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ABSTRACT OF THE DESCLOSURE 
In pack impregnation or cementation processes for the 

diffusion coating of one or more metals into the surface 
of metal articles, improved techniques and compositions 
are provided for the diffusion coating of metals such as 
aluminum and antimony into the surface of a variety of 
ferrous and other metal articles embedded in a powdered 
coating pack at coating temperatures considerably lower 
(by as much as 200 F.) than those temperatures required 
by conventional techniques to provide effective diffusion 
coating of the same materials. This is accomplished by 
providing in the coating pack an accelerating component 
(such as either relatively volatile metals as cadmium, lead, 
zinc, etc., or certain long chain organic compounds) which 
do not ultimately form a substantial or significant part 
of the diffusion coating, but do act in the coating pack to 
accelerate the diffusion of the coating metals into the 
articles being coated at lower temperatures to achieve in 
creased coating deposition at a given temperature and/or 
satisfactory coating deposition at temperatures lower than 
otherwise obtainable, and permitting satisfactory coatings 
at temperatures below those at which some undesired 
crystallographic or metallographic or physical property 
change would occur in the metal articles being coated. 

This invention relates to the pack cementation dif 
fusion coating of metals into the surface of metal articles 
embedded and heated in a diffusion coating pack and, 
more particularly, to techniques and compositions where 
by an accelerator component for the diffusion coating is 
included in the pack to accelerate or increase the diffusion 
of the coating metal from the pack into the surface of 
the articles being coated, permitting either a greater dif 
fusion at a given temperature and/or satisfactory diffusion 
coatings at coating temperatures lower than those re 
quired with conventional diffusion coating processes. 
The types of diffusion coating techniques to which this 

invention generally relates will be recognized and under 
stood as those diffusion coating processes in which the 
metal articles to be coated are embedded in a powder pack 
including, generally, the coating metal (in this case, such 
metals as aluminum or antimony), usually an inert filler 
(such as powdered alumina), and an energizer component 
(such as a halogen or readily vaporizable halide) for aid 
ing the transfer of the coating metal from the powdered 
pack to the surface of the articles to be coated, and then 
heating the articles embedded in such pack in a closed 
retort (usually in the absence of oxygen) to relatively high 
temperatures for sufficient time to produce the diffusion 
of the coating metal into the Surface of the articles to 
the desired depth. Such processes are well known for en 
hancing the oxidation resistance (particularly for high 
temperature use), erosion resistance, corrosion resistance, 
etc., of the base article for a variety of purposes and uses, 
and, as well understood, such pack cementation diffusion 
coating techniques may require that the coating step be 
prolonged for many hours, or even more than a day, 
at relatively high temperatures (e.g., 1800-2000 F. and 
usually higher than 1200. F.), depending upon the par 
ticular metal composition of the coating and the thickness 
of coating desired and other characteristics. 
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Nevertheless, there is a variety of metals and metal 

alloys the physical or mechanical properties of which are 
altered or adversely affected when they are heated above, 
for example, 1000 F. for any reason, yet where the 
ultimate properties or useful life of articles made from 
Such metals or metal alloys would be significantly en 
hanced if the articles could be given a diffusion coating 
for resisting corrosion or oxidation or erosion, etc. For 
example, the tempering temperature for some conven 
tional hardenable stainless steel alloys is approximately 
1000 F. If it is attempted to apply any sort of diffusion 
coating into the surface of an article made from such 
materials, obviously, the crystallographic structure or 
mechanical properties of the article will be altered during 
the coating process if the latter requires heating to a tem 
perature 1000 F. or above, and such alteration of the base 
metal article may render it mechanically unsuited to the 
desired use, whether or not a surface diffusion coating is 
successfully applied thereto. 
For example, certain components of the compressor 

portions of jet aircraft engines are made of certain high 
strength steels because they are subjected to tremendous 
mechanical stresses from centrifugal force, thermal shock, 
and vibration, although the actual operating temperatures 
rarely exceed about 900 F., so that there is little need 
to provide either extremely high temperature materials or 
high temperature oxidation resistant coatings, as is the 
case, by contrast, with the turbine components of the jet 
engine subjected to the much higher temperature of the 
impinging combustion gases. Nevertheless, considering low 
flying aircraft operating or based near the seashore in 
highly Saline atmosphere which may also include substan 
tial amounts of sand or coral dust (e.g., helicopters op 
erating near sea coasts), it may be highly desirable to 
provide compressor portions of such aircraft engines with 
a Surface diffusion coating which is galvanically sacrificial 
and resistant to dust erosion and/or saline corrosion, espe 
cially localized or pitting corrosion, even when such parts 
do not require extremely high temperature oxidation re 
sistant coatings as is usually required for the high tem 
perature turbine portions of such jet engines. 

Yet, the important aspect of such compressor parts 
is the mechanical strength thereof to resist mechanical and 
thermal shock forces, and the failure of such parts (par 
ticularly in aircraft with but a single engine) would be 
catastrophic. Thus, if it is attempted to provide a corro 
sion or erosion resistant coating on such parts by conven 
tional coating techniques, it may be found that the neces 
sary thermal or other coating conditions for achieving the 
coating in the first place have a degrading effect on the 
essential mechanical properties of the parts--e.g., in the 
manner that the mechanical or metallurgical character. 
istics of certain steel alloys would be degraded by a post 
fabrication treatment involving heating above 1000 F., 
but where applying a conventional aluminum coating to 
such parts would require coating temperatures in the 
range of 1000-1500 F. in order to achieve a satisfac 
tory aluminized coating. 
Thus, for a variety of well understood reasons, coating 

materials such as aluminum or antimony are difficult, 
if not impossible, to diffusion-coat into the surfaces of 
various ferrous metal alloy articles to achieve a satis 
factory coating on the completely fabricated and finished 
article at coating temperatures less than those which 
would inherently alter or degrade the mechanical or metal 
lurgical properties of the article being coated. Further 
more, even with the diffusion coating of such metals as 
aluminum or antimony into the surface of other metal 
articles formed or fabricated of alloys readily able to 
withstand coating temperatures in the vicinity of 1500 
F., adequate coating depths may require extended coating 
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times (up to 30 hours or more) and longer than may be 
economically desirable from the standpoint of commercial 
practice. 

In accordance with this invention, by contrast, there 
are provided techniques and compositions for accom 
plishing the satisfactory coating diffusion of metals such 
as aluminum and antimony into the surfaces of metal 
articles having compositions which comprise iron, chro 
mium, titanium, nickel, cobalt, etc., by pack cementation 
processing at lower temperatures than are conventionally 
utilized and/or at higher rates of deposition at a given 
temperature compared with conventional pack cementa 
tion processes, by including in the powdered pack an 
accelerator component (either metallic such as cadmium, 
lead, and/or zinc, or organic such as long chain organic 
hydroxy or carboxy compounds), which accelerator com 
ponent has the effect in the pack of increasing the rate 
of deposition of the coating material into the surface of 
the article being coated without a substantial or signifi 
cant proportion of the accelerator component itself being : 
diffused into the article being coated along with the coat 
ing metal. As a further feature of the invention, it is thus 
possible, not only to increase the rate of deposition of 
the coating metals onto the article being coated (thus in 
many instances decreasing the time necessary to achieve 
a desired coating of adequate thickness), but also to 
achieve satisfactory coating results at temperatures lower 
than conventionally required, thus permitting the coating 
of metal articles which undergo a thermally induced metal 
lographic or physical change at temperatures below con- : 
ventional coating temperatures. 

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

Merely as illustrative of techniques and conditions em 
bodying and for practicing this invention, one may con 
sider the diffusion coating of aluminum by pack cemen 
tation processes into the surface of various metal articles 
of differing compositions, and, as is well understood, one 
may note that, according to conventional techniques, such 
aluminum diffusion coatings are conventionally produced 
at coating temperatures generally above 1500 F. and, in 
Some cases and particularly with the so-called “super al 
loys,” as high as 1800° or 2000 F. or more. Thus, 
attempts to aluminize steel alloys such as those designated 
as AMS 5616 in the Aerospace Material Specifications of 
the Society of Automotive Engineers (which are generally 
characterized as including about 13% chromium, 2% 
nickel, and 3% tungsten) with a conventional alumium ; 
diffusion coating pack comprising by weight, 20% alumi 
num powder, 0.5% ammonium iodide, 0.25% urea, and 
balance alumina filter, at temperatures below 1000' F. re 
Sulted in the deposition of a thin and quite irregular 
coating even after extending the coating thermal cycle 
to as long as 24 hours, which coating was completely 
unsatisfactory. Indeed, as will be understood, even with 
such a long coating cycle, satisfactory results would not 
be expected at coating temperatures of below 1050 F. 

Nevertheless, the addition of about 1% powdered cad 
mium metal to the coating pack, in accordance herewith, 
produced satisfactory results at coating temperatures of 
about 900 F. and, actually, at temperatures as low as 
about 850 F. without excessively long coating times. A 
satisfactory aluminum coating, of about 1 mill thickness, 
was deposited at 900 F. within a 24 hour cycle, with the 
characteristics of the finished coating being satisfactory, 
with a smooth surface finish, and comparable to coatings 
produced from pure aluminum packs at temperatures 
above 1100 F-i.e., the coating was free of micro cracks 
and afforded good corrosion and erosion resistance in a 
Saline marine environment. Most importantly, the mechan 
ical properties of the base steel alloy were not impaired or 
significantly altered as would be the case with coating 
temperatures at or above 1000 F. 
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Some acceleration effect of the cadmium addition was 

noted when only 0.125/ cadmium was added to the pack, 
and no significant increase in the degree of acceleration 
of aluminum deposition was noted as a result of increas 
ing the cadmium addition above 0.25%. With cadmium 
present in the pack at concentrations approaching about 
5%, there was noted a tendency for the cadmium to 
condense on the surface of the aluminized layer, and, for 
the foregoing reasons, a cadmium addition of about 1% 
appears to be preferred in accordance herewith from a 
practical standpoint and, especially, in those commercial 
applications where the coating pack ingredients will be 
reused for a number of coating operations subject only 
to replenishment of those components which are expended 
in the coating cycle (e.g., aluminum coating metal, halogen 
energizer, etc.). 
The mechanism responsible for the acceleration effect 

in accordance herewith of such metals as cadmium and 
those others noted more specifically below may not yet 
be completely understood, but it may be useful to hy 
pothesize that the enhanced results are somehow associated 
with the high vapor pressure exhibited by cadmium at the 
coating temperature in the coating pack environment. 
A chemical type of acceleration with actual chemical 
combinations of the accelerating component with the coat 
ing materials does not appear to be involved because, for 
example, cadmium metal is relatively insoluble in both 
iron and aluminum. Little or no cadmium was detected 
by electron microprobe analyses of the resulting coating, 
which indicated a surface composition of approximately 
60% aluminum and the balance mainly iron-i.e., a com 
position corresponding generally to the intermetallic com 
pound FeAl3. 
The insolubility of cadmium in iron also suggests why 

cadmium is not deposited as a part of the coating. Al 
though discussed in more detail below, the foregoing is 
somewhat further confirmed by attempts to utilize zinc 
and magnesium (both of which have relatively high vapor 
pressures in the coating environment) as accelerating com 
ponents for aluminum diffusion coatings. Although zinc 
also shows a marked tendency to accelerate the aluminum 
deposition in accordance herewith, the solubility of zinc 
in iron permitted a significant co-deposition of zinc with 
aluminum in the substrate. Indeed, a preferred accelerator 
combination, particularly for ferrous base metals may in 
clude an addition of 1% of each cadmium and zinc 
powder to the coating pack. Despite the high vapor pres 
Sure achieved with magnesium, magnesium additions ap 
pear greatly to inhibit desired aluminum deposition on 
Such ferrous substrates. 

In addition to generally ferrous substrates, it has also 
been found in accordance herewith that metals such as 
cadmium provide the desired accelerating effect in the 
aluminizing of metal articles having high chromium con 
tent. Thus, using a conventional cementation pack contain 
ing about 20% aluminum powder, 0.5% ammonium 
iodide in a preponderant amount of alumina filler (with 
or without 0.25% urea), a substantial and satisfactory 
amount of aluminum was deposited in accordance here 
Within into a chromium substrate at temperatures as low 
as only 900 F. upon the addition of 0.5% to 5% 
cadmium metal to the coating pack, whereas, with the 
Same pack but in the absence of the cadmium as an ac 
celerating component, a negligible amount of aluminum 
deposition was noted. As illustrative, a coating of 1-2 
mil thick was readily and satisfactorily deposited in a 
30 hour coating cycle at 900 F. utilizing a cadmium 
accelerator in accordance herewith, whereas a coating of 
only less than 0.1 mill thick was deposited on the same 
chromium Substrate under the same coating conditions 
but without the addition of the cadmium accelerator. 

It may be noted that the practical reasons for desiring 
lower coating temperatures with high chromium sub 
Strates may be somewhat different than those noted above 
regarding steels or ferrous or titanium alloys where the 
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primary consideration is high mechanical strength. Thus, 
with high chromium alloys and/or other high temperature 
'superalloys” having high nickel or cobalt concentrations 
along with substantial and important concentrations of 
chromium, a substantial depletion of chromium from the 
surface of the article (by the diffusion or dissolving of 
the chromium back into the interior of the article and 
away from the surface) is noted when Such articles. are 
aluminized with conventional high temperature aluminiz 
ing techniques, so that the utilization of an accelerator in 
accordance herewith maintains the desired Substantial con 
centration of chromium at the surface of the article, along 
with nickel or cobalt or iron, as the case may be, for com 
bination with the aluminum being diffused into the Sur 
face. That is, as is well understood, especially with high 
temperature alloys and to achieve enhanced high tempera 
ture oxidation resistance with aluminizing techniques, it 
is apparently the provision at the Surface of the desired 
combination of chromium, iron, nickel, and/or cobalt 
aluminides which achieves the results desired, and Such 
results may be impaired if such high coating temperatures 
are required that a substantial portion of the chromium 
is driven back into the article and away from the Surface 
thereof. w 

In addition to cadmium and Zinc as appropriate ac 
celerator metals in accordance herewith, Satisfactory re 
sults have also been achieved utilizing lead as an appro 
priate accelerating addition to the coating pack. For CX 
ample, additions of between 0.25% and 5% by Weight of 
lead powder to aluminizing packs as noted above have 
produced satisfactory results in the deposition at about 
900 F. of aluminized coatings into the surfaces of articles 
made from the above noted AMS 5616 steel, AMS 6304 
steels (generally characterized as including 1% Cr, 0.55% 
Mo, 0.3% V, and with carbon contents up to around 
0.5%) and 17-4 PH stainless steels (characterized as 
being precipitation hardenable steels containing about 
17%, Cr, 4% Ni, 3% Cu, and smaller amounts of Co, 
Mn, and Si), where attempts to produce satisfactory coat 
ings at comparable temperature and time cycles may fail 
without the accelerating addition of lead powder to the 
coating pack. 

Although it has been found that the degree of accelera 
tion provided by lead is somewhat less than that provided 
by cadmium in accordance herewith, the former is con 
siderably less toxic than the latter (it being remembered 
that the accelerator component is vaporized at the coat 
ing temperatures), and lead, therefore, may be preferred 
from a practical standpoint for large scale production. 
As will be understood, lead may also be definitely pre 
ferred to cadmium for certain applications where cadmium 
is soluble in the substrate (e.g., nickel substrates) being 
coated, just as cadmium may be preferred to Zinc for 
use with ferrous substrates in which zinc is relatively 
soluble. 
The effect or degree of acceleration in accordance here 

with does not appear to vary appreciably with the selec 
tion of the particular halogen or vaporizable halide used 
as the energizer in the coating pack. That is, cadmium 
accelerates the aluminizing of steels at 900 F. to a Sub 
stantial and satisfactory extent in accordance herewith 
whether the energizer used be an iodide, bromide, chlo 
ride, or fluoride. The thickest coatings are achieved with 
the iodide, but this is not believed to be a function of the 
accelerator addition to the pack. Similarly, the accelera 
tors in accordance herewith achieve substantially the same 
degree of acceleration of coating deposition with metal 
articles which have been previously aluminized according 
to this or other techniques as are achieved with uncoated 
or virgin articles, thus suggesting that the accelerating 
effect is not a surface-related phenomenon. 

Similarly, the addition of cadmium iodide (instead of 
metallic cadmium) to the pack also produces satisfactory 
accelerating results in accordance herewith in the alu 
minizing of various substrates at 900 F., and, after the 
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6 
coating cycle is completed, there was found evidence of 
free cadmium in the coating pack. Thus, the accelerated 
amount of aluminum deposited on nickel and/or AMS 
6304 steel at 900 F. in a pack, such as above, with a 
1% cadmium metal addition was almost identical to the 
amount deposited in a similar pack containing as an ac 
celerating addition 3% cadmium iodide (equivalent to 
1% metallic cadmium). Apparently, this may be con 
sidered as indicating that the iodine liberated by decom 
position of the cadmium iodide functions in somewhat the 
same manner as the ammonium iodide energizer in a con 
ventional pack and then reacts with the aluminum to form 
aluminum tri-iodide or a complex of that iodide with cad 
mium iodide in the conventionally understood mechanics 
of aluminum transfer to, and decomposition at, the sur 
face of the article being coated caused by the presence 
of a halide energizer in the pack. Nevertheless, the best 
results were achieved in accordance herewith by adding 
fresh accelerator to the pack before a subsequent re-use 
thereof rather than relying on decomposition during the 
coating cycle of previously formed cadmium iodide into 
accelerating metallic cadmium. 
Cadmium does not appear notably to enhance the 

deposition of chromium or titanium coating metals on 
steel articles below 1000 F., but the reason appears to be 
the low solubility of chromium or titanium in iron at such 
relatively low temperatures. Acceleration of the coating 
of Such materials at higher temperatures, however, is also 
to be comprehended within this disclosure. Both cadmium 
and lead, when either was present as a 1% addition in a 
pack comprising 20% antimony, 0.5% ammonium iodide, 
and balance alumina, increased the rate of antimony dep 
osition in a variety of substrates, with a particularly 
high degree of acceleration when using steels, such as 
AMS 6304, and cobalt substrates and, to a smaller degree, 
nickel substrates. The foregoing observations further 
confirm the hypothesis that the accelerating results in 
accordance herewith are related in large manner to the 
effect of the accelerator materials in increasing the kinetics 
of decomposition of the halide of the coating material 
formed in the pack for the transfer of the coating metal 
onto the surface of the article being coated. 
Whereas cadmium accelerates the aluminum deposition 

on chromium, chromium alloys, and previously chromized 
Superalloys, it appears to have little effect on the rate of 
aluminum depositions on high nickel or high cobalt 
Superalloys containing substantial amount of chromium, 
in aluminizing procedures in which the pack is especially 
formulated to inhibit aluminum deposition at low coating 
temperatures (such as, for example, the techniques dis 
closed in Pat. No. 3,257,230). Even after a 20-hour treat 
ment at 1900 F. of superalloy articles (such as W152) 
in a pack containing both chromium and aluminum as set 
forth in that patent, the weight gain and finish in packs 
with and without a cadmium accelerator addition were 
substantially identical, but this result is believed to be 
explained primarily by the solid state diffusion rate con 
trolling mechanism of such controlling techniques as being 
more determinative of final coating results than increasing 
the aluminum supply to the article surface. 

Both cadmium and lead produce satisfactory results as 
accelerating additives in accordance herewith in the alu 
minizing of the metal articles formed of titanium and 
titanium alloys (such as those also containing about 6% 
aluminum and 4% vanadium). Thus, with treatment at 
1000 F. in a pack comprising 20% aluminum, 0.5% am 
monium iodide, and the balance alumina, a 1% cadmium 
accelerator addition doubled the amount of aluminum dep 
osition on titanium during a 12-hour cycle, while an 
addition of 1% lead increased the deposition by about 1.5 
times, and microprobe analyses indicated that neither 
lead nor cadmium was dissolved or included in the coat 
ing or the metal article being coated. 

Microprobe analyses of the various coatings produced 
in accordance herewith have indicated that aluminum 
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coatings produced at 900 F. and 1000 F. from packs 
in which the accelerating addition was cadmium, were 
substantially free of cadmium when the substrate was 
predominantly iron, cobalt, or chromium, whereas some 
cadmium was found as a co-deposit with aluminum on 
nickel and nickel alloy articles. As noted above, zinc 
performs a similar accelerating function on the various 
substrates noted, although there was found to be some 
solubility in iron-base articles (perhaps about 5-10%) 
at the substrate-coating interface. For example, analyses O 
of 1 mil coatings produced on AMS 6304 steel from a . 
pack comprising 20% aluminum, 1% each cadmium and 
zinc, 0.5% ammonium iodide, and 0.25% urea, with the 
balance being tabular alumina, by heating at 900 F. for 
30 hours showed about 5-10% zinc and about 60-65% 
aluminum at the substrate-coating interface, the balance 
being iron. 

Lead functions satisfactorily as an accelerating addition 
in accordance herewith in aluminizing treatments at 
900 F. with any of the substrate materials iron, nickel, 
or cobalt. Although, as noted, lead is a less active or 
effective accelerator than cadmium with certain materials, 
the addition of 1% lead to a conventional coating pack 
as noted above more than trebled the aluminum deposi 
tion (for the same temperature and time) with iron, nickel, 
and cobalt substrates as compared with aluminizing from 
the same pack without an accelerator addition in accord 
ance herewith. Utilizing tin as the accelerating additive to 
similar aluminizing packs produces a degree of accelera 
tion substantially like that produced by lead at 900 F. 
Attempts to use 1% chromium or nickel as accelerator 
additions in accordance herewith in the aluminizing of 
iron, nickel, or cobalt substrates at 900 F. produced no 
appreciably enhanced results at such low temperatures, 
although cadmium satisfactorily accelerated the degree 
of aluminum deposition from a pack containing 20% 
aluminum, 2% chromium, 0.5% ammonium iodide, and 
the balance alumina. 
Both cadmium and lead, as will be understood, have 

relatively high vapor pressures at 900 F., and the iodides 
thereof have similar thermodynamic stabilities at this tem 
perature and also high vapor pressures. These factors are 
believed to be of significance in attempting to explain the 
mechanics of the accelerating results in accordance here 
with. It may be noted, for example, that zinc oxide will 
reduce aluminum tri-iodide to zinc iodide and alumina at 
relatively high temperatures (perhaps 230 C.) after pro 
longed reaction. Similarly, cadmium oxide will reduce 
aluminum tri-iodide to cadmium di-iodide and alumina 
under substantially the same conditions. This suggests that 
the acceleration in accordance herewith occurs by an in 
crease in the reduction of the aluminum tri-iodide (formed 
in the pack by reaction of the aluminum powder and 
iodide energizer) with cadmium and/or zinc-thus hav 
ing the accelerator additives effecting a marked increase ; 
in the kinetics of the aluminum tri-iodide reduction neces 
sary for satisfactory deposition for diffusion of aluminum. 
X-ray analysis, for example, indicates that the inter 

metallic compound FeAl is formed in the surface coating 
on the ferrous article being coated at 900 F. with cad 
mium acceleration in accordance herewith, which com 
pound can be converted to Fe2Als by further diffusion 
treatment at higher temperatures of 1100 F. and above. 
Without an accelerating addition in accordance herewith, 
attempts to produce coatings on steel at lower tempera 
tures and comprising FeAl have generally failed, with 
principally the compound Fe2Als being formed and then 
only at higher coating temperatures, perhaps indicating 
that one effect of the accelerating technique in accordance 
herewith is to provide for more rapid deposition at lower 
temperatures where solid state diffusion of the coating 
material into the article being coated is relatively slow. 

Although the advantage of working at lower coating 
temperature has been emphasized above as a principal 
advantage of the results obtained by utilizing accelerator 
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materials in accordance herewith, it may also be noted 
that such accelerating techniques also achieve the result 
of producing observable deposition of coating material in 
the various substrates in less time and/or more quickly 
after a start-up of the heating cycle. Thus, for example, 
cadmium and lead accelerated the aluminizing of iron, 
cobalt, and nickel in accordance herewith at 900 F. 
and 1000 F., but were not able to produce an observable 
deposition of aluminum at 800 F. even during a 30-hour 
treatment. The rate of aluminum deposition on iron, 
nickel, and cobalt substrates at 900 F. and at 1000 F. 
decreased in the order of cadmium, lead, and non-acceler 
ated packs. After 10 hours of processing, the amount of 
coating deposited in the lead-accelerated pack was approx 
imately one-third that deposited from the cadmium-ac 
celerated pack, and that deposited by the pack without 
either accelerating additive was only approximately one 
fifth of that of the cadmium-accelerated pack. Similarly, 
the rate of coating deposition in both acelerated and non 
accelerated packs decreased with time at both 900 F. and 
1000 F. 

Nevertheless, an observable amount of aluminum was 
deposited as a coating from the cadmium-accelerated pack 
(treating AMS 6304) during the first hour of processing 
at 900 F., whereas up to 5 hours' processing time was 
required for appreciable deposition of aluminum from the 
lead-accelerated pack and between 5 and 10 hours before 
appreciable coating was noted from the non-accelerated 
pack. This confirms the suggestion noted above that at 
least one effect of the accelerating additive is to increase 
the rate at which aluminum halide decomposition is 
achieved for transfer of the aluminum into the surface 
of the article being coated. Also confirming the foregoing 
is the fact that negligible deposition of aluminum into 
the Steel article was noted even when the pack materials 
had been reacted for 30 hours at 1000 F. prior to intro 
ducing the metal article into the pack. The addition of a 
cadmium accelerator to the same pre-reacted pack, how 
ever, produced observable aluminum coating deposition 
at 900 F. within the first hour. 

Similarly, with treating temperatures at 1000° F., the 
lengths of treatment times required for a given deposition 
of aluminum into the steel article also decreased in the 
order of cadmium, lead, and non-accelerated, thus indi 
cating both a great deposition for a given time and tem 
perature with the accelerated additions and/or a shorter 
treatment time required for a given aluminum deposit. 
Considering the latter, specimens of AMS 6304 coated at 
1000 F. for 20 hours indicated a final coating thickness 
of 2.1 mils with a cadmium-accelerated pack, 1.6 mils 
With a lead-accelerated pack, and only 0.9 mil with a non 
accelerated pack, the packs all being the same and as 
noted above, and the accelerating additions of lead and 
cadmium being each 1% by weight of the pack. 
Although, as noted above, the advantage of extremely 

low coating temperatures may not be as important with 
Some of the high nickel and high cobalt Superalloys as 
With steels which undergo a variation in mechanical prop 
erties, consideration of the results achieved in attempts 
to produce aluminum coatings on a variety of nickel and 
cobalt Superalloys at low temperatures with accelerated 
pack additions in accordance herewith may be helpful 
in considering all aspects of the teachings hereof. Thus, 
considering as merely illustrative such well known Super 
alloys as B1900, IN100, INCO713, HS21, SM302, and 
W152, little or no aluminum coating deposition was noted 
at 900 F. during a 24-hour cycle using aluminizing packs 
as indicated above accelerated with either cadmium or 
lead, although the nickel-base superalloys had more of a 
tendency to be coated than the cobalt-base materials. 
At 1000 F., however, a non-accelerated aluminizing 

pack produced very thin coatings on the nickel-base 
alloys, whereas accelerating additions of tin, cadmium, 
and, to a larger degree, lead, showed a considerable depo 
sition of aluminum on both the nickel and cobalt alloys. 
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In all instances, the coating thicknesses on the alloys 
were less than produced under similar conditions on pure 
nickel or pure cobalt, with the thinner coatings being ap 
parently attributable to the slower rates of solid state dif 
fusion of aluminum in the superalloys compared to pure 
nickel and cobalt. Nevertheless, obtaining of any sig 
nificant coatings on such materials at temperatures as 
low as 1000 F. (and they are usually coated at above 
1500 F.) is a clear indication of the accelerating effects 
on conventional aluminizing techniques produced by the 
accelerator additions in accordance herewith. 

For purposes of clarity or explanation, as will be un 
derstood, and to make comparable the various data and 
limits indicated above, the various specific examples here 
tofore noted have all been treated utilizing substantially 
the same aluminizing pack with the various noted accel 
erating additions. It is to be understood as comprehended 
within this invention, however, that various other coat 
ing packs and operating conditions, as well known in this 
art, may be utilized for the diffusion coating or deposi 
tion of coating materials (such as the aluminum and 
antimony coatings noted above) into a variety of differ 
ent metal articles, while still obtaining the accelerating 
benefits of the pack additions in accordance herewith. 
For example, the aluminum metal content of packs may 
be varied widely between about 10% and 95% by weight 
and still produce good quality coatings, particularly on 
ferrous base materials. The amount of aluminum de 
posited increases with the aluminum content of the pack, 
and is affected by other factors well known in this art, 
but, as noted above, the quantity of depositions appears 
substantially not to be a function of the accelerator con 
centration provided the latter is at least about 0.25% of 
the pack. As well understood, packs containing no more 
than about 5% aluminum produced rather thin coatings, 
whereas packs containing over 50% aluminum produced 
thick coatings that exhibited excessively rough surfaces. 
In any event, a range of about 20% to 30% by weight of 
aluminum in the pack is generally preferred from the 
practical standpoint of coating quality, although accel 
eration of aluminum deposition in accordance herewith 
is achieved at virtually any practical concentration of 
aluminum metal in the coating pack. 
As previously noted, varying the accelerator content 

between about 0.5% and 5% by weight of a 20% alumi 
num pack had virtually no significant effect on the amount 
of the aluminum deposited. When as much as 2-5% lead 
or cadmium was used as the accelerator, however, the 
coatings produced had a tendency to exhibit surface con 
tamination by the accelerator material, being manifest as 
a physical "stick-on' producing less than optimum ap 
pearance and substantial surface roughness. Reducing the 
accelerator content below 0.25%, on the other hand, also 
produced a reduction in the rate of aluminum deposition 
and/or degree of acceleration thereof, which became vir 
tually unobservable below 0.125%. 

Thus, as noted, a preferred concentration from a prac 
tical point of view for the accelerator is about 1% by 
weight of the pack. Despite the foregoing, however, very 
satisfactory results have been achieved in accordance 
herewith with the metallic accelerator component com 
prising 1% of cadmium together with 1% of lead or 1% 
of zinc, and the coatings produced thereby were sub 
stantially free of “stick-on' with good surface appearance, 
low surface roughness, and a thickness of aluminum dep 
osition optimumly accelerated for a given time-tempera 
ture cycle, at least at temperatures above 850 F. as noted 
above depending upon variations in the particular sub 
strate or metal articles being coated. 

Variations in the range of halogen energizer appear 
not to be controlling as to the accelerator techniques 
hereof. Generally, the energizer concentration (consid 
ered as ammonium halide) should be maintained at or 
above about 0.25% by weight of the pack. The amount 
of aluminum deposited from a 20% aluminum pack con 
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taining 1% cadmium accelerator may increase as much 
as five-fold if the ammonium iodide content is increased 
from 0.25% to 0.5%, although the amount of aluminum 
deposited even at the 0.25% level was still greater than 
that achieved in comparable packs without the accelerator 
additives. 

Similarly, when zinc is to be coated along with alumi 
num, including about 0.5% ammonium halide in the pack 
is preferred for moderately alloyed steels such as AMS 
5616, as well as with 17-4 PH stainless steel alloys, 
although, with the latter, the amount of zinc ultimately 
included in the coating was decreased by raising the en 
ergizer level to 1%, probably because of an increase in 
the amount of aluminum which the higher energizer 
level Supplied to the surface of the article. With low 
alloy steels, such as AMS 6304, which exhibited a more 
rapid solid state diffusion rate for zinc, a 1% halide con 
tent may be preferred to prevent excessive zinc deposition 
from the pack prior to aluminum deposition. 

Again, for enhanced clarity of disclosures and to keep 
the various specific examples and data noted above com 
parable, the results discussed heretofore have involved 
utilizing one or more of the metals calcium, lead, tin, or 
Zingas the accelerating additive, primarily for purposes 
of illustration, in enhancing the deposition of coating ma 
terials such as aluminum or antimony, at relatively low 
temperatures (no more than 1000 F.) in the diffusion 
coating of base meltal articles or alloys composed pri 
marily of iron, chromium, nickel, cobalt, titanium, etc., 
and using coating packs which, prior to the accelerating 
addition, are generally conventional in utilizing any one 
of the four halogens, or halides thereof, as diffusion en 
ergizers and alumina as an illustrative inert filler-all in 
known and well understood manner. 

It has also been discovered, however, and is to be un 
derstood as comprehended within the teachings hereof, 
that Satisfactory results are achieved in accordance here 
With by the utilization of certain organic compounds as 
the accelerating additives to coating packs, as well as the 
accelerating metals noted above. Generally, satisfactory 
results have been achieved utilizing a variety of long 
chain alcohol and/or fatty acid compounds present in 
concentrations of about 5-10% by weight of the pack as 
accelerating additions resulting in up to a five-fold in 
crease in the deposition rate of the coating metals into 
the Surface of the article being coated at treating tem 
peratures around 1000 F. 
As will be understood, a wide variety of such organic 

compounds is available, and the selection of any par 
ticular one is readily made in accordance herewith and 
from the teachings hereof without inventive experimen 
tation. Merely as illustrative, Satisfactory results have 
been achieved by utilizing such materials as glycerol, 
butanol, and lauric acid added to powdered packs con 
taining about 20% aluminum, 0.5% ammonium iodide, 
and alumina as a filler, to achieve concentrations of the 
organic hydroxy materials in the pack of about 5% to 
10% by weight. Although such organic accelerators may 
be incorporated in the powdered packs in a variety of 
Ways, Satisfactory results have been achieved in accord 
ance herewith by admixing (for example, in a ball mill) 
into the pack powder a solution of the organic accelera 
tor dissolved in an appropriate solvent (such as ethanol) 
and then removing excess solvent by evaporation, drying, 
or vacuum, prior to utilizing the pack. Other means of 
uniformly distributing the organic accelerator through 
out the powdered pack composition will be apparent from 
the disclosure hereof by men skilled in this art. 
The selection of the particular organic material ap 

propriate for use as an accelerator in connection herewith 
is readily achieved by noting the discussion above re 
garding the provision of an accelerating material which, 
being otherwise not incompatible with the metallurgical 
requirements of the coating process, has the effect of in 
creasing the kinetics of decomposition of the complex 
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or compound formed in the pack between the coating 
metal and the halogen energizer utilized to transfer the 
coating metal to the article being coated for diffusion 
of the metal into the substrate to be coated at the tem 
peratures desired with due regard to the thermodynamic 
stability of the compounds, etc. Thus, organic materials 
having a reactive hydroxy group (to liberate a reducing 
hydrogen ion), a large enough molecule in addition to the 
hydroxy radical to have a relatively high decomposition 
temperature (generally within the range of the coating 
temperatures desired), and a low volatility produce satis 
factory results in accordance herewith. 

With relatively heavy alcohol or fatty acid materials 
having decomposition temperatures as desired, the or 
ganic accelerator is thermally decomposed during the 
coating operation to liberate reducing hydrogen in situ 
in the coating pack enclosed in the coating retort. This 
reducing hydrogen, then, effectively reduces the halide of 
the coating metal (for example, aluminum tri-iodide) to 
present the coating metal to the substrate in vapor phase 
or other reactive condition for diffusion into the surface 
of the article being coated-substantially in the manner 
discussed above for the reduction of aluminum tri-iodide 
by the zinc or cadmium or other metallic accelerator ad 
ditives in accordance herewith, thus to increase or con 
centrate or accelerate the kinetics of presentation of dif 
fusable coating material to the surface of the article being 
coated at the desired low coating temperatures and/or 
within the desired shortened coating reaction times. 
As will be understood, within the foregoing general 

disclosures, particular organic materials, in addition to 
those specifically noted above, are readily selected to 
function thermodynamically to achieve the coating ac 
celeration results in accordance herewith. Indeed, al 
though many of the physical and chemical properties of 
organic materials are generally thought to be inimical to 
the utilization of such materials as active ingredients in 
high temperature metal lurgical techniques such as those 
to which this invention relates, the organic accelerators 
may be preferred in many applications of this invention 
even to the metallic accelerators mentioned above since, 
even in vapor phase, the organic materials may be se 
lected to be less toxic and noxious than, for example, 
cadmium or lead vapors, especially with large scale com 
mercial mass production installations. 

Accordingly, as will be apparent from the foregoing, 
there are provided in accordance here with a variety of 
materials and techniques for effecting an acceleration of 
the rate of deposition or diffusion coating of such coating 
metals as aluminum, antimony, etc., in pack cementation 
diffusion coating techniques for a variety of metal articles 
or substrates including those predominantly rich in iron, 
chromium, titanium, nickel, cobalt, etc., by the utiliza 
tion of such metallic accelerators (either in elemental 
form or as compounds) as cadmium, lead, zinc, tin, etc., 
or organic accelerators, for achieving enhanced deposi 
tion and/or coating thicknesses, either at lower tem 
peratures than those at which such diffusion coatings are 
conventionally achievable and/or to achieve greater depo 
sition in less time than by conventional techniques. Such 
enhanced results are achieved merely by the inclusion or 
addition in a conventional powdered coating pack of an 
accelerator additive and, particularly, one which, whether 
metal or organic, decomposes or reacts during the coat 
ing step to accelerate decomposition of the halide of coat 
ing material conventionally formed for the transition 
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thereof as a diffusion coating into the substrate being 
coated and/or otherwise enhance the thermodynamics or 
kinetics of the coating reaction. 
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 com 
positions, and changes may be made therein without de 
parting from the scope of this invention which is defined 
in the appended claims. 
What is claimed is: 
1. In an improved method for diffusion coating of a 

coating metal selected from the group consisting of alu 
minum and antimony into the surface of a base metal 
article composed of a metal selected from the group 
consisting of chromium, cobalt, iron, nickel, titanium, 
and alloys thereof, by a pack cementation diffusion coat 
ing process in which said metal article is heated as em 
bedded in a powdered cementation coating pack contain 
ing said coating metal and a vaporizable halogen energizer 
for presenting said coating metal to the surface of said 
article for diffusion thereinto, the improvement of ac 
celerating the diffusion coating of said coating metal onto 
Said article providing increased rate of deposition of said 
coating metal at a given coating temperature and a de 
creased coating temperature for a given rate of deposi 
tion of Said coating metal to said article, which comprises 
the steps of including in said cementation coating pack an 
effective amount of an accelerator component for enhanc 
ing the kinetics of presentation of said coating metal by 
Said energizer to said surface of said article to be coated 
for deposition thereon and diffusion coating thereinto, 
Said accelerator component being selected from the group 
consisting of at least one of the metals cadmium, lead, 
tin and zinc, which are substantially volatile at said coat 
ing temperatures but not susceptible of diffusion coat 
ing into said article along with said coating metal, and 
heating Said article to be coated and said coating metal 
and Said accelerator component in said cementation pack 
effecting said accelerated diffusion coating of said coat 
ing metal into said article at said reduced temperature 
and at said enhanced rate of deposition. 

2. A method as recited in claim 1 in which said ac 
celerator component is present in said cementation pack 
within the range of about 0.25% to 5% by weight of 
said pack. 

3. A method as recited in claim 1 in which said dif 
fusion coating of said article to be coated is conducted 
in said cementation coating pack with said accelerator 
component included therein at a coating temperature at 
least about 200 F. lower than the same amount of the 
Same coating metal could be diffusion coated into the 
Same metal article without said accelerator component in 
Said pack. 

4. The method of claim 1, wherein said base metal 
article is a ferrous base metal. 

5. The method of claim 1, wherein said ferrous base 
metal is steel. 
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