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PART I 

INTRODUCTION 

I. Historical Background 

The word microscope has its origin in two Greek words: wbA pos 

mikros, small, and OYO77é17/- skopein, to see, It was compounded and 

given a Latin form by Faber in 1625.2 Giovanni Faber of the Academy of 

the Lincei in a letter to Cesi, President of the Lyceum, which was dated 

April 13, 1625, stated, "As I also mention his (Galileo's) new occhiale 

n2 Zacharias Joannides to leok at small things and call it Licroscopium, 

is thought to have made the first microscope about 1609, Since that time, 

the light microscope has been developed to such an extent that magnifi-e 

cations of 2500 diameters are now possible. The smallest object that can 

be distinguished by direct observation with a microscope is limited to a 

width of approximately one-third the wave length of the light used. 

The two important properties of the microscope are (1) Hagni- 

fying power and (2) Resolving power. Magnifying power is the ratio of 

the size of the image to the size of the object being observed. Resolv= 

ing power is the ability to show as separate two adjacent elements in the 

specimen undergoingobservation, Although theoretically there is no limit 

to the smallness of a particle which can be made visible with the aid of 

a microscope, provided it is possible to illuminate the object sufficiently, 

practically there is a very definite limit to the magnification obtainable 

and consequently the minimum size of the object that can be observed, Al-= 

though magnifications of as high as 3600 diameters can be obtained utilizing 

light within the visible range, the upper range of useful magnification



is generally considered to be 2500 diameters. The useful range of the 

light microscope is limited because of resolving power. As mentioned 

previously, resolving power gives detail and thus is always the limit- 

ing factor of useful magnification. 

The resolving power of a microscope is expressed by Eqs. la 

and lb. 

los 24sing (1a) 
d r 
ds A. (1b) 

2Msing 

Where d = diameter of smallest object that can be distinguished 

A = index of refraction of mediun 

A. = wave length of the illumination 

Q = 4% angle subtended at object by diameter of objective 

f4 sind zs numerical aperture 

The practical minimum value of d in ky. 1, that is the ability to 

distinguish two points which are very close together in an object, is 

Limited by the optimum values of A«é and OL. For any lens system 

used in air the maximum value of the numberical aperture ( £¢ sin Q) 

is unity. Thus the minimum value of d is in accordance with Eq. 2a, 

d= AX (2a) 

which indicates that for a lens system used in air the smallest object 

that can be distinguished is about one-half of the wave length of the 

light employed.* 

  

*#This limit for the resolving power of the microscope was first deter~ 
mined by Ernest Abbe in 1870.



In the case of actual microscopes, the greatest value of AA is 

1.66 (obtained with monobrome naphthaline immersion) and the largest 

value of OC is of the order of 70 degrees, Substituting these values 

in Eq. 1, the best or minimum value of d obtainable is 

  

ds A 
2(1.66) sin 70° 

dz A (2b) 
3.12 

which means that in order to distinguish objects with a microscope 

they must have a diameter greater than one-third of the wave length 

of the light used. 

Ultraviolet microscopes, so-called because they utilize ultra- 

violet radiation for illumination of the specimen, have for many years 

made possible the resolution of bacteria which heretofore had never 

been resolved. However, even by employing ultraviolet radiation and 

immersion, the resolving power of the light microscope cannot be re=- 

duced appreciably below 1000 Angstrom units. Dr. Kohler of Jena in 

1904 was the first to experiment with ultraviolet light in an attempt 

to obtain resolution of structures which were previously thought to be 

irresolvable. Dr. Kohler employed monochromatic radiation of wave 

length 275mMmwhich was obtained from a cadmium electric arc. The 

image was projected on a fluorescent screen for visual observation. 

Later, in 19255 J. E. Barnard developed a much simpler technique for 

ultraviolet work, As a result of Barnard's development, ultraviolet 

microscopy now occupies an important position in bacteriological 

4 
research,



In 1900, 2Zsigmondy and Siedentopf developed a new technique in 

microscopy which resulted in the development of what is known as the 

ultra=-microscope, Because of the unique arrangement of the illumi- 

nation, which results in the particles scattering light into the micro- 

scope so that they are observed against a dark background, particles 

much smaller than the practical limits mentioned previously my be de- 

tected, By use of this technique, particles of gold of 1.7rmx4(17 

Angstrom units) have been seen. Although the ultra-microscope makes 

possible the detection of much smaller particles than that set by the 

limits previously discussed, the size or shape of these small particles 

cannot be measured with any degree of accuracy, In 1932, the field of 

microscopy was revolutionized by the development of the electron 

microscope which greatly increased the limit of useful magnification. 

The resolution limit of the electron microscope has been calculated by 

W. Glaser to be 5 to 3,5 Angstrom units. However, in practice a resolu- 

tion limit of 10 to & Angstrom units® is at present the best obtainable. 

This represents an improvement in resolving power by a factor of 

approximately 100 over the best light microscope. 

When Ernest Abbe, in 1878, determined the theoretical limit for 

the resolving power of the light microscope, he was quite depressed to | 

learn that there was a definite limit to the extent to which the micro=- 

scope could be improved. In regard to his discovery he remarked, "It 

is poor comfort to hope that human ingenuity will find means and ways 

to overcome this limit."



With the discovery of the wave nature of x-rays in 1912, 

physicists immediately conceived the idea of utilizing the short 

x-rays, or Roentgen rays as they were then called, in the develop=- 

ment of a so-called "supermicroscope." This enthusiasm concerning 

the application of x-rays to microscopy was short-lived, however, 

for it was soon discovered that x~ray refractive media with indices of 

refraction differing appreciably from unity were nonexistent, which 

made the construction lenses for x-rays an impossibility. 

The ground work for the so-called "supermicroscope," which is 

commonly known as the electron microscope, may be attributed to four 

outstanding discoveries which are as follows; 

i. The discovery of the existence of the electron by 

J. J. Thomson. In 1897, Thomson’ and his associates after 

several years of investigation of the so-called cathode- 

rays, proved them to be streams of small negatively 

charged particles, which are now termed electrons, 

2e The announcement of the dual theory of the elec~ 

tron by Louis de Broglie in 1924. de Broglie's original 

statement concerning his new concept is as follows: 

A consideration of these problems led me, in 
1923, to the conviction that in the Theory of 
Matter, as in the Theory of Radiation, it was 
essential to consider corpuscles and waves 
simultaneously, if it were desired to reach a 
single theory, permitting of the simultaneous 
interpretation of the properties of light and 
those of matter. It then becomes clear at 

once that, in order to predict the motion of 
& corpuscle, it is necessary to construct a



new mechanics, a theory closely related to that 
dealing with wave phenomena, and one in which 
the motion of a corpuscle is inferred from the 
motion in space of a wave. In this way there 
will be, for example, light corpuscles, photons, 
but their motion will be connected with that of 
Fresnel's waves, and will provide an explanation 
of the phenomena of interference and diffraction. 
Meanwhile it will no longer be possible to con=- 
sider the material corpuscles, electrons and 
protons in isolation; it will, on the contrary, 
have to be assumed in each case that they are 
accompanied by a wave which is bound up with 
their own motion. I have even been able to 
state in advance the wave length of the asso-=- 
ciated wave belgnging to an electron having a 
given velocity, 

3. The publication of the discovery of the wave 

equation by E, Schrodinger in 1925. Beginning with the 

Hamiltonian analogy, Schrodinger established the equation 

for the propagation of de Broglie's waves in electro- 

magnetic fields. 

4. The discovery of axially symmetric electric and 

magnetic fields. H. Busch in 1926 formulated the general 

theorem that all axially symmetric magnetic and electric 

fields possess the property of electron lenses,” which 

laid the foundation for electron optics, | 

Busch's discovery resulted immediately in the discussion by 

the foremost German physicists of the day of the idea of an electron 

microscope. The first scientists to actually begin work on electron 

microscopes were Mh, Knoll and E. Ruska at the Technische Hochscule, 

Berlin, and E. Bruche and H. Johannson at the Allgemeine 

Elektrizitatsgesellschaft Laboratory, Berlin. Knoll and Ruska, in



1931, displayed photographs which were taken with an instrument utilize 

ing a magnetic lens which was in actuality the first electromagnetic 

electron microscope .!° In 1932, Bruche and Johannson made the first 

_ electron microscope utilizing electrostatic lenses, ?+ 

AS might be expected, these forerunners of the modern high 

power electron microscope were definitely inferior to light microscopes 

of that day. It took approximately four years for the electron micro- 

scope to reach a stage of development so as to equal the resolving 

power of the light microscope. However, within eight years after its 

original appearance, the resolving power of the electron microscope had 

been increased until it surpassed the resolving power of the most power- 

ful light microscope by a factor of one hundred. An electron micro- 

scope designed by V. von Borries and E, Ruska was made commercially 

available by Siemens in Germany in 1939. A Siemens electron microscope 

is shown in Fig. 1. Due to the second world war, this microscope was 

not made available to North America, although several of the instruments 

were shipped to England, France, Sweden and Russia, About thirty of 

them had been manufactured before the war.!@ 

L. Marton of Brussels built a microscope in 1934 with which he 

made the first successful electron micrographs of bacteria. At the | 

outbreak of World War II, Marton became associated with the Radio 

Corporation of America and it was through his efforts that work on the 

development of the electron microscope was begun by the Radio 

Corporation of America.



  
Fig. 1. Siemens electron microscope. First manufactured 

' in 1939.
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The first functioning electron microscope to be built in 

North America was an electromagnetic type* and was built by E. F. 

Burton, J. Hillier and A. A. Prebus at the University of Toronto in 

1939.73 

The first electron microscope built by the Radio Corporation 

of America, which is known as the Model B (Fig. 2), was described by 

V. Ke Zworykin, J. Hillier and A. W. Vance in 1941.14 This microscope 

was an electromagnetic type and was somewhat similar to the Siemans 

_@lectron microscope. However, it incorporated several improvements 

over the older instrument. Among the more outstanding improvements 

were the following: 

l. Simpler electron gun 

2. Lateral flexibility of column 

3. High frequency power supply, This type of 

power supply is cheaper, easier to regulate, 

and the output is more constant than that of 

a conventional sixty~cycle power supply. 

R.C.A, achieves a regulation of better than 

one part in 50,000 with this power supply. 

4. Easier to operate 

5. Less expensive 

In 1944, the Radio Corporation of America came out with the 

current RCA Type EMU (itig..3) microscope, This instrument, of which 

  

*The electromagnetic electron microscope, which derives its name from 
the fact that electromagnetic lenses are employed, is sometimes referred 
to as the Siemens type due to the fact that it was first manufactured 
by Siemens. |
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Fige 2. RCA Model B electron microscope. First manu= 

factured by the Radio Corporation of America 
in 1941.
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Fig. 3. RCA Type XMU electron microscope. Brought 

out by the Radio Corporation of America in 
1944. (
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there are over a hundred in use today, represents the highest achieve~ 

ment in the form of any commercial model manufactured in North America, 

It has a range of magnification of fram 300 diameters to 20,000 diameters, 

During the same year, RCA came out with a simplified and less expensive 

electron microscope which was designated as the Console or Type EXC 

model (Fig. 4). The Type EMC electron microscope yields images at two 

fixed values of magnification, namely, 500 diameters and 5,000 diameters, 

In principle, this microscope is similar to its big brother, the EMU 

Type. However, it is smaller, gives less magnification, is less flexible, 

and much cheaper, It is more difficult to keep in adjustment and is not 

as well suited for research. 

In 1948, the Philips Company in Holland began the manufacture 

of an electromagnetic type instrument (Fig. 5) which incorporates several 

features that appear to be improvements over both the RCA Type B and 

the RCA Type EU. It operates at voltages up to 100 kv, has an auto~ 

matic focusing device and permits a continuous change in magnification 

from 6,000 to &0,000 diameters. Although not manufactured in this 

country, it is imported through the North America Philips Company. In 

addition to the previously mentioned electron microscopes of the electro- 

magnetic type, electromagnetic electron microscopes are now being manu~ 

factured by Metropolitan-Vickers in England and also in Sweden. The 

microscope manufactured by Netropolitan-Vickers has a high frequency 

power supply and is, in general, somewhat similar to both RCA models 

previously described, Itpermits a continuous range of magnification 

  

*This is the type instrument which was purchased by the Virginia 
Polytechnic Institute in January, 1949, and was used in connection with 
the research problems described later in this manuscript.
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Fig. he RCA Type EMC electron microscope. Brought 

out in 1944 by the Radio Corporation of 
America, —



  
Fig. 5. Philips electron microscope. Brought out by 

the Philips Company of Holland in 1948 |



from 100 to 100,000 diameters, The Farrand Optical Company in the 

United States is now completing a design which should soon be avail- 

able. . 

The most recent development in electron microscopy is the new 

permanent magnet microscope just announced (June, 1950) by the Radio 

Corporation of America, This new microscope, which is shown in Fig. 65 

is the first to utilize permanent magnet lenses as well as the first 

not to require stabilization circuits. The lower end of the magnifi- 

cations range overlaps that of the conventional light microscope. 

This makes it possible to progress from the known up into the unknown 

to the extent of the magnification, which is 50,0CO :iameters. One 

outstanding advantage of this electronic microscope is that it makes 

possible insertion of specimens into the evacuated column, and their 

removal, without destroying the vacuum, Although not yet on the mar= 

ket, this microscope is expected to sell for less than $6,000,319 

Because of the inherent aberrations in electrostatic lenses, 

very few electrostatic electron microscopes have been made commercially 

available. The first and only electrostatic electron microscope made 

commercially available in this country was developed by the 

General Electric Company in 1943. This instrument, which is shown in 

Fig. 7, is small and quite simple in design as well as in operation, 

The maximum resolving power is 200 Angstrom units and the maximum 

magnification as observed on the sereen is 1000 diameters. However, 

  

*This is only a fraction of the cost of electron microscopes now 
available,
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Figs 6. New permanent magnet electron microscope just 

announced by the Radio Corporation of America 
(June, 1950). Not yet on the commercial 
market.
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Fig. 7. Electrostatic electron microscope. Brought 

out in 1943 by the General Electric Company. 
(Insert is an electron micrograph of fringe 
on mosquito wing, taken with this microscope. )
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by further enlargement, the total magnification may be brought up to 

7000 diameters, AEC* in Germany and CSF** in Paris are the only two 

European companies that have manufactured electrostatic microscopes, 

and at present, the only microscope of this type available in Europe 

is manufactured by CSF. The CSF microscope operates at a constant 

magnification of 7000 diameters. 

The possible applications of an instrument which so greatly 

extends our range of vision as does the electron microscope are too 

numberous to mention here. In any field where there exists a desire 

for probing deeper into the structure of the material under considera- 

tion than is possible with the best light microscope, the electron 

microscope presents endless possibilities. The more common applica= 

tions are in the fields of ceramics, metallurgy and biology, and it is 

reasonable to believe that in the not too distant future the physicist 

may be able to investigate the ultimate crystalline structure of 

individual molecules with the aid of more powerful electron microscopes, 

As might be expected, an instrument as revolutionary as the 

electron microscope has in its present stage of development definite 

limitations. In the first place, the biologist is prevented from 

viewing living organisms by reason of the vacuum surrounding the speci- 

men and the destructive effect on life imposed by the electron beam, 

Secondly, the fact that optically transparent materials, unless they 

are very thin, are opaque to an electron beam, means that the only type 

  

*tAllgemeine Elektricitaéts Gesellschaft (General Electric Company, 
Germany). 
*®Compagnie Générale de Télégraphie sans Fil, Paris, France.
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specimen which can be viewed is an ultra-thin replica. Replica 

specimens are not satisfactory subjects in the case of many types of 

investigations, which imposes very definite limitations on the use of 

the. electron microscope. The electron microscope in its present state 

of development is definitely not the ultimate answer to all problems 

in microscopy; however, it does extend greatly the visual range and 

has enormous possibilities in many fields of endeavor, 

This discussion would not be complete without giving special 

attention to the extent to which electron microscopes are now being 

used in the United States, As of January 1950, there were 220 electron 

microscopes in use in the United States, representing a total invest- 

ment of $2,800,000. The distribution of these instruments is as 

follows: 41 per cent are in hospitals and universities; 39 per cent | 

are in industrial research laboratories; and 20 per cent are in city, 

state, and federal laboratories,16
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II, Basic Principles of the Electron Microscope 

| Ernest Abbe in 1870 showed that the theoretical resolving power 

of the light microscope is limited by the wave length of the light 

utilized and is in accordance with Eq, 3. 

dz A (3) 
2 pA sina 

Assuming the shortest wave length A for visible light, which is about 

4,000 Angstrom units, the largest value of index of refraction AA for 

an immersing fluid to be 1.7 and the maximum value of Ol to be 70 degrees, 

the diameter d of the smallest distinguishable object is about 1,200 

Angstrom units. To date, 1,000 Angstrom units is the best value of 

resolving power obtainable with a light microscope. For many years, the 

leading physicists in their times have labored in vain to extend 

appreciably the range of the microscope. However, all research along 

these lines up until after de Broglie's dual theory of the electron 

(1924) and Busech's discovery of electron lenses (1926) was confined to 

the field of light optics and thus was faced with an unsurmountable 

obstacle--Abbe's equation. With Louls de Broglie's announcement of his 

dual theory of the electron in 1924, an entirely new phase of microscopy 

was opened to the physicists. Wave mechanics show that there is a wave 

length associated with every moving electron and this wave length can 

be computed by using de Broglie’s equation. (Eq. 4). 

A= (4) 
mv 

where jf = wave length 

h =z Planck's constant 

m « mass of electron 

v =s velocity of electron
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Substituting numerical values for constants, writing velocity in terms 

of equivalent voltage through which electron drops, and taking into 

account the relativistic change in mass with velocity, iq. 4 takes on 

the following form:17 

Az 12.3 
(v # v2 . 10768 (5) 
  

where V = accelerating potential, expressed in volts 

AE wave length associated with electron expressed 

in Angstrom units 

From de Broglie's equation, it can be seen that wave lengths 

associated with electrons can be extremely short compared to the shortest 

wave length in the visible range (about 4,000 Angstrom units). Take,for 

example, the wave length associated with an electron accelerated by a 

difference of potential of 60,000 volts. The associated wave length 

would be in the order of 0,05 Angstrom units, which is one-one hundred 

thousandths of the wave length of the shortest visible x-radiation. 

It was immediately assumed that the de Broglie wave length 

equation (Eq. 4) could be substituted into the Abbe equation (Eq. 3) 

to determine the theoretical limits of the resolving power of an instru- 

ment (that is, if such could be developed) utilizing the wave lengths 

associated with high velocity electrons. However, it was not until 

1935 that Walter Henneberg, 1° by use of optical considerations, proved 

this assumption to be correct, This assumption was also proven in an 

entirely different way by Henriot.19 Henriot's method is given below: 

Assume that an electron moves toward the axis of a microscope 

(Fig. 8) with which it makes an angle Q and strikes a molecule of
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  ry 

Fig. &@ Skxeten illustr:ting Henriot's method of proving 
tit de Broglie's save length equation cen be 
substituted into Abbe'ts equetion.
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mass M, then according to Heisenberg's formula 

& * Qp, = h (6) 

where 44x = transversal indetermination (resolving power) 

APx s indetermination of momentum 

h Planck's constant 

The momentumApx transmitted to the molecule M as a result of 

the electron collision is expressed as follows: 

AP, = 2nv sink 

where m z= mass of electron 

vo» velocity of electron 

Then OxAp, = 4x 2nv sind 

Thus hea Ax 2m sind 

and Ax = h 
amy sindl 

But. Az fh 
mv 

Therefore Ax = _A (7) 
2 sing 

which is the same as Abbe's equation (Eq. 3) for light in a vacuum. 

According to Eq. 7, theoretically it should be possible to 

resolve atoms with an electron microscope; however, due to limitations 

imposed by spherical aberration, chromatic aberration, electron scatter= 

ing, etc., it has to date been impossible to obtain a resolving power of 

better than around 10 Angstrom units. This means that the electron 

microscope in its present state of development is approximately 100 

times as powerful as the best light microscope. It has been calculated
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by W. Glaser™° that a resolution of from 5 to 3,5 Angstrom units* 

is possible with an electron microscope, 

As the events leading up to the development of the electron 

microscope have previously been discussed, only the basic theory upon 

which the electron microscope is based will be considered here, 

light, electrostatic, and electromagnetic electron microscopes 

are comprised basically of equivalent components, These basic com- 

ponents for light, electromagnetic, and electrostatis electron micro=- 

scopes are illustrated in Figs. 9, 10 and ll, respectively. Basic 

differences between the light microscope and a typical electromagnetic 

electron microscope are given in Table 1,72 

TABLE I 

Comparison of Light and Electron Microscopes 

  

  

Light Electromagnetic 
Item Compared Microscope Electron Microscope 

Image-forming radiation Light Electrons 
Medium of travel Air Vacuum ( 10—4 mm Hg) 
Nature of lenses Glass Magnetic fields 
Object mounting Glass slides Thin films ( 10-® cm) 
Main source of contrast Absorption Scattering 
Focusing Mechanical Electrical (changing 

objective coil current) 
Adjusting Magnification Exchanging Changing projector coil 

lenses current 

  

Whether the instrument of the electrostatic or electromagnetic 

type, electrons as they traverse the electron microscope column from 

  

¥In his calculations, Glaser took into account the limitations dictated 
by spherical and chromatic aberration, electron scattering, etc.
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Fig. 9. Diagram illustrating the basic components of 
a light microscope.
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Fig. 10. Diegrem illustrating the basic components of 
an electromagnetic electron microscope.



27 

FILAMENT = CATHODE 

  

    

    

    

GRID =4| —— 

GRIO VOLTAGE 

ANODE APERTURE 

   

  

F
A
 

ed
i 

O
E
 
R
E
N
 
P
e
l
e
e
 

ce
p 
a
n
h
 

NH
 L

a 
Na 

  s
m
e
 

oe
 

  oo Sn ameramamennntent tam <a sal 

ELECTROSTATIC 

OBJECTIVE LENS 

  

: 
: 

i i 

t 

i 

{ ;   
- ! cone ances od , 

ELECTROSTATIC ~ | 
PROJECTOR LENS 

  

  

  

    
POSITIVE \ 
TERMINAL \ 

OF 
HIGH \ 

VOLTAGE 
SOURCE 

TL FLUORESCENT SCREEN 

Fig. 11. Diagram illustrating the basic components of 
an electrostatic electron microscope. 

NEGATIVE 

TERMINAL 

OF 

HIGH 

VOLTAGE 

SOURCE



filament to the fluorescent screen undergo the following experience, 

Electrons are thermionically emitted from a directly heated tungsten 

filament after which they are acelerated by a very high voltage anode, 

(of the order of 30,000 to 100,000 volts, depending upon the type of 

electron microscope) and formed into essentially parallel beams by the 

condenser lens, The electrons next pass through the specimen (or 

object) to be observed or photographed and while traversing the speci- 

men the electrons are scattered in accordance with the mass thickness 

of the various regions of the specimen, The electrons now pass through 

the objective lens and only those electrons which are scattered in the 

solid angle formed by the objective aperture will contribute to image 

formation, The distribution mass of the specimen is a function of the 

number of electrons per unit area over a plane behind the specimen, The 

objective lens is the component which actually forms the image of the 

object. The electrons that get through the objective lens next enter 

the projection lens. The projection lens magnifies the electron image, 

which has already been formed by the objective lens, so as to make it 

sufficiently large for observation by the human eye. The image, of 

course, cannot be observed by the human eye until the electrons, by 

impinging on a fluorescent screen or photographic plate, form a 

visible image, 

The various components of the electron microscope will now be 

discussed from the standpoint of structure and principle of operation, 

1. Electron Gun Structure. The electron source consists of a 

filament (or cathode) and anode and may or may not include a grid.



The filament is of the thermionic type. Although cold cathodes have 

been used in experimental electron microscopes, ion-bombardment of the 

cathode in such cases makes this type of cathode impractical. In 

modern microscopes, the filament is practically always pure tungsten, 

Many filament materials have been experimented with, However, acti- 

vated cathodes, such as oxide-coated and thoriated tungsten filaments, 

which because of their high emitting efficiencies, are employed in 

most high=vacuum receiving tubes, are unsuitable. Their unsuitability 

is due to the fact that vacuum conditions in electron microscopes are 

generally such that a good state of activation of oxide-coated and 

thoriated=tungsten filaments cannot be obtained, which results in very 

short filament life. Also, evaporation of the oxide coating will result 

in contamination of the microscope parts, The filament is heated by 

alternating current and generally takes the form of a V, This type of 

structure results in an electron source at the vertex of the V, which 

is the hottest part of the filament, Thus the electron source is of 

very small dimensions and can be easily centered in the aperture of 

the guard or grid cylinder. This structure is illustrated in Fig, 12, 

The apertured cylinder surrounding the filament is either a guard cylin- 

der or control grid, depending upon whether it is maintained at 

cathode potential or whether its potential with respect to the cathode 

can be varied, The anode, which marks the entrance of the electron 

beam into the main body of the microscope column, is located a short 

distance in front of the apertured cylinder, The distance between the
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the vertex of the filament and the anode is proportional to the 

difference in potential between these electrodes, For reasons of both 

design and safety, the anode and the main body of the microscope are 

grounded. The cathode, which is connected to the negative side of the 

high-voltage power supply, is thus below ground by the amount of the 

accelerating voltage. 

2. High Voltage Power Supply. Special note should be made of 

the type of high voltage power supply now being employed in modern 

electron microscopes, Because of its several advantages over the con- 

ventional 60=-cycle power supply for supplying the high de voltage 

required for the acceleration of electrons in electron microscopes, the 

high frequency (RF)* power supply is now universally used in electron 

microscopes. Several advantages of this type of power supply are: 

(1) A low-loss resonant coil, which requires only a 

very small exciting power and occupies a very 

small space, can be used. 

(2) Smaller and less expensive capacitors can be used 

in the filter circuit, | 

(3) The problem of regulation is simplified consider= 

ably which means that much better regulation can 

be obtained, 

(4) It is much easier to shield against stray fields 

in the case of the high frejuency power supply 

than in the case of a conventional 60=-cycle power 

supply. 

  

*Often referred to as radio frequency, abbreviated RF.



A block diagram of a t;pical high frequency (RF) electron microscope 

power supply is shown in Fig, 13. 

3. .Lenses. Hlectron microscope lenses consist of either 

electrostatic or electromagnetic fields of rotational symnetry about 

the optical axis. The refracting rower of tiie electrostatic lens can 

be changed by var;ing its electrostatic field intensity and the 

refracting power of the magnetic lens cin be controlled by variation 

in the magnetic field strength. As will be shown later, the focusing 

action of both electrostatic and electromagnetic lenses on electron 

beams is similar to the focusing action of glass lenses on light beams. 

(1) #lectrostatic Lenses. The sketch of Fig. 14 represents 

avery simple electrostatic lens. Consider the regions on both sides 

of an individual equipotential line of Fig. 14 which is redrawn to a 

much larger scale in Fig. 15. Assuwie that the potential to the left 

of the surface S* is negative and the potential to the right oi the 

surface is positive. Now consider an electron moving with velocity 

vz in direction PQ. A force will exist at the surface which is perpen- 

dicular to the equipotential surface and because of this force, the 

electron, after passing through surface S, will experience an accelera= 

tion and attain velocity vo. Because no work is reyuired to move a 

particle along an e uipotential surface, the tangential conuponent of 

velocity v4 does not undergo a change; therefore the change in velocity 

from vy, to vo is a result of the change in normal component v,, only. 

  

#In this discussion surface § is arbitrarily taken as reference or 
zero potential.
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/ EQUIPOTENTIAL SURFACE 

    
ELECTRON PATH 

Fig. 15. Diagram illustrating the refraction of electrons 

in a nonuniform electrostatic field.
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Referring to Fig. 14, the following relationship may be written.” 

Vz = vy Sini = v2sinr 

where i « angle of incidence 

Yr « angle of refraction 

The above relationship may be rewritten as: 

sini <= ¥2 (8) 
sin r V1 

The ratio of the velocities of propagation of light in two 

media is known as the index of refraction y, , and this ratio, which 

is given by Eq. 8,is generally known as Snell's law of refraction. It 

follows, then, that refraction of a beam of electrons by equipotential 

surfaces obeys the same law as the bending of a beam of light ata 

refracting surface, and thus it can be said that an electron-lens 

system is analogous to an optical-lens system. The index of refraction 

of an electron lens can be readily changed by varying the potentials 

applied to the electrodes which comprise the electron lens. It should 

be noted that an electron lens cannot be sharply defined; thus an 

electrostatic lens is actually a region constituting varying indexes 

of refraction. This gives rise to appreciable spherical aberrations 

so much so, in fact, that electrostatic lenses cannot be used if high 

resolution is required. In the case of electromagnetic lenses spherical 

aberration can be minimized by proper aperture alignment and design. 

Thus electromagnetic electron microscopes can be made much more powerful 

than electrostatic microscopes. 

The magnification of the lens of Fig. 14 is equal to b/a and 

the focal length may be computed as follows:~*
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Le KUL 
gf WV,/V (9) 

where k e# constant 

f «#« focal length 

VY «a difference in potential between lens and cathode 

electron velocity expressed in voltage equivalent 

(2) Electromagnetic Lenses. Fig. 16 illustrates the 

principle of electromagnetic focusing. In order to understand how 

magnetic focusing is accomplished, the effects of a magnetic field on 

a beam of electrons must be considered. It can be shown that if 

electrons are shot into a magnetic field which is normal with respect 

to their motion, they will follow a circular path. The radius of 

curvature, angular velocity, and time for one complete revolution in 

the magnetic field are expressed by kqs. 10, 11 and 12, respectively .74 

Rom 3:37. x 1076 (y)3 (10) 
8 

us = 1.759 x10 3 (11) 

T = asta ic (12) 

where V difference in potential through which electron has 

dropped before entering magnetic field, expressed in volts 

B 2 flux density of magnetic field, expressed in webers per 

square meter 

Cr = angular velocity, expressed in radians per second 

T # time for one complete revolution, expressed in seconds 

The arrangement of Fig. 16 shows a beam of electrons passing 

through a magnetic field which is symmetrical about the axis of the
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beam, The magnetic field is substantially parallel to the axis and 

therefore perpendicular to the outward components of velocity of the 

electrons, i.@., components normal to the axis. This means that the 

‘components of velocity parallel to the axis will be unaffected. However, 

the magnetic field acting on the normal components of velocity (Eq. 10) 

will cause the electrons to move in helical paths as they progress 

along the axis. The pattern of the magnetic field and the loci of the 

electrons are illustrated -in the sketch of Fig. 16. It is possible 

that the normal components of velocity of the various electrons 

comprising the beam will be different. However, as shown by Eq. 14, 

the time required for each electron to make a complete orbit and 

return to the axis is not a function of the normal component of velocity 

but is dependent upon the strengti: of the magnetic field in which it 

finds itself; thus if the strength of the magnetic field is essentially 

uniform and each electron has approximately the same axial component 

of velocity,* they will return to the axis in approximately the same 

time and at approximately the same point. Thus electromagnetic 

focusing is accomplished. The focal point can be varied by changing 

the strength of the magnetic field. It is, of course, impossible to 

have all electrons go through exactly the same point; thus spherical 

aberration exists, However, by careful design it can be both reduced 

and compensated for to a much greater extent than in the case of 

  

*Since each electron drops through the same accelerating voltage, and 
this voltage is very large (in the order of 30,000 to 100,000 volts) 
compared to the difference in the emission velocities expressed in 
equivalent volts (in the order of from 0 to 5 volts), they each have 
essentially the same axial component of velocity.



electrostatic lenses, The basic structure cf an electromagnetic lens 

is shown in Fig. 17, the focal length of which is given by Ec. 13, 

x 
a & 2 i H,“dx (13) 

xo . 

re
ir
 

where f x2 focal length 

kK constant u 

Vo voltage equivalent of the electron velocity 

H, = magnetic field intensity along axis 

(3) Theory of Electrostatic and Electromagnetic Lenses. 

The theory of combined electrostatic and electromagnetic lenses is 

given in some detail by Marton and Hutter.° ‘he method of analysis 

which they employ was first outlined by E. Bruche and 0. Scherzer 

in 1934. 

Starting with the three Lorentz equations listed below: 

m/2 (42 + y’) = e°@ (energy equation) (14) 

hk = -e (x/r)E, - eyllz + e(y/r)z i, (15) 

(acceleration equations) 

my = ~e(y/r)E, + ex Hy - e(x/r) 2H, (16) 

where w, y and 2 are mutual perpendicular axes 

ros (x+y)? 
(*) dot over term indicates differentiation with respect 

to time 

(°°) two dots over term indicates second derivative with 

respect to time 

(*) dot between two terms indicates dot product
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@€ =< charge of electron 

m = mass of electron 

$ = accelerating voltage 

H =a field intensity 

Marton and Hutter, assuming ideal ‘optics,* i.e., no lens aberrations, 

developed the following equation which describes combined electro- 

static and electromagnetic lenses. 

Pun + yer + igre + (ek*/in)e = 0 (17) 
where 44 = Ww e7ik 

wa x-+iy 

ZO 

(') indicates differentiation with respect to z axis 

(") indicates second derivative with respect to z axis 

all other symbols defined above 

In the case of a pure magnetic field 

go 2 0 
g" -2 O 

and in the case of a pure electrostatic field 

«He 0 

Eq. 17 is a linear differential equation with two linearly independent 

solutions forming what is generally termed a fundamental system. A 

general solution for this equation can be determined for only a few 

types of functions of 9 and H. 

  

*Sometimes referred to as "Gauss Electron Dioptrics."



Marton and Hutter also treat lens aberration. However, the 

treatment is very involved and extremely tedious; thus it will not be 

described here. The reader who is interested in a classical treatment 

of lens aberration is referred to Marton and Hutter.~°



III. The Type :WC Electron Microscope 

The electron microscope employed in the investigation described 

herein was purchased by the Virginia Polytechnic Institute in January, 

1949, and installed in Room 102, Holden Hall. It is the Tyoe HNC, 

manufactured by the Radio Corporation of America, Camden, New Jerse;. 

This microscope is built into a console cabinet having an overall 

height of 30 inches, a width of 29 inches, and a length of 48 inches. 

The viewing screen, which is sloped away from the operator, is located 

at the top center of the console. The controls are mounted ona 

sloping panel behind the plane of the screen so that they are readily 

accessible to the operator. 

This microscope can be operated at two fixed values of magnifi- 

cation -=- approximately 500 diameters and aporoximately 5000 diameters. 

The maximum resolving power is 100 Angstrom units. Power for energizing 

the electrical circuits is supplied by a voltage regulator which main- 

tains a constant input potential difference of 115 volts. The total 

power demand of the microscope is approximately 900 watts. 

| The Type EMC microscope is also provided with a photographic 

chamber located directly below the viewing screen which is built to 

accomodate a cassette holding a 2 x 2 inch photographic plate. 

Fig. 18 shows the complete console assembly of the Type ELIC 

microscope described. The door on the right of the control panel 

encloses the electrical fuses while the door on the left of the control 

panel encloses a utility cabinet. The complete console is finished in 

two-tone gray enamel and weighs aporoxinately 450 pounds.



oe) 

  
Fig. 18. Type E‘C electron microscope. Manufactured 

by the Radio Corporation of America.
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1. Microscope Column, Fig 19 is a cross=sectional view of the 

microscope column which will be described in some detail in the 

succeeding paragraphs, 

| In the upper left hand portion of the drawing is located the 

section of the column known as the viewing chamber, This section con- 

tains the complete camera mechanism R which is comprised of a holder for 

the cassette which can be rotated into position in front of the electron 

beam by a crank assembly outside the evacuated column. Loading the 

cassette is accomplished through an access port located directly under 

the viewing screen. This operation must be performed before the column 

has been evacuated, Vacuun sealing in both the access port and the 

crank mechanism is accomplished by rubber gaskets which effect a seal 

when forced by pressure against a machined metal surface. 

the viewing screen S is made of a circular piece of glass four 

inches in diameter. It is provided with a fluorescent surface* which 

emits visible light when bombarded by high velocity electrons. The 

screen is also treated so as to give an electrical conducting surface 

in order that tne electrons which strike the screen during the bombard- 

ment period will be conducted to ground. This prevents the accumulation 

of excess charge which would result in a fuzzy image. The glass is 

also leaded to prevent exposure of the operator to any x-radiation which 

may possibly be produced, twhile the vacuum is off the column, the 

glass is held in place by two small spring clips. tihen the column is 

evacuated, the air pressure is sufficient to effect a vacuum seal by 

  

#Zinc silicate ~ ZnjSi0, - is a very common fluorescent screen material. 
The trade name for zinc silicate is willemite,
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forcing the ground edge of the glass tightly against a hard rubber gasket 

which contacts a machined metal surface, A frame is marked on the inside 

surface of the glass, which indicates to the operator that portion of the 

image which will appear in the finished photograph. There are index marks 

on both the glass and the column casting which are opposite each other 

when the screen is in correct alignment, | 

Attached to the rear of the viewing chamber is the magnetic lens 

system T. The magnetic circuit of the pole piece system U includes two 

air gaps which constitute the objective and projector lenses. This 

magnetic circuit is excited by an electromagnet located in this lens 

assembly. Fig. 20 is an exploded view of the lens assembly, This 

assembly provides a magnification of about 5000 diameters and can be altered 

to give a magnification of 500 diameters, The alteration necessary to ob- 

tain a magnification of 500 diameters is the omission of the high gain 

insert when the column is assembled, The current utilized by the electro 

magnet to form the objective lens image is the same current as used in 

the projector lens system. Access to the pole piece is through the viewing 

chamber and it is easily removed by way of the screen opening. For proper 

operation, it is essential that the pole piece be maintained as clean and 

dry as possible. 

Located at the rear of the lens system is the specimen chamber 

casting. This chamber contains the specimen stage Vv and a vacuun gauge G. 

The specimen chamber door H on top of the column provides access to the 

specimen chamber, The specimen stage located in the center of the 

chamber holds the specimen holder, which is held in place by a small



  
Fig. 20. Exploded view of the lens assembly of the 

Type EMC electron microscope,
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spring. The stage, including the holder, is moved by the cables from the 

control dials on the main panel, one providing vertical movement while 

the other provides horizontal movement, The chamber door is made air 

tight by atmospheric pressure, which effects a rubber-to-metal seal, 

The anode and aperture assembly K is directly behind the spec- 

imen chamber and is held in place by a set screw, The anode is made of 

heavy copper and is in contact with the specimen chamber. This permits 

easier dissipation of heat, resulting from electron bombardment, into the 

chamber casting, 

To the rear of the anode and fastened to the specimen chamber 

is the electron gun J, A tripod mounting of the gun enables alignment to 

be made relative to the anode by means of screw adjustments on two rods 

which extend to the front of the column, The top mounting of the tripod 

is the fixed one, This arrangement enables adjustment to be made from the 

operator's position. 

2. Vacuum System. ‘In general, electron lenses, whether of the 

electrostatic or electromagnetic type, must be in an evacuated column. 

In the case of conventional cathode-ray tubes, such as are used in cathode- 

ray oscillographs and television sets, the tube is permanently evacuated 

and sealed, The electron microscope is unique in that the vacuum must be 

alternately obtained and then destroyed to afford access to both specimen 

and photographic film chambers, Therefore, it is necessary that the 

microscope be equipped with an exhausting device to enable the operator 

to obtain the vacuum after the specimen and film are in place, The 

lowest pressure which can be had in the microscope column is dictated by 

the leak rate of gases emitted by gaskets and metal walls. For this
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the column should be kept closed except when changing specimens or 

photographic plates, 

Evacuation is accomplished by means of a mechanical fore pump 

connected in series with an oil diffusion pump. A schematic diagrm of 

the complete vacuum system is shown in Fig. 2l. The two pumps in series 

are capable of producing a vacuum inside the column of 1074 millimeter 

of mercury, Control of the pumps is accomplished by a valve block B 

located under the viewing chamber and which is activated by a crank 

outside the column. Sufficient gearing is provided behind the crank to 

permit easy mechanical operation. An indication of the pressure within 

the column is given by a test meter on the main panel when the selector 

switch is in the VAC position or when the VAC pushbutton is depressed. 

The fore pump is of the positive displacement type and is shock 

mounted on springs at the left rear of the console. It is a Welch Type 

1405 pump and is driven by a one=half horsepower motor. The two units 

are connected by a V-belt. The motor is a capacitor start, single- 

phase motor which is cooled by a fan mounted on the end of the motor 

shaft. It draws approximately 15 amperes during the starting period, 

and approximately 6.6 amperes while running at rated load, Tension on 

the V-belt may be adjusted by changing the position of the motor 

mounting, 

The diffusion pump is connected in series with the fore pump and 

is necessary to obtain a much higher vacuum than could possibly be obtained 

by the mechanical pump alone. Its basic principle of operation is 

explained as follows2® with the aid of Fig. 22,
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The oil in tank B is heated by an electric heater and made to 

boil. The stream of vapor flowing through the constriction C produces 

an aspirator action, and air from the column V diffuses into the bulb L 

from which it is removed by the fore pump, The vapor above the bulb L 

condenses and trickles down into it and from here it is returned to the 

min tank B. The diffusion pump in the Type EC microscope is a metal~ 

clad, two-stage air-cooled type. It is fastened to the valve block 

manifold by six screws which when pulled up tight insure an air-tight 

seal. The cooling for the pump is accomplished by a fan on the inside 

of the cabinet, ‘The pool of oil in the pump, which consists of 55 grams 

of octoil, is heated by a 135=watt electric heater, 

The valve block is a casting located below the column which con=~ 

tains all the valves in the vacuum system, These valves are controlled 

by the crank on the right side of the column casing. Their operation 

is as follows: Valve A connects the fore pump to the output of the 

diffusion pump, Valve B connects the fore pump to the column, while 

Valve C connects the intake of the diffusion pump to the microscope 

column. Valve D opens the column to atmosphere through a filter-drier., 

The valve positions are changed by rotating the valve crank clockwise. 

There are three positions of the crank: "Load," ‘"‘Prepump," and "Operate," 

In the load position, the column is open to the atmosphere (valve D open) 

through the dehydrator while valves B and C are closed allowing the fore 

pump to pump down the diffusion pump through valve A, which is open. In 

the next positon-—Prepump--valve A is closed and valve C remains closed,



thus completely sealing off the diffusion pump. Valve D also closes 

and valve B opens allowing the fore pump to rough pump the column, As 

soon as the test meter indicates a vacuum reading of 40, the crank is 

rotated to the operate position. In this final position, valve D is 

still closed, valve B closes shutting the column off from the fore pump 

and valves A and C open, permitting the two pumps (operating in series) 

to pump down the column. A reading of 95 should be indicated by the 

test meter before the high voltage is turned on. ihen commencing 

operation of the microscope, the two pumps should be energized simul- 

taneously, after which a period of ten minutes should be allowed for the 

diffusion pump to reach a stabilized operating temperature, 

An electron microscope column should not be subjected to moist 

air entering it each time the vacuum is dropped as this would lead to 

corrosion of the parts,29 The air entering the column should also be 

clean air to prevent an accumulation of dust on the various column parts. 

For this reason it is essential that the air entering the column be 

passed through a suitable filter and drier. The Type WiC microscope 

is equipped with an air filter, located in the left hand side of the 

console, which is connected to the column by means of tubing. The 

cleaning action is accomplished by felt pads at the extremities of the 

filter, These pads should be replaced about once a year to eliminate 

the danger of dirt saturation. The drying action is obtained by a 

glass vial filled with indicating drierite through which the air passes 

on its way to the column. Pure drierite is blue in color, but as it 

absorbs water, its color changes to red, hence the name "indicating



drierite," When the drierite becomes red up to the "change" line on 

the tube, it should be replaced with fresh drierite. Or, it is possible 

to heat-treat the old drierite, thus driving out the moisture and 

restoring the blue appearance, 

3. lectrical system, The electrical system of the Type EC 

microscope consists of two main sections; the low voltage section and 

the high voltage section. Hoth sections will be discussed in detail, 

each component part being considered individually. A schematic circuit 

diagram of the complete electrical system is shown in Fig. 23. 

The power for all the electronic circuits is obtained from the 

output of the voltage stabilizer or regulator. This device is capable 

of maintaining a constant difference of potential of 115 volts at its 

output terminals over a range of 95 to 130 volts applied to its input 

terminals, The fore pump, diffusion pump, and thermocouple gauge are 

powered directly from the main line with no regulated supply. 

In the right hand side of the cabinet and accessible from the 

rear through removable panels are located the two main electronic chassis. 

The top section is the high voltage section, the purpose of which is to 

supply 30,000 volts de for accelerating the electrons. The section 

below, which is the low voltage unit, supplies low voltage de to the 

remaining microscope circuits. Flanking the microscope column on both 

sides are the main instrument controls as previously mentioned. The 

control instruments can be reached by removal of a metal hood which is 

held in place by flush screws in the front panel. | 

Following is a description of the functions of the components 

making up the main control panel which is shown in Fig. 24.
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2h Control panel of the Type HNC electron 

microscope, illustrating operating 
procedure, e 
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A test meter is located at the left end of the panel immediately 

adjacent to the storage compartment door, This meter is used in conjunc- | 

tion with the selector switch located immediately below the meter for 

reading the more important voltages and currents of the microscope 

electrical systen, This meter obviously could not be calibrated to read 

the actual voltage or current in each instance. Thus it is designed 

merely to give an indication of the relative magnitudes of current in the 

particular circuit under consideration. Table II indicates the circuit, 

meter readings, and corresponding values of current or voltage for each 

of the six positions of the selector switch, 

TABLE II 

Meter Readings and Corresponding Values of Current or Voltage 

  

Circuit Meter . Actual Current 

  

Selector Reading or 
Position Voltage 

VAC 20-100 1.5 - 7.5 mv 

BEAM O= 50 O- 1,0 ma 

LENS 60= 70 120 ~ 140 ma 

osc. 1. 50~ 52 100 = 104 ma 

L.V. 37 370 v 

OSC. E 60= 80 600 = 800 v 

  

The degree of vacuum can be read with the switch in the VAC position, 

or if the switch is in any other position, the vacuum can be quickly 

checked by depressing the push button marked VAC, which is located to
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the right of the meter, This switch has a spring loaded contact and on 

release, the meter reads the quantity in the circuit to which the selec- 

tor switch was originally set. | 

| The beam switch, which controls the power to the microscope 

filament, is adjacent and to the right of the test motor, 

The intensity control is to the right of the beam switch and is 

simply a rheostat in series with the beam switch which is used to vary 

the illumination on the screen by varying the filament current. An 

increase in filament current results in an increase in electron emission 

from the filament in accordance with Hichardson's equation. 

Flanking the microscope colum (Fig, 24) are the two stage con- 

trols which are used to move the specimen stage while the specimen is 

under observation. The dial on the left permits vertical displacement 

of the specimen while the one on the right moves the specimen horizon- 

tally, One revolution of either dial moves the specimen approximately 

0,001 inch, | 

Next to the right on the panel are the two focus controls labeled 

FOCUS 1 and FOCUS 2. FOCUS 1, the right hand dial, is the coarse control 

and FOCUS 2 is the fine control, These two controls, which are actually 

potentiometer dials, control the current in the lens coil. 

To the right of the focus controls are four toggle switches, 

Each of these switches is in the off position when thrown to the left, 

The HV (high voltage) switch controls the 30,000 volt accelerating 

potential. Above the HV switch is a neon bulb which glows when the high 

voltage switch is on. The LV (low voltage) switch controls the power



input to the low voltage chassis. The neon bulb located above the LV 

switch does not indicate that the low voltage supply is on, but rather 

indicates an overload in the high voltage supply. 

The compartment on the right is a housing for the line fuses. 

The two top fuses are the main line fuses F=] and F2 as shown in 

Fig. 23. The middle two are the fore pump fuses, F=3 and F=4, and the 

bottom two are the diffusion pump fuses, F=5 and F-6, 

4o Circuit Description and Operation, The operation and function 

of the various components will be described in detail with reference to 

the schematic circuit diagram of Fig. 23 

The power input circuit is found at the left hand side of the 

diagram. Fuses Fel and F=2 are located between the 115 volt supply and 

the voltage stabilizer and provide protection against load currents of. 

greater than ten amperes, Also between the fuses and stabilizer is the 

low voltage switch S-l, 

Ahead of the fuses f=] and F-2 are leads which connect the line, 

through fuses F=5 and F=6 and switch S-6, to the diffusion pump heater 

and fan motor, Also connected to the main power line ahead of the fuses 

Fel and Fe2 is the fore pump circuit, This circuit is protected by 

fuses F=3 and F-4 and energized by switch S-7, There is also a pair of 

lines from the fore pump lead-ins to transformer T-10, which supplies 

power for heating the thermocouple V-14, Resistors R-39 and R-40 serve 

as current limiters for the thermocouple junction. Although k-39 is 

shown as a variable resistor, it is factory adjusted. The temperature 

of the thermocouple depends upon the amount of heat which can be con= 

ducted away by the surrounding gases. Thus when the meter is in the
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VAC position its reading is an indication of the pressure in the coluwm, 

The low voltage chassis, which is shown in the lower half of the 

schematic diagram, receives its power from transformer T=8, which in 

turn is fed by the voltage stabilizer, Fuse F=8 protects this section 

of the circuit, The high voltage from T-8 is rectified by vacuum tube 

V-6, constituting a single-phase full-wave rectifier circuit, The out- 

put of the rectifier is filtered by a two-section capacitor input filter 

circuit which is comprised of capacitors C=13, C=14, C#15 and inductors 

1-6 and L-7, The output of the filter circuit is 370 volts de and is 

measured by the meter in the LV position. R-28,a one-megohm resistor, 

serves as a multiplier for measuring this voltage. 

The section of the circuit which is composed of tubes V-10, 

Vell and V-17 is an electronic voltage regulator, the purpose of which is 

to maintain a constant current in the lens coil L-9, that is, unless varied 

by the focus controls, The output of the filter circuit (370 volts) is 

applied across the series combination of tube V~10, coil L-9 and the 

focusing network which consists of resistors R-33, R=36, R=32, R=29, R»21 

and R34. Resistors #=33 and R-36 are the focus controls, Resistor 

R-32 is supposed to be set by the manufacturer so that best focus occurs 

near the midpoint in the movement of the focus control Imobs. However, 

during the course of this investigation, it was found that proper focus 

could not be obtained, even with the coarse control in the extreme 

clockwise position, A circuit analysis showed that resistor R-32 was 

not of the proper value. Therefore, this resistor was replaced by a
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parallel combination of resistors of the proper values to insure 

sharp focusing in the middle of the coarse focusing dial, 

Resistor 8-31 is a meter shunt, which allows the lens current 

to be read on the test meter when the selector switch is in the LENS 

position. Capacitor C-21 and resistor R~30 provide ac and de couplings 

respectively, from the lens network to the grid of tube Vell, so that 

should the lens current tend to increase, the plate potential of tube 

Vell will drop. If the voltage on the plate of tube V-1l drops, the 

grid of tube V-10 goes more negative and the impedance of tube V-10 

increases, preventing an increase in lens current. Tubes V~10, V-1l 

and Vel7 actually constitute a de feedback amplifier which maintains 

the lens current at a constant value, 

The high voltage unit receives its power through switch S-2, 

the switch labeled HV on the control panel, Switches S-4 and S~9 are 

interlock switches located in the valve block and hood respectively, 

and are arranged in series with the power supply so that the high voltage 

can not be applied if the hood is open or if the valve is not in the 

"operate" position, Since the filament of rectifier tube V-1 is con- 

nected ahead of the switch S-2 as well as both interlock switches, the 

filament of this tube is kept warm as long as the low voltage supply 

is energized. When switeh 5-2 is closed, transformer T=-5 is energized 

through the small protective fuse F=-7, The high voltage output of T=5 

  

#A parallel combination was employed in order to obtain better heat 
dissipation.
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is rectified by V-1 and filtered by a one section filter made up of 

capacitors Cell, C-12 and inductor L-8, The output of this rectifier 

is in the neighborhood of 800 volts and is measured through the multi- 

plier R-20 when the selector switch is in the OSC=E position, 

The oscillator which suppligs the high radio frequency voltage 

is of the Hartley type and is composed of tube V~3, inductances L-l, 

L~2 and L=-3 and capacitors (C-3, Ce and Gel0, The frequency is | 

determined primarily by the load, L=-3 and C~10. The combination of R-1 

and C~22 provides bias for the oscillator tube while R-2 is the meter 

shunt which allows measurement to the plate current when the selector 

switch is in the OSC-l position. Transformer T=-l1 is a filament trans- 

former for V=-3. 

The high voltage RF developed across L-3 is rectified and 

stepped up by the voltage doubler circuit, which is composed of tubes 

V=, and V-5 and capacitor C8, Inductor L~4 supplies the filament power 

for V-5 and filament transformer T-2 supplies the power for the filament 

to tube T-4,. L-=5 and 0-7 constitute a ripple trap which filters the 

output of the voltage doubler, k-6 acts as a surge resistor across which 

the high voltage is applied to the cap of the electron gun, The anode 

of the electron gun obtains its high potential by means of resistor I-9, 

The filament is heated by transformer T-3, the current being controlled 

by resistor R=38 and switch S=3 which, as previously mentioned, are the 

intensity and beam controls, respectively. 

The oscillator tube V-3 has its plate supply voltage regulated by 

tube V=2. Some of the output voltage develaped across capacitor C=-8 is



taken from the divider network consisting of resistors 2-5 and tubes 

V-18 and V-7. fesistors Re22 » R42, and R-43 determine the portion of 

the output voltage appearing across the voltage divider. The stable 

output voltage developed by tube V-18 and ve? is balanced against the 

varying voltage which appears across resistor R=-5. If an increase in 

output voltage across the divider should occur, the grid of tube V=-9 

will go more negative. Tube Y-9 will amplify this change and the grid 

of tube V-8 will go more positive. Tube v8 will again amplify the 

change and cause the grid of tube V-2 to go more negative, This change 

in the grid potential of tube V2 will permit a smaller current to be 

drawn by the oscillator tube which will result in a lower output 

voltage. The function of tube V-7 is to provide tube V=&8 with a stable 

reference voltage for its cathode, 

5, Operating Procedure. The following is a summary of opera=- 

ting procedure to be used in normal operation of the type EMC microscope. 

This procedure is given in "cook book" fashion without consideration of 

the technical aspects, | 

(1) Load the camera and put specimen in place. 

(2) Turn on both the fore pump and diffusion pump 

switches and allow equipment to reach stable 

operating temperature. This usually requires 

about 15 minutes, | 

G ) Turn valve block crank to prepump position and allow 

meter to reach a reading of 40 with selector 

switch in VAC position.



(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

Turn valve block crank to operate position and 

allow reading of 95 to be attained with selector | 

' switch in VAC position 

Turn selector switch to the LENS position and turn 

on the LV toggle switch and wait for reading of 

about 70, 

Throw on the HV switch and the selector switch to 

OSC=1 position, then wait for a reading of about 

60. 

Turn on beam switch, 

Adjust intensity control until desired illumination 

appears on screen, | 

Adjust the stage controls until subject appears 

on screen, 

Adjust focus controls until sharpest focus is 

obtained, | 

A photograph can now be taken by using photo= 

graphic attachment crank, 

After photograph is taken or after visual ob- 

servation is completed turn off the HV switch. 

Next turn off the beam switch, 

Return valve crank to load position and replace 

specimen or renew photographic plate as cesired. 

If microscope is to be used within the next half 

hour, both pumps should be left on.



6. Column Alignment and Filament Replacement. The filament 

used in the type ENC microscope is a directly-heated type which is made 

of puretungsten. It has an average life of approximately four hours, 

which means it is necessary to replace filaments quite frequently if 

the microscope is used a great deal. Replacing filaments is the most 

difficult and tedious job encountered in the use of this type of 

electron microscope. 

The filament is electrically insulated from the main support of 

the electron gun and is connected to its power source by leads which 

extend through the glass seal at the rear of the gun. Surrounding the 

filament is the cathode cap which has a small hole in its center. 

Physical spacing between the cap and cathode is very critical, so much 

so that a special height adjusting kit is included with the microscope. 

This kit consists of a emall graduated depth gauge which is dropped into 

the aperture of the cap. The electron gun is plugged into the filament 

height adjusting tool, the power for which is obtained by removing the 

octal plug connection to the thermocouple gauge and plugging in the 

plug connected to the adjusting tool. ‘ihen the cap is turned down it 

advances toward the cathode until finally it makes contact with the 

filament and a pilot light is energized. This sets the cap the proper 

distance fron the filament. The correct distance between the filament 

and top face of the cap is from 0.100 inch to 0.105 inch, depending upon 

the specific microscope being used. 

Usually after the filament has been replaced, the electron 

optical system is out of adjustment to such an extent that realignment 

of the column is necessury.
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The first step in the realignment procedure is-to remove the 

pole piece from the column through the receiving screen opening. A 

blank specimen screen should be placed in the specimen holder. Now, 

the valve blovk should be progressed to the operate position and the 

LV and HV switches should be turned on. The beam control is now turned 

on and the intensity control advanced until a reading of 10 to 20 appears © 

on the test meter with the selector switch in the BEAM position. The 

tilt screw should now be adjusted until the image of the specimen screen 

is centered in the arcelike reflections from the lens. This appears as 

a bright spot a quarter-inch in diameter surrounded by concentric rings. 

The intensity control is varied from maximum to minimum and the tilt 

screws adjusted until only the size of the bright spot varies, not its 

postion, | 

The next adjustment is that of the anode aperture, The objec- 

tive end of the pole piece is removed along with the objective insert 

and the projector aperture, Then the remainder of the pole piece is 

inserted in the column. The valve block is advanced to the operate 

- position, the LV and HV switches turned on and a beam obtained. ‘iith 

the intensity adjusted to maximum, the centering of the anode aperture 

is not properly centered, or out of focus an image of the edge of the 

aperture will cut across the image of the blank specimen screen. If an 

edge of the aperture is visible, air should be admitted to the column 

and the specimen chamber door should be removed. The screws on the 

anode aperture cap are then adjusted through the slots provided in the 

specimen stage cover. These screws are adjusted until the anode aperture 

image is not visible on the screen.
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To readjust the gun tilt, the pole piece must be removed from 

the colum,. Then the column must be pumped and a reading of from 10 

to 20 obtained on the test meter with the selector switch in the BEAU 

position. The intensity control is now varied and the tilt screws 

adjusted until the spot changes in size only and not in position. Now 

the assembled. pole piece, less the high gain insert and objective and 

projector apertures, is re-installed, the specimen holder removed and 

the column pumped down. The beam is established and intensity control 

set to maximum. The gun tilt set screws are next adjusted to obtain 

maximun intensity on the screen. 

Now the vacuum may be dropped and the high gain insert and 

projector and objective aperture re-installed and the gun alignment is 

complete,
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PART II 

CALIBRATION OF THE V.P.1I. ELECTRON MICROSCOPI==TYPE EMC 

I. Basic Considerations 

In addition to design factors, the magnification of an elec= 

tron microscope is also a function of both electron accelerating voltage 

and lens current and therefore it is impossible to specify and absolute 

value of magnification for any type electron microscope or, for that 

matter, even for a given electron microscope, For these reasons, the 

manufacturer generally specifies only an approximate value of magnifi- 

cation, which means that each laboratory must calibrate its own electron 

-microscope, For the Type KNC Electron Microscope, the manufacturer 

specifies two approximate values of magnification: namely, 500 and 

5,000. This electron microscope is designed to be normally operated at 

a magnification of approximately 5,000. However, a magnification of 

approximately 500 can be obtained by omitting the assembly known as the 

high gain insert unit, 

Since no accurate calibration of the Type EMC Electron Microscope 

owned by the Virginia Polytechnic Institute has been made, the writers 

attempted to make an accurate calibration of this instrument. 

There are several available methods which can be employed for 

the calibration of the Type KMC Electron Microscope. The Radio Corporation 

* “ 3 

of America describes three, 20



l. Direct, Measurement of Magnification. One revolution 

of the stage movement moves the specimen approxi- 

mately 0.001 inch. Therefore, a rough estimate 

of the magnification can be obtained by moving 

the specimen from one edge of the two inch square 

marked on the viewing screen of the tube to the 

other edge and noting the number of revolutions 

made by the control knob. The approximate value 

of magnification is now determined by dividing the 

distance the specimen appears to move on the screen 

by the distance it actually moves. 

Comparison with a Calibrated Light Microscope. 

Comparison of photo-micrographs of a test speci- 

men taken with an electron microscope, with a 

micrograoh of the same specimen taken with a high= 

powered light microscope offers a farly accurate 

method of calibration of the electron microscope. 

A specimen in the order of 150.4 xX 1504 which 

possesses a number readily distinguishable 

irregularities on its boundaries is recommended, 

The specimen is photographed at low magnification 

(approximately 500 diameters) with the electron 

microscope and then a micrograph is taken of the 

specimen in a calibrated light microscope. By 

measuring the distance between the same two burs 

on both photographs and comparing these distances,
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the electron microscope can be calibrated. The low 

(approximately 500 diameters) magnification having 

been calibrated, a portion of the specimen is photo- 

graphed in the electron microscope at high magni- 

fication. By comparing the electron micrograph thus 

obtained (provided the same burs can be observed) 

with the previous electron micrograph (500 diameters) 

the high magnification is calibrated. 

3. Calibration Based on Ruled Grating. In this method 

of calibration a collodion, formvar, or silica replica 

is made of a ruled diffraction grating, and photo= 

graphed in the electron microscope, By comparing the 

distance between lines on the electron micrograph 

with the distance specified by the manufacturer of 

the grating, the calibration of the electron micro= 

scope is calculated, 

The latter method of calibration appears to be the most accurate of the 

methods herein described. However, due to the unavailability of a fine 

steel or glass grating (in the range of 15,000 to 30,000 lines per inch), 

it became necessary to emphy + combination of methods two and three in 

this particular calibration,



Ii. Calibration Procedure | 

It was the opinion of the investigators that the third method 

described above offered the possibility of greatest accuracy in cali- 

bration, and it was at first decided to employ this method, It was 

found, however, that there were no steel or #lass gratings of the 

required fineness (15,000 to 30,000 lines per inch) available on the 

campus, and since the cost of a good glass or steel grating of the 

fineness required would be in the order of hundreds of dollars, it 

became necessary to employ a combination of the. latter two methods 

described above. 

There were available through the courtesy of the V.P.I. Physics 

Department accurate replica gratings* in the range of fineness required, 

However, all attempts to make duplicates of these replicas suitable for 

electron micrographs were unsuccessful. All materials available for 

making a replica reacted chemically with the grating replicas available, 

which made it impossible to obtain duplicate gratings, 

It was thought that it might be possible to obtain a section of 

one of the commercial replica gratings sufficiently thin to make an elec- 

tren micrograph, but after many unsuccessful attempts, this method of 

approach was abandoned because the specimens proved opaque to the electron 

bean, 

  

*A replica grating is an exact duplicate of the original ruled grating 
made by casting its impression on a silica or collodion film,



A coarse steel erating with lines ruled 0.01 mm apart, made 

by the Bausch and Lomb Optical Company, Hochester, New York was 

discovered in the iietallurgy Laboratory and this grating seemed to offer 

definite possibilities; however, because of the small size of the ruled 

surface, it proved impossible to make replicas of gocd quality, The 

replicas in this case were made by placing a small drop of collodion 

(in amyl acetate solution) on the surface of the grating and allowing 

it to dry. when sufficiently hard, a specimen screen was placed on top 

cf the collodion film, and the film and screen stripped off with a piece 

of transparent cellulose tape, The screen, which retained on one of its 

surfaces the collodion film with the impressions of the grating, was 

then removed from the tape and placed in the specimen cup, for later mount» 

ing in the electron microscope, After many unsuccessful attempts to make 

@ replica of this grating, attention was brought to a piece of finely 

ruled glass grating wnich was a part of a hemocytometer set, used in 

blood count test. This glass plate is known as a Brightline Improved 

Newbauer and is manufactured by the Spencer Lens Company, Buffalo, 

New York. Although the distance between lines on this glass plate 

was not given, it was found that replicas could be readily made and 

further, the lines showed up fairly well on the screen of the electron 

microscope, Thus, it was decided to use a replica of this plass plate 

as a secondary standard, 

The procedure finally adopted proved to be a combination of 

we methods of calibration described earlier in this report, The elec~ 

tron microscope was not calibrated from direct comparison with a light



microscope nor was it calibrated from direct comparison with a grating. 

Instead, it was calibrated with the aid of both the coarse steel grating 

available and an accurately calibrated light microscope. 

The light microscope available in the metallurgy laboratory was 

@ Bausch and Lomb Type ILS Metalloscope with a type G camera attached. 

Although this microscope had been calibrated, it was thought wise to 

recalibrate it before using it as a standard for calibrating the electron 

microscope. The light microscope was calibrated by a steel ruled grating 

supplied by the Bausch and Lomb Optical Company specifically for this 

purpose, The lines on the grating were 0.01 mm apart. Thus the light 

microscope was adjusted until there were ten spaces in a ten centimeter 

distance over the viewing screen. Therefore, the light microscope was 

calibrated at a magnification of 1,000. A photograph of% this grating 

taken at. a magnification of 1,000 is shown in Fig. 25. 

any replicas of the ruled glass plate from the hemocytometer 

were made, using the same technique as previously described, and photo 

graphed on the Light microscope. It was found that a lens current 

reading of 74, which corresponds to an actual lens current of 148 

milliamperes, gave the best focus for the electron microscope, Thus 

the lens current was adjusted to 74, for each photograph taken. There 

could, of course, have been some slight fluctuation in lens current which 

could have gone undetected, and since lens current has a definite bearing 

on magnification, this would have had an effect on the calibration. Many 

photographs were so poor it was deemed unwise to try to take measurements 

from them, However, ten such photographs were used in the calibration.
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Fig. 25. Photograph of 0,01 millimeter steel grating 

taken with a light microscope at 1000 diameters.
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Fig. 26. Photographs of ruled glass plate replicas 

taken with electron microscope at 427h 
ie ey tam amie oe nts 
GEES GSSS »
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Fig. 27. Photograph of ruled glass plate taken 

with light microscope at 1000 diameters.



Four typical photographs are shown in Fig. 26. Due to variation in 

line spacing on the glzss plate, variation in width of lines, distor= 

tion of the replica, error introduced in the photographing process, 

possible variation in accelerating voltage and lens current, all of 

which will affect the value of magnification obtainable, measurements 

between lines. on the photographs varied between photographs of diff= 

erent replicas. Also, measurements taken between lines at different 

places on a given photograph varied. For this reason, it was necessary 

to take a large number of readings and cbtain an average value. Twelve 

readings for line spacing were made at random on each of the ten photo- 

graphs, giving 120 actual readings. These values are listed in Tabie Tif. 

The numerical average of these 120 readings was 10.13 millimeters, 

The next step in the calibration was to compare this measure= 

ment with the distance between lines on the glass plate at a magnifi- 

cation of 1,000 as obtained on the light microscope. The ruled plate 

was Set up in the light microscope and a photograph at 1,000 was 

taken, This photograph is shown in Fig. 27. 

As might be expected, some slight variation in line width and 

line spacing was also detected here. Thus it was thought advisable to 

take a series of readings at random and use an average of these values 

as the distance between lines, Eighty readings were taken an average 

value calculated. The values taken from Fig. 27 are listed in Table IY, 

The numerical average of these elghty readings is 2.37 millimeters.
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Table ITI* 

Calibration Data Obtained from Photographs of Fig. 26 

  

Sample Number 
  

1 2 3 4 > 6 7 8 9 LO 
  

9.2 8.7 9.5 10.0. 10.8 8.0 10.4 11.6 10.4 9.0 

9.2 86 9.5 10.0 11.2 8.3 10.6 11.5 11.9 Jol 

9.6 8.9 9.0 10.0 11.3 86 10.4 11.7 11.9 9.0 

9.1 8&5 9.9 10.0 11.0 9.4 10.6 12.1 12.5 901 

9.00 8.1 9.9 9.9 11.2 3.9 11.3 12.5 11.9 9.0 

9.8 8.0 10.0 9.9 11.0 8.6 11.6 12.4 12.0 9.2 

9.0 8.0 9.6 11.0 10,5 8.0 10.6 11.5 11.8 9.0 

9.4 81 9.5 11.5 10.6 8.0 10.5 11.5 112.6 9.3 

9.1 8.1 94 $11.6 10.9 8.4 10.5 11.4 11.5 9.0 

91 9.1 9.7 10.6 10.6 8.0 11.0 2.6 13.0 Joh 

9.1 9.5 10.2 1.4 $11.5 68.0 11.0 12.5 13.0 94 

9.1 94 $j.10.0 11.1 211.0 6.2 11.0 12.5 13.0 9.0 

  

The average of the above readings is 10,13 

  

“Values given in millimeters
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Table IV* 

Calibration Data Obtained from Photographs of Fig. 27 

  

Sample Number 
  

1 2 3 L, 5 6 7 8 
  

2.30 2.35 2.35 2030 2.4,0. 2.40 21,0 2640 

2.25 2.30 2.35 2.30 2.40 2.40 2.40 2.40 

2.25 2.30 2.30 2025 2045 2.40 2.40 240 

2.30 2.30 2.40 2.30 2.50 2.30 250 2.40 

2.35 2.25 240 2.35 2.50 2.40 2.50 240 

2.35 2.20 230 2 ohO 2050 24,0 2.50 2.30 

240 2.25 2.40 2.40 2.50 2.40 2.50 2.30 

2.40 2430 2.30 2635 2045 2.40 2.50 2.30 

2h0 2.30 2.30 2.35 2.50 240 2.50 2.30 

2.35 2.30 2.30 2.35 245 2.30 2045 280 

  

The average of the above readings is 2.35 
  

“Values given in millimeters
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By dividing the spacing as obtained from the electron micro~ 

graphs by the spacing as determined by use of the light microscope 

and multiplying by 1,000 the mapnification was found to be 427)4,, 

say (1,000) 

427, 

Magnification



III. Statistical Analysis of Calibration Data* 

1. Analysis of Variance - Table IIT 

  

  

Sources of Degrees of — Sun of 
Variation Freedom Squares Mean Square F 

Between samples 9 191.55 21.2833 — 95.70 

Within samples 110 —C 2h..46 0.2224 

Total 119 216.01 

The error mean square is anestimate of the random variability s*. 

L 
S = 0,22242 2x 0.4716 

The confident limits for Table III are 

a t 8. 1.96 : (18) 
ne 

Substituting numerical values for s andn 

+ 0.4716 

122 

% — 0.272 

  

*This statistical analysis was made possible through the courtesy of 
Dr. Boyd Harshbarger, Head, Department of Statistics, Virginia 
Polytechnic Institute.



  

Sample x Lower Upper 
Limit Lindt 

1 9.225 4° 0.272 8.953 9.497 

2 8.583 0.272 8.311 8.855 

3 9.683 2 0.272 90411 9.955 

4 10.583 + 0.272 10.311 10.855 

5 10.967 2 0.272 10.695 11.239 

6 8.367 0.272 8.095 8.639 
7 10.792 2 0.272 10.520 11.064 

8 11.983 0.272 1.711 12.255 

9 12.042 2 0.272 11.770 12.314 

10 9.125 0.272 - 8.853 9.397 

Using this confident interval one can be certain that, on the average, 

the true mean will be included in the interval 95 per cent of the 

time. 

2. Analysis of Variance ~- Table IV 

  

  

Sources of Degrees of Sum of 
Variation Freedom Squares Mean Square F 

Between samples 7 022954 0,0422 18.35 

Within samples 72 0.1665 0.0023 

Total 79 0.4619 

The error mean square is an estimate of the random variability s*, 

1 
8 2= 0,00232 = 0.0480 

The confident limits for Table IV are 

x 8. 1.96 (19) 
n2
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Substituting numerical values for s and n 

x 2 2.0h80 1,96 
102 

x; 7 0.030 

  

Sample x Lower Upper 
Limit Limit 

1 2.335 = 0.030 2.305 2.365 

2 2.285 32> 0.030 2.255 2.315 

3 2.340 1 0.030 2.310 2.370 

h 2.330 7 0.030 2.300 2.360 

5 2.460 2 0.030 2.430 2.490 

6 2.380 = 0.030 2.350 2.410 

7 2.470 7 0.030 2.440 2.500 

8 2.350 I 0.030 2.320 2.380 

Using this confident intervai one can be certain that, on the average, 

the true mean will be included in the interval 95 per cent of the 

time e



IV. Conclusions 

The value of magnification of 4274 as obtained here is 

aporoximately 14.5 per cent below the value of 5,000 which is listed 

by the manufacturer as the approximate high-gain magnification. There 

are, of course, many sources of error which could cause some variation 

in magnification, 

Assuming that the lens current and accelerating voltage are 

held at fixed values, there are six factors listed by the Radio 

1 as affecting the accuracy of the electron Corporation of America? 

microscope. These are as follows: 

1. Line voltage fluctuation. 

2. MInconstancy of specimen plane, caused by variations 

in supporting media. 

3. Aberrations - dimensional changes as a result of 

distortion. 

&. Slight changes in lens current and acceleration 

voltage which might not be compensated for. 

5. Foreign particles in lens pole pieces. 

6. Lens hysteresis effects. 

In addition to these sources of variation, it is highly probable that 

error was introduced as a result of distortion of the replica, distor- 

tion due to the photographing process, and variation in line spacing 

and Line width on the glass plabe as well as the steel grating which 

was used as a standard for calibrating the light microscoca, There was 

also, no doubi, some personal error introduced in the measurement of 

Specimens, etc. However, it is thought that most personal ecr:or was



eliminated due to the larrze number of readings taken by several a 

observers and the statistical analysis applied.



PART IIT 

ELECTRON HICROSCOPIC ANALYSIS OF TRO! OXIDE PIGIENTS 

I. Introduction 

Refore introducing the problem under consideration, it is 

felt wise to give the reader a brief background of the manufacture 

of the type of iron oxide pigments involved in this investigation. 

The type of pigments studied by the writers is comnonly 

known as hydrated yellow iron oxide pigments and they are manufactured 

by a process which was originally covered by the patents of Penniman 

and Zoph.* 

The first step in the manufacturing process is the preparation 

of the so-called "starter suspension", which is a colloidal hydrated 

ferric oxide prepared by reacting a solution of ferrous sulfate with 

a suitable alkali**, which is oxidized by air at a slightly elevated 

temperature (usually around 25° Centigrade). The chemical reactions 

involved are cxpressed by Eas. 20 and 21. 

FeSO, + 2X0H —> Fe(OH)g + X50, (20) 

4Fe(OH)2 + Op —> 2Feg03 * H20 + 2H20 (21) 

The cation X in the base XOH must be a substance that will form a 

soluble sulfate in order to insure prevention of contamination of the 

final product. 

  

*Penniman and Zoph, U.S. Patents Nos. 1,327,061 and 1,362,746, 
%*The type of alkali used varies with manufacturers and is somewhat of 

a trade secret.
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The second step in the process consists of transferring 

the starter suspension to large tanks, generally referred to as gen-~ 

erators, which contain a solution of ferrous sulfate and scrap iron*, 

The tanks shown in Fig. 28, which are used in preparing ferrous sulfate 

for use in this process, are in operation in one of the plants of the 

Company which suggested the investigation, hereafter referred to as 

Company A. Introduction of air into the penerating tanks is accomplished 

in such a way that it not only acts as an oxidizing agent but also 

circulates the colloidal hydrated ferric oxide through the scrap iron. 

The reactions which take place in the generating tanks are described 

by Eqs. 22 and 23. 

AFeSO, +> 30, + 6H20 > 2Fen03 ° HO + AH,SO, (22) 

H,S0, <r Fe —> FeSO, +- Ht (23) 

Iq. 22 shows the oxidation of ferrous iron to ferric iren with 

hydrolysis to free sulfuric acid and the yellow monohydrate of ferric 

oxide. 

The hydrated ferric oxide thus produced deposits on the 

colloidal nuclei supplied by the starter suspension producing a gradual — 

growth of the colloidal nuclei. As indicated by Eq. 23, the sulfuric 

acid which is liberated reacts with the scrap iron thereby replenishing 

the ferrous sulfate used up in the reaction described by Eq. 22. This 

cycle of reactions is carried out between room temperature** and the 

boiling point and covers a period of from a few days to a week, depending 

upon the shade of yellow desired.>” 

  

*The company which suggested the investigation described herein 
utilizes cotton baling strips exclusively as scrap for this process, 

**Temperatures at which this process is carried out vary widely with 
different manufacturers,



  

Fig. 28. Ferrous sulfate processing tanks in 

operation. 

  

Fig. 29. Typical washing operation in progress.
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The particle size of the hydrated ferric oxide grows with 

time and the color, which is a function of particle size, changes 

froma Light yellow to a darker yellow as the size of the particles 

inereases.?- 

The third step in the manufacture of these iron oxide 

pigments is washing. Washing may be accomplished by several different 

methods, namely: (1) The Dorr* counter current washer (2) plate and 

frame filter presses (3) rotary vacuum filters and centrifugal force,>* 

Fig. 29 shows a typical washing operation in progress at one of Company 

A's plants. 

After being washed the solution is filtered free of solubicss 

and drisd. Fis. 30 shows an Oliver** vacuum filter in operation and 

the photograph of Fig. 31 shows wet pigment mud being loaded into 

trays for tunnel drying.’ Both of these photographs were taken at one 

of Company A's plants. 

At this stage in the process, finished yellow pigment is 

ready for marketing, This yellow pigment is the type pigment with 

which the investigation described herein is concerned. The dried 

yellow oxide pigment can be converted to red oxide pignent by 

calcination. Conversion from yellow oxide to red oxide pigment is 

accomplished in a rotary kiln or muffle furnace. The reaction involved 

in calcination is shown by Eq. 24. 

Fe,0, ° Ho0 + heat —> Fe90;+ H20T (22) 

  

#The Dorr Company, New York, N.Y. 
HiOliver Filters Incorporated, New York, N.Y.
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Fig. 30. Oliver vacuum filter in operation. 

  

  

Fig. 31. Wet pigment mud being loaded into trays 
for tunnel drying.
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The particle size of the ferrite yellow and the time and temperature 

of calcination are the three major factors in determining the shade 

of the red iron oxide produced, >> 

Early in 1950, one of the major manufacturers of iron oxide 

paint pigment (herein referred to as Company A) of the type previously 

described undertook a thorough microscopic study of their own and their” 

coupetitors! pigments in an effort to check present theories regarding 

particle size and to correlate particle size and shape with the 

quality of iron oxide pigments. As a result of these studies ; Company 

A had hoped to cbtain information which would enable them to consider 

changes in production methods which might possibly result in an 

improved iron oxide pigment. 

Not long after beginning this investigation, it was found 

that because of the smallness of the particles involved (in the order 

of 0.5 micron) it was impossible to make a satisfactory. stud, of 

particle size and shape with an ordinary light microscope. 

Through a member of the faculty of the Virginia Polytechnic 

Institute, the plant manager of Company A learned that V. P. I. had 

recently acquired en electron microscope. He inmediately contacted 

Professor Wi. A. Murray, Head of the Department of Electrical 

Engineering at V. P. I., and as a result of this contact a conference 

was arranged in which the plant manager and cheiist in charge of 

production at Company A discussed with Professor Murray and the 

writers the possibility of making an analysis of iron oxide pipments 

with the ¥. P. I. electron microscope. Following this conference, 

in which certain basic objectives were discussed, the writers undertook
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an electron microscovic study of samples of hydrated yellow iron 

oxide pigments which were furnished by Company A. 

Throughout the investigation the writers kept in close 

contact with the chemist in charge of production at Company A and made 

joint studies with him of all electron micrographs made.



II. Literature Review 

36 in 1921, was the first to recognize and describe Green, 

requirements for completely satisfactory pigment mounts, 

The preparation of the mount is the really important 
factor involved in particle measurements. In order 
to obtain satisfactor; results, the individual 
particles must be detached and evenly distributed-- 
that is, all states of aggregation must be 
eliminated if we are interested in ultimate particle 
size. The particles must not be broken or ground 
during the process of dispersion; all the sizes of 
particles that exist in a sample must be present 
in their correct proportion; there must be a 
sufficient number of particles measured to give a 
true average; and the particles must lie in one 
plane and be free from motion. 

Green, employing the technique of rubbing out the pigment particles 

into an exceedingly thin layer with turpentine and mounting them 

in a soluble mediua such as glycerol, made successful photomicro~ 

graphs of several types of white lead pigments, ginc oxide pigments 

and iron oxide pigments. Light microscope photomicrographs of these 

36 pigments taken at 1500 diameters are displayed in his paper. From 

his neasurenents, Green found the various types of iron oxide pignents 

analyzed varied fron an average diameter of 0.44 to 0.58 micron. [His 

studies of gine oxides indicated that the various types of zine oxide 

pigments vary from an average diameter of 0.32 to 0.48 imicron. 

Because of the limitations of resolving power and magnification of 

the ordinary light microscope, the writers do not feel that Green's 

measurements are very accurate. 

It was later discovered that the technique of pigment 

mounting developed by Green had two serious disadvantages, i.e., some 

grinding of the larger particles usually occurred and a certain amount
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of segregation inwerlably oceurred. The second of these disadvantages 

was overcome by Haslam and Hall? in 1930. ‘They gathered all the 

pigment dispersed in turpentine in the center of the slide. Haslam 

and Hall not only developed a new technique for mounting paint pigments 

but they also used ultra-violet light which enabled the: to obtain 

a much higher resolving power than had been used in pigment studies 

before. By use of a Zeiss ultra-violet microscope and employing a 

cadmium are as the source of light (giving a wave lengti of 2,750 

Angstrom units) Haslam and Hall by enlargement of their photomicro- 

graphs were able to get a total magnification of 3,360 diameters. 

Although Haslam and Hall did not make photomicrographs of iron oxide 

pigments they did make a study of three different types of zinc 

oxide pignents. They found the most coarse sample to have an avcraze 

diameter of 0.603 micron and the finest sample to have an average 

diameter of 0.164 micron. They compared these values of particle 

Size* to values for the same samples using visible lisht as a source? 

of illumination and found appreciable discrepancy in results. This 

would seen to indicate the inadequac; of the ordinary Light microscost 

Lu making a study of pigment particle size, | 

In 1942 Allen?® described a method of pignent mounting for 

light photomicroscosy which was an improvenent over the methods of 

Green, Haslam and Hall. In brief, Allen's method consists of dis- 

persing the dry pigment in high concentration in a suitable optically 

clear cement. This makes possible the utiligation of the high 

shearing forces created in the stiff viscous mixture and prevents 

  

*It is customary in the paint industry to use the expression "pariicle 
size": when referring to diameters,



grinding of the larger particles, The actual mount is then formed by 

dilution of the dispersion of high concentration alread; obtained. 

Employing the method described, Allen made successful zinc oxide and 

iron oxide pignent mounts, Allen states that mounts prepared in 

accordance with his method are permanent if care is exercised to 

insure a thin layer of cement in the final preparation. Allen does 

not give any measurements of particle size based on his method of 

mounting. 

Fuller”? in 1943, with the aid of an clectron microscope, 

made a crystallographic analysis of the characteristic shape of 

particles found in gine cxide produced as a result of burning gins 

3 yapor, Although Puller did not make any measurements of the partiche 

size of sine oxide pigments, he successfully mounted the type aire 

oxide described and made electren micrograohs of its structure at a 

magnifieation of 3,500 diancters. 

Two methods for. preparing a pigment dispersion for clectrean 

LO 
wicroscopy are described by O'Brien” in 1945, The first method 

described by O'Brien consists basically of wetting the pigment. with 

>” 

distilled water and then dispersing it in a solution of cellulose 

acetate. The second method described, which has the advantage of 

eliminating the possibility of mechanical or cherical darage which 

exists in the first method, utilizes aa clectrostatic dispersion 

anparatus, A complete description of the electrostatic dispersion 

4O 

( 

apparatus used by O'Brien is given in nis paper. 

a 
Brubaker” in 1945 made a comparison of particle sise of 

gine oxide pigment as obtained by use of the light microscope and
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the electron microscope. By making Light and electron micrographs of 

some identical fields, Brubaker found the electron microscope to 

yield a much more accurate picture of the size and shape of the 

particles in pignents, particularly of the very small ones. Regarding 

his investigation Brubaker states: 

Many pigments of siall particle size appear in 
light microsraphs to be composed of spherical 
particles. In many cases electron microrraphs 
reveal that the particle shapes depart consider~ 
ably from spherical. These departures will 
need to be taken into account in any accurate 
evaluation of Sethe size by microscopical 
observations. Further, syaller particles and 
relatively more spall particles aonpear in 
electron micrographs than in Light micrographs 
of many pigments, especially in those of smalL 
eyerage sige. In these cases particle sises 
obtained on me asuroments on electron micro= 
grophs will be cnaller than previous results. 

nilelonai ze deterriinations are at 
ne “yulap made on a munbor ° of comercial 

inc oxides in tiis Laboratory*, The average 
values obtained are in the order of 25 to 50 

per cent less than previous values obtained 
with the light mieroscope, 

ea 

Oo
” 
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After making optical and electron micrographs of many 

igments, including zine and iron oxide pignents, 

b2 

types of paint p 

Tilleard and Smith™” reached the following conclusions: 

Because of its extrenely high resolving power 
the electron microsco ,e offers considerable 
edvantages over the optical mieroscooe in the 
examination of the siges and shapes of the 
ultimate particles of the finer pignents. Such 
infornation will not only assist in the study 

of the nature of these particles and the properties 
of the finished paghents cut also, when obteined 
bog $ ge cpaenyy egg “ o Fama de 4. ant 

OG 2 woe oS An pie TNS TE ree 30 LG “i Oe 9g hou 2d Pe SOTO Gs 

% 32 at ay AL 3 woe rye aye + value in ctudies of the development of pipmentuty 
prOPEertles, 

eT ep 

  

*Research laboratory of the New Jersey Zinc Compeny, Palmerton, Poa.



99 

To the writers! knovwle Jo, Tikloard and Goith are the only investi-+ 

gators of particle size to point out oussible pitfalls in electron 

niecrographic analysis of oignents. They raise two important points 

to be kept in mind when interpreting clectron micrographs of pignent 

particles. 

1. The particles seen in the electron microscope 
may be only the smallest particles of the 
pigment. Larger particles may in fact be 
present in the material but these, particularly 
if their size 1s comiensurate with the size of 
the whole field of the microscope, will fre- 
quently be neglected, 

2. The quantity of material observed, even in 
raversing a large area of the field cf the 

elestron microsccpe, ls very minute, and it 
is not justifiable to draw quantitative 

woo be age fF » «= a > J — onclusions, @.g@. by courrbing particles, except 

4
 

gn q spnagde eas oly panes on in speeiel circumstances, whore 
that the cenplete ronge of part: 

é 

t is known 
1 
ie 

. ; 2 4% % de : St ya a mS represented in the electron microscope fie 

‘ «. < o rey A . : “ In a@ more «acent paner Tilleard and Smith 

reaenlts of cleetron piervoceo vile eseminatica fa nucber of nicuonts Raed MALE Us a en Me EPA Salk Se COPS er se Ma eLon GL & Wh oer Of pee ES San 

wo rt = Say ela 1 tel 8 PB paenoge tS comuionly uscd in paints. They compare in the form of a table informs Ulu 

és to particle sige and shape obtained by optical microscopy, electran 

microscopy and absorption experiments. It is interesting to note that 

Ls study yellow synthetic iron onine 

pigments which is the same type belns investigated by the uriters. 

From electron microscopic examination of these pigments they 

Ye 5 7 & %, . a- . 3 a yey a 9 le tes my oe . ” mS nF deducted thet ther ere rod«shaocd and that many of the particles are 

GS FE eg py eteg ee, oun cede he pe Ya tome Bie greet UT wy de Ee yin omen ge fh ODF my ete My .5 goicvan in Lemon &rd O,. siepon in wiesh. In the case of LA otheyv 

4a. be | opps t Tee oF oy o ye te dat on At : - say yee = mrs ore - wieavhe Qnaiyeed by Tilheard end aoith, thie particle sige gna shepc
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also given. However, in the case of yellow iron oxide, only values 

obtained from electron micrographs are given. It is the writers? 

opinion that this may be due to the difficulties and inaccuracies 

involved in both optical and absorption methods. 

In a paper published in 1940, Birnbaum, Cohen and sidnu4 

describe an investigation in which samples of synthetic iron oxide 

were taken at regular intervals from a twelve-day continuous process 

and analyzed by xeray diffraction, the electron microscope and the 

optical microscope. It was established that the color change, through 

shades of light yellow, lemon yellow, orange yellow, light reddish 

brown and reddish brown over a reaction period of from 24 to 268 hours 

determined at 24, hour intervals, was definitely accompanied by an 

increase in particke size,
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III. Investigation 

As previously stated, the investigation described herein was 

the outgrowth of the desire of Company A to have its pigments and 

those of their competitors analyzed with an electron microscope. The 

research began with a conference between the plant manager and the 

chemist in charge of production at Company A, the head of the department 

of electrical engineering at V. P. I., and the writers. 

1. Objectives, After a careful study of the problems involved, 

the writers formulated the following list of objectives which they 

hoped to accomplish in this section of the thesis work: 

(1) To develop a technique for making electron 

micrographs of iron oxide paint pigments, 

(2) To determine the structure and approximate 

particle size of the standard types of iron 

oxide paint vigments made by the three major 

manufacturers of iron oxide pigments, here- 

after designated as Companies A, B and C. 

(3) To attempt to correlate particle size and 

Shape with the quality of iron oxide paint 

pigments. 

(4) To check present theories regarding particle 

size of iron oxide paint pigments. 

2. Plan of Experimentation. The initial objective sighted 

was found to be a considerable problem in the succecding investigation, 

for many of the anticipated ventures into the field beyond that of the 

light microscope have been complete failures due to the difficulties
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associated with the mounting of specimens for electron microscopic 

examination. If the functional differences between a light microscope 

and an electron microscope be considered alone, it may be seen that a 

specimen which may be suitable for light microscopic examination will 

probably be totally unsuitable for electron microscopic examination. 

In order to be suitable for examination with an electron microscope, 

it is necessary that the specimen not be opaque to an electron beam, 

just as a light microscope specimen must be able to transmit light, for 

the electron bean must pass through the specimen and cast its image 

on the screen. 

This non-opacity dictates the necessity of having extrenely 

thin specimens and specimen mountings and also that the specimen be 

of such a nature that it will transnit the electrons without being 

destroyed as a result-of electron bombardment. The maximum thickness 

of a specimen which can bse tolerated lies in the neighborhood of 0,2 

micron, Furthermore, the specimen must be capable of existing in a 

vacuum, which is present at ali times in the column of the microscope, 

Objects to be examined and the technigue devised for preparing 

them can be conveniently grouped into four main headings: (1) suspensions 

of small particles (2) thin sections of larger objects (3) surface 

films (4) surface replicas. The problem at hand obviously falls into 

the first category, that of fine particle suspension, since the pigments 

recaived for microscopic examination were in a very finely divided dry 

state, 

Suspensions of fine particles may be examined after either 

placing then on a very thin membrane or incorporating them directly
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in the membrane, The main problem involved is to perfeet a technique 

for obtaining a membrane so that it will meat the requirements demanded 

of it in the microscope column. 

There are several techniques and several different materials 

used in fabricating these membranes, some of which will be noted in 

the succeeding varagraphs. 

The most common materials used to form these membranes are 

collodion, Formvar, and polystyrene in the plastic fiela, beryllinn 

or aluminum in the light metal field and silica in the oxide field, 

The plastic membranes are easier to handle and Less time consuming to 

make but are more casily destroycd than some of the others. The oxide 

films are heat and chemical resistant and more stable than the plastic 

films. Tne light metal filrs shew excellent stability and can be made 

extra thin without danger of destruction. It is customary to mount 

the membranes on screens about 2 nim in dlamober and having 200 wires 

to the inch, The RCA Type ELC microscope uses this type screen for 

its specimen mounting. 

Collodion membranes a@re quickly and casily made and are gensroliy 

satisfactory for the average work, They are prepared from 2 solution 

of USP collodion (12% nitrocellulose dissolved in ether-aleohol) dilated 

with amyl acetate. The most common method of obtaining this film is 

to allow a fow drops to spread over the surface of distilled water 

contained in a vessel of not less than ten inches in diameter. The 

thickness of the film depends upon the number of drops used. The film 

then requires two to three minutes for drying after which several 200 

mesh screens can be dropped cn it. A clean glass slide is next pushed
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down over the screens and then brought up through the water so that 

the screens remain on the glass covered by the collodion film. 

Membranes other than collodion can be made in this way providing 

the solvent used is not miscible with water. Formvar in ethylene 

dichloride can thus be used, | 

Another technique using plastics consists of coating a clean 

glass plate with a film which is then floated onto a distilled water 

surface for mounting on grids. The film may be produced on the slide 

by dipping or by "flowing" it on one side only. Formvar is particularly 

adaptable for this use. The film can be made to leave the glass and 

float on the water by starting it with a razor blade or scalpel. If 

it does not leave readily, breathing on the film may hasten its removal 

from the glass. The filns, once they are water-borne ; may be handled 

like the collodion films. Satisfactor;, Formvar films that will float 

freely from glass slides can be made only from fresh solutions, 

After the membrane has been produced in one of the previously 

described ways, the next step is to place the particles to be observed 

on the surface of the film in such a way that they will adhere to it. 

It is also necessary that the particles be within one of the openings 

in the 200 mesh screen. If the suspension of particles is in distilled 

water, a drop of the solution may be a»plied to the film and the water 

then evaporated. This should allow the particles to adhere to the film 

"and there is a probability that some of them will locate in some of the 

openings in the screen, 

| In case of non-uniformity of particle distribution there are 

several ways in which this problem may be overcome. In case of dry
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powders, some of the particles may be mixed directly in the plastic 

and then the plastic handlcd as before, or the particles may be 

suspended in distilled water and sprayed on the film-covered screens 

with an atomizer. * 

While plastic films are satisfactory for the average electron 

microscope specime:, they in general possess an undesirable texture 

when used in conjunction with smaller specimens. For this reason it is 

necessary to resort to a smoother film. Films in this category are 

those made from silica or one of the light metals, 

As previously mentioned, the writers on the first meeting with 

Company A rcpresentatives were furnished with samples of yellow iron 

oxide #620 pigments as produced b; three of the larger manufacturers 

of iron oxide pigments in this country, 

The first procedure employed in preparing specimens of these 

samples for electron microscopy was as follows: A Formvar film was 

"flowed" onto a clean glass slide and allowed to dry after which a 

screen grid was placed on the film, and a piece of transparent cellu- 

lose tape placed over the screen and film. Next, the tape was pulled 

off of the glass plate with the intention of "strioping" off the screen 

and the film which now was adhering to the tape. The screen and film 

were then sprayed with a dilute pigment solution and allowed to dry, 

after which the screen was carefully resoved from the tape's adhesive 

surface by the use of a forceps. The screen was then placed ina 

specimen cup, which in turn was mounted on the specimen holder ready 

for examination in the electron microscope. This metnod proved 

totally unsuccessful, mainly because of the difficulty encountered in
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satisfactorily stripping off the film from the glass plate without 

its destruction. Therefore, this method was abandoned after a great 

many futile attempts, 

The method next employed is the one which proved the most 

successful, This method, which has been discussed briefly in a pre- 

ceeding paragraph, employs the use of a collodion film on a distilled 

water surface. In detail the process is as follows: A film-forming 

solution was prepared by mixing 35 ce of amyl acetate (USP) with a 5 cc 

solution of collodion* (USP). A large glass bowl (about 12 inches in 

diameter) was cleaned thoroughly and filled to the rim with distilled 

water, Next, a drop of the collodion solution was applied to the sur- 

face of the water and allowed to spread out evenly. After two or three 

minutes, to allow for drying, several of the 200 mesh screens were 

dropoed onto the film to which they adhered. A clean glass plate was 

then brought down over the screens, The collodion film on the water 

surface was thus pushed down, folded up around the bottom edge of the 

slide, and applied evenly on the surface of the glass. The screen 

disks then were located between the film and the glass, The excess 

water was drained off and was dried by means of a hot~air blast from _ 

an electric drier. The glass slide containing the screens and film 

was then subjected to examination under a Bausch and Lamb vertical 

light microscope in an effort to ascertain the presence of a uniform 

collodion film on the screen disk. If a film was found to be present** 

a drop of a dilute solution of the pigment sample in distilled water 

  

*Collodion dissolved in alcohol (24%) and ether. 
*#In many cases, no film was found to be present.
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was placed on the sersen and the water evaporated off. When this 

cr
 screen was thoroughly dried, it was carefully removed from the glass 

slide and placed, film side down, in a brass specimen cup. The cup 

was then mounted on the specimen holder which was in turn placed in 

the microscope specimen chamber for viewing. If a satisfactory 

specimen was located in one of the screen openings, a photomicrograph 

was taken of the specimen by means of the photographic attachment on 

the microscope equipped with Kodek micrograph film plates. 

This process was repeated many times with the pigment sample 

fo "3 Company A until e satisfactory and representebive group a. 

micrograph negetives vas obtained for that particular pigment sanple, 

Next, the entire precoss was repeated using the olgucnt sampic 

of Company B and finally the prcoce2ss was agein repsated en the samsic 

from Company C. 

fhe next step was to print a complete set of positive photo 

micrographs of the various pigments studicd, This was done on Koda’, 

type Fl photogranhic paper (which is recomended for nezatives of 

h contrast) and using Kodak type D=7%72 developing solution. Photo~ 

micrograpys of fTouw pigment specimens #620 made by Cormany A axe slow. 

in Pig. 32 as viewed on the electron microcvuope. Fig. 33 snows four 

te ade eyed + Say * open uate i hey expe pe eng Pte te aaenen eh lye mueyegs 
DONOCOMLOPOCYGEDNS ON phements 7ocrO secclmens as manutacvuurcd by Company 

Bwhile Fiz. 3, is similar photomicrographs of plement #620 made by 

Be mae Tag ph sy ean? oy Seg on - 2 wee at py enet AtGar the pnotograpas had ocen prepared and examined, 2 

Pease - wt at 4. —— A, 2am wy ey vt } 4. Ssukorence vivh the chemist In charge of production was arranged, ft 

this time, it was made clear thet althouch the photomicrocrachs obtainca
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Fig. 32. Photomicrographs of specimens of iron 

oxide pigment #620 manufactured by 
Company A, taken at 4274 diameters.
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Fig. 33, Photomicrographs of specimens of iron oxide 
Pigment #620 manufactured by Company B, 
taken at 427) diameters,
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Fig. 34. Photomicrographs of specimens of iron oxide 

pigment #620 manufactured by Company C, 
taken at 427), diameters,



were of considerable interest to Company A, it would be desirable to 

attempt to separate to a greater degree the individual particles of 

iron oxide pigment so that a more detailed study could be made, It 

was the belief of the chemist in charge of production at Company A 

that the particles could be further dispersed by a dispersing agent 

to be used in the dilute pigment solution. For this purpose Company 

A supplied the investigators with three different dispersing agents, 

nanely: (1) Detergent D-40 (alkyl aryl sulfonate), manufactured by 

the Oronite Chemical Company, New York, N.Y. (2) Quadrafos (sodium 

tetraphosphate), manmifactured by the American Cyanamid and Chemical 

Corporation, New York, N.Y. (3) Lomar Pii (sodium sait of a condenacd 

mono=napthalene sulfonic acid), manufactured by Jacques Wolf and 

Company, Passaic, New Jersey. 

The investigators were also supplied with samples of iron 

oxide pigment #600 standard as made by Company A and also as made by 

Company B, a leading competitor. 

It was decided that specimens of each pigment sample would be 

made using each detergent in turn. It was also decided to take at 

least four photomicrographs of each pigment associated with each of 

the three dispersing agents-~a total of 24 photomicrographs in all. 

The preparation of the specimens of the #600 standard pigments 

was carried cut as previously described for the £620 pigments and photo- 

micrographs were obtained. Figs. 35, 36 and 37 are photomicrographs of 

#600 standard pigment specimens produced by Company A, using the three 

dispersing agents as noted. Figs. 38, 39 and 40 are similar photomicro- 

graphs of specimens of #600 standard pigment produced by Company B.
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Fig. 35. Photomicrographs of specimens of iron oxide 
pigment #600 standard manufactured by Company 
A, taken at 427), diameters. Dispersing agent 
used=-Oronite D=40.



  
Fig. 36. Photomicrographs of specimens of iron oxide | 

pignent #600 standard manufactured by Company 
A, taken at 4274 diameters, Dispersing agent 
used=-Lomar,
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Fig. 37. Photomicrographs of specimens of iron oxide 

pigment #600 standard manufactured by Company 
A, taken at 427), diameters. Dispersing agent 
used=-—Quadrafos.



  
  

Fig. 38, Photomicrographs of specimens of iron oxide 
pigment #600 standard manufactured by Company 
B, takem at 4274 diameters, Dispersing agent 
used=-Oronite D=40.
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Photomicrographs of specimens of iron oxide 
pigment #600 standard manufactured by Company 
B, taken at 4274 diameters. Dispersing agent 
used-~Lomar,
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Fig. 40. Photomicrographs of specimens of iron oxide 

pigment #600 standard manufactured by Company 
B, taken at 427); diameters. Dispersing agent 
used=-Quadrafos.



Many specimens were prepared and viewed before a suitable 

number of photomicrographs showing the desired results was obtained, 

Extreme difficulty was experienced in the use of the dispersing agent 

Lomar, as this particular compound seemed to have a destructive effect 

on the collodion membrane, In fact, two of the photomicrographs of 

Company A's pigment using the dispersing agent Lomar were taken in the 

absence of a membrane, as some of the pigment had adhered to one of the 

screen wires and could be easily photographed. 

3. Results, From the experimentation on #620 pigments of the 

major pigment companies, the writers were able to establish the fact 

that the pigment particles of all three companies were very similar in 

shape, i.e., rod-like in structure. 

Due to the conglomerates of particles viewed in this section 

of the work, it was deemed that a study of particle size, based on 

these photomicrographs, would be highly inaccurate and would give no 

conclusive results. Therefore, an attempt to disperse the oarticles 

more completely by the use of dispersing agents was made. This procedure 

proved successful as evidenced by the photomicrographs of Figs. 35 

through 40, which in many cases show individual pigment particles. 

From the photomicrographs, measurements of particle size were made, 

Twenty-five measurements were taken at random from all specimens of 

Company A's #600 standard pigment and the measurements are tabulated 

in Table V. A similar twenty-five measurements were taken on Company 

Bis #600 standard pigment and are tabulated in Table VI. For each of 

these sets of readings, an average length of pigment particle was 

calculated,



TABLE V 

Particle Lengths of Pigment No. 600 

Manufactured by Company A 

  

  

Particle Length Length 
Number idllimeters Liicrons 

L 1.9 0.444 
2 2.3 0.538 
3 1.6 0.374 
4, 1.8 0.422 
5 1.6 0.374 
6 2.1 00492 
7 1.6 0.374 
8 2.0 0.468 
9 2.8 0.655 

10 2.0 0.468 
ll 1.9 O kbd, 
12 1.8 0.422 
13 2.0 0.468 
14 2.3 0.538 
15 261 0.492 
16 2.0 0.468 
17 3.0 0.702 
18 202 0.515 
19 2.7 0.632 
20 2.2 0.515 
2l 1.6 0.374 
22 2.2 0.515 
23 1.6 0.374 
2h 2.2 0.515 
25 1.8 0.422 

  

Average 0.933
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TABLE VI 

Particle Lengths of Pigments No. 600 

  

  

Manufactured by Company B 

Particle Length | Length 
Number Millimeters Microns 

1 2.2 0.515 
2 201 0.492 
3 2.0 0.468 
4 2.2 0.515 
5 1.5 0.351 
6 2.0 0.468 
7 1,8 0.422 
8 2.2 0.515 
9 2.5 0.585 

10 2.8 0.655 
11 2.5 0.585 
12 2.3 0.538 . 
13 | 265 0.585 
14 2.8 0.655 
15 2e1 0.492 
16 2.0 0.468 
17 2.2 0.515 
18 2.7 0.632 
19 1.9 0.444 
20 2.0 0.468 
21 2.5 0.585 
22. 2.3 0.538 
23 2.0 0.468 
2l, 2.7 0.632 
25 2.5 0.585 

  

Average 0.525



The calculation of the actual length of the particles in 

microns is illustrated by the sample calculation below: 

Length of particle from photomicrographs = 2 mm 

‘Lmicron = 107° meters = 107? mm 

Magnification as obtained in Section II of thesis = 4274 

Length of particle = 2x1 = 0.468 micron 

It was found that the particles of the pigment for Company A 

had an average length of 0.481 micron while those of Company B had an 

average lensth of 0,525 micron.



IV. Discussion 

A careful study of electron micrographs, taken at approximately 

5,000 diameters*, of various samples of yellow iron oxide pigment 

number 620 (Figs. 32, 33, and 34) manufactured by the three major pig- 

ment companies in this country, reveals no detectable difference in the 

individual particle shape of pigments produced by the different manu- 

facturera. This deduction was the unamimous opinion of both the chemist 

in charge of production at Company A and the investigators, based on a 

detailed examination of these electron micrographs. Also, no difference 

in structure was noted between particles of pigment number 600 standard, 

manufactured by Companies A and B as a result of examinations of electron 

micrographs of Figs. 35 through 40, in which the pigment particles were 

more widely dispersed. All particles were rod-like in structure and 

those measured had a ratio of length to width of approximately five. It 

is interesting to note that this ratio is the same as that obtained by 

Tilleard and Snith"’’ 43 of the British Paint Research Station, Teddington, 

England. | Their results were based on a study of electron micrographs of 

the same type pignent investigated here made at a magnification of 

14,000 with an RCA Type EMU electron microscope. 

The average length of particles of pigment number 600 standard, 

manufactured by Company A, based on the measured lengths of twenty-five 

individual particles taken at random from the electron micrographs of 

Figs. 35, 36, and 37, was 0.481 micron. The average particle length of 

  

*All electron micrographs made in this study were taken at a magnifica- 
tion of 4274 diameters.
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various samples of pigmont number 600 standard, manufactured by Company 

B, based on a similar number of measured particles taken from the electron 

micrographs of Figs. 38, 39 and 40 was found to be 0.525 micron. It is 

not felt that this very slight difference (0.044 mioron) in particle 

size of pigments manufactured by Companies A and B is of any significance. 

It is reasonable to assume that the average particle sise of each 

company's piguents would have been the same had the number of particles 

upon which the average was based been quite large, i.e., in the order 

of several thousand. 

36 who in 1921 made the first measurements of iron oxide Green, 

pigment particle size of which we have record, basing his measurements 

on light micrographs taken with a microscope capable of a magnification 

of only 1500 diameters deduced that iron oxide pigments had an average 

particle size of from 0.44 to 0.58 micron. Because of limited resolv- 

ing power, Green was unable to identify the true particle shape of iron 

oxide pigments. | 

The most recent and most conclusive study of pigments reported 

in the literature was made by Tilleard and Smith in 1946. Tilleard and 

Smith, with the aid of an RCA Type EMU electron microscope, investigated 

several different paint pigments including the same type* studied by 

the investigators, They reported all particles of yellow iron oxide 

pigment to be rod-like in structure, and further that the dimensions of 

  

*Although Tilleard and Smith do not state the manufacturer of the yellow 
iron oxide pigment investigated, since the work was done jointly at the 
British National Physical Laboratory and the Paint Research Station, it 
is reasonable to assume that the pigment was made in England.
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the majority of the particles maasured were 0.5 micron by 0.1 micron. 

Since Tilleard ani Smith based their measurements on electron micro~ 

graphs taken at 14,000 diameters, have had a great deal of experience 

in investigation of various types of paint pigments, and had at their 

disposal the facilities and personnel of both the British Paint Research 

Station and National Physical Laboratory, it is only reasonable to assume 

their results to be quite reliable. 

. | Although all electron micrographs of yellow iron oxide paint pig- 

ments made by the writers were taken ‘at a nagnification of slightly less 

than 5,000 diameters with the small RCA Type HNC electron microscope, # 

the results obtained check quite well with those obtained by Tilleard 

and Smith under far more favorable conditions. On this basis of compari- 

son, the writers feel that their results are accurate and reliable. 

To those who may attempt iron oxide pigment studies in the future, 

the writers have the following suggestions to make. | 

1. In making files (or membranes) for electron microscopic 

pigment mounts, other materials in addition to those 

used in this investigation should be tried in an effort 

to obtain a material which will stand up better under 

the bombardment of high velocity electrons. 

2. Dispersing agents, in addition to those employed, should 

be tried in an effort to obtain a larger nunber of 

individual particles in each electron mkerograph. 

3. Study should be based on samples obtained from a larger 

number of pigment manufacturers. 

  

*The manufacture of this electron microscope has been discontinued,



4. 

5. 
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Average dimensions should be based on a larger number 

of particles, 

An electron microscope of higher resolving power should 

be used,
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V. Conclusions 

Based on electron microscopic studies of yellow iron oxide pig~ 

ments manufactured by three major companies in this country, the 

following conclusions ere draw, 

1. Specimens of yellow iron oxide pigments suitable for 

electron microscopic examination can be made quite satis- 

factorily by employing a water-borne collodion ‘film 

2. The structure and particle size of yellow iron oxide 

paint pigments made by three major pigment manufacturers 

are identical. | 
3. Particles of yellow iron oxide paint pigment are rod- 

like in structure and are approximately 0.5 micron in 

length and 0.1 micron in width.
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VI, Summary 

The major experimental problems involved in this investigation 

were two in number, The first problem was that of obtaining an 

accurate calibration of the electron microscope to be used for making 

electron micrographs, This was done by comparison with a secondary 

standard. A Bausch and Lomb Type ILS metalloscope, which was calibrated 

by use of a steel grating furnished by the manufacturer, was used as 

the secondary standard, 

The second problem was the examination of yellow iron oxide 

pigments manufactured by three major manufacturers for the purpose of 

comparing individual pigment particles and also determining particle 

shape and dimensions. | 

Both problems were successfully solved and the following 

observations made: 

1. The magnification of the RCA Type ENC electron 

microscope used in the investigation is 4274. 

2. The particle size and structure of yellow iron 

oxide paint pigments nade by different manufacturers 

are the same, i.e., 0.5 micron by 0.1 micron and 

rod<like in structure.
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