p l i e d  fo rce  is r e d u c e d  1 - 2 orders of 
m a g n i t u d e  as c o m p a r e d  with tha t  in 
air (9a). Acco rd ing  to the macroscop i -  
ca l  i nden ta t ion  theory,  the d i a m e t e r  

of the c o n t a c t  zone b e t w e e n  a bal l-  

shape  indentor  a n d  a f lat  sur face is 
p ropor t iona l  to p1/3, where  p is the 

fo rce  of i nden ta t ion  (6). Thus, dur ing 
the ope ra t i on  in l iquid a smaller con-  
t a c t  a r e a  is the reason of the improved  
resolution, Consequent ly ,  AFM images  
o b t a i n e d  in wa te r  p rov ide  the more  

prec ise dimensions of the nanofibri ls in 
PE tapes  and  revea l  their sub-structure. 

Fiqures 2a - 2c: LF images  of d rawn  UHMW PE tapes  with ~. = 10 - (a) - in air - 
: 70 - (b) - in air a n d  (c) - in water .  Scanning areas in all images  400 x 400 

nm 2. Stretching d i rect ion is i nd i ca ted  by  arrow. The contrast  in LF images  
ind ica tes  the var ia t ions in the di f ferent ia l  signal of the horizontal detectors.  
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In the p r e c e e d i n g  paper  (4) we showed that the per iodical  'stripes' per- 
pendicu lar  to the stretching direct ion were found in the NF, LF and  TM images, 
reco rded  at amb ien t  condit ions with the sharp tips, Fig. 2a - 2b. The periodi- 
city of these contrast variations around 25 nm correlates with the Iongperiod 
values, which were found on gel -drawn UHMW PE by other  techniques. 
These features are seen in the n e c k e d  material (X = 10), and  they are dis- 
t inguished on surface of nanofibrils of highly d rawn tapes (X = 30, 70). The 
a p p e a r a n c e  of Iongperiodfeatures in the necked  material may be expla ined 
by breaking off lamellae, which are lying flat within the initial tape,  into blocks 
and  their subsequent  rotation. In such a way  molecular  chains b e c o m e  
or iented a long the stretching direction. During further drawing these blocks, 
which are c o n n e c t e d  by tie molecules, transform into nanofibrils (14). 

In the analysis of AFM images a crucial question is re lated to the origin 
of contrast. Topography  and  local variatitions of surface hard ness may  be re- 
sponsible for the a p p e a r a n c e  of e lev ted  (brighter) and  depressed (darker) 
image  patterns. The measurements uder water  a p p e a r e d  to be extremely 
useful for a d e e p e r  understanding of the contrast variations assigned to the 
long period. First, we  have observed that these variations were not always 
found in the images recorded  in water,  Fig. 2c. Then by apply ing di f ferent for- 
ces during imaging PE tape  (X = 10) we rea- lized that the Iongperiodfeatures 
a p p e a r e d  only after an increase of the opera t ing  force, Fig. 3a - 3b. in the 
measurements  in air the long period contrast variations also increased with 
higher forces. The reproducibi l i ty of the results, however ,  was poor. These 
findings unambiquously  indicates that the contrast variations are re lated to 
the surface regions with different local hard ness but not to surface topography.  
Thus, the respect ive images might be considered as maps of nanohardness. 

Fiqures 3a - 3b: NF images of d rawn UHMW PE (X = 10) - (a) at lower and  (b) 
at  higher force. Stretching direct ion ind ica ted by an arrow. Scanning area 
1.0 x 1.0 #2. A gray-scale showsthe normal cant i lever def lect ions within 10 nm. 
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The relation between nanomechanica l  features and polymer structure 
wasfound in the molecular scale images. It is recognized that the improvement 
of the AFM resolution ach ieved in water may be useful for the detect ion of 
the molecular and atomic-scale imperfections, which are not found by 
experiments in air (10). Earlier only well-ordered arrays of the chain patterns 
with separation of 0.5 and 0.7 rim, assigned to ex tended polymer molecules, 
were found in images of cold-extruded PE (3b) and of UHWM PE tapes (11 ). 
During measurements in water the simultaneously recorded HT and LF ima- 
ges (Fig. 4a - 4b) show that the arrays of linear features separated by 0.5 nm 
are seen on the e levated spots. This observation is also confirmed by the 
image in Fig. 4c, where PE chains are seen on patterns separated by 25 nm; 
the periodical image features are absent between these patterns, This fin- 
ding shows that PE crystalline domains, which are periodically arranged 
along nanofibrils, are the places with a higher hardness. Consequently, they 
are seen as the brighter AFM patterns. These crystalline domains are separa- 
ted by softer amorphous regions. Thus, AFM results confirm the structural 
model  of highly drawn polyethylene, introduced by Peterlin (14). 

Figures4a - 4c: - (a-b)- Simultaneously 
recorded HT and LF images of drawn 
UHMW PE tape (~. = 30) in water. In 
both images the presented area is 
48.6 x48.6 nm 2, - (c) - LF image on the 
other p lace of the same sample as in 
(a-b). Scanning area 55 x 55 nm 2, 
Stretching direction indicated by an 
arrow. The gray-scale contrast vari- 
ation in the HT image indicate the 
profile of constant force. The mea- 
ning of contrast in LF image is the 
same as in fig. 2a - 2c. 
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CONCLUSIONS 

In conclusion, the presented results demonstrate that AF M experiments 
under water offer the optimal condit ions for a precise and unambiguous 
registration of surface features in nanometer  scale and for their further assign- 
ment to topograph ica l  or mechanica l  details. In such a way the diameter of 
the PE nanofibrils in ultradrawn tapes was determined, and the observed 
Iongperiodfeatures were explained by periodical variations of local hardness, 
associated with the crystalline domains. 
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