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Electron  Microscopy of Carbon-Loaded  Polymers 

I t  is very dijicult  to  fully characterize the spatial  distribution of particles in carbon-loaded polymers using traditional 
methods. One approach has  been to cross-section the polymers, using ultramicrotomy techniques, to a thickness of 80-100 nm. 
These sections are  then examined in a transmission electron microscope (TEM). Unfortunately, the information on particle 
dispersion obtained from such images is essentially two-dimensional in nature, and therefore does not lend itself easily to a 
three-dimensional interpretation. By  increasing  the thickness of the cross sections to 0.5 pm or more, one is able to utilize 
stereoscopic imaging techniques and obtain a three-dimensional image of  the  carbon particle dispersion. In this way, the 
characteristic dispersion of the carbon particles  may be fully evaluated along a  particular direction in the polymer film. 
Examples are  given of the three-dimensional analyses of polymer films containing  different carbon-particle loadings. 

introduction 
The morphology of free-standing  carbon-black  aggregates 
has been studied using  various  techniques. Those utilizing 
electron microscopy techniques include 1) size- and  shape- 
factor  calculations, which use aggregate  silhouettes seen in 
the transmission  electron  microscope (TEM) [I]; 2) stere- 
ography  (semi-quantitative  photogrammetry), which uses 
the  scanning electron  microscope (SEM) [2]; and 3)  quanti- 
tative  photogrammetry, which uses the  TEM [3]. Photo- 
grammetry,  as used here,  refers to  the science of obtaining 
analytical  information  from  stereo photographs. Each of 
these approaches was  designed to give information on the 
three-dimensional  morphology of a free-standing  carbon- 
black aggregate.  The results of published studies,  as well as 
the principal  problems encountered in these  experimental 
studies,  are reviewed by Medalia  (Ch. 6 of Ref. [4]). Most of 
the difficulty lies in extrapolating  from two-dimensional 
electron micrographs  into  the  third dimension. 

Our interest lies in the  much  more difficult problem of 
achieving an  understanding of the three-dimensional  mor- 
phology (i.e., particle  and  aggregate size and  distribution) of 
a  dispersion of these  aggregates  contained in a  polymer 
matrix.  Some results have been reported  showing  electron 
micrographs of various types of carbon  black in  a  polymer 
matrix  (for  example, see Chs. 1 and 6 of Ref. [4]). However, 

the  same problems  persist when one  tries  to  evaluate  the 
three-dimensional nature of dispersions. The reason for  this 
lies both in the method of sample  preparation  and in the 
interpretation of the  data.  The  standard method  for studying 
the  carbon-polymer composites has been to use ultrami- 
crotomy techniques [5] to  obtain very thin cross  sections 
(= 100 nm  thick) of the composite  specimens and  then  to 
examine  the sections in a TEM (see  Fig. 1). Since  the 
aggregates in the composite  have  no preferred  orientation, 
this sectioning technique is equivalent to passing  a randomly 
oriented plate, 100 nm  thick,  through  the composite material 
(see  Fig. 2). Because the  carbon-black  aggregates  are usually 
larger  than  the thickness of the plate, the  plate  intersects 
only portions of the  aggregates,  cutting some near  the 
middle, while only touching the  tips of others close by. It is 
easy to see why information on the  aggregate morphology 
and dispersion gained in this way can  be difficult to  interpret, 
especially if one  tries  to  extrapolate  into  the  third dimension 
from a  two-dimensional  electron micrograph. 

One solution to  this problem is to section the  material 
serially [5]. This  technique involves cutting  many (e.g., ten 
to  twenty)  sequential sections  using ultramicrotomy,  all 
sections  having the  same thickness. These sections must  be 
kept  in perfect  order so that  the three-dimensional structure 
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of the  aggregate  can  be  accurately  reconstructed  after  the 
sections are  examined in the  TEM.  This  method is extremely 
difficult and obviously very tedious. With  some  materials, 
because of their  cutting  characteristics,  it is impossible to 
maintain  equal thicknesses of the sections [ 6 ] .  

Another,  much  easier, solution to  this problem is to 
combine  the  techniques of ultramicrotomy  and stereoscopy 
of thick sections  using the  TEM.  This  technique  and  our 
initial investigation of its  limitations  are discussed in this 
paper- 

Experimental details 
The specimens  used  in this  study consisted of polymer films 
containing dispersions of carbon-black particles. The films 
were cut  into  small pieces (2 mm x 4 mm),  and  the 
individual pieces were then placed at   the ends of flat embed- 
ding molds, as shown  in Fig. 3. An epoxy-resin mixture was 
added  to  encapsulate  the film pieces, and  the  samples were 
then  cured at  6OoC for 12 h  in order  to  harden  the epoxy. A 
razor  blade was  used to  manually  trim  the  ends of the 
hardened blocks to flat-topped pyramids,  each  top  measuring 
~ 0 . 5  mm on  a side,  thus exposing  cross  sections of the 
composite films. Each block was mounted in an LKB Ultra- 
tome I11 ultramicrotome  and  cut  into  thin cross  sections  with 
a diamond knife. (It is important  to  stress  here  the need  for a 
high-quality,  very sharp knife  edge.) After  cutting,  the 
sections  floated  freely  on water in  a trough  attached  to  the 
knife. These floating  sections  were picked up with circular 
mesh grids  (3-mm  outside  diameter)  and  examined in a 
Philips 301 TEM. 

All  the electron micrographs presented here were taken at  
an  accelerating voltage of 100 keV. Most of the  stereo 
micrographs were taken by tilting  the  sample k 6’ about  the 
normal, usually a t  a  magnification of 7500x on the original 
micrographs.  To  obtain high-resolution images  from sections 
having  thicknesses greater  than 200 nm,  it was  necessary to 
use a very small objective aperture, in this  case 10 pm in 
diameter.  This  reduces  chromatic  aberration in the image. 

Stereo  photography consists of taking two photographs of 
a  three-dimensional object  under  conditions  such  that when 
the  images  are viewed simultaneously, one by each eye of the 
observer, the three-dimensionality .of the  object is perceived. 
There  are  three  methods for taking  pairs of stereo photo- 
graphs:  (a)  the  camera is moved to view a fixed object  from 
two  different angles;  (b)  the  object is translated with  respect 
to a fixed camera, yielding two different views of the object; 
and  (c)  the object  is  tilted about  an  axis  parallel  to  the  image 
plane of a fixed camera, giving the  required  two different 
views of the  same object. In  the  TEM, only method (c) is 
feasible. It is particularly  suitable here, however, since the 
objective lens of the  TEM  has a large  enough  depth of focus 
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Figure 1 Electron  micrograph of an = 100-nm-thick cross section 
of Cabot’s Wulcan XC-72R carbon-polymer  composite  film. It 
would  be  very  difficult to understand the three-dimensional  mor- 
phology of the carbon  dispersion  from  a single image such as this. 

Figure 2 Schematic of a 100-nm plate  passing  through  randomly 
oriented  carbon-black aggregates. 

Figure 3 Illustration of carbon-polymer  composite  film  positioned 
in a  flat  embedding  mold. 

that a  specimen  tilted  a small  angle  relative  to  the  theoretical 
object plane  remains completely  in focus. The pair of images 
photographed in the  TEM  are often referred  to  as  stereo 
micrographs or stereo pairs. Stereo  micrographs not only 
give a qualitative three-dimensional  impression of the  object, 349 
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Figure 4 Stereo micrographs of free-standing XC-72R carbon-black  aggregates.  The  measured  height of 
the aggregates is =450 nm and the  image  magnification is 20 OOOx (2 cm = 1 Mm). 

but  can  also provide quantitative  information  about  the 
thickness of the  object or about  the vertical distance between 
objects  contained in the  same  micrograph.  Quantitative 
information is obtained by measuring  the  parallax, or differ- 
ence in the positions, between two corresponding  points  on 
the two  micrographs. The difference in height Ah between 
the two  points  is determined  from  the  measured  parallax Ay 
according  to  the expression 

Ah = 
AY 

2 M  sin (8/2) ’ 

where M is the magnification of the  image  and 8 is the  angle 
that  the specimen  was  tilted  between the two  micrographs. 
Parallax  measurements were  used to  determine  the thick- 
nesses of the polymer-composite  cross  sections. 

Results 
In order  to  gain  some  familiarity with the three-dimensional 
morphology of the  carbon-black  aggregates,  the first sample 
studied was a free-standing  carbon-black  aggregate.  Figure 
4 shows  a stereo  pair of this  sample  taken in the  TEM.  The 
height of the  structure is x450 nm,  as  determined  from 
measurements of the  parallax between  two carbon  particles 
at  the  extremes of the  structure.  There  are  three  distinct sizes 
of carbon  particles in the dispersion,  having approximate 
diameters of 20, 30, and 60 nm. It  can  be seen that  particles 

350 having the  same dimensions  tend to  form fused aggregates 

during  the  manufacture of the  carbon  black,  and  that  these 
aggregates  are  randomly  distributed.  This specimen  was 
prepared by ultrasonically  dispersing in alcohol  a  small 
amount of Wulcan  XC-72R powder (Vulcan is a trademark 
of Cabot  Corporation, Billerica, MA)  and by drying a drop 
of this dispersion on a TEM grid that  had a supporting 
carbon film. Vulcan XC-72R is a somewhat porous  conduc- 
tive furnace black  with  a high level of structure. The 
terminology “level of structure”  refers  to  the tendency  for 
the  carbon  particles  to  form  strings or chains in the  primary 
aggregates.  That is, the higher the level of structure,  the 
greater  the tendency for  the individual carbon  particles  to 
fuse into  chains,  and for  these chains  to  form complex 
branching  aggregates. A recognized measure of the level of 
structure  may  be  obtained by measuring  the volume of a 
liquid, such  as  dibutylphthalate  (DBP), needed to completely 
fill the void spaces in  a known amount of carbon black [7]. 
This is referred  to  as  the  DBP  number  (ml of DBP per 100 g 
of carbon  black).  More meaningfully, the level of structure 
may also be defined by the weight average  number of 
particles per aggregate [8]. 

When  the pair of micrographs in Fig. 4 is viewed in stereo, 
it is apparent  that  the  aggregate  structure is as  large in the z 
direction as  it is in the x and y directions.  Therefore,  it is 
important  to  realize  that  although  carbon-black  aggregates 
are often smaller  than those  shown  here,  cross  sections of a 
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Figure 5 Stereo micrographs of a 150-nm-thick cross section of the XC-72R composite. The  three- 
dimensional morphology of the  aggregate dispersion is not completely defined; image magnification is 
10 OOOx (1  cm = 1 rm). 
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Figure 6 Stereo micrographs of a 150-nm-thick cross section of the Knapsack composite. As in the 
XC-72R composite shown in Fig. 5, the three-dimensional morphological features  are not fully represented. 
The lower loading of the Knapsack composite is also evident; image magnification is 10 OOOx. 



Figure 7 Stereo micrographs of a 300-nm-thick cross section of the Knapsack composite. The three- 
dimensionality of the aggregate dispersion  morphology  is  more  evident  in  this  thicker section. Note 
especially the formation of strings or chains by the  smaller  particles; image magnification  is 10 OOOx. 

Table 1 Comparison of aggregate characteristics in Knapsack  and 
Vulcan XC-72R carbon  blacks. 

Average Weight average no. 
aggregate particles  per 

area 
( W Z )  

aggregate 

Vulcan XC-72R 0.136 500 
Knapsack 0.52 1000 

carbon-polymer composite  should be at  least 0.5 pm thick to 
ensure  that  the  entire  aggregate  structure is included. This is 
crucial if one hopes to  measure  inter-aggregate  distances  and 
to  trace possible paths of electrical conduction through  the 
composite film. A review of the  theoretical  and  experimental 
aspects of the  electrical properties of carbon-polymer  com- 
posites may  be  found in Ref. [9]. 

Figures 5 and 6 show thin sections of two  different 
carbon-black dispersions:  a 27%-by-weight loading of XC- 
72R in a  polymer matrix  (Fig. 5) and a  24%-by-weight 
loading of "Knapsack carbon black (Knapsack is a trade- 
mark of Hoechst, Frankfurt, W. Germany) in the  same 

352 matrix  (Fig. 6). These sections, measured  to be 150 nm  thick, 
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show little  added  detail when viewed in stereo.  Only  small 
portions of individual aggregates  are  seen,  and possible 
conduction paths between aggregates  are impossible to  trace. 
The  Knapsack  carbon  has essentially  two sizes of particles, 
40  and 80 nm in diameter, with the  smaller-diameter 
particles typically tending  to  aggregate in groups of  five to 
ten  particles. The  XC-72R  carbon shows three different- 
sized  particles, as before,  with all  three in about  equal 
abundance. 

Knapsack is an  acetylene  black,  and  has a  higher level of 
structure  than  XC-72R (see Table 1). Electrical  conductivi- 
ties of composites made with Knapsack at  the 24% loading 
level are  similar  to those of composites made with XC-72R a t  
the 27% loading. Since  it  has a higher level of structure,  the 
Knapsack  carbon  forms  larger  and  more complex aggregates 
than  XC-72R  carbon.  Thus,  the  inter-aggregate  distances in 
the  Knapsack composites are  smaller at  the  same loading 
level. However, the cross  sections  shown in Figs. 5 and 6 are 
too thin  to  enable  one  to see  these  differences in structure. 

By increasing the thickness of the cross  sections, more of 
the three-dimensional character of the  aggregate  structures 
can be seen, as shown  in  Figs.  7 and 8. Here,  the complex 
structure of the  Knapsack  (Fig.  7) begins to  emerge in a 
300-nm-thick  cross  section of the composite. Note especially 
the long chains of small-diameter ( ~ 4 0  nm)  particles weav- 
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Figure 8 Stereo micrographs of a 230-nm-thick cross section of the  XC-72R composite. The three- 
dimensionality is more pronounced than in Fig. 5. Due to the higher loading of this composite, these 
micrographs show a higher density of carbon particles than is seen in Fig. 7. Because of the lower structure of 
the  XC-72R carbon, less chain  formation by the particles is seen when compared to  the Knapsack composite; 
image magnification is 10 OOOx. 

Figure 9 Stereo micrographs of a 600-nm-thick cross section of the Knapsack composite. Image  quality is 
degraded because of the section thickness; nevertheless, a fuller understanding of the  aggregate dispersion 
morphology is  possible. The image magnification is 10 OOOx. 
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ing from  the  top  to  the  bottom of the section. The  larger 
particles  do  not  appear  to  form such chains;  they only form 
clumps which do not go  through  the  entire cross  section. 
Figure 8 is a  cross  section of the XC-72R composite which is 
230 nm thick. Three  particle sizes again  can  be seen, but 
little of the  chain  structure seen  in the  Knapsack is  observed. 
The  particles  tend to form space-filling clusters  containing 
only similar-sized  particles.  Because of the  higher loading, 
the  greater  density of the XC-72R is apparent, even though 
the cross  section of the XC-72R composite is thinner  than 
that of the  Knapsack composite. 

When  the section thickness was increased still further,  the 
density of the XC-72R composite sample  became too great  to 
permit  clear  micrographs at  the 100-keV accelerating volt- 
age  available on the Philips 301 TEM. However, as shown  in 
Fig. 9, satisfactory  images could  still be obtained  from a 
600-nm section of the  Knapsack composite.  Two particle 
sizes still dominate,  and  chain  formation is quite evident. 
Because of the thickness of the polymer matrix,  chromatic 
aberration begins to limit the  image  quality of such  thick 
sections at  100 keV; still,  an  increase in the  three- 
dimensional information is apparent. 

To  study  thicker sections, one needs to  increase  the 
accelerating voltage of the  TEM.  To  ensure  the  complete 
characterization of the  carbon  aggregate dispersions, the 
composite  cross  sections  should be ideally a t  least 0.5 pm 
thick,  and  preferably  from 1 to 2 pm  thick.  The  application of 
high-voltage microscopy (>200 keV) to  the  study of thick 
sections is currently being pursued [ 101. 

Conclusions 
The  use of stereographic  techniques with  transmission elec- 
tron microscopy to  study  the morphology of carbon-black 
aggregates dispersed  in  a  polymer matrix  has been evaluated. 
Although  the results  presented here have  not  been com- 
pletely quantified, a few important observations  should be 
noted. First, specimens obtained by standard  ultramicrotomy 
techniques (100-200 nm)  are too thin  to give an  accurate 
assessment of the  characteristics of the  carbon dispersions. 
Second,  doubling  the thickness of the cross  sections to 250 to 
400 nm provides specimens giving a more  reliable  picture of 
the three-dimensional  morphology of the  carbon dispersion. 
It is still possible to  obtain high-resolution micrographs of 
such sections a t  100 keV by using  a small objective aperture 
(i.e., 10 pm)  to  reduce  chromatic  aberration. Morphological 
differences can  be distinguished  between  two  composites 
containing  carbon blacks  having  different levels of structure, 
where  the loading  is less than  30 weight percent  carbon. 
Third,  the  sample thickness  ideally  should be  greater  than 
500 nm in order  to  contain whole aggregates in the cross 354 
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section.  However, a t  100 keV, image  quality suffers, even for 
a  composite with less than 25 weight percent carbon loading. 
To  study composites with  higher loadings or  greater cross- 
sectional  thicknesses, it is necessary to  use electron  micro- 
scopes with  higher  accelerating voltages. 
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