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ABSTRACT 

Copper, nickel. tunesten, a oold and molybdenum microscope _grids coated with 
thin carbon and SiO films were heated in a Hitachi electron microscope while being 
examined by both electron diffraction and electron imagin,o methods. CrystaIiine 
substances appear on the grids at various temperatures depending on the grid material. 
A comparison of the carbon-coated grids with the SiO coated grids along with other 
experimental evidence showed that two types of material were being formed on the 
carbon-coated grids. One substance was MOO, (cornins from the specimen holder) 
while the other material is believed to be the various metal carbides. 

ISTRODUCTIOS 

For a number of yesrs. studies have been made cn clay minerals and organic- 
clay complexes by means of heatins-osciliatin, 0 X-ray diffractrometry. This is a 
method by which a specimen is heated in a X-ray diffraction apparatus, and the diffrac- 
tometer traciq obtained while the sample is heated under a programmed rate to 
elevated temperatures_ Based upon these studie s, it was deduced that the morphology 
of these clay mineraIs and organic-clay compIexes might change substantially while 
the sample was bein, * heated. For this reason studies were undertaken to heat such 
sampies to elevated temperatures in an electron microscope while studying the mor- 
phological and structural chanses. 

Studies by Furlong’ on several clay minerals ar elevated temperatures by elec- 
tron microscopy have indicated that a particulate matter appeared on the clay sur- 
faces, and associated with the clay at temperatures greater than approximately 50O’C. 
He concluded that the particulate matter that was beins observed was coming from 
the clay mineral and was a result of the heating of these clays under the conditions 
of high vacuum in the electron microscope_ F,Jr this reason we undertook to do similar 
experiments with our heating stase in an Hitachi HUIIA electron microscope, 

*Presented before the Third Annual Meeting of the Xorrh American Thermal Analysis Society in 
Waco. Texas. on February 7-8, 1972. 
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but utilizing orgnic-clay complexes instead of the pure clay minerak previousIy 
used b_v Furtons. Shortly after these studies were begun. it was found that a carbon- 

coated copper _rrid could be inserted into the eiectron microscope and the same type 
of particulate matter wouid be formed in the absence of the clay or organic-clay 
complex. Based upon these results. it was decided to study the formation of this ma- 
terial in detail and to tn to understand its origin_ 

These investigations utilized the Hitachi HUM electron microscope equipped 
with a specia1 heating specimen stage_ Various eIectron microscope grids and coating 
materials were utilized in these studies as described below_ In a11 of this work, the 
temperature of the coated grids was increased in step-wise increments allowing a 

minimum of 30 min at each temperature for therma equilibrium to be obtained_ 
This was necessary not on& to allow the specimen to reach thermal equiiibrium but 
also it was found to be vee difTicuIt to obtain weII-focused pictures and electron 
diffraction patterns unti1 instrumenta thermal equilibrium was obtained. In some 
cases, the sample was left at a given temperature for as long as 25 h because particles 
of an interesting nature were being produced, or because unusua1 changes were taking 
place on particIes already formed. 

Five different types of grid were studied. They were as foIIows: copper gid-car- 
bon fiIm: nickel grid-carbon film; tungsten grid-carbon film; molybdenum _erid-car- 
bon fiIm and gold g-id-carbon film. For each of these grids. the temperature at which 
particulate matter couId first be observed was determined. and then the morphoIogica1 
and electron diffraction patterns of the particles were determined up to temperatures 
as high as 7OO’C. 

Besides these grid-film combinations. studies were also made using grids with 
silicon oxide films_ These _grids were as foIIows: copper gid-SiO film; nickel grid-SiO 
film: tungsten grid-SiO fiIm: molybdenum srid-SiO fiIm; and gold grid-SiO fifm. 

Electron micrographs and electron diffraction patterns were obtained in each 
grid-film combination. Depending up03 the circumstances, both ring diffraction 
patterns and Lspotty*” diffraction patterns were obtained, although the ring patterns 
were by far the more prevalent. From the diameter of the diffraction rings. the corres- 
ponding d-spacing were caIcuIated_ The camera constant for the microscope was 
obtained under identical conditions of temperature and heating using aluminum or 
gold standards. On the average. the measured lines of the standards agree to within 
iO.002 A with the Iiterature value of the ri-spacings of aluminum and gold. Using 
the aIuminum standard it was found that between room temperature and 6OO’C the 
measured camera constant was chansed by 0.35%. For d-spacings above 2.0 A this 
change in camera constant produced a maximum variation of iO.01 A in the d-spa- 
cing from rcom temperature to 6OO’C. Below 1.0 A, the variation was no more than 
-+0.003 A. Based upon the above experiments, the d-spacing given in the tables of 
this report are considered to be accurate to kO_OI A. 
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Fig_ 1. Copper grid-carbon film, heated to 680-C for 1 h. Micrograph taken while heating; 12,375 X . 

RESULTS AND DISCUSSIOS 

in the study of various types of metal gids coated with a thin film of carbon, 

it was found that there were differences from one metal to another with regard to 

the temperature that particulate matter could first be observed_ There were also diffe- 

rences in the morphologica appearances of the particles and in their electron diffrac- 

tion patterns_ The approximate temperatures at which particles were first observed 

to form (allowing 30 min at each temperature to reach equilibrium) are given in 

TabIe 1. 
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Fig ?A_ NickcI grid-carbon film. hcatcd to 690 C for 2 h. Micrograph taken while heating: 6.04.0 x _ 

Fig. ZB. Nickci grid-carbon film. hcatcd fo 69O’C for 
Taken while hearing. 

Z h. Ditiracrion given by nrca in Fig. ZA. 

Fig- 3A. Tuagsten grid-carbon film. heated to 65O’C for 30 min. Micrograph tskcn while heating; 
44Jo~. 

Fig. 3 EL Tungsten grid-carbon fiim. heated to 650 -C for 30 min. Diffraction given by area in Fig. 3 A. 
Taken white hearing_ 
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TABLE I 

TEMPERATURES AT WHICH PARTICULATE MATTER WAS FIRST 
OBSERVED FOR VARIOUS TYPES OF GRID ._ 

Type of grid Temperature (‘C) 

Copper 400 
h’ickel 600 

~folybdenum 500 
Tungsten 550 
Gold 500 

Some of the more pronounced differences in the morpholo_gy and electron 
diffraction patterns for the carbon-coated grids are illustrated in Figs. l-6. 

Fig. 1 illustrates the morpholo_q for a copper grid with a carbon-coated film, 
heated to 680°C for I h. Fig. 2A and 2B show the electron micrograph and the 
electron diffraction pattern. respectively, obtained for a carbon-coated nickel grid 
when heated to 690% for a 2-h period. Figs. 3A and 3B illustrate the type of morphol- 
ogy obtained with a carbon-coated tungsten grid and its respective electron diffraction 
pattern. This particular sample was heated to 65O’C for a 30-min period. In order to 
illustrate some of ?he properties of the particulate matter that was formed, Fig. 3A 
might be compared with Fig. 4. which is another picture of a carbon-coated tungsten 
grid. but this time heated to a lower temperature of 55O’C. It should be noted that 
in these particular pictures. there are somewhat different morphological characteristics 
of many of the particles. In Fig. 4, the particles appear to be of two distinct types, 
the small angular material and the sheet-like material that in many instances is rolling 
up into rod-like material. 

A carbon film on a gold grid is illustrated in Fig. 5A along with its diffraction 
pattern_ shown in Fig. SI3. Finally, Figs. 6A and 6B illustrate the type of particles 
obtained, and the electron diffraction patterns for a carbon-coated molybdenum grid_ 

If one carefully examines the diffraction lines obtained in the case of the carbon 
film grids, there are found to be a number of Iines vvhich are common to every type 
of metal grid and always appear. However, in addition to these common lines, for 
each type of metal grid used there are at least six additional lines which are quite 
different and not common. For tungsten there are a number of such lines. In explaining 
the common lines. it was felt that a contaminant was involved coming from some part 
of the microscope system. 

The particulate matter being formed and giving rise to t1.e common diffraction 
lines is molybdenum oxide. MOO,, as determined by the electron diffraction patterns 
and comparing them with the d-spacings of standard ASTM patterns. In the case of 
grids other than molybdenum the diffraction lines that are seen over and beyond the 
molybdenum oxide lines have not been completely identified, but it is believed that they 
are diffraction lines belonging to the various respective metal carbides_ 

In order to determine if the material was indeed molybdenum oxide and in 
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Fig 1. Tungsrcn grid-carbon tilrn. hcsted to 55O’C for I h. Micrognph taken while heating: 
16.500~. 

order to try and determine where this material could be coming from in the samples 
with grids other than molybdenum a number of experiments were run. The small 
cylindrical holder which is in actual contact with the electric heating device was found 
to be made of molybdenum metal. It was immediately suspected that the source of 
the moIybdenum which in turn formed the molybdenum oxide would be the moIybde- 
num holder. After repeated use, the ho!der was seen to have a violet-brown coating 
formed over the moiybdenum metal. This is the color of MOO= The holder was 
piaced in a vacuum evaporator in a tungsten basket and heated to orange-white heat. 
The violet-brown coating was compfetely removed, presumably through volatilization 
of the molybdenum (IV) oxide. Very recently, a tungsten grid with a carbon film was 
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Fig. 5A. GoId grid-carbon film. heated to 77O’C for 1 h-30 min. Micrograph taken while heating; 
9sso x - 

Fig. 5 B. Gold grid-carbon film. hcatcd to 72O’C for I h-30 min. Diffraction given by area in Fig. SA. 
Taken u-hilt heating. 

Fig_ 6A. !L~olybdcnum grid-carbon film. heated to 71O’C for I h. Micrograph taken while heating; 
3280 x _ 

Fig. 6B. Molybdenum grid-carbon film, heated to 710 ‘C for 1 h. Diffraction given by xca in Fig. 6A. 
Taken while heating. 
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heated to 7OO’C using this decontaminated specimen holder. The rod-shaped particles 
characteristic of MOO, were not observed and neither were any of the common 
diffraction lines obtained_ However. the dense angular particulate matter was obser- 
sed and al1 of the previous diffraction lines not attributable to MOO, were obtained_ 
It was concluded. therefore. that the source of this contaminant was indeed the molyb- 
denum holder_ This same result has recently been verified using a copper grid and 
carbon fiIm. 

Fig_ 7A. Molybdenum Md-SiO film. heated to 335 ‘C for -85 min. Micrograph taken while heating: 
!xKlO~- 

Fig 7B_ Molybdenum grid-SiO film, heated to i1O’C for 30 min. Ditiraction given by arca in 
Fig,. 7/L Taken while heating. 

It was now necessary to see if further information could be obtained with 
regard to the other type of particulate matter being formed on the _girds. In this case. 
it was found that this other material was sensitive to the particular temperature at 
which the gid was beins heated and to the type of Irid beins used. For these studies 
all of the grids previously used were prepared with silicon oxide fiIms replacing the 
carbon films. Since it was suspected that the particles being formed were carbides 
of the various grid metals it was felt that by replacing the carbon film with silicon ox- 
ide film, the formation of the carbide could be prevented. Figs. 7A and 7B illustrate 
a typical type of electron micrograph and electron diffraction pattern obtained with 
SiO-coated grids. This particular grid was a mol>-bdenum grid coated with the SiO 
fiUm. As with al1 grids when coated with SiO. only one very distinct electron diffraction 
pattern was obtained. as illustrated in Fig 7B. By comparison of the diffraction pattern 
with standard ASTM card index it was readily shown that the material being formed 
was molybdenum oxide, MoOz_ A further illustration of this is shown in Fig_ 8. 



Fig. 8. Copper grid-SiO film. heated to 720 C for 30 min. Micrograph taken while heating; 21.125 x _ 

which shows the electron micrograph for a silicon oxide coated copper gid and a 
standard molybdenum hoIder. In all silicon oxide coated _grids the diffraction patterns 
were identical, which further showed that the contaminant material was coming from 
a source other than the grid and from the carbon film. From these micrographs it 
was again confirmed that the contaminant particulate materia1 comes from the mo!yb- 
denum holder and not from the grid material. It further illustrates that the particuIate 
matter observed in the carbon-coated grids xher than the molybdenum oxide is indeed 
9 function of the carbon fiIm, and, therefore, is very probably a metal carbide, since 
no other chanse was observed besides the deposition of the contaminant_ Since the 
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noncommon diffraction lines obtained in the various patterns are different when one 
pes from one grid to another, it is reasonabie to conclude that it is not just molybde- 
num carbide beins formed but very likely a carbide of the gid material reactins with 

the carbon film_ 

If one goes back and studies the electron micrographs very carefulIy. it wil1 

be observed that in many instances the particles being formed are being formed in 

a~1 area u-here the carbon film appears to be disappeariq. This is evident by noticing 

that around many of the particles the thickness of the carbon film is less than that in 

other areas by virtue of the fact that the electron beam more readily transmits throu,oh 

that particular area. Fig 9 shos-s a Ni-grid with carbon coating heated to elevated 

temperatures, in which the carbon films has been degraded in the area where the 

film is rolled back on itself_ It is believed_ therefore_ that t!lis is further evidence of the 

meta reactin? with the carbon :o form the particulate carbide_ 

Fig_ 9_ Nick1 grid-czrbon fiim. heated to 63O’C for 2 h. Micrograph taken while heating; 32,250 Y. 



Table II gives the electron diffraction data for the various carbon-coated grids 
used in this study. along with the d-spacings of lines obtained for the various grids 
with silicon oxide films. The d-spacings with an asterik in the Table are those lines 
that are attributed to the moIybdenum dioxide portion of the pattern_ The lines with- 
out an asterik are. therefore, believed to be the lines belonging to the metat carbide. 
Lines of these possible carbides compared with the ASTM data file do not give an 
exact match_ However. it was observed that in some instances_ several of the reported 
carbides would fit the data if mixtures were assumed. Since a11 of these metals form 

TABLE II 

SELECTED-AREA ELECTROS DIFFRACTION DATA 

Carbon-coated grids tdk,,, - A) 

Copper Sickel .%fol~bdenunt Tangslen Gold 

SiO-coated gritis 
cd,,, - A, 

Arg. of ai1 types 

I .82* 

1.30* 

1.10' 

3.38’ 

2.91 
2.77 

2.43+ 

2.14 

l-83+ 

1.70’ 

I.52 

I.46 
1.408 

I.34 

r-29* 

1.21’ 

1.17 
1.077’ 

I .029+ 

0.910 

0.874 

0.840 0.850 

0.817 
0.746 

0.698 0.660 

2.45* 
2.0s 

1.70* 

I.47 

I.26 
1 ?O’ .+ 

1.03* 

0.947 
o-927- 

0.848 

0.796 

0.692 0.664 

5.10 

4.17 

3.75 

3.26 

3.06 

2.95 

2.71 

2.67 

2.44= 

2.05 

1.91 

l-84* 

I .68* 

I.62 

1.41’ 

I.37 
I.33 
1.24’ 

1.17 

1 1’8 _ _ 

0.999 

CI.985 

0.940 

0.83 1 0.859 

0.814 

0.79 1 
0.756 

0.633 
0.623 

3-05 

2_45+ 
2.34 
2.16 
I.93 

1.68’ 

i -48 
1.42’” 

I-30, 
1 1?* ._a 

I.14 

!.080* 
1.045’ 
1 .o,o 

0.924’ 
O-89 I 

0.558’ 

0.827 

3-41 

2.82 

2.4-J 

2.18 

I.84 
l-73 
1.54 

1.41 

I.31 
1.21 

1.i’ 

1 .G90 

1.036 
0.910 
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many different carbide modifications it is very possible that mixtures would be obtain- 
ned and. therefore. with the limited amount of diffraction lines obtained. that exact 
matches could not be made. A reasonably good fit is obtained with the tungsten 
grid lines and a MJ, face-centered cubic carbide- 

Both Laird’ and AnselI and Aaronson have described the technique of hot- 
sta_ge transmission electron microscopy and the criteria for its use. However, it is 
concluded that when a heatins stage in eIectron microscopy studies is utilized. one 
should be aware of the possibility that carbides can be formed under the normal 
conditions of operatine the electron microscope_ Therefore. for those wishing to per- 
form electron microscope studies at elevated temperatures, films other than carbon 
should be used_ Also, if the standard type of molybdenum holder is beins used, this 
holder should be treated as mentioned so that the molybdenum oxide particulate 
matter that was observed in these studies will be eliminated. 

The authors express appreciation to the Robert A. Welch Foundation for support 
of the research recorded herein. 
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