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This invention relates to the formation of oxidation re-
sistant diffusion alloy coatings on refractory metals.
More particularly, this invention relates to the diffusion
coating of refractory metals with certain diffusing ele-
ments through a liquid-to-solid tramsfer process using
Group HA metals as transfer agents.

This application is a continuation-in-part of our copend-
ing. application Serial No. 57,387, filed September 21,
1960, now abandoned.

Alloys based on the refractory metals, e.g., nickel, co-
balt, niobium, molybdenum, tungsten, tantalum and, to
a lesser extent, vanadium are used in a variety of appli-
cations where high temperatures are encountered. Spe-
cifically, turbine blades and buckets, furnace heating ele-
ments, jet and internal combustion engine parts of these
metals and alloys thereof are characterized by being re-
sistant to chemical attack and having high melting points
with the additional characteristic of retaining their good
mechanical properties at elevated temperatures. How-
ever, in order to prevent the oxidation of these metals at
elevated temperatures, it is necessary to exchide oxygen or
to protect the metal surfaces with oxidation resistant
coatings.

Chromium is also considered to be a refractory metal
although oxidation of this metal at high temperatures is
not a serious problem. However, a protective coating
on this metal serves to resist nitriding.

A number of methods for coating refractory metals are
known. Specifically, it has been proposed to protect
refractory metals by electroplating following by anneal-
ing, vapor or gaseous plating, annealing in pack treat-
ments, dipping, spraying and painting on coatings that can
be subsequently annealed. These prior art methods have
serious disadvantages in that the protective coatings
formed are not sufficiently adherent or they are non-uni-
form or excessively porous or thick. Frequently these
coatings can only be formed under impractical operating
conditions and only a limited number of alloys can be
prepared.

Coatings can be prepared in accordance with the pres-
ent invention that are uniform and exhibit excellent ad-
hesion and virtually no porosity. Furthermore, these
coatings can be formed on intricately shaped objects and
complete coverage, even in the recesses, can be obtained.
The large number of distinct alloy coatings that can be
obtained as outlined herein is an added advantage.

It is an object of the present invention to provide dif-
fusion alloy coatings on refractory metal articles that re-
sist oxidation under high temperature surface conditions.

It is another object of the present invention to pro-
vide unique oxidation-resistant coatings using a novel
liquid-to-solid diffusion process.

The diffusion coatings of the present invention are oxi-
dation resistant alloys formed on refractory metal articles
by diffusing into the articles one or more diffusing ele-
ments from either or both of the following groups: (1)
silicon and aluminum and (2) the transition metals hav-
ing at least one but less than 10 d electrons. Preferred
oxidation presistant coatings contain aluminum with or
without additional diffusing elements selected from the
above-mentioned transition elements.

Aluminum and silicon have the property of being solu-
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ble to at least some extent in both the liquid transfer me-
dium and the solid refractory article being coated under
the conditions outlined herein. In addition, aluminum
and silicon impart superior oxidation resistance to refrac-
tory metals and can be codiffused with the transition dif-
fusing elements to form alloy rich coatings.

Diffusion of an element is considered to proceed when
the concentration of the element in the liquid transfer
agent is sufficiently high to favor the element’s diffusion
into the refractory article. Considering the mechanism
as principally depending on the relative chemical activi-
ties of a particular element in both the transfer agent and
the solid article, it is observed that a high concentration
or a saturated sclution of a diffusing element in a liquid
melt of the transfer agent favors diffusion of the element
into the refractory article when the element is soluble but
not present in saturated amounts in the solid article.

Diffusion can be carried out by contacting, preferably
by immersion, the refractory metal with a melt of the
transfer agent containing one or more of the diffusing ele-
ments at a temperature of about 900-1450° C., preferably
at about 1000-1400° C.

The preferred transfer agent is calcium although other
Group IIA metals such as barium and strontium, and
mixtures thereof, are suitable. The high vapor pressure
of magnesium at operating temperautres makes it less
desirable as a transfer agent. These metals, except for
beryilium, have melting points below 900° C. and are
comparatively inert toward all of the refractory metals
except nickel. Where nickel-rich alloys are used as sub-
strates, it is necessary to maintain sufficient nickel dis-
solved in the transfer agent to prevent dissolution of the
substrate. The diffusing elements are all soluble to the
extent that diffusion is favored when sufficient concen-
trations of the diffusing elements are incorporated in the
IIA metal transfer agents.

At least about 25% by weight of the diffusion com-
position (transfer agent and diffusing elements) should
be comprised of the transfer agent; up to 99.5% of the
composition can be the transfer agent, but the preferred
amount of the agent is about 35-65% by weight. When
aluminum is being diffused from a Ca-Al composition,
preferably about 35-65% of the diffusing composition
should be calcium, the balance being aluminum or alumi-
num and up to about 30% additional diffusing elements.
In general, only small amounts, about 0.5% by weight, of
the diffusing elements need be present in the composi-
tion and up to about 75% can be used.

The second group of diffusing elements include those
transition elements that have at least 1 but less than 10
d electrons. Specifically, titanium, manganese, iron,
yttrium and zirconium are embraced within this group.
In addition, this group of diffusing transition elements
includes the refractory metals vanadium, chromium, co-
balt, nickel, molybdenum, niobium, tantalum and tung-
sten which are preferably co-diffused with at least one
other diffusing element, usually aluminum, to form oxi-
dation resistant coatings on refractory metal articles.

It should be emphasized that the majority of the dif-
fusing elements are sparingly soluble in melts of the
transfer agents, the most notable exceptions being alumi-
num, silicon, and nickel. Introducing these slightly solu-
ble diffusing elements as finely divided powders (prefer-
ably 100-4060 mesh) and providing agitation during dif-
fusion serve to facilitate the formation of the coating.
It should also be noted that during diffusion, multiple
component systems exist in both the coated article and
in the diffusion composition. These systems have char-
acteristic melting points and solubilities that are distinct
from those of the starting materials,

Frequency, these distinct melting points and solubility
changes can be advantageous. For instance, some coat-



_,rsé,zgp

3 :

1ngs are - formed to an appreciable extent only in thef'

presence of certain other. metals. Chromium rich coat-
ings can be formed on niobium when other diffusing ele~
ments ‘such as Al, Ni.or Co are:present.in the diffusion

" mixture; when: calcmm—chrommm diffusion mixtures are’

used without additional metals, much, but not-all,. of
the _deposited ‘Cr “adheres without: diffusing into" the Te-
fractory metal substrate. -

form diffusion-alloy coatings' with aluminum on niobium
in_Ca-Al baths.
serves. to increase: the solubility of these comparatively
. insoluble . elements in calcium or in the substrate.  This
is not to. say, -however, -that .these comparatively in-

- .. 'soluble. elements cannot be’ diffused to some . extent into:

niobiim" and ‘other refractory metal articles from a melt
of calcium in .the absence-of ‘aluminum;- Rather; it is
to:state that ‘these elements should be codiffused - with

aluminum in order to obtain coatings sufficiently. alloy :
rich ‘to impart appreciable. resistarice to -oxidation at

elevated ' temperatures; moreover, ~gltoy coannas con-

taining aluminum’ are preferred.

“The following examples illustrate specific embodiments

of ‘the _present mventlon
EXAMPLE 1

‘Samples of'Mo,é.nd W were treated without stirring’

in' a bath containing 60 g.'Ca, 6 g. Cr,-and 10;g. Ni'in
a carbon steel crucible. Fhe samples were: heated for
about 1 hour at 1290° C.. The coatings on the Mo and

Other elements such: as yttrium;;
vanadium, molybdenum, titanium; and zirconium will’

The presence of aluminum. apparently:

EXAMPLE V
Samples of Nb,"Mo and W wete treated in ‘a bath

containing 30 g. Ca, 5.g. Cr, 5. g. Co, and 3 g. Y for
about 2 hours at-1300° C.” The samples were not agitated

_in the bath.. The Nb sample.had a4 high concentration

of Co, a few percent of.Cr, and-about 1% of Y at the
surface of‘the “Coating. . The. Mo and ‘W had: a high

. concentration-of Co, several percent of Cr, and about

;, 2%~ 3% Y at the surface of the : coatmg
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- EXAMPLE VI
Nb- was coated with 'V and Ni. by treating itina bath

.containing -about: 45 'g::Ca, 3 .g. Nij and 5 g. V:(20
"mesh).

The sample. was heated for '3 hours: at about.
1200° C.in an inductjon furnace.. " -
: EXAMPLE VviI

A mobrum article was treated: in.a ‘melt’ containing: 54:
g of Ca-Al alloy, 73% a—27% ‘Al; to-which had-been:

‘added 25 grams of- AL* The melt was contained in a

. Mo crucible and the sample was treated: for 4 hours-at

25,

~1300°“C. - The Nb-Al alloy- coating obtained  withstood
- oxidation: for more than 56 hours when: heated to:1050°

C in alr
EXAMPLE via

A sample of Nb-was coated-with apprecrable concen- ‘

trations. of Cr, Mn; Co, andNi by treatment in a bath

30

W samples. both contained nearly the same concentra-. -:

tions of Cr (over 50%:), Fe (over 10%), and Ni (over
10%). These coatings impart- oxidation resistance;to
the refractory metal substrates, but the resistance to-oxi-
. dation is notas. high as those alloy- coatings contalmng
_alummum : :
EXAMPLE II

Samples of Nb, Mo and ‘W were treated ‘without : stir=

ring in; a bath contammg 25 g.°Ca, 3:8. Mn,-3 :g..Co,
and 5 g. Cr powder in a Mo crucible.. They were heated
at1290° -C, for ‘about. 2 ‘heurs..
coated withhigh concentrations of Ni;Co, and" Mn
(each > 10%3) -and: 'with “several percent of:Cr.

of Ni, 'Co, and: Mn 'and: a'-lower concentration of: :Cr.

" The Nb:sample - was:

40

The: -
Mo and W 'samples contained similar high concentrations:

The: Ni was: present as a ¢ontaminant in the Mo ‘crucible. -
from.a previous run in- whrch the Mo crucible was used -

to-hold a Ca-Ni. bath:
‘ EXAMPLE 1

When Nb, Mo, and ‘W were treated without- agltatlon
in'-a‘bath: containing. 75 g..Ca, 10-g:; Cu; and.10. g.-Zn,
and -placed. in a mild steel crucible, at-1290°.C. for
about 2 hours, the coatings on the. samples contained
iron: but-little; if any; Cu -or Zn:

composition- since neither. -cooper nor zinc: dlﬁuses into

‘the refractory metal 'substrate .to’ any: extent and: these

metals: remam substantially mert in -the melt

- : " EXAMPLE IV ) :
- Samplés: of Nb,:Mo ‘and W were.treated :without agita-
tion: in a bath containing: 15 .g.- Ca, 15 ‘g. CaSiy; and
5 g..Cr powder for 2-hours at.1300° C. = The coatingson

therNb; Mo; and W samples:contained both Cr and. Si,"

identified by X-ray:fluorescence.  ‘Alloy.content and thick-

nesses. of ‘the various: coatings obtained are determined:

" by alternately. examining the  coated. article with .X-ray-
fluorescence: and. removing. by polishing the portion: ex-
amined . (0.1-0.2. mil) and repeating the -examination.
The exact nature of some of the coatings, espec1ally those
alloys' that: are .unreported. in:the literature, is. difficult
to establish. However, surface - (the ‘top -0.1-0.2 ‘mil: of
the. coating) concentrations have been determined.in a
number:of: the: coatings “obtained.

_Copper and. zinc. can.
“be-use with’ calcium. and serve to-dilute the - diffusion’

50

containing about 45 'g. Ca and 0.5.g. Co, 0.5 g. Mn,
0.5-g: Ni, and 5 g. Cr at about.1300° C.,-heated in .an
mauctlon furnace for -40 minutes.

EXAMPLE IX

Four samples. of ‘niobium were 1mmersed in a melt
comprised. of 70 grams ‘50% Ca—50% -Si for 4 hours
at 1300° C. --All.samples gained ‘appreciable weight and-
the . coatings, were 1.7-2.5 ‘mils “thick and multilayered
with_distinct alloys.- When heated in air to.1050°C., the
coatings began.to:fail only after 17 hours. Co‘mplete
failire- was not.observed, but-several. spots appeared ‘in-
dicating that the codting was penetrated.” In the-oxida-

~ tion test, breakdown of coatlng usually occurs at a corner
or -along the edge. -

EXAMPLE X

A sarrxple of Nb ‘was coated: with Ni by treatment:
in45 g.-Ca<5 g. Ni'shot for-4- hours. at: 1300° C. The .
sample contained >30% Ni-at the surface.

. EXAMPLE XI-

A sample of Nb was coated with Ni and Al by treat-
ment for'4 hours in 54:g. 73—27% Ca-Al alloy, 15.g.
Al, and 2° g, Nii. Thetemperature-was.1300°: C.. The

sample contained large ‘concentration (>20% ). each of

Ni-and AL
EXAMPLE X

A sarrlple of Nb was treated in.a Mo container hold-

" ing.a bath composition of 74 g. of 50% Ca—50% Al

C 60
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alloy and_3-g. Ti powder for.4 hours at 1300° C. in

“argon. The coating contained Al, Nb, Ti; and Mo. ~The

concentration of Ti was greater than 20%. Some. of

" the Mo. from the container. diffused into. the Nb sub-.
. strate, :

E)Q\MPLE X1x

A sample of Nb-was:treated -in.-a bath contalmng 74

g..50% Ca—50% Al alloy and a2 g. piece of zirconium
for 4 hours-at 1300° C, in:argon. The. diffusion coating
that formed contained ‘mainly Nb.and Al with. about
4-5%. Mo, 2-3%: Zr; and.a trace .of Fe. A different.
sample. was - treated in -a“bath -containing 74 »g;«'.SO—SO
Ca-Al and.3;g. Zr powder: for  4-hours at:1300°: C. .in.
argon. The coating: contained" a-high  concentration -of:
Al (20-30%), over 15% Zr, and about 5% Mo, The
Feé was present as an impurity: from- the apparatus or in-
the starting material, probably. the Ca-Al alloy; .and the:
source. of Mo was the crucible container.
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EXAMPLE XIV

A sample of Nb was treated in a bath containing 74
g. 50% Ca—50% Al and 5 g. Fe powder for 4 hours
at 1300° C. in argon. A Mo crucible was the container.
The coating on the Nb sample contained high concen-
trations (>20% ) of Al and Fe, as well as over 10% Mo.

EXAMPLE XV

Samples of Nb, V, Ta, and Mo were treated in a bath
containing 79 g. of 50% Ca—50% Al alloy in a Mo
crucible for 3.5 hours at 1300° C. under argon. A
coating of Al-Mo-Fe-Nb was obtained on Nb. The coat-
ing on V contained primarily Al, Mo, Nb, and smaller
concentrations of Ta, V, and Fe. The coating on Ta
contained Al and small concentrations of Mo, Nb, and
Fe. The coating on Mo contained Al and small concen-
trations of Ta, Nb, and Fe. Fe was present in the sys-
tem as an impurity.

EXAMPLE XVI

Samples of V, Ta, and Nb sheet were treated in a bath
containing 45 g. Ca, 5 g. Cr powder, 2 g. Ni, 2 g. Co,
and 2 g. Mn in a Mo crucible for 4 hours at 1300° C.
in argon. The vanadium had a thick coating which con-
tained appreciable concentrations (>10% by weight) of
Cr, Mn, Co, Ni and smaller concentrations of V and Nb
at the surface. The tantalum was coated with an alloy
containing Cr, Mn, Co, Ni, and Nb. The Nb sample
was coated with appreciable concentrations of Cr, Mn,
Co, Ni and a trace of Ta.

EXAMPLE XVIL

A sample of Nb was treated in a bath containing 32
2. Al, 27.5 g. Ba, and 52.5 g. Sr in a Mo crucible. The
sample was heated for 4 hours at 1300° C. in argon.
The coating was similar to that in Example XXIIL. A
small concentration of Sr was detected throughout the
coating by X-ray fluorescence. For analytical purposes
the coating was partially removed by electropolishing.
Electropolishing was alternated with X-ray fluorescence
in determining the depth to which Sr penetrated.

EXAMPLE XVIII

A sample of Nb-Mo-Ti alloy (80% Nb—10%
Mo—10% Ti) was treated for 18 hours in 82 g. 50%
Ca—50% Al alloy at 1100° C. in argon. The sample
had a coating of 2.5 mils. The structure was nearly the
same as that obtained in Example XXIII. However, the
layer having the NbyAl structure was about 0.4 mil thick.
The surface of the coating was poorer in Ti and richer
in Mo than the starting alloy. The surface also contained
Al and Nb and a trace of iron. This sample lasted for
42 hours at 1050° C. in air before rapid oxidation began.

EXAMPLE XIX

A sample of 95% Nb—5% Zr was treated in 82 g. 50%
Ca—50% Al alloy for about 17 hours at 1100° C. in
argon. The sample had a coating 2.5 to 2.8 mils thick
with a Knoop hardness of 1050-1200. Ifs structure was
similar to that obtained in Example XXIII. The sample
lasted for 47 hours at 1050° C. in air without appreciable
oxidation.

EXAMPLE XX

A sample of Nb was treated in a bath containing 82 g.
of 50% Ca—50% Al alloy and 0.5 g. Ni as outlined in
Example XXI. The coating, after about 18 hours of treat-
ment, was 3.5220.2 mils with a Knoop hardness of 725 to
840. The grains are mainly columnar and are extremely
‘narrow. The coating’s structure was similar to that ob-
tained in Example XXIII. This sample resisted oxida-
tion for 118 hours at 1050° C. in air.

EXAMPLE XX1

A sample of Nb was placed in a bath containing 82 g.
of 50% Ca—350% Al alloy and 0.5 g. Co contained in
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a molybdenum crucible, The sample was treated for
about 16 hours at 1100° C. in argon. The niobium was
then removed, cleaned, and analyzed by X-ray fluores-
cence. The surface contained about 10% Mo, 0.5% Fe,
1-2% Co, 20-30% Al, and the balance niobium. The
coating was 2.3-£0.2 mils thick. Its structure was similar
to that obtained in Example XXUI. The sample re-
sisted oxidation at 1050° C. in air for 125 hours without
any breakdown of the coating.

EXAMPLE XXII

When a sample of Nb was treated for 16 hours in 66
g. 61% Ca—39% Al alloy at 1100° C. in argon, the
sample was similar to that in Example XXIIiI; that is,
it had a relatively thick coating having the NbAl; struc-
ture and a thin layer having the structure of NbyAL

EXAMPLE XXIII

A sample of pure Nb (about 114" x 96" x 0.04"") was
rotated in 82 g. 50% Ca—50% Al alloy for 18 hours at
1100° C. in an argon atmosphere. The bath was con-
tained in a niobium crucible. The sample was removed,
cooled, and cleaned in dilute HCl. A diffusion alloy coat-
ing of aluminum-niobium (about 3 mils thick) was pres-
ent cn the niobium substrate. This sample was heated
in air at 1050° C. for 117 hours without appreciable
oxidation and with no oxygen penetration. The sample
gained 56 mg. in 117 hours due 1o oxidation, or less than
0.1 mg./cm.? per hour.

Another samiple of niobium, which had a similar treat-
ment in 50% Ca—30% Al alloy, was cross-sectioned,
polished, etched, and photographed. Two layers were
revealed: (1) the upper layer, about 2.7 mils thick, had
the crystal structure of NbAl;, determined by using an
X-ray diffractometer and (2) a thin layer, 0.2-0.3 mil,
appeared between the top layer and the niobium sub-
strate, This layer has the structure of NbyAl.

EXAMPLE XXIV

A melt of a diffusion composition containing 81 g. Ca,
3 g. Mn, 3 g. Fe, 3 g. Co, and 10 g. Ni was heated to about
1100° C. A sample of Cr was rotated for 2.5 hours in
the bath, contained in a carbon steel liner. The Cr was
coated with Fe, Ni, Co, and Mn and the coating was
about 0.002" thick.

The processes described in the above examples were
carried out in an inert atmosphere of argon. Although
diffusion can be carried out without the protection af-
forded by an imert atmosphere, it is preferred to ex-
clude oxygen, nitrogen, and other contaminants, par-
ticularly at temperatures higher than 1100° C. and when
the diffusion composition is comprised of aluminum and
calcium. A practical method of carrying out the process
at high temperatures is to enclose the meit within a con-
tainer. The air can be exhausted from the container or
simply permitted to become “dead” without replenish-
ment during operation. It is to be understood, however,
that diffusion can be carried out in the absence of the
above measures and one skilled in the art can readily de-
termine the most feasible conditions under which a par-
ticular refractory metal substrate can be coated with a
particular alloy coating. In the event an inert atmosphere
is desired, other gasses such as helium will suggest them-
selves. After the treated articles are removed, it is
preferred to dissolve away the melt residue with dilute
HCI or other suitable reagent.

EXAMPLE XXV

A series of experiments was conducted in which base
refractory metals having the compositions indicated in
Table 1 which follows were immersed in a stirred molten
metal bath under an inert argon atmosphere. The bath
consisted of calcium and one or more diffusing elements
as indicated in the table. Upon removal of the coated
article from the bath, quenching was accomplished by
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eitheér exposure to.air at room temperature. or immersing
the article: in .an. oil bath. .'Each .of the coated -articles
was cleaned-and then analyzed to determine ‘its compo-

sition. The final percentage of diffusing elements in*the

surface of:.the coated article is recited. in the table. The
determination of the surface-composition in this and the

foregoing examples was.accomplished:in the usual manner

as-described in Example IV. It will. be noted that in each
experiment there was an increase in the percentage of at
least one of the diffusing elements in the surface coating.
From the data jn the table which follows, it will be
noted that even with alloys containing ‘as much as 50%
cobalt or nickel;“the cobalf or nickel content.can be- in-
creased by the process of this invention. Generally speak-
ing, the surface-concentration of a. diffusing-element can
be either:increased or -decreased by varying the.compo-
sition of the coating bath. o

. : 8
coating. -Thus the -oxidation resistance conferred. by
sthese superior phase structures can be supplemented by
further “benefits - derived from specific -codiffusing" ele-
‘ments. Furthermore, .these desirable phase- structures

“can ‘be maintained on niobium base alloys despite the

‘outward diffusion.of alloying elements present'in the basis
metal:- Concentration gradient analysis- has shown that

. +hese codiffusing elements. are likewise present: in con-
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centration -gradients that decrease toward. the interior of
the coating. . ) :

Apparently the relatively :thin Nb,Al layer is a diffu-
sion barrier and the raté of diffusion ds slower through
<this: layer than-in the relatively -thick layer of NbAI;.
The fact that this thin layer is a diffusion barrier ac-
counts-in part- for the superior oxidation resistance of the
Nb-Al coatings. - This is- evident because when heated
in air at 1050° C. the aluminum in the coatings diffuses

Table 1
Base Metal Compositi iti § Percent Diffusing
position Molten Bath Composition ) Coating Elements in Coated
7 (percent) (gms.) Operation Quench-| -Article Surface
Experiment ing -
: . T T Medium-
. ime emp: il ;
Ni{Co{Cr|{Mo| W |Fe Ca Ni Colj Cr l Al {min‘) 0y Ni|[CojCr| Al
50120 || 15| 3| 2300 79| 200 |-._ooo 15 | 1,150
50 20 1_...}.15] -3} -2,300 167 200 [acceo- ——— 15 1, 500
50 { 20 {..__1 15 3 2,300 167 200 23 |--_. 15 1, 500 :
2|161{16 .45 1,500 | © 1,833 75 230 faeo- 157) . 1,150, U [ Y (R
50 | 20 |----| 15 3 2,800 fcmwaa i m e 46 60 1,150 50 |-._-| ~5-10

1 --325 mesh powder.

It is to be noted that a great number of the coatings

formed- are novel in terms of: alloy content and, in gen-
eral, it can be said -that the oxidation resistance of
the refractory metals is enhanced: by the great majority.
of the diffusion coatings obtained although the degree of
resistance of individual.coatings will vary considerably.
Isolated instances where low melting alloys are formed or
where the -oxidation resistance of the. coated refractory
metal is not significantly increased can probably be cited.
By following the examples, however, one. skilled in the
art can determine the conditions under which. suitable
coatings can ‘be obtained. ,

The :best coatings obtained in terms. of “oxidation
resistance were those .containing aluminum and, to a
less extent, silicon. . From: the standpoint of refractory
materials treated, undoubtedly those articles formed of
niobium, molybdenum and tungsten or alloys of these
metals have the greatest ‘utility and will be more widely
used than -other refractory metals.. In particular, coat-
ings. containing" aluminum ‘on  niobium :or - alloys of
niobium are outstanding in terms of oxidation resistance,
.and the base metal remains ductile because oxygen does
mnot penetrate through the coatings. ’ )
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The nature of the superior oxidation resistant céatings -

sobtained in Example XXIII and similar coatings has been

-extensively investigated. - -As noted above, these coatings. ’

-are comprised of layers having distinct:phase structures;
-the thicker upper layer having a structure corresponding
1o NbAlz and the relatively thin bottom layer having a
structure corresponding to:NbgAl. . Throughout the -en-

stire coatings and in both layers:the aluminum and nio-
In the:

bium are - present. in. concentration gradients.
NbAl; phase Jayer the concentration -of aluminum de-
creases slowly with increasing:depth umtil the thin inner

layer is reached. Thereafter the concentration of alumi--

‘num decreases more tapidly and :the -concentration: gra-
‘dient is steep. - -Conversely, the increase in concentration
of niobium in the layer havingthe structure of NbAl; is
less abrupt than the increasing concentration of niobium
in the thinner ayer having the phase structure. of NbsAL

We have found that appreciable concentration_ of -co-

60
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diffusing elements, includicg W, Fe, Mo, Co, Ni and -

others, do not change the structures of the phases of ‘the

very slowly, even more slowly than the rate .of coating
formation. In. other words, the coating remains. alloy
rich and relatively fixed in-content and structure. “Photo-
micrographs .and microhardnesses of ‘these multilayered
coatings that have been subjected to the oxidation -test
?how that. oxygen penetration is arrested in the NbAl;
ayer. : . . ‘

In addition ‘to. alternately scanning the surfaces of the
coatings with a diffractometer and polishing to remove
that area examined, a careful examination of photo-
micrographs has established :that these two layers having
distinct - phase - structures exist.. The . photomicrographs
show that many of the grains are extremely narrow and
columnar. - Examination with .the diffractometer estab-
lishes. the -structure of the thick outer layer as corre-
sponding to that reported in: the literature for NbAIls,
As the coating is polished and examined, the change of
intensity of X-ray diffraction peaks indicates that a wide
range of solid solubility exists in-the: Nb-Al .coating.
Also the results of X-ray investigations reveal the shift-
ing of .position of peaks as: one probes deeper into the
coatings.  Under similar examination, the ' thin ‘inner
layer has ‘been identified by X-ray refraction as having
the same structure as NbyAl which is -also-reported in

‘the literature in the form of bulk or substantially homo-~

geneous alloys. .

The multi-phase coating is obtained in accordance with
the preferred process wherein about 35-65% by weight
of -the diffusion composition is calcium and about 35—
65% by weight is aluminum. As the concentration. of

-calcium. is“increased beyond approximately’ 65% by

weight, the coatings are comparatively thin and have the
phase structure ‘of Nb,Al. Since: this: structure acts as

" a diffusion barrier, it is understandable that the coatings

are thin.. These thin coatings which are comprised of a
single layer having:the structure of NbyAl do not have
the -outstanding oxidation - resistance :that the thicker
multi-layered coatings-have, although considerable Tesist~
ance to oxidation is evident, .

The diffusion coatings: of the present invention are al-
loys -of the refractory metals with the diffusing elements
and are-characterized by having concentration gradients

~of the diffused elements, the highest concentrations being
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present in the outer portions of the coatings. The coat-
ings also contain small amounts of the transfer agents
which are present in a similar gradient. Generally, the
amount of transfer agent is very small, less than 0.1%
by weight, but even small amounts of Ca, Ba, and Sr
have been reported to augment resistance to oxidation.

In the foregoing description and examples, parts and
percentages are by weight unless otherwise indicated.

The embodiments of the invention in which an ex-
clusive property or privilege is claimed are defined as
follows:

1. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten
composition containing at least about 25% by weight of
a member selected from the group consisting of calcium,
barium, strontium, and mixtures thereof, as a transfer
agent, and from 0.5% up to 75% by weight of at least
one diffusing element selected from the group consisting
of aluminum, silicon, and transition elements having 1
to 9 d electrons, said process being carried out at a
temperature of about 900-1450° C. for a time sufficient
to form a diffusion alloy coating.

2. A process for diffusion coating a molybdenum base
refractory metal comprising contacting said metal with
a molien composition containing about 35-65% by
weight calcium, about 35-65% by weight aluminum,
and up to about 30% by weight of at least one diffusing
transition element having 1 to 9 d electrons, said process
being carried out at about 900-1450° C. for a time suf-
ficient to form a diffusion alloy coating.

3. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten
composition containing at least about 25% by weight
of a member selected from the group consisting of cal-

cium, barium, strontium, and mixtures thereof, as a trans- o

fer agent, up to about 75% by weight of at least one
diffusing element selected from the group consisting of
aluminum and silicon and up to about 75% by weight
of at least one diffusing transition element having 1 to
9 d electrons, the total amount of diffusing material ex-
ceeding 0.5% by weight, said process being carried out
at about 900-1450° C. for a time sufficient to form a
diffusion alloy coating.

4, A process for diffusion coating a niobium base re-
fractory metal comprising contacting said metal with a
molten composition containing at least about 25% by
weight of a member selected from the group consisting of
calcium, barium, strontium, and mixtures thereof, as a
transfer agent, up to about 75% by weight of at least
one diffusing element selected from the group consisting
of aluminum and silicon and up to about 75% by weight
of at least one diffusing transition element having 1 to
9 d electrons, the total amount of diffusing material ex-
ceeding 0.5% by weight, said process being carried out
at about 900-1450° C. for a time sufficient to form a
diffusion alloy coating.

5. A process for diffusion coating a tungsten base re-
fractory metal comprising contacting said metal with a
molten composition containing at least about 25% by
weight of a member selected from the group consisting
of calcium, barium, strentium, and mixtures thereof, as
a transfer agent, up to about 75% by weight of at least
one diffusing element selected from the group consisting
of aluminum and silicon and up to about 75% by weight
of at least one diffusing transition element having 1 to
9 d electrons, the total amount of diffusing material ex-
ceeding 0.5% by weight, said process being -carried out
at about 900-1450° C. for a time sufficient to form a
diffusion alloy coating.

6. A process for diffusion coating a molybdenum base
refractory metal comprising contacting said metal with
a molten composition containing at least about 25% by
weight of a member selected from the group consisting of
calcium, barium, strontium, and mixtures thereof, as a
transfer agent, up to about 75% by weight of at least
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one diffusing element selected from the group consisting
of aluminum and silicon and up to about 75% by weight
of at least one diffusing transition element having 1 to
9 4 electrons, the total amount of diffusing material ex~
ceeding 0.5% by weight, said process being carried out
at about 900-1450° C. for a time sufficient to form a
diffusion alloy coating.

7. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten
composition containing at least about 25% by weight
calcium, up to about 75% by weight of at least one dif-
fusing element selected from the group consisting of
aluminum and silicon, and up to about 75% by weight
of at least one diffusing transition element baving 1 to
9 ¢ electrons, the total amount of diffusion material ex-
ceeding 0.5% by weight, said process being carried out
at about 1000-1400° C. for a time sufficient to form a
diffusion alloy coating.

8. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten
composition containing at least about 25% by weight
calcium, up to about 75% by weight of at least one dif-
fusing element sclected from the group consisting of
aluminum and silicon, and up to about 75% by weight
of at least one diffusing tramsition element having 1 to
9 d electrons, the total amount of diffusion material ex-
ceeding 0.5% by weight, said process being carried out
at about 900-1450° C. for a time sufficient to form a
diffusion alloy coating.

9. A process for diffusion coating a niobium base re-
fractory metal comprising contacting said metal with a
molten composition containing at least about 25% by
weight calcitm, up to about 75% by weight of at least
one diffusing element selected from the group consisting
of aluminum and silicon, and up to about 75% by weight
of at least one diffusing tramsition element having 1 to
9 d electrous, the total amount of diffusion material ex-
ceeding 0.5% by weight, said process being carried out
at about 1000-1400° C. for a time sufficient to form a
diffusion alloy coating.

10. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten
composition containing at least about 25% by weight cal-
cium, up to about 75% by weight of aluminum, and up
to about 75% by weight of at least one diffusing transi-
tion element having 1 to 9 d electrons, the total amount
of diffusion material exceeding 0.5% by weight, said
process being carried out at about 1000-1400° C. for a
time sufficient to form a diffusion alloy coating.

11. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten
composition containing about 35-65% by weight cal-
cium, about 35-65% by weight of at least one diffusing
element selected from the group consisting of aluminum
and silicon, and up to about 30% by weight of at least one
diffusing transition element having 1 to 9 d electrons, said
process being carried out at about 1000-1400° C. for a
time sufficient to form a diffusion alloy coating.

12. A process for diffusion coating a base refractory
metal comprising contacting said metal with a molten com-
position containing about 35-65% by weight calcium,
about 35-65% by weight aluminum, and up to about 30%
by weight of at least one diffusing transition element hav-
ing 1 to 9 d electrons, said process being carried out at
about 1000-1400° C. for a time sufficient to form a dif-
fusion alloy coating.

13. A process for diffusion coating a niobium base re-
fractory metal comprising contacting said metal with a
molten composition containing about 35-65% by weight
calcium, about 35-65% by weight aluminum, and up to
abont 30% by weight of at least one diffusing transition
element having 1 to 9 d electrons, said process being car-
ried out at about 900-1450° C. for a time sufficient to
form a diffusion alloy coating.

14. A process for diffusion coating a tungsten base re-
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fractory metal comprising contacting said metal with a
molten composition containing about-35-65% by weight
calcium,, about 35-65% by weight aluminum;-and up to
about 30% by weight of at least one diffusing transition
element having 1 to 9 d electrons, said process being
carried out at about 900-1450° C. for a time sufficient
to form a diffusion alloy. coating.- .

15. A - diffusion ' composition - comprising -a melt - of
about 35-65% by weight calcium, about 35-65%: by
weight of .aluminum, and 0.5%: to ‘about 30%- by weight

10

of at least one diffusing transition element having.1 to 9 d

electrons.

16. A refractory metal article -having an oxidation re-
sistant coating comprising a refractory metal alloy:con-
taining at least one diffused element selected from the
group consisting of aluminum, silicon, and transition ele-
ments having 1 to'9 d electrons, said coating having in-
creasing concentrations of said diffused-elements and'a
transfer agent toward the outer portion thereof, said trans-
fer agent being selected from-the group-consisting.of cal-
cium, strontium, and barium. -

17.' A refractory metal article having an oxidation. re-
sistant diffusion. coating comprising -a refractory metal
alloy containing aluminum and a transfer agent selected
from the group consisting of calcium, strontium, and
barium, said coating having increasing concentrations. of
said aluminum and said transfer agent toward the outer
portions thereof.

18. A refractory metal article having an.oxidation re-:

sistant coating comprising a refractory metal alloy con-
taining at least one diffused element selected from  the
group comsisting of aluminum .and silicon,: said_coating
having increasing concentrations of said.diffused: material
and a transfer agent toward the outer portion thereof, said
‘transfer agent being selected from the group consisting of
calcium, strontium, and barium.

19. -A. niobium base refractory metal article having-an
oxidation resistant coating comprising :a niobium -refrac-

15

20

25

30

12

tory metal alloy containing at least one diffused element
selected from the group consisting of aluminum and sili-
con, said -coating having increasing .concentrations of said
diffused material and a transfer. agent ‘toward the outer
portion-thereof, said transfer agent being selected from
the group.consisting of: calcium, strontium, and barium.

.- 20. A niobium base:tefractory metal article having an
oxidation resistant diffusion coating comprising a niobium
refractory metal alloy containing aluminum and a trans-
fer agent selected from.the group- consisting of calcium,
strontium; and barium; said coating having increasing con-
centrations ‘of said ‘aluminum and said transfer. agent to-
ward.the .outer. portions:thereof. B
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