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Abstract—Reaction between evaporated carbon and heated foils of Pt, Mo, W, Ti and Tu have been
investignted at a substrate temperature of 1000 4:25°C. Evaporations were carried out in 5 107% torr of
Ar. The films formed were separated from their substrates and examined by transmission c¢lectron
microscopy and selected area electron difftaction. Over Pt and Mo, only carbon films were formed.
Over W, Tiand Ta distinctive carbide particles as well as carbon films were formed. The carbon films
shew differences in crystallinity over the different metal substrates.

1. INTRODUCTION

TFrom the time that Braniey described a tech-
nique for producing thin carbon films by the
rapid evaporation of bulk carbon,"'®? workers
have investigated the structure®~?) and electrical
properties’® of such films before and after heat
treatment at clevated temperatures. Films de-
posited on glass and metal substrates at room
temperature are of small crystallite size and turbo-
stratic. Their electron diffraction patterns usually
consist of three diffuse halos. When the films are
separated from their substrate and heated to
elevated temperatures, crystallite growth and
ordering of basal planes in the c-direction occurs,
as expected. BaNNERJEE and WALKER® heated a
carbon film, which was not separated from its
nickel substrate, to 500°C in high purity He.
Regions of NiQ appeared which were attributed
to the reaction of Ni with trace amounts of
oxygen gettered by carbon species produced
during carbon evaporation at a pressure of about
5107 torr. More recently, Sykes and co-
workers(”) heated carbon films supported on
copper substrates to 700°C in an electron micro-
scope. Crystals were observed to nucleate and to
grow on the film. They were shown, by selected
area clectron diffraction, to be copper.

To the authors’ knowledge, no studies have
been reported on the interaction of evaporated
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carbon with heated metal substrates at the time of
deposition. This paper presents some results on
this subject,

: 2. EXPERIMENTAL

Evaporation was performed in a conventional,
oil diffusion pumped vacuum evaporator at a
pressure of 53 107 torr of Ar. The carbon source
(spectrographic grade, § in. dia. graphite rods) was
positioned such that the carbon species were
directed at the substrate at an angle of about 30°.
Initially, the evaporation was attempted at 5 10~
torr with only residual gas in the bell jar; however,
the sticking coefficient of carbon was very low.
CaswrLL®! reports that residual gas in a similar
vacuum system contains about 509%, water vapor
and 5%, Qa. It is well known that these species
react rapidly with carbon at 1000°C, especially if
a metal catalyst is present. For this reason, the
unit was pumped to its ultimate vacuum (about
31077 torr) and backfilled with Ar until its inlet
rate cqualled the pumping speed, producing
a pressure of 53 107% torr. Argon was cycled
through the system in this fashion for 1 hr
before evaporation was started. Prior to evapora-
tion, the metal foils were heated to 1600°C and
held at this temperature for 30 min to allow the
foil and contacts to outgas. The temperature was
measured with a Leeds and Northrup optical
pyrometer. The temperaturc was not constant
along the foil, the ends being at a lower tempera-
ture than the center. All observations on the
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resultant Alms were made at the center of the foil,
where the temperature was 10004:25°C. Carbon
was evaporated at a slow enough rate so that the
pressure did not rise above 5-7 x 1073 torr; the
evaporation period was between 1-2 min. After
evaporation was completed the heating current to
the foil was turned off and the foil was allowed to
cool to room temperature before being exposed to
air. The films were removed from their substrates
using the following solvents: Pt, aqua regia; Mo,
HNO;; W, HF-HNQO, mixture; Ti, HCl; and
Ta, HF. They were examined, in transmission,
with a Hitachi HHU-11 electron microscope,

The foils used as substrates were rengent-grade,
In this preliminary study, the foils were not
polished before use, and no information was
obtained on the grain size or crystallographic
orientation of the substrates.

3. RESULTS
3.1 Platinum

The resultant film consists of two distinct
morphological forms of carbon—no carbide is
detected. The first is a structureless film that
appears similar to a normal carbon film evaporated
onto any substrate at room temperature. This film
forms a substrate for larger (500-1000 A) particles,
Figure 1 shows the appearance of both types of
carbon. Feature (A) shows the substrate film and
feature (B) shows a collection of larger particles.
Shadowing, resulting from the angular relation-
ship between the source and foil {30°), is seen
around a “hili"” {feature C) on the Pt foil.

Sclected area electron diffraction (SAD) shows
only lines due to carbon, Figures 2 and 3 show the
two types of SAD patterns ebtained from carbon
deposited on Pt. In Fig. 2, complete (10) and (11)
rings are scen that are quite sharp. In addition,
there arc “bulges” on the rings which denote a
tendency toward preferred orientation. Figure 3
shows an almost perfect single crystal pattern
superimposed on a ring pattern. This was obtained
from an area containing a number of large particles,
such as feature (B) Fig. 1. It is apparent that the
carbon has its basal planes aligned closely paraliel
to the substrate; that is, no (002) ring was detected
in Figs. 2 or 3. For comparison with Figs. 2 and 3,
Fig. 4 shows an SAD pattern from a carbon film
that was evaporated onto a glass substrate at room
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temperature. Three very weak, diffuse halos from
carbon are observed.

3.2 Molybdennm

Only poorly crystalline carbon films are found
on Mo. Figure 5 shows the overall appearance of
this film; its nature is more or less obscured by the
shadowing effect of the underlying substrate, The
film at high magnifications, is shown in Fig. 6.
SAD patterns show (10) and (11) rings inter-
mediate in sharpness between those in Figs. 2 and
4. A very diffuse {002} reflection is also found.

3.3 Tungsten

The resultant ilm on W shows a continuous,
partially graphitized carbon substrate as well as
WC, as seen in Fig. 7. The lath-like crystals of WC
appear to be oriented perpendicular to one
another, (the solvent used to dissolve the W also
attacks the carbide, although slowly, and thus
many of the crystals are partially dissolved).
Figure 8 is an S8AD pattern in which moderately
sharp lines resulting from carbon are scen as well
as arcs arising from WC. The d-spacings measured
from the arcs are compared to the known spacings
for WC in Table 1. No lines of o-W.C were
detected.

TapLe 1. SELECTED AREA DIFFRACTION RESGLTS USED TO
1IDENTIFY WC 1§y Fia, 7

d-spacing (A)

Ikt
Measured WOCASTM Index)

2.85 283 a0d
2-52 2:51 160
1-88 1-87 101
146 145 110
1-31 1-29 i
125 1-26 200

3.4 Titanium

Use of a heated 'Ti substrate results in quite
spectacular carbide formation, as seen in Fip. 9.
Again, the characteristic form of the crystals is
lath-like with some crystale having good crystallo-
graphic terminations. Some of the crystals, up to
4 1t in length, are easily seen in the light micro-
scope. It was difficult to prepare them for electron
microscopic examination because the massive
crystals broke the carbon substrate. No SAD



Fic. 1. Carbon film resulting from interaction of evaporated carbon with Pt at 1000°C
(16,500 ).

Frc. 2. Selected area clectron diffraction pattern from region A in Fig. 1.
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Fra, 3. Selected aren clectron diffraction from o region like B in Fig. 1.

Fia. 4 Selected area electron diffraction pattern from a carbon Alm resulting
from deposition of evaporated carbon onto glass st room temperature.



Fi6. 5. Carbon film resulting from interaction of evaporated carbon with Mo at 1000°C
(16,500 ),

F1g. 6. Carbon film resulting from interaction of evaporated carbon with Mo at 1000°C
(45,000 :2)



Fla. 7. Carbon film and WC resulting from interaction of evaporated carbon with W

1000°C (11,000 x ),

Fia. 8. Selected area electron diffraction pattern from part of carbon film and WC shown
in Fig. 7.



Fra. 9. Carbon Alm and TiC resulting from interaction of evaporated carbon with Ti at

1000°C (7500 = ).

FiG. 10, Carbon film (srea A) and TaC resulting from interaction of evaporated carbon
with T'a at 1000°C (16,300 ).



Fra. 11, Scleeted ares electron diffraction pattern from region A in Fig. 10,

Fic. 12, Selected urea clectron diffraction pattern from a TaC area, such as shown in
Fig. 10.



INTERACTION OF EVAPORATED CARBON WITH HEATED METAL SUBSTRATES

patterns could be obtained in transmission because
the crystals were too thick. Xeray diffraction
patterns clearly showed the prescnce of the
strongest line for TiC (d==2-18 A).

3.5 Tantalum

The film formed on Ta isunlike that on any of the
other metals studied. First, there is no continuous
carbon film. Instead, areas of the film (Fig. 10,
Area A) show masses of rather large single crystals
of graphite that have an SAD pattern (Fig. 11)
composed of spotty rings and no (002} line.
Second, the carbide phase assumes all manner of
interesting forms. A typical SAD pattern from the
carbide phase is shown in Fig. 12. The measured
d-spacings from the rings are compared to the
known spacings of TaC in Table 2. No lines of
Ta,C were detected.

TaBLE 2. SELECTER AREA DIFFRACTION RESULTS USED TO
menTIFY TaC v Fre. i0

d-spacing (A)

hidd

Measured TaC(ASTM Index)
2:58 2-37 111
2:23 2023 200
158 1-58 220
1-37 1-35 311
127 128 222

4. DISCUSSION

Catalysis of graphitization of carbon in the
presence of metals is of much fundamental and
practical interest at the present time. Enhanced
graphitization is thought to occur by one of two
mechanisms. In one, the metal acts as a solvent for
carbon, the solubility increasing with increasing
temperature. In the presence of a temperature
gradient, carbon atoms (or lons) continually enter
the metal at the higher temperature and leave the
metal at the lower temperature. The atoms
leaving the metal have high mobility and a good
probability of participating in the growth of
highly crystalline graphite. In the second mech-
anism, the interaction of carbon with the metal
forms the carbide. At some temperature, the car-
bide decomposes to the metal and carbon, which is
usually highly crystalline.

It is thought that enhanced graphitization
observed in this study can be attributed to the
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solution of carbon in the metal substrate for two
reasons. Iirst, Mo was not observed to signifi-
cantly catalyze graphitization. The solubility of
carbon in Mo is very low; Few and Mannimg®
report it to be only 0-005 wt. %, cven at 1650°C,
Tungsten was not a particularly good catalyst for
graphitization. The solubility of carbon in W is
reported to be only 0:05 wt. % at 2400°C.40) In
contrast, the solubility of carbon in Ta and Pt,
both of which promote graphitization, is about
0:2-0-3 wt. %."1 Second, decomposition of the
carbides of the metals studied {to yield a crystalline
carbon} takes place only at temperatures approach-
ing or exceeding the melting point of the car-
bides;*? in all cases this is considerably in excess
of 1000°C.

The very rapid rate of carbide formation for W,
Ti and Ta in this study is worthy of note. Com-
mercially, WC and TaC are produced by reacting
metal powder with carbon black between 1300~
1600°C over a period of hours; TiC is produced
by reacting Ti0; with carbon black between 1700-
2100°C, In this study, massive deposits of carbides
were formed at 1000°C in about 1 min. This
indicates that the small vapor species of carbon
are highly reactive with these metals. By contrast,
massive particles of carbon black are much less
reactive, It is interesting that although the rate of
formation of carbide increases with increasing
temperature, in commercial practices the lowest
practical carburization temperature is usually
employed to restrict grain growth. It would be of
interest to compare the grain size of the carbides
produced in this research with the size in the com-
mercial carbides, which are produced at much
higher temperatures.

It is not understood why the formation of Mo, C
and Pt carbide was not ohserved. Mo, C is made
commercially by reacting Mo with carbon black
between  1400-1500°C.13) It is possible that
Mo,C  was undetected, because the solvent
(slightly warm HNO3} used to dissolve the subs-
trate also slowly attacks the carbides of molyb-
denum. " Konig'?) has made an electron-
diffraction study of a Pt carbide produced by
alternately depositing carbon and Pt on a thin
collodion film and heating this preparation in
zacup for several hours at 1100°C, The final film
was only 100 A thick, It is true that very thin films
frequently show reflections that are normally
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forbidden by the structure factor, because of the
presence of large strains.

5, CONCLUSIONS

1. At 1000°C, evaporated carbon reacts rapidly
with Ta, Ti and W foils to form a mixed carbide-
carbon film. Over Pt and Mo, only carbon films
are observed.

2. The carbide phases show textured growth
patterns.

3. The carbon films formed over the metals

show increasing crystallinity in the order: Mo, W,
Pt and Ta.
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