Jan. 5, 1954 P, J. CLOUGH ET AL 2,665,223
PROCESS FOR DEPOSITING AN ALUMINUM FILM-
ON A SUBSTRATE BY THERMAL VAPORIZATION
Filed Dec. 31, 1948

o 14
IO)
p 0 | Vs
16
36
Power
Supply 34
38
3
|
.
INVENTORS

Philip J. Clough
BY Farl E Chadsey, Jr

0 Cove b M. //(/J

ATTORNEY




Patented Jan. 5, 1954

2,665,223

UNITED STATES PATENT OFFICE

2,665,233

PROCESS FOR DEPOSITING AN ALUMINUM
FILM. ON A SUBSTRATE BY THERMAL

VAPORIZATION

Philip_J. Claiigh, Reading, and Earl E, Chadsey,
Jr., Newton, Mass., assignors to National Re-
search Corporation, Cambridge, Mass., a cor-
poration of Massachusetts

Application December 31, 1949, Serial No. 136,327

(CL 117—107)

11 Claims.

1

This invention relates to coating and more
particularly to the coating of various substrate
materials with aluminum by vacuum evaporation
and deposition of aluminum. This application
is a continuation-in-part of the copending ap-
plication of Earl E. Chadsey, Jr., Fhilip J. Clough,
and Philip Godley II, Serial No. 117,124, filed
September 22, 1949,

A principal object of the present invention is
to provide improved .processes for -evaporating
molten aluminum-in a vacuum for the purpose of
providing a coat of aluminum on a substrate
positioned in'a vacuum chamber,

Another object of the invention is to provide a
process of the above type which permits high
evaporation rates over long periods of operation
of an aluminum-evaporating crucible.

£%ill another object of the invention is to pro-
vide a process of the above type which permits
the use of a crucible of elemental carbon, this
crucible being so treated as to have a high re-
sistance to attack by molten aluminum.

Still another object of the irnvention is to pro-
vide for high aluminum evaporation rates by the
prevention of the formation of aluminum carbide
scum on the surface of molten aluminum being
evaporated in a carbonacéous crucible,

Still another object of the invention is to pro-
vide an improved crucible for use . in processes
of the above type. ‘

Other objects of the invention will in part be
obvious and will in part appear hereinafter.

The invention accordingly comprises the prod-
uct possessing the features, properties and the
relation .of components, and the process involving
the several steps and the relation and the order
of oneor more of such steps with respect to each
of the others which are exemplified in the fol-
lowing detailed disclosure, and the scope of the

application :of which- will be indicated in the’

claims:

For a fuller understanding of the nature and
objects of the invention, reference should be had
to the following detailed description taken in
connection with the accompanying drawings
wherein:

Fig. 1 is an exaggerated, diagrammatic, .par-
tially sectional view of one preferred form of ap-
paratus embodying the invention; and . »

Fig. 2 is an exaggerated, enlarged, sectional
view of a portion of Fig. 1.

In the coacting of materials, such as paper,
synthetic plastics ‘and the like, with an alumi-
num flm by vactium evaporation of the alumi-
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cible so that radiant heat from the area of the
molten aluminum does not unduly raise the tem-
perature of the substrate to be coated. It is also
desirable to feed aluminum into the crucible dur-
ing the coating operation so as to provide for long
periods of operation, It is additionally advan-
tageous to employ crucible materials which are
relatively inexpensive and which have a relatively
long life. Additionally, it is extremely desirable
to have crucible materials which are not readily
subject to heat shock so as not to unduly lengthen
the warm-up and cool-off periods.

It has been found that materials comprising
elemental carbon, such as amorphous carbon,
graphite, and particularly mixtures of amor-
rhous carbon arid graphite have excellent char-
acteristics, such as cheapness, machinability, and
resistance fo heat shock when used as crucibles
for coating aluminum. However, molten alumi-
num, when raised to temperatures on the order
of 1200° to 1300° C,, rapidly atfacks such ecru-
cibles with the formation of aluminum carbide.
This aluminum carbide is soluble in molten alu-~
minum, but the concentration thereof quickly ap-
‘proaches the saturation point. Since the surface
of the molten aluminum on which the evapora-
tion takes place is cooler than the main kody of
the molten aluminum, the aluminum carbide
tends to come out of solution at this surface with
the formation of small crystals of aluminum
carbide. These crystals, being lighter than alu-
minum, float on the surface of the molten alumi-
num-in the form of a-scum. This scum decreases
the effective area from which the aluminum can
be evaporated, thereby cutting down the evapora-
tion rate. This defect is particularly noticeable
in those cases where solid aluminum is fed to the
moiten bath during the course of evaporation.
Since the solid aluminum is at a temperature
considerably below the temperature of the bath,
chilling of the surface occurs when the solid alu-
minum strikes the bath. This chilling rapidly
increases the rate of scum formation. The cool
metal, being heavier than the hot metal, sinks
rapidly to the bottom of the crucible where it
reacts with more elemental carbon to form addi-
tional aluminum carbide. Thus the feeding of
aluminum to the molten pool of aluminum firss
causes the precipitation of aluminum carbide in
the form of a scum and, additionally, forms more
aluminum carbide which is dissolved in the melt.
Thus the melt continuously remains saturated
with aluminum carbide and more and more scum
is formed &s the solid aluminum is fed to the
‘melt.
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It has been found that all of the above-men-
tioned disadvantages may be overcome, and
greatly increased evaporation rates and greatly
lengthened crucible life may be achieved by pro-
viding, in addition to the aluminum in the cruci-
ble, a material which forms a carbide which is
substantially insoluble in the molten aluminum
at the evaporating temperatures. It has been
found that the group IVe and group Va metals
are particularly advantageous from this stand-
boint. By the group IVa and group Ve metals
we mean those metals in groups IVe and Va
shown on the “Periodic Chart of the Atoms,”
W. P. Meggers, 1847 published by W. M. Welch
Manufacturing Company. Generally, the effec-
tiveness of these additional metals for prevent-
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ing scum formation lies in the following order of

decreasing effectiveness: hafnium, zirconium,
titanium, tantalum, columbium and vanadium.
Of these zirconium, because of its relative abun-
dance, is preferred. -

It has been found that these group IVe and
group Ve metals may be utilized in conjunction
with the molten aluminum in an elemental car-
bon crucible in a number of ways. The metals
can be added, before or during the evaporation,
in the form of compounds which are reduced by
the molten aluminum to the metal with the sub-
sequent formation of the carbide, or they can
be added in the form of the metal. Since these
metals have relatively low vapor pressures at the
temperatures employed for evaporating alumi-
num, they do not contaminate the alurinum coat
on the substrate.

The group IVe and Va metals operate in sev-
eral ways to prevent scum formation. When the
metal, such as zirconium, is employed, it acts to
form zirconium carbide from aluminum carbide
in the melt. Since the zirconium carbide is rela-
tively insoluble in molten aluminum, it is pre-
cipitated out of the solution. 'This zirconium
carbide, being heavier than aluminum, sinks to
the hottom of the melt and does not form a scum.
Additionally, the zirconium forms a film of zir-
conium carbide at the interface between the
molten aluminum body and the elemental car-
bon crucible wall. When this film is about 0.5
mm, thick it is substantially impermeable to
molten aluminum and thereby prevents attack
of the crucible wall by the aluminum.

Referring now to Fig. 1, one preferred form of
apparatus utilizing the present invention  is
shown. This apparatus comprises a vacuum-
tight housing 8 providing a vacuum chamber
12, this chamber being kept at a pressure in the
micron range by means of a vacuum pumping
system schematically indicated at 1. Within the
chamber {2 there is provided a means for sup-
borting a base material to be coated, this means
being shown schematically as g first spool 16 and
a second spool i8 carrying therebetween the base
material 26.

The means for vaporizing the metal comprises
a metal-holding crucible 22 having a main hody
portion 24 in which the aluminum 26 is to be held
in molten condition and heated to a temperature
sufficient to vaporize the aluminum at a high
rate under the pressure existing in the vacuum
chamber {2, Extending from the top of the main
body portion 24, there is provided a lip 28 which
is preferably formed integrally with the body
portion 24. For providing heat to the aluminum
28 and the metal-holding crucible £2, there is
included a heating means, schematically indi-
cated at 82. This heating means preferably com-
prises an induction coil having a portion 34 for
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heating the main body of the crucible and the
aluminum carried thereby and a portion 3§ for
heating the lip 28 of the metai-holding crucible.
A suitable power supply 38 is provided for fur-
nishing g high frequency current to the induction
coil 34, 36. The induction coil 34, 33 is prefer-
ably a water-cooled coil, such as a copper tubing,
through the interior of which water is adapted
to be circulated. As can be seen from Fig. 1,
the turns in portion 3§ of the coil, adjacent the
lip 28, are closer together than are the turns in
portion 34 of the coil, adjacent the main body
portion of the crucible.

For preventing radiation heat loss from the
crucible 22, there is provided an ocuter crucible
40, preferably made of a refractory material
which does not conduct electricity, and a refrac-
tory packing 42 between the metal-holding cruei-
ble 22 and the outer refractory crucible A40.
Means for feeding aluminum to the crucible are
also preferably provided but not illustrated.
Such means may comprise a, wire-feeding mecha-
nism which feeds wire to the crucible at a rate
equal to the rate of evaporation of the aluminum,
Additionally, the aluminum may be fed to the
crucible in the form of pellets by the use of a
pellet-feeding mechanism of the type described
in the application of Earl E. Chadsey, Jr., Serial
No. 130,453, filed December 1, 1949, and now
Patent No. 2,635,579.

In a preferred form of the invention the metsl-
holding crucible 22 is preferably formed of an
elemental carbon, such as amorphous carbon,
graphite, or a mixture of graphite and amorphous
carbon of the type commercially available under
the trade name “Graphitar.” The outer crucible
40 preferably comprises a refractory material,
such as silica, while the refractory packing 42
preferably comprises zirconia or beryllia. The
induction coil is preferably provided with a suit-
able source of high frequency current of approxi-
mately 9,000 to 150,000 cycles per second from
2 usual high frequency power source. When a
“Graphitar” erucible 22 is employed for vaporiz-
ing aluminum, and a frequency of about 100,000
cycles is used, the skin depth of the induced cur-
rent is approximately .2 inch at the temperature
employed. The wall of the crucible is breferably
made slightly thinner than .2 inca so that some
of the induced current flows in the molten
aluminum charge.

In the use of the present invention, as em-
bodied in Figs. 1 and 2, a number. of alternative
methods may be employed. In one preferred
embodiment of the process, a quantity of alumi-
num 2§ is provided in the crucible 22 in the form
of pellets or the like. Also included within the
initial charge is a numper of pellets of zirconium
metal. Chamber {2 is evacuated by the pump i4
to about .2 micron pressure, and power is sup-
plied to the induction coil 34, 38. 'The amount
of aluminum supplied to the crucible 22 is prefer-
ably enough to fill the crucible to within about a
quarter of an inch from the top thereof. As the
aluminum melts, due to the applied heat, the
zirconium dissolves, forming a mixture of the
two metals. Both the aluminum and the zir-
conium attack the inner surface of the body por-
tion 24 of the crucible, the aluminum forming
aluminum carbide, most of which is dissolved in
the melt, and the zirconium forming zirconium
carbide, in situ, on the inner surface of the
crucible. As the zirconium ecarbide formation
progresses, it forms a substantially impermeabls
layer or film 25 on the inner surface of the cru-
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_eible, this :layer.-preventing further reaction:-be-
tween . the -molten -aluminum «and :the::crucible
body 24.  Excess zirconium in.the-gluminum melt
also acts to reduce:the formed-aluminum carbide

to aluminum- with -the - formation .of-zirconium.

. carbide- which- sinks- to-the:=bottom-of-the-cru-
cible.
As can be seen from- an -examination of Fig.
.2, the molten aluminum -in.the crucibletends -to
creep up the-walls of the crucible:and over-the
top surface of the lip:28: thereof. ..In a:preferred
form of the:invention.illustrated, the portion-33
of the heating coil-32 maintains the lip:28-hotter
than the remainder -of the-crueible so. that -the

aluminum tending .to-creep-out of ‘the -crucible

is vaporized before it can progress beyond-ihe
edge of the lip 23. This.aspect- of-the:invention
is-desecribed in more-detail-and is-claimed in the
above-identified application of Chadsey -et-al.,
Serial No. 117,124.

The: above description of the operation of the
invention has been limited to one preferred form
thereof, wherein .zirconium metal .is utilized as
the material for forming the relatively inscluble
carbide film: 25 which proteets the inner surface
of the crucible. As mentioned meviousl,f, Zir-
conia, or other-reducible-compounds cI z culﬂuh.,
‘may-be used. .-In addition the other cmuy Vo
.and group- Va -metals, -hainium, titanium;-tan-
galum, columbium-and- vanadmn- may egualiy be
used, either in-the-form ‘of "the rmebal ‘or in the
form of “compounds. redutible by alunvinun ol
‘the temperaturs-employed.

The various.metals.or:¢compounds thereof; such
‘as zirconium, titanium orithe like; may ke utilized
in a number of-different fashions. These nieial
compounds. may. be-added .as-a-slurry o the 'in-
terior of the crucible.prior torthe loading-of the
aluminum therein. ..In-this. case :the carbon-of
the crucible reduces some of the metal compound
and forms the carbide directly. Equally, the metal
may be deposited by vapor deposition procedures
on the interior of the crucible. These vapor dep-
osition procedures include, among others, such
processes as vacuum evaporation and deposition
of the metal on the inner surface of the crucible,
and vapor phase thermal dissociation or reduc~
tion on this inner surface. These vapor deposi-
tion procedures are particularly advantageous
in those instances where the elemental carbon
is relatively porous, such as is in the case of most
graphites. In this case the preforming of the
relatively impermeable inner film of the group
IVa or group Va metal carbide prevents permea-~
tion of the molten aluminum into the interior
of the graphite crucible, and thus prevents de-
structive interior formation of aluminum carbide.

In still other forms of the invention the metal
may ke melted in the crueible to form the pro-
tective carbide on the inner surface thereof,
The metal, or compound thereof, may be added
in the form of pellets, powder, or rods to the
initial charge or to the melt during the course
of evaporation of the aluminum. When only &
small charge of the metal is added with the
aluminum initially, it is preferred that the metal
or its compound be added during the feeding of
the aluminum to the melt. When relatively large
quantities of the metal are added, either in the
form of a carbide skin 25 on the crucible or as a
pars of the initial charge, it is sometimes not
necessary to add any more of the mefal during
long periods of vaporization. For example, when
about two grams of zirconium per square inch
of inner crucible surface are added with the ini-
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~melt.
caluminum -and.-the. elemental :carbon s

‘the compound,-such-as zirconia.

6

:tial:charge, it has beenTound that the resulting

carbide film 25 formed on the interior of the cru-~

-cible is about: 0:5.-mm. thick and dis.sufficient to
‘protect .the crucible against attack by 'molten
aluminum. for -well over five houis’ oper
. These- excellent results are achieved in:spite of
-chilling' which occurs due to feeding of alummum
to the crucible during this time.

ation.

As a general proposition it appears that, when

-high evaporation rates are to be-employéd from

an unlined crucible, it is preferable to use:rtlie

group IVe or .group Va metals rather .than the

reducible compounds thereof in :the aliminum
.This regquirement is-believed :to ke .due
to the fact thai the reaction-hetween the molten
faster
than the reducing action of the aluminum:-upon
Thereioie, the
charge in the crucible becomes: very rapidly-satu-
rated .with aluminum: carbide with.:the 'rapid
formation of:scum upon the -feeding of rcool
aluminum therefo. . Ouce:the scum .of aiuminum
carbide is formed, it has been found much easier
to eliminate the scum hy the additien of -pure
metal, such as zirconium, rather than by:the ad-
dition of the compound zirconia. : In all cases’it
is generally -better-to. prevent excess -aluminum
carbide formation than to eliminatzs the alumi-
numm carbide formation -after scum -has -been
created.

© While _preferred forms .of the invention have
been "described. above, -it :should -not be limited
thereto. For.example, the crucible:may be wholly

‘formed .of -the carbide of -one of ‘the .group IVa

and Ve metals. However;.such crucibles-are rela-
tively expensive, are not as easily-formed.or ma-
chined, and are more-subject to.heat shock than
the elemental -carbon -crucibles. containing -the
inner lining of -the metal carbide.

“While the invention has been described in con-
nection with a preferred type of crucible and
heating element for use therewith, it should be
understood that the invention is by no means
limited to the particular embodiment shown.
The crucible may be of the type disclosed in the
application of Noble E. Hamilton, Serial No.
117,444, filed September 23, 1949, and now aban-
doned. Equally, other types of crucibles and
heating systems of the prior art may be em-
ployed. While a crucible is preferred for holding
the aluminum, in those cases where a strong elec-
tromagnetic field is utilized to hold the molten
aluminum in a globular shape on a flat surface,
the support for the molten aluminum may com-
prise elemental carbon including a surface is con-
tact with the aluminum which comprises a car-
bide of one of the group IVe or group Va metals.

Since certain changes may be made in the
above product and process without departing
from the scope of the invention herein involved,
it is intended that all matter contained in the
above description, or shown in the accompany-
ing drawing, shall be interpreted as illustrative
and not in a limiting sense.

‘What is claimed is:

1. The process for the deposition of an alumi-
num film on a substrate by thermal evaporation
of molten aluminum in a vacuum which com-
prises heating aluminum to a temperature suf-
ficiently above its melting point to evaporate the
aluminum, maintaining the molten aluminum,
during evaporation, on an elemental carbon sup-
port, and maintaining at the interface between
the support and the molten aluminum a layer of
a carbide of a metal taken from the class consist-
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ing of titanium, zirconium, hafnium, vanadium,
columbium and tantalum so as to prevent undue
attack of the elemental carbon support by the
molten aluminum, said carbide layer being
formed by contacting said carbon support with
a material comprising said carbide-forming me-
tal while said support is maintained at a suffi-
clently high temperature to form the carbide
layer.

2. The process of claimm 1 wherein said metal
comprises zirconium,

3. The process of claim 1 wherein said metal
comprises titanium.

4. The process of claim 1 wherein said metal
comprises tantalum.

5. The process of claim 1 wherein said metal
comprises columbium.

6. The process of claim 1 wherein said metal
comprises vanadium,

7. The process of claim 1 wherein said carbide
layer is on the order of 5 mm. thick.

8. The process of claim 1 wherein said carbide
surface is formed on said support prior to feed-
ing aluminum thereto.

9. The method of eliminating formation of 2

aluminum carbide scum and protecting an ele-
mental carbon support against attack by high
temperature molten aluminum during the vacu-
um evaporation of aluminum from the support
which comprises dissolving in the molten alumi-
num a second metal selected from the class con-
sisting of titanium, zirconium, hafnium, vana-
dium, columbium and tantalum, said aluminum
containing said dissolved second metal being
maintained at a sufficiently high temperature to
form said second metal carbide layer.

10. In a process for the deposition of an alumi-
num film on a substrate by therma) evaporation
of molten aluminum in a vacuum wherein the

aluminum is heated to a temperature sufficiently
above its melting point to evaporate the alumi-
num, the improvement which comprises forming
a surface layer of a carbide of a second metal on
an elemental carbon support by contacting said
elemental carbon support with s material com-
prising said second metal and maintaining said
material and said support at a sufficiently high
temperature to form said earbide layer, said sec-
ond metal being selected from the class consist-
ing of titanium, zirconium, hafnium, vanadium,
columbium and tantalum, and maintaining the
molten aluminum, during evaporation, on the
carbide surface layer so as to brevent attack of
the elemental carbon support by molten alumi-
num.

11, The process of claim 10 wherein said mate-
rial comprises an axide of one of said second

metals.
PHILIP J. CLOUGH.
EARL E. CHADSEY, Jz.
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