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57 ABSTRACT 

A method is provided herewith for the production of 
multi-metal diffusion coatings on metal articles pro 
viding prolonged protection against chemical or gal 
vanic corrosion of the surface of the coated article 
during prolonged exposure to corrosive conditions, 
and particularly high saline content marine atmo 
spheres, especially where the protective coating is also 
subjected to mechanically erosive and abrasive envi 
ronments, with the multiplicity of coating metals being 
selected so that the combination thereof provides a 
coating varying through the thickness thereof from 
outer surface toward the interface of coating layer and 
coated article so that the mechanical resistance to 
chemical corrosion is greatest at the outer surface but 
decreases as the coating thickness is eroded away, 
while the components of the coating offering sacrifi 
cial or cathodic protection are more concentrated ad 
jacent the coating-article interface so that cathodic 
protection of the coated article increases as the coat 
ing is removed by abrasion or erosion. As illustrative, 
the outer coating surface includes a high concentra 
tion of metallic components inherently resistant to sa 
line corrosion and/or abrasion, although offering less 
cathodic protection for the coated article; while inner 
layers of the coating are rich in metallic components 
offering high sacrificial or cathodic protection, al 
though less erosion or saline corrosion resistance. 

5 Claims, No Drawings 
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MULTI-METAL CORROSION-RESISTANT 
DIFFUSION COATINGS 

This is a division of application Ser. No. 733,303, 
filed May 31, 1968, now U.S. Pat. No. 3,642,457. 
This invention relates to the protection of metal arti 

cles from corrosion in highly saline and/or marine at 
mospheres despite the fact that such articles are also to 
be used under circumstances where severe mechanical 
erosion or abrasion of the protective coating is likely to 
be experienced and, more particularly, to multi 
component diffusion coatings in which the extent of 
sacrificial protection of the coated article from compo 
nents in the coating increases as the thickness of the 
protective coating is eroded away by mechanical abra 
sion by utilizing for the outer surface of the coating 
components which have marked erosion and corrosion 
resistance, although little potential for cathodic protec 
tion, while utilizing in inner layers of the coating adja 
cent the coated article components with a high poten 
tial for cathodic protection although being of reduced 
erosion or corrosion resistance. 
As purely illustrative of certain applications to which 

this invention is particularly related, and the problems 
incident thereto, one may note the circumstances and 
environments incident to the operation of certain com 
ponents of jet aircraft engines in highly saline atmo 
spheres (such as low flying aircraft, particularly heli 
copters, adjacent seaports and seacoasts), particularly 
where the highly saline marine atmosphere also in 
cludes substantial amounts of erosive particles of sand, 
coral dust, etc. Whereas the anti-corrosion problems of 
turbine components (as compared to compressor com 
ponents) of such jet aircraft engines subjected primar 
ily to only the impingement of extremely high 
temperature combustion gases may relate so much to 
oxidation resistance at such high temperatures that 
other possible sources of corrosion become insignifi 
cant, the compressor components of such jet engines 
experience quite different problems. For example, the 
compressor components, while rarely subjected 
tocoperating temperatures above 900°F, are subjected 
to direct impingement of highly saline atmospheres at 
the air intake, which may also include substantial 
amounts of abrasive particulate material, in addition to 
being subjected to tremendous mechanical stresses 
from centrifugal forces, thermal shock, vibration etc., 
and under circumstances (particularly with single 
engine aircraft) where premature failure of the com 
pressor parts for whatever reason may be catastrophic, 
regardless of the fact that the greater problem of ex 
tremely high temperature oxidation-resistance of the 
hot turbine components may have otherwise been 
solved. 
Thus, if the particular materials (such as high 

strength ferrous alloys like those designated in the 
Aerospace Material Specifications of the Society of 
Automotice Engineers as AMS 5508, AMS 5616, AMS 
6304, etc.) are utilized for their mechanical strength in 
the compressor, they may have inadequate saline resis 
tance or erosion resistance, without some protective 
surface treatment, and to an extent which cannot as 
sure a useful and failure-free life comparable to that of 
the high temperature refractory metals or superalloys 
utilized in the hot turbine components of the same jet 
engines. 
But jet engine compressor components must function 

and maintain their functioning within very low toler 
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2 
ances and clearances which do not admit of a substan 
tial build up of corrosion products (rust, pulverous ox. 
ides, etc.), and even miniscule pitting from saline cor 
rosion (characteristic of virtually all stainless steel parts 
subjected to saline atmospheres) may reduce the me 
chanical strength factor many-fold and to an extent 
which is inimical with adequate performance in such 
highly stressed parts as compressor blades, compressor 
rotors, and, particularly, the junctures therebetween 
subjected to great centrifugal and other vibrational and 
mechanical forces in a rotating manner and at speeds 
which cannot tolerate substantial radial imbalances. 

If it is attempted to protect against the saline corro 
sion to be expected in such applications in marine at 
mospheresby, for example, a diffused nickel-cadmium 
electroplated protective coating (as set forth in AMS 
procedure 2416 D) or by the diffusion coating of me 
tallic zinc into the surface of the ferrous structures to 
be protected, less than optimum results may be en 
countered. For example, considering a nickel-cadmium 
coating in which the nickel is adjacent the ferrous sub 
strate (as is almost inevitable because cadmium is virtu 
ally insoluble in iron and, thus, is difficult satisfactorily 
to diffuse into a ferrous surface), neither component is 
sufficiently anodic relative to the substrate to assure 
absolute sacrificial protection in local areas where the 
electroplated nickel has not adhered to the ferrous sub 
strate; and, furthermore, when the surface layer of cad 
mium is removed or penetrated by the inevitable ero 
sion or abrasion encountered in such specific applica 
tions as noted above, the exposed sublayer of nickel is 
electrochemically noble relative to the ferrous sub 
strate so that saline galvanic corrosion is actually inten 
sified to an extent even greater than that which would 
occur in the same atmosphere with uncoated ferrous 
substrates. 

Similarly, relying on a protective diffusion coating of 
zinc may eliminate or curtail the exaggeration of elec 
trochemical saline corrosion of the ferrous substrate, 
but zinc is itself highly corrosive in saline atmospheres 
producing voluminous quantities of "white rust' 
deposite (such as complexes of zinc hydroxide and zinc 
chloride) which build up on the surface of the parts and 
diminish the mechanical tolerances and aerodynamic 
effectiveness of the surfaces thereof. 
As will be understood, the foregoing difficulties are 

not necessarily disastrous in various types of hardware, 
even for the aforementioned applications. For exam 
ple, the blades and shroud vanes of a jet engine com 
pressor may be considered much more susceptible to 
mechanical erosion or abrasion by air-borne sand or 
coral dust particles than is the compressor rotor disc 
around the periphery of which the blades are fastened. 
Yet all are subjected to whatever electrochemical cor 
rosion is inherent in such saline environments, and it is 
believed unrealistic to attempt to design a chemically 
or electrochemically or cathodically protective coating 
without recognizing that it may be subjected to me 
chanical erosion or abrasion onslaught at a rate which 
far exceeds the expected life of the coating even if it be 
considered as wholly electrochemically sacrificial. By 
the same token, if the protective coating be subjected 
both to mechanical erosion and sacrificial cathodic 
protection, particularly under circumstances where the 
rate of erosion exceeds that of cathodic sacrifice, then 
the need for cathodic protection increases the more the 
thickness of the coating diminishes by erosion - at 
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least to the extent that the less the coating mechani 
cally protects against erosion and corrosion (i.e., the 
thinner the coating becomes), the greater is the need 
for cathodic protection of the substrate. 

In accordance with this invention, by contrast to pre 
vious suggested solutions of such problems, there is 
provided a multi-component diffusion coating for fer 
rous metal articles or substrates having a composition 
gradient through the thickness of the coating from 
outer surface to coating-substrate interface varying in 
chemical and mechanical properties whereby, regard 
less of the resistance of the coating layers to mechani 
cal erosion or abrasive wear, the outer surface has con 
centrated therein components particularly resistant to 
saline corrosion (although of less potential for cathodic 
protection of the substrate), while inner portions of the 
coating adjacent the substrate to be protected have 
concentrated therein components of increased poten 
tial for cathodic or sacrificial protection of the sub 
strate (although perhaps less than maximumly resistant 
to either mechanical erosion or direction chemical cor 
rosion by the saline atmosphere). Yet all such compo 
nents are applied in accordance herewith, and inte 
grated with the metal article substrate to be protected 
by diffusion techniques producing substantially com 
plete integration of the various coating components 
with the substrate article to be protected in a manner 
which substantially eliminates mechanical cracking or 
separation of the coating relative to the substrate de 
spite intense mechanical or thermal shock stresses 
which may be encountered in use. As a further feature 
of this invention, there are provided a plurality of tech 
niques for applying such a multi-component protective 
coating, either in one or more stages of application, to 
provide segregated but metallurgically unified areas 
through the coating of varying compositions and specif 
ically located with regard to the nobility, sacrificial po 
tentials, cathodic protection characteristics, and corro 
sion and erosion resistances to achieve optimal me 
chanical and electrochemical or cathodic protection of 
the metal article being coated. 
With the foregoing and additional objects in view, 

this invention will now be described in more detail, and 
other objects and advantages will be apparent from the 
following description and the appended claims. 

In attempting to select and devise the appropriate 
combinations of multi-metallic systems for achieving 
adequate or optimum protective coatings in accor 
dance herewith, a number of independently variable, 
and often inconsistent, criteria need be kept in mind. 
For example, in order to avoid mechanical failures or 
separation under thermal shock or physical cracking of 
the coating materials, it is preferred that an actual dif 
fusion of the coating material into the substrate be ob 
tained (as compared, for example, to merely an elec 
tro-deposition or plating, although that may be an ap 
propriate means for preliminary deposition of the coat 
ing metal provided it can be subsequently diffused into 
the substrate). Yet, there are some metals which might 
provide desired electrochemical protection but which 
are not susceptible to actual diffusion into a ferrous 
substrate (cadmium, for example, is virtually insoluble 
in iron and, thus, not susceptible for solid state diffu 
sion thereinto). 

Similarly, some metals are available for good initial 
corrosion protection or resistance to corrosion in saline 
atmospheres and adequately diffusable into iron, but 
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4 
which do not render the desired cathodic or sacrificial 
protection of iron in a saline atmosphere (nickel, for 
example, which, being more noble than iron, actually 
increases the iron corrosion in any area where the 
nickel protective coating may have been worn away 
sufficiently to expose the iron substrate surface). Other 
metals which may be readily diffusable into iron and 
electrochemically appropriate for sacrificial protection 
thereof may not be sufficiently initially resistant to sa 
line corrosion or mechanical erosion to last as a protec 
tive coating long enough for their sacrifical protection 
to be realized (zinc, for example, is readily diffused into 
ferrous substrates and sacrificially protective thereof, 
but so susceptible to initial saline corrosion as to pro 
duce such large initial quantities of "white rust' as fre 
quently to outweigh the ultimate or subsequent protec 
tion which might be afforded). 

Nevertheless, considering the foregoing criteria, and 
others as will be noted hereinafter, multi-component 
protective coatings have been devised in accordance 
herewith to give satisfactory or enhanced protection 
under the saline-corrosive and mechanically erosive 
environments noted by utilizing a combination of vari 
ous metals to form a multi-layer coating where all com 
ponents are diffused or interdiffused with a ferrous sub 
strate and under circumstances where the composition 
gradient through the coating is such as to maximize ini 
tial saline corrosion and mechanical erosion when the 
coated article is put into use, while later maximizing ca 
thodic sacrificial protection as outer layers of the coat 
ing are eroded or corroded away. 
Merely as illustrative of the teachings hereof, one 

such protective coating system may be noted as a com 
bination of cadmium and zinc supplied as a diffusion 
coating over the surface of a ferrous substrate under 
such circumstances that approximately the outer one 
third of the coating thickness is rich in cadmium, while 
the inner two-thirds is rich in zinc. In this manner, ini 
tial saline corrosion of zinc is minimized by having the 
cadmium outer layer, while the cadmium-rich outer 
layer produces far less saline corrosion products than 
does zinc. Although cadmium is virtually insoluble in 
iron (thus minimizing its utility for direct diffusion 
coating into an iron substrate), it is readily soluble in 
zinc, and zinc is readily soluble in iron, so that the com 
bination provides for an integrated diffusion coating of 
zinc into the iron substrate and then cadmium into the 
zinc coating. 

It is not, however, necessary that the process be car 
ried out in the above two-stage fashion. For example, 
satisfactory results were obtained in accordance here 
with in the protective coating of steel articles fabri 
cated from a ferrous material such as AMS 5616 (char 
acterized in the Aerospace Material Specifications of 
the Society of Automotive Engineers as steel including 
about 13 percent chromium, 2 percent nickel, and 3 
percent tungsten) by heating the articles to be coated 
at about 730°F. for about 12 hours embedded in a pow 
der pack including, by weight, about 10 percent metal 
lic zinc powder (-325 mesh), about 10 percent cad 
mium powder (-325 mesh) with a balance of about 80 
percent tabular alumina as an inert filler. After such 
treatment, the articles, still embedded in the pack, were 
additionally heated to a temperature of about 830°F. 
for an additional half hour, and then air cooled. Be 
cause of the ready solubility of zinc into iron and the 
lack of solubility of cadmium, the foregoing process re 
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sults in a protective coating with the outer surface pri 
marily cadmium and the inner portion adjacent the 
coating-substrate interface rich in zinc in a manner 
which provides for a cadmium-zinc protective outer 
surface and a layer reservoir of zinc adjacent the sub 
strate interface for cathodic sacrificial protection of the 
ferrous article when ultimate erosion of the outer sur 
face of the coating occurs. 
Somewhat similar results were obtained in accor 

dance herewith in a two-stage pack impregnation pro 
cess by first producing a preliminary coating of zinc 
(about 0.8 mil thick and comprising approximately 13 
percent iron and 87 percent zinc) on the ferrous article 
to be coated by embedding it in a powdered pack in 
cluding about 10 percent zinc, a vaporizable halogen or 
halide energizer (0.25 percent ammonium iodide and 
0.125 percent iodine), and alumina as an inert filler, 
and heating at about 830°F. for 12 hours in a closed re 
tort (all in known and well understood manner). There 
after the thus coated article was embedded in a pow 
dered pack comprising about 3.4 percent zinc powder 
(-325 mesh), 16.6 percent cadmium powder (-325 
mesh) and the balance tabular alumina for an addi 
tional coating cycle at about 730°F. for 12 hours to pro 
vide an outer cadmium coating layer integrally and dif 
fusion-bonded with the ferrous article and the prelimi 
nary Zinc coating. 
Although, as noted above, electroplating of the pro 

tective coating may not give optimum results because 
of a lack of integrity which may develop between the 
electroplated layer and the substrate, such techniques 
are appropriate for the preliminary deposition of vari 
ous components of the protective coating in accor 
dance herewith provided they can be subsequently in 
tegrated by diffusion or interdiffusion of the various 
components. For example, satisfactory results have 
been achieved in accordance herewith by diffusion 
coating a zinc layer on a ferrous substrate (such as 
AMS 5616) by the technique noted above (embedding 
in a pack comprising alumina, 10 percent zinc powder, 
0.25 percent ammonium iodide and 0.125 percent io 
dine for a heating cycle of 12 hours at 830°F.) and 
thereafter electroplating cadmium over the thus coated 
ferrous article from a conventional cyanide electroplat 
ing bath. Thereafter, the plated article was heated in an 
inert powdered pack at about 650°F. for 4 hours to pro 
mote diffusion of the plated cadmium layer into the 
zinc-coated surface of the ferrous article for ultimate 
diffusion integration of the several components of the 
protective coating and to provide a cadmium-rich outer 
surface under which was a zinc-rich sacrificially protec 
tive layer bonded to the ferrous substrate. 
As will be understood from the disclosure thereof, 

cadmium-zinc combinations are particularly attractive 
for multi-component protective coatings in accordance 
herewith because both such metals have high vapor 
pressures at relatively low temperatures and thus satisfy 
one of the requirements for direct vapor deposition in 
a powder pack cementation process. Furthermore, the 
vapor pressures of these two metals are adequately high 
for satisfactory deposition at treating temperatures 
which do not adversely affect the mechanical proper 
ties of the hardened and tempered steels of the types 
referred to earlier from which the ferrous metal articles 
are likely to be fabricated for applications to which this 
invention is particularly related (e.g., coating tempera 
tures less than 900F.). 
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6 
Furthermore, the cadmium-zinc combination is par 

ticularly interesting in this connection because the 
physical vapor phase deposition of a metal (as opposed 
to a volatile compound of that metal) in a thermally 
homogenious powdered cementation pack is appropri 
ate if the metal dissolves in the substrate to form an 
alloy therein the vapor pressure of which at coating 
temperature is lower than that of the metal being de 
posited. Although cadmium does not bear this relation 
ship with iron, zinc does behave in this manner with re 
spect to the ferrous substrate, and cadmium is soluble 
enough in zinc to be satisfactorily deposited simulta 
neously with zinc into a ferrous substrate and/or into a 
ferrous substrate previously coated with zinc. 

Additionally, as noted above, these two metals are 
particularly attractive regarding the erosion and sacrifi 
cial protection of ferrous articles because zinc is highly 
cathodically protective of ferrous substrates (although 
not itself sufficiently resistant to direct saline corro 
sion) and cadmium is highly resistant to saline corro 
sion (although not itself sufficiently sacrificial to pro 
tect fully a ferrous substrate as with zinc, and the cad 
mium-zinc combination is more resistant to mechanical 
abrasion than either component alone. Similarly, the 
relative solubilities of cadmium and zinc in either zinc 
or iron automatically control the concentration gradi 
ent through the coating so as to concentrate cadmium 
on the outer surface while the inner layer of the coating 
adjacent the substrate interface is primarily rich in sac 
rificially protective zinc. 
As will be apparent from the foregoing, a diffusion 

coating having a cadmium-rich surface and a zinc-rich 
undercoat is capable of affording adequate cathodic 
protection of the ferrous substrate while, at the same 
time, avoiding severe surface corrosion or "white rust' 
formation in a highly saline atmosphere. As the outer 
(cadmium) surface becomes partially or wholly re 
moved by erosion or abrasion so as to reduce the coat 
ing thickness and even locally expose the substrate, 
then the zinc-rich undercoat thus exposed will afford 
increased cathodic sacrificial protection in the weak 
ened areas. Even under such conditions, 'white rust' 
deposits from the zinc form only in those areas where 
the zinc undercoat is exposed by erosion, not over the 
entire coating surface, and additional protection 
against saline corrosion and pitting of the ferrous sub 
strate is extended by the cathodic or sacrificial protec 
tion of the zinc increasingly at the end of the expected 
service life of the coating where such protection is most 
crucial as the thickness of the coating becomes more 
and more eroded to the point of ultimate necessary re 
placement, repair, or recoating of the ferrous article. 
Cadmium-zinc coatings of the type described above 

have been tested in a salt spray cabinet in accordance 
with Federal Test Method No. 81 1.151 a to assess the 
protectability thereof, and in all such official testing, as 
well as other experience evaluations, the protectiveness 
of such coatings and the prolonged useful life thereof 
has far exceeded results with other previously accept 
able zinc or cadmium or nickel coatings utilized for 
similar applications as discussed above. 
Considering another multi-component coating sys 

tem with which satisfactory results are achieved in ac 
cordance herewith, one may note a technique involving 
first coating the ferrous substrate with a diffusion coat 
ing of zinc, thereafter electroplating a thin layer of 
nickel on to the zinc-coated surface, and thereafter ad 
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ditionally applying a diffusion coating of zinc with in 
terdiffusion of all three layers for diffusion-bonding to 
the ferrous substrate and for driving the outer zinc 
layer into and through the nickel layer so as to provide 
an outer coated surface rich in nickel (for initial corro 
sion and abrasion resistance) and an inner layer rich in 
zinc for sacrificial protection upon eroding of the outer 
layer. In accordance with this embodiment, the ferrous 
article is first coated by impregnation in a zinc 
containing cementation pack, as noted above, for 12 
hours at 830 F., after which a thin layer of nickel is 
electroplated on to the thus coated surface by any of 
known means such as utilizing a conventional nickel 
sulphamate bath employing a current density of about 
0.4 amps per square inch and a plating time of about 
4 minutes. Thereafter the plated article is again embed 
ded in the zinc cementation powdered pack for an ad 
ditional 2 hours' heating at about 830 F. 
The above noted treatment cycles are particularly 

designed to facilitate interdiffusion and bonding be 
tween all layers of the coating and between the zinc un 
dercoat and the substrate. In this way, an efficient met 
allurgical bond is assured at all compositional inter 
faces, thereby reducing the possibility of layer spalling 
in use. The coating produced in accordance with this 
embodiment has a composition profile or a concentra 
tion gradient through the coating such that the zinc 
content of the coating drops from about 60 percent at 
a point approximately one-third of the way into the 
coating, and then rises to a constant level of about 88 
percent over the inner one-third of the coating. The 
nickel content, on the other hand, rises steadily from 
the surface to reach a maximum (corresponding to the 
zinc minimum) at about one-third the thickness of the 
coating, and thereafter decreases toward the substrate 
coating interface at which point it approximates what 
ever is the original nickel content (if any) of the base 
metal being coated. 
Although a substantially pure zinc diffusion coating 

was applied as the last step to the outer surface of the 
above example, the diffusion conditions of the applica 
tion of the zinc layer are such as to cause the zinc to dif 
fuse into and through the nickel layer, thus uniting the 
electroplated nickel and decreasing the surface content 
of zinc. For this reason, the third step involves a diffu 
sion coating of zinc for no more than about 2 hours, be 
cause a heavier application of zinc would result in too 
high zinc concentration on the outer surface and, thus, 
have little or no advantage over merely a zinc coating 
over the entire article. Indeed, for many applications, 
the first zinc coating step may be eliminated, with satis 
factory results in accordance herewith having been 
achieved by directly electroplating nickel on the fer 
rous article, and then applying an outer zinc diffusion 
coating from a cementation pack with diffusion of the 
zinc into and through the electroplated layer to bond 
it to the surface of the ferrous article but still maintain 
ing the cencentration gradient of high nickel content at 
the surface and high zinc content for sacrificial protec 
tion adjacent the coating-substrate interface. Satisfac 
tory results have been achieved by applying the zinc 
diffusion coating over the electroplated nickel from a 
pack such as noted above at a temperature of 
750-850 F. for about 12 hours. The presence of 
highly sacrificial zinc between the outer nickel layer 
and the ferrous substrate eliminates the above-noted 
difficulties with cadmium-nickel systems whereby ero 
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8 
sion of the coating and exposure of adjacent areas of 
nickel and ferrous substrate actually increases electro 
chemical corrosion because of the fact that nickel is 
noble with respect to ferrous metals in saline atmo 
spheres and, consequently, not cathodically sacrifically 
protective thereof. 
A further illustrative of multi-metal coating systems 

embodying and for practising this invention may be 
noted the diffusion coating obtained with satisfactory 
results on AMS 6304 steel utilizing a combination of 
zinc and lead. Such coatings were produced from a sin 
gle-stage cementation process using a powdered pack 
including, by weight, 5 percent lead, 5 percent zinc, 90 
percent tabular alumina, and 0.5 percent ammonium 
iodide, in which pack the AMS 6304 articles were 
heated at about 900' F. for 20-30 hours. The resulting 
coating provided a high concentration of lead at the 
outer surface, with a preponderance of zinc and very 
little lead in the undercoating adjacent the substrate 
surface. Here again, the surface concentration of lead 
decreases the immediate saline corrosion of zinc (with 
the undesirable "white rust' formation characteristic 
of such corrosion), while the internal concentration of 
zinc affords enhanced sacrificial protection when the 
outer surface of the coating begins to show the effect 
of mechanical erosion or abrasion. 

In saline atmospheres, lead is considerably less an 
odic than zinc, as desired in accordance herewith, and 
relatively insoluble in the iron of the ferrous substrate, 
but soluble in the alloy produced between the ferrous 
substrate and zinc. 
As will be apparent from the foregoing examples, sat 

isfactory results have been achieved with coatings on 
steel materials and using the zinc-cadmium, zinc 
nickel, or zinc-lead systems as disclosed, by producing 
the coatings at treating temperatures no higher than 
about 900' F. or less. With the types of steel-base arti 
cles noted above, as is well understood, a significant 
change or deterioration in metallurgical and mechani 
cal properties (particularly fatigue life, tensile strength, 
and thermal shock resistance) may occur with metal 
articles fabricated from such materials if the articles 
are subjected to a post-fabrication temperature treat 
ment above 900-1,000 F. When the continued main 
tenance of high mechanical properties is an important 
consideration in the article being coated (as with the jet 
aircraft engine compressor components referred to 
above), it is of some significance to be able to provide 
whatever post-fabrication surface coating may be de 
sired for corrosion protection at coating or treating 
temperatures below those at which the base metal arti 
cle itself undergoes undesired crystallographic or met 
allurgical transformations, and it is in this area, among 
others, where the corrosion-resistant coatings accord 
ing to this invention are particularly advantageous, in 
addition to the above-noted quality of providing pre 
liminary corrosion and erosion protection at the sur 
face with increased cathodic sacrificial protection as 
the coating is inevitably worn away. 

It has been possible to devise diffusion coating sys 
tems and accelerators therefor which permit the diffu 
sion coating of metal such as aluminum at coating tem 
peratures far below those conventionally required for 
aluminum-base diffusion coatings (as disclosed in co 
pending application Docket No. 24-669, filed of even 
date herewith) to avoid the above noted metallurgical 
difficulty, and some of such systems (notably those 
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combining aluminum and zinc) may be considered as 
having an electrochemical potential in saline atmo 
spheres which would be cathodically sacrificially pro 
tective of ferrous substrates. Similarly, as disclosed in 
co-pending application Docket No. 24-670, filed of 
even date herewith, other aluminum-base diffusion 
coatings are provided to provide cathodic protection of 
ferrous substrates in saline atmospheres and at rela 
tively low coating temperatures. In some of such other 
types of coatings, moreover, there is also to be found 
the additional feature here whereby the outer surface 
of the coating is rich in metal preliminarily resistant to 
saline corrosion and mechanical erosion, while inner 
layers of the coating are rich in a metal providing ca 
thodic protection of the substrate although, perhaps, 
itself deficient in director initial corrosion resistance in 
the saline atmosphere against which protection is de 
sired. 
For example, utilizing a pack comprising 20 percent 

aluminum, 1 percent each cadmium and zinc, 0.5 per 
cent ammonium iodide, and 0.25 percenturea, with the 
balance being tabular alumina, AMS 6304 articles were 
coated at 900°F. during a 30°hour heating cycle to pro 
duce coatings of about 1 mill in thickness and having 
the composition of about 1-10 percent zinc and 60-65 
percent alumimum at the substrate-coating interface, 
the balance being iron. The zinc content decreased to 
Zero away from the substrate-coating interface, while 
the aluminum content increased toward the surface, 
thus producing the desired concentration gradient in 
accordance herewith whereby initial protection of the 
outer surface from both corrosion and erosion is attrib 
utable to the aluminum, while a zinc concentration 
near the substrate produces a potential for cathodic 
protection as the thickness of the coating is eroded or 
corroded away in use. Nevertheless, as noted below, 
the total potential difference between such coatings 
and substrate may not be as great as with the zinc 
cadmium coatings in accordance herewith, but, with 
certain substrate materials, the aluminum-zinc coatings 
are sufficiently anodic to give the desired cathodic pro 
tection as the coating is worn thinner in use. 

Also, as will be apparent from the foregoing, the 
coating systems embodying and for practising this in 
vention utilize the combination of a highly sacrificial 
metal of greater solubility in the substrate and a less 
sacrificial metal of less solubility in the substrate, and, 
preferably, also greater resistance to preliminary corro 
sion and erosion, with, of course, the further admoni 
tion that the two metals must be compatible with each 
other in the coating environment and susceptible of 
being diffusion coated as desired. It may also be noted 
that the more sacrificial of the two elements should 
possess an electrochemical potential with respect to the 
substrate sufficiently high to provide the desired ca 
thodic protection thereof in saline atmospheres, but, 
preferably, no higher than is practically necessary to do 
SO. 

That is, if the more sacrificial coating metal is unnec 
essarily highly anodic with respect to the substrate, the 
principal result will be that it will be sacrificed, when 
electrochemical corrosion commences, at an unneces 
sarily high rate (however much it may protect the sub 
strate), thus ultimately decreasing the total service life 
of the whole protective coating. As illustrative of the 
foregoing, one may note some comparative electrode 
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10 
potential data regarding a number of the foregoing il 
lustrative examples. 
The electrode potentials of a number of samples were 

measured in a 3 percent NaCl solution at 22°C. with 
reference to a standard saturated calomel electrode (E 
F0.242 volts on the hydrogen scale) after five minutes 
of immersion in the salt solution, with the specimens 
being cylinders 1 inch long and 7/16 inch in diameter. 
As will be understood, the more anodic surface was in 
dicated by a higher negative electrode potential, which 
indicates a greater tendency for the surface metal to 
dissolve in or be corroded by the saline environment or 
atmosphere. Merely as illustrative of data obtained in 
such determinations, it may be noted that uncoated 
specimens of AMS 5616 and 6304 showed potentials 
of, respectively, -0.29 v. and -0.57 v., with such sub 
stantial variations apparently being attributable to the 
fact that the higher proportion of chromium in AMS 
5616 substantially lowers the negative potential. 
An AMS 5616 specimen with a diffusion coating of 

zinc alone showed a potential of -0.92 v., thus confirm 
ing the tremendous propensity for the zinc to combine 
with the saline atmosphere, however cathodically pro 
tective the zinc might be for the ferrous substrate. It 
was found that such high negative potential of the zinc 
coating could be substantially reduced (e.g., down to 
-0.83 v.) by chemical conversion of the diffused coat 
ing by immersion of the coated specimens in a bath of 
zinc phosphate in known manner, but the results of 
such conversion, particularly in atmopsheres producing 
excessive erosion or mechanical abrasion, may be short 
lived. A specimen coated with a zinc-cadmium coating 
in accordance herewith (produced by the single-stage 
pack cementation process noted above) gave a poten 
tial of -0.81 v. 

Similarly, regarding AMS 6304 specimens, a diffu 
sion coating of zinc alone had a potential of -0.91 v., 
which was reduced to -0.82 v. by chemical conversion 
in a zinc phosphate bath. A zinc-cadmium diffusion 
coating in accordance herewith and produced by a sin 
gle-stage pack cementation process had potential of 
-0.81 v. Additional specimens of AMS 5616 and 6304 
coated with the aluminum-zinc diffusion coating noted 
above had potentials of, respectively, -0.78 v. and 
-0.77 v., which were further somewhat reduced by 
chemical conversion of the coated surface in aluminum 
chromate solutions (such as Alodine) to give, respec 
tively, -0.74 v. and -0.72 v. 
As will be apparent from the foregoing data, all the 

various coatings indicated are considerably more an 
odic than the ferrous substrate, thus offering sacrifical 
protection. Nevertheless, the pure zinc coatings exhibit 
such high negative potential that corrosion thereof in 
saline atmospheres would be excessively rapid, even if 
there were not the additional disadvantage of the ex 
cessive formation of "white rust' deposits on the arti 
cle. Even reducing this negative potential by additional 
chemical treatment of the coated article produces no 
particular advantage over the zinc-cadmium coatings in 
accordance herewith, lacks the permanence thereof 
due to the interdiffusion of both metals, and requires an 
additional treatment step, while lacking the concentra 
tion gradient through the coating which provides for 
erosion and corrosion resistance at the coated surface 
and increased sacrificial protection nearer the sub 
strate as the coating thickness becomes eroded away. 
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It has been developed in accordance herewith that 
adequate sacrificial protection of the substrate is ob 
tained if the negative potential of the protective coating 
is at least 0.2-0.3 v. higher than that of the substrate. 
Such a variance is preferred for applications to which 
this invention particularly relates because, with local 
erosion of the coating and/or pinholes or cracks 
therein, the exposed area of sacrificial metal, as com 
pared to the exposed area of substrate, may not be ex 
pected to be large enough to offer satisfactory cathodic 
protection if the potential difference between the two 
metals is less than about 0.2 v. As noted above, how 
ever, it is not preferred to have this potential difference 
substantially above the minimum because, in that 
event, the principal result is merely to accelerate the 
rate of loss of the protective metal by corrosion without 
increasing the amount of sacrificial protection af 
forded. Generally, and as a practical matter, satisfac 
tory results have been achieved in accordance herewith 
if the potential difference between the substrate and 
the protective coating is within the range of about 
0.3-0.7 v. for coating thicknesses within the 1-2 mil 
range. 
Considering the foregoing, the above electrode po 

tential data indicate that, whereas the aluminum-zinc 
coating noted above might give substantial sacrificial 
protection on AMS 5616 steel articles, it falls far below 
the protection afforded by the zinc-cadmium coatings 
on AMS 6304 articles, undoubtedly because of the 
much lower proportion of zinc in the coating and not 
withstanding the fact that most of the zinc is concen 
trated toward the substrate. Thus, although the alumi 
num-zinc coatings may offer enhanced overall protec 
tion against corrosion and erosion in saline atmo 
spheres, such protection must largely be attributable to 
coating integrity or resistance other than cathodic pro 
tection - as contrasted with the zinc-cadmium coat 
ings where total protection is achieved first by the in 
herent resistance of the cadmium-rich surface and, 
thereafter, by sacrificial protection of the zinc-rich in 
terior of the coating as the coating thickness becomes 
eroded or corroded away. 
As will be apparent from the foregoing, there are pro 

vided in accordance herewith coating materials and 
techniques for providing multi-component diffusion 
coatings on metal articles by simple, even one-step 
pack cementation procedures for protection of the 
metal article from erosive and corrosive saline environ 
ments. The coatings embodying and for practising this 
invention are readily applied at temperatures low 
enough so that the coating step does not induce crystal 
lographic or metallurgical transformations in the article 
being coated which might affect the mechanical prop 
erties thereof. 
Furthermore, these multi-component coatings are 

produced on the base metal article in such fashion that 
the coatings become more anodic toward the substrate 
coating interface for increased cathodic sacrificial pro 
tection of the substrate as the surface of the coatings 
becomes eroded away. Thus, the surface of the coating 
is rich in a component of increased corrosion and ero 

O 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
sion resistance, while the inner portions of the coatings 
are rich in a component offering greater sacrificial pro 
tection of the substrate although that component may 
have considerably less corrosion or erosion resistance. 
In any event, if there are components of the coating 
which are not anodic with respect to the substrate, 
electrochemical contact between the substrate and 
such less noble components is avoided despite the in 
terdiffusion of all components and the substrate for 
complete unification and integration thereof against a 
possiblity of fractures or spalling or separation of coat 
ing and substrate even under intense mechanical strain 
and thermal shock conditions. 
While the methods and compositions set forth above 

form preferred embodiments of this invention, this in 
vention is not limited to these precise methods and 
compositions, and changes may be made therein with 
out departing from the scope of this invention which is 
defined in the appended claims. 
What is claimed is: 
1. A method of providing a ferrous metal article with 

a multi-component surface diffusion coating for both 
mechanical and cathodic protection against erosion by 
abrasion and corrosion by saline environments which 
comprises, 
coating said article with a first coating metal of zinc 
which is both diffusably soluble in the surface of 
said article and substantially anodic electrochemi 
cally with respect thereto when diffused into the 
surface thereof and a second coating metal se 
lected from the group consisting of cadmium, 
nickel and lead which is both less anodic than zinc 
and more resistant than zinc to said saline environ 
ment, 

and diffusing both said coating metals thereon em 
bedded in a powdered coating pack at a tempera 
ture ranging up to about 900°F. to effect metallur 
gical integration and bonding of said coating metals 
and said article forming said multi-component sur 
face diffusion coating on said article with said zinc 
being concentrated adjacent the article-coating in 
terface and said second coating selected from the 
group cadmium, nickel and lead being concen 
trated adjacent the outer surface of said multi 
component coating. 

2. The method of claim 1, wherein said first and sec 
ond coating metals are applied by embedding said arti 
cle in a pack containing said first and second coating 
metals dispersed through an inert filler, and diffusion 
coating said metals from said pack into the surface of 
said article such that the first coating metal is concen 
trated adjacent the metal substrate and said second 
coating metal is concentrated adjacent the outer sur 
face of said multi-component coating. 

3. The method of claim 1, wherein said second coat 
ing metal is cadmium. 

4. The method of claim 1, wherein the second coat 
ing metal is lead. 

5. The method of claim 1, wherein the second coat 
ing metal is nickel. 

k . . . ; 


