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ABSTRACT OF THE DISCLOSURE 
An improved method for diffusion coating a metal, e.g. 

aluminum, into the surface of a base metal article, e.g. 
chromium-containing steel, by the pack cementation proc 
ess is provided which enables the use of cementation tem 
peratures as low as 750° to 775° F. In essence the method 
comprises, providing a cementation pack comprised of 
particulate coating metal (e.g. aluminum), the cementa 
tion pack having uniformly mixed therewith an amount of 
a dry cleansing and transport-inducing agent selected from 
the group consisting of metal halides and iodine (such as 
AlCl3) effective to promote the deposition of said coating 
metal at an elevated metal coating and diffusion tempera 
ture, the cleansing and transport-inducing agent being 
characterized by substantial vapor pressure when heated 
to above ambient temperature and below the metal coat 
ing and diffusion temperature. The base metal article is 
completely embedded into the cementation pack con?ned 
in a closed retort and the pack with the embedded article 
then subjected to a heating cycle by heating the pack to 
a metal coating and diffusion temperature at a rate char 
acterized by an endothermic arrest at a temperature below 
said metal coating and diffusion temperature, whereby 
substantial outgassing occurs during said endothermic 
arrest, and the heating to and at the metal coating and 
diffusion tempearture being then continued until the de 
sired coating thickness has been obtained. 

This application is a continuation-in-part of US. appli 
cation Ser. No. 878,596, ?led Nov. 21, 1969 now 
abandoned. 

This invention relates to the pack cementation diffusion 
coating of metals into the surface of metal articles, such 
as chromium-containing steels, embedded and heated in 
a diffusion coating pack, and more particularly, to tech 
niques and compositions whereby a cleansing and trans 
port-inducing agent is included in the pack to promote 
the diffusion of the coating metal from the pack into the 
surface of the articles being coated, the diffusion being 
greatly facilitated at a particular coating temperature 
and/or satisfactory diffusion coatings being obtained at 
coating temperatures lower than those normally required 
with conventional diffusion coating processes. 

THE FIELD OF THE INVENTION 

The diffusion coating processes to which the invention 
relates include those in which the metal articles to be 
coated and protected against corrosion, e.g. turbine vanes, 
shrouds and the like, are embedded in a powder pack 
which contains the coating metal (e.g. aluminum, chromi 
um, etc.), usually an inert ?ller (such as powdered 
alumina), and an energizer component (such as halide, 
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2 
e.g. NH4I) for aiding the transport or transfer of the coat 
ing metal from the powdered pack to the surface of the 
articles to be coated. The pack with the embedded articles 
is heated in a closed retort (usually in the partial absence 
of oxygen) to relatively high temperatures for a sufficient 
time to produce the diffusion of the coating metal into the 
surface of the articles to a desired depth. Such processes 
are employed to enhance the oxidation resistance of the 
articles at elevated temperatures and to enhance erosion 
and corrosion resistance for a variety of purposes and 
uses. The conventional pack cementation diffusion coating 
techniques may require that the coating step 'be prolonged 
for many hours, or for even more than a day, at relative 
ly high temperatures, usually in excess of 1200° F. and as 
high as 1800° F. to 2000° F., depending upon the particu 
lar metal substrate, the thickness of coating desired and 
other characteristics. 

THE PROBLEM CONFRONTING THE ART 

There are a variety of metals and alloys the physical or 
mechanical properties of which tend to be altered or ad 
versely affected when they are heated above, for example, 
1000“ F. for any reason. Examples of such metals or al_ 
loys are precipitation hardenable stainless steels, such as 
17-4PH (17% Cr, 4% Ni, 3% Cu, smaller amounts of 
Co, Mn, Si and the balance essentially iron), type 410 
(11.5 to 13.5% Cr, 1% Si max., 1% Mn max., 0.15 car 
bon max. and the balance essentially iron), and AMS 
5'616 (13% Cr, 2% Ni, 3% W and the balance es 
sentially iron), among many others. The tempering tem 
perature for the foregoing type of conventional precipita 
tion hardenable steels may range from 875° F. to 1150° 
F. As will be obviously apparent, diffusion coating tem 
peratures of over 1200° F. would have an adverse affect 
on the hardness of the steels to the extent of altering the 
physical properties and to the extent of the rendering the 
arciles unsuitable for use. 
As a more speci?c illustration of commercial articles in 

which maintenance of physical properties during environ 
mental use is an important and necessary requisite, atten 
tion is directed to certain components of the compressor 
portions of jet aircraft engines. These components are 
made of high strength steels so that they can withstand 
the tremendous mechanical stresses resulting from cen 
trifugal force, thermal shock, and vibrations at tempera~ 
tures which may range as high as about 850° F. and not 
exceeding 900° F. While such temperatures are not con 
sidered high when compared to the elevated temperatures 
(1600° F. to 1800"’ F.) to which superalloy aircraft com 
ponents are subjected, nevertheless the steel compressor 
components must be coated in order to protect the sub 
strate metal in highly saline environments which prevail 
when low ?ying aircraft operate at or near the seashore, 
the atmosphere of which may also include substantial 
amounts of sand and coral dust which tend to be highly 
erosive. Thus, by providing a surface diffusion coating of 
aluminum which produces an iron-aluminum intermetal 
lic compound on the steel substrate of the compressor com 
ponent which coating is galvanically sacri?cial and at the 
same time resistant to dust erosion and/or saline cor~ 
rosion, the component is capable of being used for rela 
tively prolonged periods of time, provided that the original 
physical properties have not been substantially adversely 
affected by the coating process. This is particularly im 
portant in the case of those components which are shot 
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peened in order to enhance their physical properties. As is 
well known, shot peening produces residual compressive 
loading into the metal surface which improves the high 
cycle fatigue performance of the components, and par 
ticularly enables the recovery of fatigue properties of pre 
viously corrosion damaged hardware. 
Now shot peening is effective only if subsequent proc 

essing temperatures do not relieve the required level of 
compressive stresses which may penetrate into the sur 
face to a depth of as much as ten thousandths of an 
inch. 
One method which has been proposed for lowering the 

metal coating and diffusion temperatures to desirable 
levels comprises mixing with the powdered cementation 
pack an accelerator component, preferably a metal which 
is substantially volatile at the coating temperature, such 
as cadmium, lead, tin and zinc. While the accelerator 
metal substantially facilitated diffusion coating at desir 
ably lower temperature, for example, temperatures in the 
neighborhood of about 900° F, it had certain drawbacks. 
The metals cadmium and lead presented the problem of 
toxicity and thus extreme caution had to be taken to avoid 
fumes from reaching the working environment. Another 
drawback resided in the fact that the accelerator metal, 
e.g. zinc, would tend to deposit out with the coating metal, 
despite the fact that that the coating material comprised 
substantially the coating. This is undesirable where opti 
mum resistance to corrosion and fatigue is required. ‘Thus, 
inhomogeniety in the ultimate coating had to be avoided. 
Another problem that presented itself, and this was 

true of the conventional techniques as well, and that is 
the fact that the particulate coating metal generally had 
to be extremely ?ne to assure the production of satisfac 
tory coatings from both the chemistry and thickness view 
points. 

However, the use of ?ne aluminum powder of mesh 
size minus 325 mesh with an average particle size of 15 
microns carried with it an explosion hazard because of the 
propensity of such powders of forming dust clouds when 
handled during packing and unpacking operations and 
which therefore tended to oxidize spontaneously and exo 
thermically and/or ignite. The US. Bureau of Mines 
rates such explosibility hazards as severe. The concen 
tration of the aluminum powder that produces such 
hazards is indicated as being approximately 0.04 oz. per 
cubic foot of air. Reducing the metal content the cemen— 
tation pack does not eliminate the problem. The explosi 
bility hazard is minimal when the particle size is greater 
than about 80 or 100 microns, e.g. greater than 200 or, 
more preferably 150 mesh. However, those skilled in the 
art prefer to use ?ne particles of high packing density to 
assure enhanced coating surface ?nish and improved 
throwing power. On the other hand, coarse metal coat 
ing particles does not provide such advantages but, on 
the contrary, the coating tends to be unsatisfactory. 

Summarizing the problem, it thus became apparent that 
a method was required for producing a galvanically sac 
ri?cial coating on steel substrates at temperatures below 
850° F. where compressive stresses introduced into the 
surface of the substrate by shot peening could be retained 
and also without adversely affecting the particular temper 
of the steel. 

It would be particularly desirable to provide a method 
which could utilize coarse non-explosive aluminum 
powder (e.g. plus 150 mesh) and provide an aluminum 
iron intermetallic coating which would be sacri?cial to 
the basis material and yet would not degrade in any way 
the fatigue properties of the basis metal. Obviously, to 
achieve the foregoing, the system would have to be one 
that will produce a clean coating-base metal interface. 

With the foregoing objects in mind, the invention will 
now be described in more detail, and other objects and 
advantages will be apparent from the following disclosure 
and the appended drawings, wherein: 
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4 
FIG. 1 is a plot showing the endurance limit in corroded 

and shot peened specimens after coating at 795° F. for 
42 hours using a cementation pack provided by the in 
vention containing 80% aluminum of —60+ 140 mesh 
screen size and 20% alumina, the pack containing about 
3% by Weight of dry aluminum chloride intimately mixed 
therewith; 

FIGS. 2, 2A and 2B are electron microprobe composi 
tional pro?le charts of a particular basis metal such as 
AMS 5616 steel treated in accordance with the invention 
showing the aluminum pro?le in the coating relative to 
the constituents of the steel substrate, the microprobe 
trace being determined across the coating and into the 
steel substrate, the aluminum coating being produced at 
795° F. for 38 hours; 
FIGS. 3, 3A and 3B is a similar electron microprobe 

pro?le chart obtained on aluminum coated AMS 5616 
steel produced in accordance with the invention at 875° F. 
showing an increase in the amount of aluminum by using 
a metal coating and diffusion temperature for 28 hours 
at 875° F.; and 

FIG. 4 is a time-temperature pro?le chart illustrating 
the effect of a relatively fast and a relatively slow heat 
up cycle on the production of aluminum coatings. 

STATEMENT OF THE INVENTION 

In its more preferred aspect, we provide an improved 
method for diffusion coating aluminum into the surface of 
chromium-containing steels by pack cementation wherein 
the steel article is embedded in a cementation pack and 
heated to an elevated metal coating and diffusion temper 
ature to effect diffusion of aluminum in the steel article, 
the diffusion temperature being advantageously below 
(but not limited thereto) that temperature which would 
be detrimental to the physical properties of the steel. The 
invention employs a cementation pack comprised of par 
ticulate aluminum, preferably though not limited to 
coarse aluminum powder, the cementation pack having 
uniformly mixed therewith an amount of dry aluminum 
chloride powder as a cleansing and transport-inducing 
agent effective to promote the deposition and diffusion of 
aluminum onto the steel article at the desirable metal 
coating and diffusion temperature. The aluminum chlo 
ride is characterized by substantial vapor pressure when 
heated to above ambient temperature and below the metal 
coating and diffusion temperature. The steel article is 
completely embedded into the cementation pack con?ned 
in a closed retort and the assembly subjected to a time 
temperature heating cycle in which the pack is brought 
up from ambient temperature to the desired metal coat 
ing and diffusion temperature, preferably below the tem 
perature which adversely affects the physical properties of 
steel, at a rate characterized by an endothermic arrest 
at a temperature below the metal coating and diffusion 
temperature, whereby substantial outgassing occurs dur 
ing the period of endothermic arrest, the heating being 
continued to and at the preferred temperature until the 
desired aluminum coating thickness has been obtained. 
The aforementioned preferred embodiment provides a 

pack cementation process with markedly improved activity 
at substantially lower temperatures than hereto possible 
by known methods. In essence, the process greatly de 
creases the incubation period which normally prevails 
in prior processes due to contamination of the metal sub 
strate by surface oxides, residues, and the like, and due 
also to the surface contamination (e.g. oxides) of the 
particulate coating metal itself. Thus, by employing the 
invention, the rate of transport of the coating metal at a 
given temperature from the pack source is greatly en 
hanced coincidentally with the elimination of the incuba 
tion period which is related to the removal of surface 
oxides, residues or other contaminants from both the 
surface of the substrate and the surfaces of the particulate 
coating metal in the pack, which contaminants on the 
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coating powder othewise inhibit the transport of the coat~ 
ing metal to the metal substrate, the contaminants on 
the metal substrate inhibiting diffusion. 

It is to this extent that the promoter added to the 
cementation pack is referred to as the cleansing and 
transport-inducing agent in that it provides a two-fold 
function in a one-step operation depending upon the heat 
ing rate employed. It is a cleansing agent in that during 
the endothermic arrest, large amounts of a halogen-con 
taining gas are evolved at substantially below the metal 
coating and diffusion temperature which cleanses the 
surfaces of the contaminants and thereby enhances the 
transport rate of the aluminum from the pack to the 
substrate and, when the desired diffusion temperature is 
reached, greatly enhances the diffusion rate of the alumi 
num into the already cleaned substrate of the steel article. 
Thus, in effect, the invention provides a self-cleaning pack 
composition which cleans the aluminum particles of 
oxide, organics etc., as well as clean (?ux) the surface 
of the steel of FeXO1_X and/or alloy oxides such as 
CrXO1_x etc. Cleaning of pack metal particles allows the 
use of larger particles of, for example, aluminum since 
the smaller available surface area of large particles rela 
tive to small particles is over compensated by the available 
active surface produced by the cleansing and transport 
inducing agent (e.g. AlCl3). 
The promoter is a transport-inducing agent in that it 

triggers and sustains the cycle of metal transport from 
the pack to the substrate. That is to say, the promoter, 
which may comprise other metal halides or even iodine, 
must be compatible to the extent of reacting with the 
clean aluminum and produce gaseous aluminum com 
pounds which are then transported to the clean metal 
substrate for diffusion thereinto. 

Thus, in its more broad aspects, the invention is appli 
cable to other metal substrates besides steel or ferrous 
alloys and to other coating metals besides aluminum, 
such as zinc, antimony, cadimum, etc. Broadly stated, the 
invention comprises providing a cementation pack com 
prised of particulate coating metal having mixed intimate 
ly therewith an amount of a dry cleansing and transport 
inducing agent selected from the group consisting of 
metal halides and iodine effective to promote the deposi 
tion of the coating metal at a desired elevated metal coat 
ing and diffusion temperature, the agent being character 
ized by substantial vapor pressure when heated to above 
ambient temperature and below the desired metal coating 
and diffusion temperature. The metal article is completely 
embedded into the cementation pack con?ned in a closed 
retort and the assembly then subjected to a heating cycle 
by heating the pack to the desired metal coating and dif 
fusion temperature at a rate characterized by an endo 
thermic arrest at a temperature below the metal coating 
and diffusion temperature, whereby substantial outgassing 
occurs during the endothermic arrest and the heating of 
the pack to and at the metal coating and diffusion tem 
perature continued until the desired coating thickness is 
obtained. 
We prefer that the metal component of the metal 

halide constituting the cleansing and transport-inducing 
agent be the same as the coating metal in the pack; how 
ever, the metal component of the agent need not be the 
same, as it may be desirable in some instances to deposit 
an alloy coating, that is the metal component from the 
cleansing and transport-inducing agent together with a 
different coating metal from the pack. 
As stated hereinabove, the process provided by the in 

vention is particularly advantageous in that relatively 
coarse particles of coating metal may be employed which 
avoid explosion hazards. However, it is not to be con 
strued that the invention cannot be employed with ?ner 
powders, such as —325 mesh aluminum, provided the 
necessary precautions are taken to avoid conditions which 
may cause explosions. Thus, while the pack has been 
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6 
stated as being essentially comprised of particulate coat 
ing metal, it is to be understood that the pack may com 
prise the coating metal itself (particularly where coarse 
particles are employed), or the pack may be a blend of 
the coating metal in major amounts with particulate inert 
material. The coating material as the major constituent 
of the pack may range from about 60% to 100% by 
weight and the balance essentially the inert material. 
Examples of inert material are alumina, thoria, calcia, 
zirconia and other stable and inert refractory oxides and 
mixtures thereof. 

While any particle size may be employed in the pack, 
we ?nd it advantageous for our purposes to work at 
particle sizes larger than 200 mesh, more preferably, above 
150 mesh, and generally from about —60 mesh to +150 
mesh. The inert material may have the same particle size 
range as the coating metal and, generally speaking, we 
prefer that both the coating metal and the inert material 
be coarse because of ease of handling, mixing, and the 
like. 

DETAILS OF THE INVENTION 

The more preferred aspects of the invention will be 
discussed relative to the use of aluminum chloride as the 
cleansing and transport-inducing agent in the production 
of aluminum coatings on a precipitation hardenable stain 
less steel, it being understood that what is said about 
aluminum coatings will hold generally for other metals, 
keeping in mind the usual variations that may have to be 
made to suit a particular coating metal. 

Tests conducted on a shot peened steel specimen of 
AMS 5616 steel (13% Cr, 2% Ni, 3% W and the balance 
essentially iron) indicated that the invention was partic 
ularly applicable to such steels without substantially ad 
versely affecting the compressive stresses induced by 
shot peening, thus maintaining the fatigue resistance level 
of the part and in some instances augmenting it to still 
higher levels because of the exceptionally good quality 
coating deposited on the steel part. In addition, the hard 
ness of the part was maintained at relatively the same 
level. 
One testing using aluminum chloride as the cleansing 

and transport-inducing agent revealed that a 795 ° F. for 
42 hours coating cycle provided retention of su?‘icient 
compressive stresses to sustain the same endurance limit 
as that shown by the compressively stressed specimens 
with no thermal treatment. Typical results are shown in 
FIG. 1. The desired properties of the coating were also 
obtained on type 410 stainless steel using the same time 
and temperature cycle. 

Referring to FIG. 1, a previously corroded test speci 
men (that is a specimen which had ‘been subjected to a 
salt spray test) exhibited the fatigue rating (about 50 
k.s.i.) illustrated by curve C. However, when the corroded 
specimen was shot peened, its fatigue rating was markedly 
improved to the level (about 80 k.s.i.) shown by curve 
B. On the other hand, when the shot peened steel part 
was coated with aluminum in accordance with the inven 
tion, the quality of the coating as well as the substrate 
upon which it was deposited was so markedly improved 
that the fatigue rating was augmented to the still higher 
level of about 90 k.s.i. (Note curve A.) 

In carrying out the process, it was found that the alu 
minum content of the pack could be varied from 100% 
to 60% and, when less than 100% metal content is em_ 
ployed in the pack, aluminum oxide is selected as the in 
ert material. Preferably, the oxide has a mesh size which 
is similar to the metal particles, for example, —60 to 
+140, but it has been found that the --325 mesh alumi 
num oxide can also be used. The aluminum chloride is 
added to the pack in the range of about 1 to 3%, although 
up to about 5% can be employed. Processing of the coat 
ing compound is preferably carried out under humidity 
control conditions with a relative humidity less than 60% 
or, more advantageously, 45% or lower employed to pre 
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vent undesirable reaction with moisture. Freshly blended 
powder is preferably burnt out prior to being used for the 
coating cycle. 
The burn-out cycle is accomplished by heating the pack 

comprising aluminum, aluminum oxide, aluminum chlo 
ride powders in a retort for times suf?cient to expel any 
residual moisture in the aluminum or aluminum oxide. 
This drying may be effected at about 795 to 900° F. for 
times of 12 hours or longer. The burnt out powder or a 
previously used batch of powder can then be used for 
coating by simply adding dry aluminum chloride to it. 
Metal retorts of steel or aluminum are used to hold the 
powder and the parts are completely embedded in the 
coating compound. The retort is covered with a lid and 
a gasket of asbestos or multiple layers of aluminum foil 
is used to effect a seal between the lid and the retort body, 
the seal being su?icient to keep out air but permit the 
outgassing of generated halogen-containing gases. Shot 
peened hardware or items requiring minimal coating 
buildup can be processed at 795° F. for times of 38 hours. 
The chemical pro?le (electron microprobe trace) of a 
13% Cr steel (AMS 5616) coated in this manner is shown 
in FIGS. 2, 2A and 2B. In cases where a thicker case depth 
is sought and no consideration need be given to shot 
peening, a satisfactory coating cycle has been found to 
be 875° F. for 28 hours. The resulting chemistry of the 
iron-aluminum intermetallic as determined by the electron 
microprobe is shown in FIGS. 3, 3A and 3B. 
Upon completion of the coating cycle, the retorts are 

removed and cooled in an area free of moisture. When 
the coated parts are unpacked, any adhering powder is 
immediately blown o?' or rinsed off with water to prevent 
the possibility of reactions between the compound and the 
coating in the presence of moisture. 

Referring to the chemical pro?le of FIGS. 2, 2A and 
23, it will be noted that a coating thickness of about 
three-quarters of a thousandth of an inch containing a 
peak amount of about 54.6% aluminum is produced at 
the relatively low temperature of about 795° F. for 38 
hours. In preparing the specimen for the electron micro 
probe analysis, a cross-sectional piece of the coating and 
substrate is cut from the specimen and the coated face 
side plated with nickel. The electron beam trace is made 
over a span of 0.001 inch from the substrate side to the 
nickel plate interface as shown graphically at the top 
of the drawing. As will be noted, the chromium level in 
the coating has dropped from 14.5% to about 6.8% chro 
mium due to the diluting effect of the diffused aluminum. 

In FIG. 2A, the iron level in the same piece has dropped 
from 82.3% to 39.8% iron in the coating. In FIG. 2B, 
the coating retained the level of 2% nickel present in the 
substrate steel. 
As stated hereinabove, higher levels of aluminum are 

obtainable at higher temperatures as illustrated in FIGS. 
3, 3A and 3B. As will be noted, when the coating was 
produced on AMS 5616 steel at 875° F. for 28 hours, 
a coating thickness of approximately 0.001 inch was ob 
tained containing a peak amount of aluminum of about 
60.3%, the chromium content in the steel of 14.3% being 
diluted in the coating to a level of about 5.8% chromium, 
the nickel being diluted from 1.9% to 1% (FIG. 3A), 
and the iron from 82.6% to 34.8% (FIG. 3B). The coat 
ing obtained was of particular high quality, considering 
that the temperature of 875° F. employed is still sub 
stantially below the temperatures employed in the more 
conventional cementation packs. This markedly improved 
result is due to the self-cleaning characteristics of the pack. 
As stated hereinbefore, by assuring an endothermic 

arrest during the heating up cycle, whereby outgassing of 
a halogen-containing gas occurs below the metal coating 
and diffusion temperature, the coating metal particles and 
the steel substrate are cleaned so that when the desired 
temperature is reached, ef?cient transport of the coating 
metal and diffusion into the substrate occurs with im 
proved ease. By endothermic arrest is meant that condi 

10 

20 

25 

35 

40 

45 

50 

70 

tion that obtains when the rate of temperature rise is 
arrested or decreased due to the absorption of heat energy 
by virtue of the latent heat of vaporization of the cleans 
ing and transport-inducing agent, e.g. aluminum chloride. 
When aluminum chloride is used as the active agent, 

the following system behavior has been observed. As the 
dry mixture of aluminum, aluminum oxide and aluminum 
chloride is heated to the desired coating temperature, a 
pronounced outgassing is observed at 350° F. This closely 
corresponds to the melting point or the sublimation tem 
perature of AlCl3 which are 374.4° F. and 356.4” K, 
respectively. During outgassing, vast quantities of a halo 
gen-containing gaseous product under considerable pres 
sure are released from the retort through the gasket. Pres 
sure within the retort, which is not designed speci?cally 
to contain the gas, has been measured as high as ?ve 
pounds. This will be understood when it is realized that 
pressures of 2 atmospheres at 370° F. have been reported 
as the vapor pressure of aluminum chloride. Continued 
heating results in a decrease and ?nally, an absence of 
this gaseous product which has been determined to be 
obstensibly hydrogen chloride. 
During the period when vapors are being expelled, a 

very ?ne residue is observed to form on the outer walls 
of the retort. This has been sampled and determined by 
spectrographic examination to be predominately alumi 
num or a compound of aluminum plus other trace ele 
ments. The insolubility of the product in acids, and sub 
sequent X-ray diffraction studies have established that 
the aluminum compound is most probably aluminum 
oxide. A complete spectrographic analysis of the residue 
appears to indicate that the trace elements may be metal 
removed from the metal substrate due to an etching ac 
tion of aluminum chloride as is indicated by the follow 
ing comparison of the trace elements found in the residue 
and actual elements present in the AMS 5616 substrate. 

Trace Elements Found 
'by Spectrographic Elements present 
Analysis in AMS 5616 

Manganese Manganese 
Silicon Silicon 
____ _ _ Phosphorous 

____ _ .. Sulphur 

Chromium Chromium 
Nickel Nickel 
____ _ _ Molybdenum 

____ __ Tungsten 

Aluminum Aluminum 
Copper Copper 
Tin Tin 
Iron Iron 

This would probably explain why the fatigue resistance 
of the shot peened steel part is further improved as shown 
in the plot of FIG. 1. It is believed that the aluminum 
chloride aids chemically in removing discontinuities, small 
notches, and the like from the surface of the substrate 
which can and are known to produce adverse effects 
on the fatigue life of the steel part in actual service. 
The endothermic arrest E in the case of aluminum 

chloride is shown in FIG. 4 to occur at approximately 
350° F. from about 1 to 2 hours from the initiation 
of the heating cycle, another arrest occurring at about 
735° F., both arrests occurring below the metal coating 
and diffusion temperature. By advantageously starting 
the heating cycle by placing the charged retort in a cold 
furnace, the desired heating rate is assured for taking 
full advantage of the endothermic arrest in a one-step 
coating process. Generally, with the more conventional 
high temperature cementation packs, it is not uncommon 
to place a charged retort into a hot furnace in order 
to speed up the production rate. 
FIG. 4 shows the comparison of heat up rates for a 

retort placed in a cold furnace then raised to tempera 
ture and a retort placed into a furnace already heated 
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to the desired temperature. The greater heat capacity of 
the hotter furnace produced a condition where the tem 
perature arrest at 350° F. was either eliminated or sup 
pressed (note curve F). This undesirable condition is 
considered to be the result of excessive decomposition 
of the aluminum chloride to products including alumi 
num oxide. The importance of this arrest at 350° F. in 
terms of the coating produced has been con?rmed by 
metallographic sectioning of specimens. Fast heat up pro 
duced minimal case depth due to improper cleaning, 
whereas, a satisfactory coating thickness resulted when 
the retort was heated up at a slower rate. 

It will be clearly apparent from FIG. 4 that the heat 
ing cycle of dotted curve F from ambient temperature 
to about 300° F. corresponds substantially to a heating 
rate of about 16° F. per minute, at which rate the endo 
thermic arrest was completely suppressed or rendered 
ineffective. On the other hand, the heating cycle of the 
solid curve within the invention exhibits a slower heating 
rate from ambient temperature to 300° F. of about 6.5“ 
F. per minute to produce an effective endothermic arrest 
E having a dwell time of approximately 35 to 45 minutes. 
The dwell period of the endothermic arrest at substan 

tially the sublimation temperature should be su?icient to 
allow for cleaning of the part to be coated before the 
part reaches the predetermined coating temperature (e.g. 
750° F. to 900° F.). Thus, the dwell period of the endo 
thermic arrest at the sublimation temperature should 
preferably be over about 15 minutes. Generally, an ade 
quate dwell period is obtained at heating rates from 
ambient temperature to 300° or 350° F. of below about 
8° F. per minute. Heating rates of over 9° R, such as 
16° F. and 32° F. per minute, have been observed to 
cause suppression of the endothermic arrest for the pur 
pose of the invention. 
The necessary aluminum chloride addition to the pack 

has been found to range from about 1% and up to about 
5%. The reuse of the coating compound only requires 
an aluminum chloride addition. The 1% aluminum chlo 
ride level is a preferred minimum requirement, but 2% 
is normally employed. 
The mechanisms which are believed to explain the 

effect of the aluminum chloride in production of alumi 
num coatings are as follows, it being understood we are 
not to be held to this explanation: 
The aluminum chloride has three functions in the 

pack. The ?rst involves the cleaning action which takes 
place on the surface to be coated on the aluminum pow 
der surface and also on the walls of the container hold 
ing the pack. This reaction is dependent on the avail 
ability of dry compound and dry aluminum chloride. In 
the case where quantities of moisture are present, un 
desirable room temperature reactions will occur which 
involve the generation of hydrochloric acids, the forma 
tion of hydrogen chloride vapors, or hydrolysis to a 
basic aluminum chloride compound. The effectiveness of 
the chloride cleaning is especially important when coating 
temperatures are to be in the region of 800° F. and is 
a function of the action obtained during the heat up 
cycle 'in the 350° F. region. This corresponds to the 
melting point or volatilization temperature of the cleans 
ing and transport-inducing agent. In this case, it is be 
lieved that the AlCla removes metal surface layers even 
from 13% chromium steels. In this way, it is possible 
to prepare the surface of chromium bearing steels for 
the subsequent coating cycle. Surface contamination in 
many cases is also removed in the form of distillates by 
the reaction with the aluminum chloride. Further evi 
dence of the cleaning action was obtained by comparing 
the coating extent, as a function of heat-up rate. One 
retort was placed in the furnace and given a normal 
heat up rate while a second retort was placed in a fur 
nace where the heat up rate was at least twice as slow 
as the ?rst. 
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10 
All other conditions were identical. The arrest in the 

heat up rate, as indicated in FIG. 4, was noted only for 
the slowly heated retort. After the coating cycle, weight 
gains were all greater for the slow cycle. The results are 
listed below: 

Slow heat Fast heat 
up, wt up, wt 
gained, gained, 

Specimens mgJcm.z rug/cm.2 

AMS 5616 compressor blade _______________ __ 2. 35 2. 00 
Vane (AMS 5508) ___________ .._ _ 1. 84 0. 85 
Tab (AMS 5508)---. _ 1. 63 1. 24 
AMS 6304 slug (1) 3. 99 3. 26 
AMS 6304 slug (2)- - 4. 19 3. 33 
AMS 6304 slug (3) _____ __ 3. 95 3. 32 
AMS 5616 compressor bla 3. 43 1. 47 
AMS 5616 compressor blade___ 3. 38 1. 86 

The foregoing effect can be explained by the ei?cient 
cleaning available because of the prolonged time the chlo 
ride vapors were available from the sublimation and‘ 
melting process at below the metal coating and diffusion 
temperature. In cases where the heat-up rate was too rapid. 
only a partial cleaning resulted, and this was re?ected 
in the lower coating thickness obtained. The importance 
of the cleaning action is especially of prime consideration 
in 13% chromium steels and other alloys which form pas 
sive layers when exposed to air. This layer must be re 
moved to provide a fully compatible surface for coating. 
The absence of passive layers in chromium free steels 
allows substantial coating thicknesses to be formed in 
comparison to stainless materials in which the passive 
layer inhibits metal diffusion. 
The cleaning activity of the pack was also substantiated 

by studying the effects of various additions. Urea 
NHZCONHZ which decomposes to form an ammonia and 
a carbon dioxide atmosphere completely inhibited the 
coating process and a dark discolored surface resulted. 
Ammonium chloride also eliminated the formation of 
the coating. 

Indications are that numerous reactions occur in the 
aluminum coating process. A number of these are listed 
below but other chemical processes may be signi?cant. 
For example, the distillates formed by aluminum chlo 
ride, oils and residues on the surface of the steels may 
strongly in?uence coating. 
Any moisture present on the compound Will tend to 

form the hydrated chloride which is believed to undergo 
decomposition as follows: AlCl3.6H2O decomposing to 
aluminum oxide and hydrochloric acid. The compound 
‘in the pack will undergo reactions as it is heated up to 
ward the sublimation temperature. The main one is be 
lieved to involve the moisture present and aluminum chlo~ 
ride as follows: 

Too rapid a heat up rate of the aluminum chloride 
will tend to produce excessive decomposition to HCl and 
the A1203 products. 
The desired reactions can be described as follows: 

Al2Cl6l+H2O+Oxygen giving products of the oxy-chlo 
ride type [AlOCl] plus aluminum oxide and hydrogen 
chloride. The oxide formed will depend on the available 
oxygen and may initially be of the A10, A120 form but, 
because of the oxygen level in the pack, A1203 will be the 
the ?nal product. A compound analogous to HAlCl4 may 
probably also exist. 
As the temperature of 825° F. is approached the dimer 

chloride will decompose to the monomer. This reaction is 

335°F 
AlzCls ———> 2A1C1a 

At the coating temperatures, the aluminum vapor coating 
potential is derived from the following reactions: 

HzO 
AlClg -—> A101 + ZHCI 
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The aluminum chloride AlCl will react in the presence 
of the aluminum particles to give the following coating 
potential: 

A1 (pack) Vapor 
zAlCl ;: 2Al + T on 

As will be apparent from the foregoing description, the 
explosibility hazard occasioned by the use of fine (—325 
mesh) aluminum particles in the conventional pack ce 
mentation process can be eliminated by using coarse par 
ticles. The advantage of using a relatively coarse powder 
pack is that the powder charge is free ?owing and allows 
the coating of complex shaped parts by eliminating pack 
ing difficulties. This is particularly true in the case of a 
vane and shroud assembly having a plurality of narrow 
channels. 

‘While the invention has been described with speci?c 
reference to aluminum chloride, it will be apparent that 
numerous other cleansing and transport-inducing agents 
can be employed. The following systems were tested using 
a pack mixture containing 90% Al and 10% aluminum 
oxide to which were added separately 2% by weight of 
the pack one of each of the following: 

Bismuth triiodide 
Bismuth chloride 
Ferric chloride 
Nickel iodide 
Titanium tetraiodide 

Aluminum chloride 
Aluminum bromide 
Aluminum iodide 
Cadmium iodide 
Cobalt chloride 
Nickelous chloride Tungsten hexachloride 
Lead iodide Trichloracetic acid 
Cadmium chloride MgO 
Iodine Ammonium bromide 
Ammonium chloride Ammonium iodide 
Aluminum chloride (hydrated) 

These systems were studied to determine the potential 
activity of each system at 900° F. for 24 hours. It was 
found that suitable coatings were produced on substan 
tially all of the promoters except MgO, NH4Cl, 
AlClgXHzO, NH4Br and NH4I. It was observed that with 
all of the successful promoters, large volumes of gaseous 
products were evolved even though O-rings and ceramic 
cements were used to contain the atmosphere within the 
retort. 

Examples of other halides are TiBr4, TiCl4, WCl4, 
WBI‘5, WBI‘qE, W14, etc. 

Illustrative examples of the invention are as follows: 

Example 1 

About 800 lbs. of —-60+140 mesh aluminum is mixed 
with 200 lbs. of A1203 of also ——63+140 mesh size. To the 
1,000 lbs. of pack of material, 30 lbs. of dry AlCla, is added 
under a humidity not exceeding 45 %. Generally, the 
humidity for packs should be less than 60% and, most 
advantageously, below 45 %. 
The pack is mixed in a vibrating blender for from about 

5 to 10 minutes. If the charge is a fresh charge, it is sub 
jected to burn-out at 795~825° F. for 36 hours. However, 
if the charge has been previously used, burn-out is not 
required. The pack is placed in a dry condition in an alu 
minum lined retort with the parts to be treated, such as 
compressor blades (e.g. AMS 5616 steel), completely 
embedded in the pack. The cover is sealed to the retort 
body with multiple layers of aluminum foil in the form 
of a gasket su?icient to prevent air from getting in but 
to allow outgassing of gaseous by-products. 
The retort is placed in an oven at ambient temperature 

and the temperature allowed to rise to the desired coat~ 
ing temperature by the application of heat. As the tem 
perature rises, it goes through an endothermic arrest at 
about 350° F. and then allowed to reach a range of about 
795—825‘‘ F. and the retort maintained at substantially 
that temperature range for about 36 hours. 
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12 
Upon completion of the heating cycle, the retort is 

removed from the oven and allowed to cool approximate 
ly 400° B, after which it is placed in a dry environment 
for cooling to ambient temperature. 
The cooled retort is then placed in a humidity control 

cabinet the cover removed and the parts removed from 
the cementation pack. The parts are then cleaned of ad 
hering coating compound by blowing with dry air and im 
mersed in water to remove fine dust and other residues. 
The compressor blades exhibited a very clean deposit of 
aluminum. 

Example 2 
The method of Example 1 is repeated except that steel 

parts made of 17-4PH stainless (17% Cr, 4% Ni, 3% Cu 
and the balance essentially iron) are coated with zinc. The 
pack is carefully prepared as described in Example 1 ex 
cept that it is comprised of 60% by weight of —40+140 
mesh zinc, 40% by weight of A1203 to which is added and 
blended dry zinc chloride in an amount of 3% by weight 
of the foregoing pack composition. Substantially the same 
heating cycle is employed as Example 1 except that the 
retort is maintained at a temperature of about 775° F. 
for about 24 hours. The steel part produced in this man 
ner will have a uniform and clean coating of zinc cover 
ing the surface thereof. 

Example 3 

Managing steels have excellent high strength in the age 
hardened condition. A nominal composition of one such 
steel is 18.5% Ni, 8.5% Co, 3.5% Mo, 0.03% C, 0.25% 
Ti, 0.15% Al and the balance essentially iron. This steel 
is substantially fully hardened by heating it at a tem 
perature of about 900° F. for about 3 to 6 hours. Un 
fortunately, the steel does not have desirable resistance 
to oxidation at elevated temperatures. The method of the 
invention may be employed using an aluminum-A1203 
pack of the type described in Example 1 except that 3% 
by weight of dry ferric chloride is added to the pack as 
the cleansing and transport-inducing agent. The same 
heating cycle as that of Example 1 is employed except that 
the part is heated to 850° F. and maintained at that tem 
perature for about 36 hours. This process produces a uni 
form coating comprised substantially of aluminum which 
markedly improves the resistance of the maraging steels 
to temperatures of up to 900° F. while maintaining sub 
stantially its original hardness. 

Example 4 

Heat resisting alloy articles may likewise be treated by 
the invention. A nickel-base superalloy known by the 
trademark Inco 700 containing 45% Ni, 15% Cr, 30% 
Co, 3% M0, 3.2% A1, 2.2% Ti, 1% Fe, 0.13% C and 
the balance residuals, such as Mn, Si, etc., is illustrative 
of such alloys that can be treated. Using the same heating 
cycle of Example 1 and the same cementation pack com 
position, an adherent aluminum coating may be produced 
using a ?nal temperature of 1100° F. for 24 hours. 
One of the advantages of the invention is that the ce 

mentation pack may be stored under conditions of rela 
tively low humidity, e.g. below 60% or 45% humidity 
in plastic bags. One such composition comprises 60 to 
100% aluminum, and the balance alumina over a particle 
size range of —60 to +150 mesh, the dry aluminum chlo 
ride added to the mixture ranging from about 1% to 5% 
by weight of the pack. 

While the invention has been particularly described 
with respect to protecting chromium~containing steels, such 
steels may contain about 5 to 25% chromium, up to about 
5% tungsten, up to about 5% nickel, up to about 4% 
copper, up to about 3% aluminum, up to about 2% titani 
um, and the balance essentially iron, and include, in par 
ticular, precipitation hardenable chromium-containing 
stainless steels. It will also be appreciated that the inven 
tion may be employed on iron-base, nickel-base and co 
balt-base alloys, refractory metals, such as tungsten, mo 
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lybdenum, titanium, and the like. The term metal base 
or base metal article is meant to include the foregoing 
metals and alloys. 
As has been pointed out herein‘before, a particular ad 

vantage of the invention is the relatively low tempera 
ture range over which high quality coatings can be 
achieved. Such low coating temperatures can range from 
about 750° F. to 900° F., and, more advantageously, from 
about 775° F. to 850°F. Examples of coating metals 
which may be employed in caring out the invention in 
addition to aluminum are ‘Cd, Zn, Sb, Cu, Fe, Mn and In, 
among others. 

It will be understood that while the invention has been 
described in its details, speci?cally with reference to pre 
ferred embodiments thereof, changes and modi?cations 
can be made without departing from the spirit and scope 
of the invention. 
For example, the invention provides as one of its em 

bodiments, a metal product characterized by improved re 
sistance to failure by fatigue coupled with improved re 
sistance to corrosion and oxidation. As has been stated 
herein, the invention is particularly applicable to the pro 
duction of structural elements or components made of 
chromium-containing steels for aircraft, which elements 
in service are subjected to thermal shock, vibration, cen 
trifugal force, and the like, at temperatures of upwards 
of 850° F. or 900” F. Examples of structural elements 
produced from chromium-containing steels are turbine 
vanes, shrouds, compressor blades, casings, and the like. 
In order to insure adequate resistance to failure by fatigue, 
the elements are shot peened to build up compressive 
stresses in the substrate. As pointed out in FIG. 1, shot 
peening has a marked effect on upgrading the resistance 
of structural elements to fatigue, even where the ele 
ment in use has already been corroded by the environ 
ment as illustrated by curve C of FIG. 1. As will be noted, 
shot peening upgrades the fatigue resistance to the marked 
1y high level of curve B, which resistance is further op 
timized by thermally coating the substrate with aluminum 
as shown by curve A due to the cleaning action of the 
aluminum coating process, particularly in providing a 
clean interface between the substrate and the coating. 
Thus, the invention enables reworking and upgrading pre 
vrously used structural elements and parts, such as com 
pressor blades, nozzle vane shrouds, etc., to the extent 
that they compare favorably in properties to new parts. 
Thus, summarizing the foregoing, the invention provides 
as an article of manufacture, a thermally aluminum 
coated structural element of chromium-containing steel 
having a coating comprising a heat diffused layer of alu 
minum 1n the substrate thereof, said substrate being char 
acterized by compressize stresses introduced by shot peen 
mg, the compressive stresses at the substrate, which may 
extend up to about 0.01 inch in depth, together with the 
overlying diffused layer of aluminum, providing improved 
resistance to fatigue coupled with improved resistance to 
corrosion and oxidation at temperatures up to about 850° 
F. or 900° F. 

Although the present invention has been described in 
COIIJUDCUOII with preferred embodiments, it is to be un 
derstood that modi?cations and variations may be resorted 
to without departing from the spirit and scope of the in 
vention as those skilled in the art will readily understand. 
Such modi?cations and variations are considered to be 
within the purview and scope of the invention and the 
appended claims. 
What is claimed is: 
1. In a method for diffusion coating aluminum into the 

surface of a chromium-containing steel article by pack 
cementation, wherein the article is embedded in a ce 
mentation pack and heated to an elevated temperature to 
effect diffusion of aluminum in the steel article, the im 
provement of diffusion coating said article at a temper 
ature being below the temperature which is detrimental 
to the physical properties of said steel which comprises, 
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providing a cementation pack comprised of particulate 
aluminum, said cementation pack having uniformly mixed 
therewith an amount of dry aluminum chloride as a 
cleansing and transport-inducing‘ agent e?ective to pro 
mote the deposition of aluminum on said article at said 
elevated metal coating and diffusion temperature, said 
aluminum chloride being characterized by substantial 
vapor pressure when heated to its sublimation temperature 
below said metal coating and diffusion temperature, com 
pletely embedding the steel article into the cementation 
pack con?ned in a retort maintained at a relative humid 
ity not exceeding about ‘60%, subjecting said pack and 
the embedded article to a heating cycle by heating said 
pack to said metal coating and diffusion temperature at 
a rate to produce an endothermic arrest at substantially 
said sublimation temperature for a period of over about 
15 minutes effective to clean the surface of said article, 
with substantial outgassing occurring during said endo 
thermic arrest, and continuing said heating to and at said 
metal coating and diffusion temperature in the range of 
about 750° F. to 900° F. until the desired aluminum coat 
ing thickness has been obtained. 

2. The method of claim 1, wherein the pack contains 
by weight about 1% to 5% of dry aluminum chloride. 

3. The method of claim 2, wherein the pack to which 
the aluminum chloride is added contains about 60% to 
100% aluminum and the balance a stable inert refractory 
oxide. 

4. The method of claim 3, wherein the inert material is 
alumina, and wherein the particle size of the pack mate 
rial exceeds 200‘ mesh. 

5. The method of claim 4, wherein the particle size of 
the pack material ranges from about -—60 mesh to +150 
mesh. 

6. A method of diffusion coating aluminum into the 
surface of a steel article at a temperature below the tem 
perature which is detrimental to the physical properties 
of said steel which comprises, embedding said article in 
a pack comprised of particulate aluminum having mixed 
therewith about 1% to 5% dry aluminum chloride, said 
pack being maintained at a relative humidity not exceed 
ing about 60%, subjecting said pack and article con?ned 
in a retort to heating in which the con?ned pack is held 
at substantially the sublimation temperature of the alu 
minum chloride for a period of over about 15 minutes 
effective to clean the surface of said article, and continu 
ing said heating to and at a predetermined metal coating 
and diffusion temperature in the range of about 750° F. 
to 900° F. until the desired aluminum coating thickness 
has been obtained. 

7. A method of diffusion coating aluminum into the 
surface of a steel article at a temperature below the tem 
perature which is detrimental to the physical properties 
of said steel which comprises, 

providing a cementation pack comprised at particulate 
aluminum having a dryness corresponding to a rela 
tive humidity of less than 60%, 

mixing with said pack an amount of dry aluminum chlo 
ride maintained at a dryness also corresponding to 
a relative humidity of less than 60% effective to pro 
mote the deposition of aluminum on said steel article, 

completely embedding said steel article within said pack 
in a sealed retort while maintaining said pack at a 
relative humidity below 60%, 

subjecting said pack and article con?ned in said sealed 
retort to heating in which the con?ned pack is held 
at substantially the sublimation temperature of the 
aluminum chloride for a time effective to clean the 
surface of said article, 

and then continuing said heating to and at a diffusion 
temperature in the range of about 750° F. to 900° F. 
until the desired aluminum coating thickness has 
been obtained. 

(References on following page) 
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