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ABSTRACT

This report is to be used as a guide to Alr Force Contractors in the selection
of surface treatments of low alloy steels for corrosion and oxidation resistance at
a minimum expense in critical materials. Forty metallic and nineteen paint types of
heat resistant coatings applicable to plain carbon and low alloy steels are describ-
ed and evaluated, Relative temperature, corrosion and gbrasion resistances are given,
Effects on base metal, formability of coated steel, weldability, joining character-
istics and costs per square foot of surface coated are shown. A brief description
is given of the processes used for applying and the nature of each of the coatings,.
Available information and sources of supply are given.

The scope of the protective treatments field is too broad to include all coat-
ings; however, as many coatings were covered as possible. Further, because of the
apecialized applications involving combinations of elevated temperatures and cor-
rogive enviromments mentioned in this report, many treatments were evaluated in
applications for which they were not intended, Therefore it is not to be assumed
that the results tabulated herein are equally valid for other appliecations or con=
ditions of test.
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Teehnical Director
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CHAPTER I
INTRODUCTION

Throughout the history of the aircraft industry, the use
of carbon and low alloy steels for alrframes, accessories and
conventional pilston engines has been both successful and extenaive,
at least until relatively recent times. With the introductilon of
gas turbine and jet powered alrcraft, there have been many new
material problems, particularly 1n connectlon with heat resistance,
and there has been an understandable tendency to find solutions in
the highly alloyed steels, the nickel and cobalt base alloys, and
other rich and expensive materlals.

Past experience indicates that something less than
complete Qbjectivity is sometimes shown in the selectlon of materials,
Procurement, production, engineering efficiency and other consider=
ations warrant materlal standardization to the greatest possible
extent, but standardization rarely Jjustifles the use of materials
of excess coat nor can it justify the use of materials actually or
potentially in short supply.

The development of the highly heat resistant and corrosilon
resistant alloys &as been and continues to be a fine tribute to
metallurglcal science. As far as 1s known today, the high-
performance turbine engines would not be iIn existence 1f the so-
called super alloys had not been available for certain of the
components. Alloys capable of withstanding even higher temperatures
are apparently necessary for future engines. All parts are not
exposed to the most severe conditions, however. Temperature and
corrosion condltions vary considerably and there are many places
where a "second look" should be taken to determine if a super alloy
is actually needed.

Conservation of some of the strateglc metals used as
ingredients in the rich alloys 1s, of course, 2 prime reason for
careful examination of requirements. Many manufacturers are highly
cooperative in this regard. The recent development of lean alloy
steels containing tiltanium and boron which have good strength
characteristics at 1200°F is quite timely. Such steels should
prove attractive alternates for the more critical ones for a number
of applications.

In general, the use of carbon and low alloy steels
whenever posaible 1z good engineering, not only from &n original
cost standpolnt, but as a matter of manufacturlng satisfactoriness
and serviceability as well. Carbon and low alloy steels are rarely
"iricky” materials. The general knowledge that thelr forming,
welding, machining and other characteristics are often superior to
those of the highly alloyed steels merits repetition. Embrittliement
at moderately high temperatures 1s rarely & problem.

Tt 1s a well known fact that the carbon and low alloy
steels require surface protection 1f exposure to corrosion or
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oxidizing environments is expected durlng service. For many years
a8 relatively brief 1ist of finishes, such as cadmium plating, zinc
chromate primers and the spar varnish base enamels were adequate
for a large percentage of the applications. Today, the need and
the list of available finishes is considerably larger.

Several ceramic coatings have been developed during the
past few years by various independent and government agencles.
These ceramlc coatings are being exploited at length for poasible
use in aircraft engine parts. While ceramic coatings have their
place, 1t 1s felt that a number of other types of coatings are more
useful for certain applications than ceramic coatlngs. No one
universal coating suitable for all base materials for all types of
service should be expected., Where the coating 1s expected to come
In contact with the products of combustion of fuels containing
tetraethyl lead, there is need for g coating which will be resistant
to the lead compounds and to the bromine and bromide compounds
present. Where the conditions are severely oxidizing, 1t is necessary
that the coating system be one which will resist these oxldizing
conditions and at the same time be impervious sc that the base metal
underneath will be protected. Whers high velocities of gases are
éncountered, it is necessary that the coating have adequate resistance
to the erosive action which occurs.,

Where the coating 1s to be used on plain carbon or low
alloy steels, it is obvious that the coating need not be wvesistant
to higher temperatures than that at which guch low alloy or plain
carbon gteels can e used. Engine parts which reach operating
temperatures of 1400 or-1500°F and above, must be made of materials
which will have adequate physical properties at these elevated
temperatures. The ordinary low alloy and blaln carbon stesls gre
entirely too soft at such temperatures. In the lower temperature
field, that is in the range of temperatures from 400 to 1200°F, there
are numerous parts of aircrafst engines which are currently made of
stainless or high alloy materials becayse of the need for resistance
to oxidation, corrosion and erosion within this temperature range.
In this fleld of temperatures, a low alloy steel or plain carbon
Steel might be used if a suitable surface treatment could be found
and applied to it.

Any coating used in the manner indicated above for
protection against oxidation and corrosion at slightly elevated
temperatures must glso be resistant to failures as g result of
temperature changes, expansion and contraction, mechanical shock
and vibration in service. In some parts, the fabrication problem
requires that the coating be applied gfter the part is fabricated,
In these cases, the coating must be capable of being applied to
the surfaces which must be protected and must be applied in g
practical and economical fashion.

Under a research and development contract with the Air
Forces, Sam Tour & Co., Inc. gathered the materisl necessary for
the preparation of this manual on "Surface Treatments of Low Alloy
Steels" for the purpose of reducing the content of nickel and
other critical metals in engine and airecraft components.
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The manual 1s intended to be used as a gulde to Alr Force
Contractors in the selection of surface treatments of low alloy
steels for corrosion and oxidation resistance. It is, therefore, 8
compilation of information and data. It includes general descrip=-
tions of techniques, analysis of tempersture ranges to which each
technique 1s applicable, cost and life limitations of each treatment,
possibilities of treatment of assemblies, formablility and weldability
of materials treated before assembly. Also, it includes lists of
sources or facilitles where each of the surface treatments can be
gaccomplished,

The manual glso includes an analysis and evaluatlion of all
data and observations with particular reference to optimum applica-
bility of the various treatments and technlques and theilr present
and potentisl future use and distributlion in industry.

The survey is comprehensive with respect to types of
coatings. Particular emphasis is placed on aluminum coatings, nickel
coatings, diffusion coatings (siliconlzing, chromizing), miscellane-
ous metallic coatings and certain heat resistant paints. Ceramic
coatings are beyond the scope of the manual.

In the gathering of the above information, many manufactur-
ers of eirplanes, engines, engine components, heat exchangers and
related equipment were visited., Also, visits were made to facilities
for surface treatment of steel and to laboratories conducting
research on evaluation of surface treatments.

One of the principal problems encountered in connectilon

with the gathering end tabulating of the information contalned 1in
this manual was that of obtaining corroborative information in the
form of service verification of the numerous clalms made for many
of the coatings studied. Many over optimistic statements and much
wishful thinking of proponents and of sales literature in connection
with some products and some surface coatlng processes were not
confirmed by industry service performance data. In many cases the
claimants referred to specific users and when those specific users
were contacted they di1d not confirm the claims made. Since the
manual is intended as & guide for the selection of surface treatments,
1% must be factual, candidly critical and conservative 1n nature.
Tt has been necessary to reject many unsubstantisted claims and to
tone down many other claims., If errors have been made 1t 1s hoped
that they are on the conservative side and that the surface treat-
ments involved are better rather than inferlor In performance.

The surface coating fleld 1s rife with processes and
products involving so-called "trade secrets" and M"secret formula-
tions", Many materiasls are sold under trade names with 1little or
no assurance from the manufacturer that the formulation wlll not
be revised within the near future. An example is in the silicone
paint field, where individual manufacturers refuse to state what
silicone resin 1s used or even the approximate quantity of such
resin used in their products.

This manual is not intended as a listing of approved or
qualified products by trade names. An effort has been made to
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avold reference to trade names of any producta involving "secret
formulationa" or a 1listing of manufacturers of such products. No
doubt certain useful and commendable products have been excluded
due to this refusal upon the part of their manufacturers to des-
cribe them in an adequate manner and remove them from the "secret
formulatlon” category.

In this manual no attempt 1s made to 8ingle out what air-
craft engine parts are being made of high alloy heat and corrosion
resistant metals where strength at elevated temperatures is not the
regson for thelr use. Similarly, this manual doea not attempt fo
tabulate what aircraft engine parts reach what operating tempera=-
turea. FPFor ease of handling and because no one surface treatment
may be expected to be the universal answer to all requirements, the
operating temperature ranges of 400 to 600°F, 600 to 800°F, 800 to
1000°F, 1000 to 1200°F, and 1200°F and above have been selacted on
an arbltrary basis. Temperatures below 400°F are not considered as
wlthin the scope of elevated temperatures as covered by this manual,
Temperatures much above 1200°F, certainly 1400°F and above, are
beyond the range where plain carbon or low alloy steels may be
expected to have sufficlent inherent strength to hold their shape,
irrespective of surface protection.

In studylng service histories of varlous parts, specific
instances have been found where low alloy or plain carbon steel
parts have been tried in service with various types of surface
coatings. Some parts have falled, due to oxidatlon, some due to
corrosion and some due to inherent woakness of the base metal, while
Somé parts have given fully satlsfactory service, It has become
qulte clear that many tail pipes, some combustion chamber liners and
many heat exchanger parts could be made of low alloy or plain carbon
steels 1f given sultable protective treatments. However, no
abstract generalizations sre poasible, Each part is a structure in
1tself and muat be considered Individually and in the 1light of as
mach informatlion as possible. This consideration must be left in
the province of the design engineer., This manual is intended to
88sist him by pointing out the conditions he should consider, the
varlous types of surface treatments which might be adaptable and the
advantages and dlsadvantages of each such treatment. The ultimate
decision as to which combination of base metal and surface treatment
system to use 1s and must be his responsibility.

The degree of resistance to corrosion, oxldation and/or
erosion required to be provided by & surface treatment applied to a
plain carbon or low alloy asteel is g function of the service con-
ditions to be encountered. The relative severity of corroslon
versus oxldation and versus erosion conditions involved in a partic-
ular part must be evaluated by the design engineer in order that 8
satisfactory surface treatment may be selected. In discussions of
these various factors of service conditions and of the resistant
properties of surface treatments, the terms used must be understood
clearly. A glossary and definition of terms a3 used in this manual
are given in Appendix I. Where possible, the definitions used are
those given In the Corrosion Handbook of the Blectrochemlcal Society
and the Metals Handbook of the American Soclety for Metals,
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Alrcraft engine parts may be subject to any or all of the
following eight conditions, and the surface treatment must be such
as to offer protection to the base steel under those conditlons.

1. Elevated temperstures only in uncontamlnated alr. Tor
this condition, the surface treatment required is one that offers
protection from oxldation attack only, but it must have adequate
adherence to withstand repeated cycles of temperature between below
zero and the elevated temperature involved. This simple case is
TATE .

2, Elevated temperatures 1n uncontaminated air plus
condensation of moisture (dew) during time intervals between opera=-
tions, For this set of conditions the surface treastment required
must provide protection from oxldatlon, have adequate adherence and
provide corroslon protection, when molstened with condensate. This
case 1s fairly common,

%. Elevated temperatures in slr contaminated wlth products
of combustion (exhaust gases) of fuels not containing tetraethyl
lead or similsr additions plus condensation products from these
exhaust gases plus condensation of molsture during time intervals
between operations. Although the fuel used contalns no tetraethyl
lead addition it may contain traces of sulphur, sodium, and vanadium.
These contaeminants appear in the products of combustion as sulphur
dioxide (S05), sodlum sulphate (NagS04) or vanadium pentoxide (Vg0sg).
The products of combustion of all liquid fuels contain molisture an
carbon dloxide as well., As the exhaust gases cool the vangdium
pentoxide and the sodium sulphate condense and deposit on surfaces
st1ll at quite high temperatures. As the gases cool further, some
of the water condenses and carries with it some of the sulphur
dioxide. Depending upon the sulphur content of the fuel, the con-
densate from the exhaust gases may carry from 0,008 to 0.024 grams
of sulphate per 100 ml of condensate. Below 100°F the condensate
may contain sufficlent sulphurous acid (S0g in solution) to have a
pH renging from 2.4 to 2.%9.

4, Elevated temperatures in air contaminsted with products
of combustion (exhaust gases) of fuels contalning tetrasethyl lead
or similar additions. These addition agents will appear 1in the
products of combustion {exhaust gases) as lead oxide, lead sulphate,
lead bromide, hydrobromic acid and free bromine. The bromine
content of the condensate may very from 0,13 to 0.49% and the lead
content from 0.05 to 0.33%. The bromine and lead contents may be
in any of the forms or combinations indicated above. During cooling
of the exhaust gases a fractionation type condensatlon occurs in
which the 1lead oxide condenses first, the lead sulphate next, then
_the lead bromide snd finally the hydrobromic acid and free bromine
together with the water. Here agaln, the condensate may be highly
acid in nature.

In elther case 3 or case 4 above, the surface treatment
system used must provide protection against oxldatlion at the
elevated temperatures reached, have adequate adherence for the
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temperature cycles involved, provide corrosion protection againat
the acid condensate and provide corrosion protection when the scid
condensate 1s further dilluted with moisture condensed from the air.

5« Any one of the conditions 1, 2, 3, or 4 plus erosion
due to turbulent air or exhsust gas flow plus particulate solig
matter or droplets of liquid entrained in the air or exhauat gases,
For thls added erosion conditlon of service superimposed on the
temperature and corrosion protection, the surface treatment must
have adequate wear resistance.

+6s Any or all of the conditions 1 to 5 inclusive plus
thermal shock. Ground temperatures may be as low as minus 65°F,
Parts may heat rapidly to their operating temperature when the
engines are started. Parts mg&y cool rapidly from operating temper-
atures towards amblent temperatures when engines are stilled. The
surface treatment must be such as to withstand these thermal shocks.
Coatings must not crack or lose thelr bond due to these thermal
ghocks.,

7« Vibretion superimposed on any or all of the conditilons
1 to 6 inclusive., For resistance to vibration the coating or
surfaoce treatment must have adequate adherence and must not be so
brittle as to crack or peel as a result of vibration within the
limits that the base metal is durable and will be requlred to withe
stand 1n service. As adherence and resistance to vibration are
superlior in thin coatings, the tendency is to use as thin g coating
system as posaible and that will still provide the oxidation,
corrosion and erosion requirements. Where vibration is encountered,
the effect of a surface coating on the fatigue propertles or
endurance limit of the part must be considered. Hard and brittle
surface coatings integral with the surface metal may be prone to the
initiation of fatigue cracks and early fallure. Surface coatings
in tension as deposited may reduce endurance limits appreclably.
All these factors must be considered in the selection of the sur-
face treatment to be used on any particular part.

of the usual types of paints. TFor parts that may be subject to
contact or splash with oils or fuels, the surface treatment or coate
ing must be selected accordingly,

It 1s evident from the above, that the deslgn engineer
must know the service conditions to which each particular part is
to be exposed before he may select an approprisate materisl of which
to make a part and a suiltable surface treatment to apply to that
part. This manual has been prepared in an effort to sssist in the
selection of sultable surface treatmonts. It 1s not intended as g
fear breeder to cause the design engineer to avoid surface treat-
ménts, Usually fear is based on lack of knowledge. It 1s hoped
that this manual will supply some of the knowledge needed for the
intelligent selection of proper surface treatments,
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The varlous types of coatings (other than ceramic) that
might be considered as useful in the aurface treatment of plain
carbon and/or low alloy steels for use 1in aircraft engine parts are
quite numerous. In order to describe and compare them, some basle
classification was thought necesasary. The 1dea of classlification
by temperature ranges of appllcabillty was conslidered and discarded
as too confusing. The l1dea of claesslfication according to metal or
material of the coating has been used in part and a classification
based on the general nature of the process of application has been
used in part.

The incluslion In this manual of sny specific coatling 1is
not to be considered as a recommendation of that coating for general
consideration. Some, for example, such as electroplated aluminum
and vacuum evaporated aluminum, have been included because certaln
regquests for Information about them were volced by representatives
of some of the alrcraft engine builders and others. In view of this
interest, 1t was deemed advisable to round out this manual for the
benefit of the design engineers by the incorporation of such ltems
in the various applicable chapters.

All types of aluminum coatings are described 1ln ons chapter.
All types of nickel and nickel alloy coatin%s are described 1in another
chapter. Separate chapters are devoted to "Diffuslon Coatings",
"Miscellansous Metallic Coatings" and "Pailnt Coatings™, The classes
of coatings are evident In the Table of Contents and in the succeeding
chapters of thls manual.

It will be noted that chromium plating followed by heating
to a8 temperature high enough and for a time sufficlent to causse
alloying and diffusion 13 included 1in the chapter on diffusion coat-
ings rather than along with simple chromium electroplating. On the
other hand, corronizing 1s included in the chapter on nickel coatings
rather than with diffusion coatinga. During the heat treatment
following the electroplating, some alloylng and interdiffuslion does
cccur. However, it is primarily within the electroplated metals
rather than with the base metal, even though some degree of alloy
bonding may result,

Nine types of mlscellaneous metallic coatings are grouped
In a separate chapter, 8Six of them are electroplated metallic
coatings and three are coatings produced by other methods.

All peint coatings are treated in one chapter. It 1s un-
fortunate that the paint descriptions cannot be given 1n more
speclfic terms, The general refusal of the paint manufacturers to
disclose even general formulations 1s the primary cause of this lack
of specific data.

The filnal chapter 1s devoted to comparlsons of the many
coatlings and coating systems as to thelr varlous physical character-

istics, applicable temperature range, adaptabllity to fabricatlon,
and relative costs,
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Throughout the various chapters, references to pertinent
sources of Information are given in figures in parentheses. These
figures refer to the bibllography, Appendix II. No attempt has
been made to compile & complete bibliography on all of the litera-
ture on all of the coatings.
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CEAPTER IT
ALUMINUM COATINGS
Section 1. General Discussion

That aluminum coatings on iron or steel would provide high
resistance to oxidation and scaling at elevated temperatures has been
well known for at least forty years. one of the earliest commercial
applications was the hot dip coating of the thin sheet metal and wire
support parts for welsback incandescent gas mantles. About the same
time that this first hot dip method was developed, the dry retort
method was developed. Both methods were referred to as calorlzing.
Tyom 1915 to date, the literature on various methods of applying
giuminum coatings to iron and steel and on the oxidation protectlve
values of such coatings is enormous.

That small percentages, four percent or over, of aluminum
in iron give an alloy with good oxldatlon pegistance properties was
shown over 20 years ago.(l) Iron with 8% aluminum was found to be
superlor to 80% nickel 20% chromlum alloys. That aluminum diffuses
inte iron, forms & compound wilth iron and goes into solutlon in iron
has been known also for over forty years. A loglcal operation to
produce an oxidation resistant surface on iron or steel 1s to add
some aluminum to that surface in such & manner as to ceuse 1t to be
partially alloyed or combined with the iron at the surface.

That aluminum costings on iron or steel offer considerable
in the way of corrosion protection was proven over 30 years ago in
connection with alumlnum coating by metallizing or spraying. For
corrosion protection, 1t 1is necessary to have some free aluminum
present on the surface as distinguished from high temperature oxlda-
tion protection where only & amall percent of alumlnum alloyed with
iron is necessary for protection. The iron sluminum compound which
forme on the surface of iron or steel in the usual calorlzing pro-
cesses gives some corrosion protection but does not provide complete
protection. An aluminum coating on iron or steel for protection
against corrosion in the presence of molsture must contain some free
gluminum, uvnalloyed and uncombined with the basis metal. 1In the
presence of moisture, aluminum 1s anodic to iron (i.e. aluminum 1is
a sacrificisl metal) and protects the iron by being corroded itself.
Because of its sacrificial nature, the aluminum coating need not be
pinhole free. 1In this respect, the wet corrosion protection of iron
provided by aluminum is gimilar to that provided by zinc coatings.

From the above, it 1s obvious that combined high tempera-
ture oxidation and wet corrosion protection of iron or steel should
be obtained by aluminum costing in such a manner a3 to glve both
iron-aluminum alloying and free or uncombined aluminum on the surface.
Many processes have been jdeveloped for accomplishing these results.
If the aluminum for the coating is applied to the surface of the iron
or steel at & low temperature, only corrosion protection is obtained.
If such an applied aluminum coatins is then heated under sultable
protective conditlons until it is partially alloyed or combined with
the iron, the result is a coatlng that combines corrosion protection
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with high temperature oxidation protection. If the saluminum for

the coating is applied originally at s temperature at which partiasl
a8lloying 1s obtained, the result is both corrosion and oxidation
protection. If the method of application or later service condition
results in all of the sluminum in the coating belng in the state of
Iron aluminum compounds or in solution in the iron, only oxidation
protection 1s provided,

The aluminum coating may contain four different zones,
Starting from the exterior surface they are: 1) aluminum oxide,
2) pure aluminum or aluminum alloy as deposited, 3) iron=-aluminum
compound, and 4) so0lid solution of aluminum and iron. The thickness
and proportions of the zones formed ars a function of the temperature
of the process and subsequent hesat treatment. Zone 3, iron=-sluminum
compound, is composed of brittle Intermetallic compounds, largely
FbAlS with about:57-5Q% aluminum, which have refractory charascter-
i1stic¢s affording proteection agalnst scaling by oxidation. Zone 4,
oxidation resistant iron-aluminum solid Solutlion, contains up to 35%
aluminum.

Aluminum coatings may be created on the surfaces of iron
or steel articles by painting them with sultsgble gluminum powder
plgmented paints and heating under such controlled conditions that
the ‘aluminum alloys with the steel a8 the pailnt vehicle burns away,
This procedure is the basis for many of the so~called heat resistant
aluminum paints on the msrket. The quantity of eluminum which may
be applied to a surface by thils method is limited, the burning in
an alloying process tends to be Spotty, the final result tends to be
4 non uniform combined aluminum layer of limited thickness with
little free aluminum remailning. Some reasonable oxidation resistance
1s obtained, but the corrosion reslstance remaining after the heating
operatlon 1is limited.

United States patents along this line were lssued in 1924 (weber,
1,497,417) and in 1930 (Martin 1,770,177)., The coatings formed are
8lmost fully alloyed and provide excellent protection agalnat oxi-
dation at elevated temperatures, The nature of the replacement
reaction precludes the deposition of an additional layer of free
aluminum so that ample wet corroalon protection is not obtained,

A similar replacement reaction type of aluminum coating is

obtainable by immersion in s molten salt bath consisting of sodium
chloride and aluminum chloride. In this process, the low bolling

Seven other methods for affixing an aluminum coating to
iron or steel are described in the following sections of this chapter,
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Section 2. Aluminized Sheet Steel

Sheet or wide strip steel givern an aluminum coating by hot
dip plus a rolling process 1is called aluminized sheet steel. Alum-
inized sheet steel, as & raw materisl for fabrication into articles,
is 1n commercial production, The material is avallable in both flat
and coll form in thickness from 0,0155" to 0.1124" in widths up to
36", in soft satin or extra smooth finlsh., The aluminum coating ls
on both surfaces and is about 0.001" in thickness.

The production process 1s a continuous one. Cold rolled
steel 1s precleaned, then preheated in a controlled atmosphere and
1s then passed through s bath of molten aluminum kept under a
controlled atmosphere, In the bath, the aluminum wets and alloys
wlth the surfaces of the steel. As the strip emerges from the bath
and while the aluminum is st1ll molten, the strlp is passed between
rolis which squeezes off the excess &luminum and leaves & smooth
uniform cosating.

The corrosion and high temperature oxidation reslstance of
aluminized sheet steel are substantially the same as for steel coated
by the various hot dip processes described in Section 4 of this
chapter. .

The genersl characteristlics of the alloy layer formed, the
depth of alloying, the quantity of iron aluminum compound present,
the diffusion of the aluminum during subsequent heating, etc. for
aluminized sheet steel are the same as for coatings formed by the hot
dip processes and are also glven in Section 4.

Aluminized sheet steel 1s being used in the manufacturing
of parts of objects or whole objects where resistance to corrosion
and high temperature oxldatlon are necessary.

The aluminized sheet will withstand cold bending 180° over
a diameter equal to twice its own thickness without peeling or
flaking of the coating.

Joining

Aluminized sheet steel can be joined by any of the follow-
ing processes:

l. oxyacetylene weldlng,

2. electric arc welding,

3« apot welding,

4, 8seam weldlng,

5. atomic hydrogen arc welding,

6. 1nert gas metal src weldlng,

7. brazing using speclal rods and fluxes and
either the carbon arc or oxyacetylene torch,

B. solderin%; here, however, difflculties of
"wetting" the comtlng exist due %o the
presence of aluminum oxlde.
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The manufacturer claims that all types of welding have been
used auccessfully,

Coats

Following are examples of costs of aluminized sheet steel
coated on both sides,

For a sheet coll 36" wide, 0.,0655" approximate measn thick-
ness, minimum order 10,000 1bs,, $9.475 per 100 Lbs. Per unit aresa,
the cost is approximately $0.252 per square foot of sheet.

For a sheet coll 36" wide of 0.0182" approximate mean
thickness, minimum order 10,000 lbs., $14.67 per 100 1lbs. Per unit
area, the cost 1s approximately $0.102 per square foot of sheet.

Availability

Aluminized sheet steel is produced by the Armco Steel Corp.,
3050 Curtis Street, Middletown, Ohio. Further information 1s avail-
able from them or their sales offices throughout the country,

Section 3. Aluminum Clad Steel

Aluminum clad steel is the product of a process of placing
8 surface sheet or plate of aluminum on iron or steel and applying
preasure, mechanlecal work and heat sufficient to create an alloy
bond. The method ls referred to, often, &s the sandwlch rolling
method. The cladding can be applied to one or to both surfaces of
8 slab or flat bar. The process is not adaptable to the production
of rounds or to heavy plate. Since the process does not involve
molten aluminum in contact with the iron or steel, the amount of
iron aluminum compound formed &t the Interface is less than for any
of the molten aluminum methods for producing an aluminum coating,.
If the mating surfaces of both the iron and the gluminum have been
properly cleaned of all oxides, have been adequately protected from
oxidation during heating and if the pressure and mechanical work
during the first passes in the rolling mill are sufficlent, the
réesult 1is a well bonded bi-metal. The bond 1s an alloy bond of =a
strength equal to the strength of the aluminum. If all the con-
ditions are not correct, the two metals are only mechanically bonded.,
The areas with only a mechanical bond are prone to blister, buckle,
1ift or pesl.

The thickness of the aluminum layer 1s varied with respect
to the iron layer to produce s composite of the desired ratio.
Whereas the hot dip methods of producling an aluminum coating are
limited in the thickness of the coating of free aluminum that can be
obtained, the cladding method 1s not limlted.
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The aluminum cladding of 1ron or steel was developed 1n
Europe where the product is known under the names of ¥eral and PFeran,
A slimllar product 1s belng produced by at least one company Iin this
country. _

It is obvious that the btemperatures used to create a bond
in the hot sandwilch roliing method must not only be below the melting
polnt but also below the hot short range of the aluminum or aluminum
alloy used. The hot rolling temperatures are limlted to a maximum
of 900°F, Annealing after hot rolling or between subsequent cold
rolling reductions, limited to about 1000°F, produces additional bond-
ing of the aluminum to the iron,

The hot rolling operations are carrisd out in what 1s
commonly considered as the blue heat ran§ The basis iron or steel
used, therefore, must not be subject to "blue brittleness™, After
the initial hot rolling to obtain bonding 1Is completed, further
reductions are by means of cold rolling. Iron and steel work harden
very rapidly. The alumlinum layer limlts the annealing temperastures
that may be used. Full anneallng of the steel is impossible, Dead
soft or 8 deep drawing grade of aluminum clad steel is not possible,

To promote the alloy bonding durlng the process, various
types of preparation of the mating surfaces of both the sluminum and
the steel may be used. A thin electroplate of pure iron or a thin
electroplate of sllver are two such methods.

Corroslon Reslstance

The corrosion resistsnce characteristics of the alumlnum
surfaces on aluminum clad steel depends upon the purity of the slum-
Inum, assuming that the aluminum layer is not perforated. High
purity aluminum (99.5% or above) 1a superior for severely corrosive
conditions. Normally, such high purity aluminum is not used. The
coatings are completely nonporous and uniform and their corroslon
resistance is that of the aluminum surface.

Oxidation Reaslstance

No deta are avallable on the oxldation resistance at
elevated temperstures of slumlinum cled stesl., It is belleved, how=-
ever, because of the nonporous nature of the alumlnum layer, that
the reslstance 1s high at temperatures up to the melting point of the
aluminum layer.

with thin coatings, 0.0005" for example, the aluminum
appearance of the surface becomes lost and the surface becomes dark-
ened on exposure to temperatures of the order of 1200°F, This 1is
believed to be the result of the formation of an iron aluminum
compound.

The formetion of the i1ron aluminum compound 1s retarded by
the presence of silicon ln both the steel and in the sluminum. For
this reason, silicon contalning low carbon steel and s ilicon-aluminum
alloys may be used in combination to produce aluminum clad steel.
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Erosion and Abrasion Reslistance

No data are avallable on the eroslon and abrasion resistance
of the coating. It 1s obvlious that these properties are in the
aluminum layer itself and are dependent upon the alumlnum aliocy used
to produce the coating.

Joining

Joining of aluminum clad steel might present some dlifficul-
ties arlsing from the expoaing of the base metal at joints or where
holes are drilled. Some of these difficultles can be avoided by
proper designing. Spot welding 1s being done successfully. If the
thiclkness of the aluminum laver on the surface were reduced to that
on aluminlized sheet steel, as described in Section 1 of this chapter,
all of the methods of joining described therein might be usable.

Such thin coatlings on aluminum clad steel are not unusual,

Mechanical Properties

The manufacturer of aluminum clad steel in this country
states that the physical properties of the product 0,005" thick, with
aluminum layers of 0.,0005" on each side, are:

l. Rockwell Hardness 157 - 82
2. Erlchsen Cup_Test (14 mm ball) ~ 5,0 mm
5« Ductility - " die, 2" punch - 0.,110"
4, Springback after 90° bend - 220

Uses

Aluminum clad steel 1s being produced in widths up to 12",
It has found considerable use 1n heat transfer applications. It is
reported belng used for heat exchanger tubes, component parts of
space heaters, water heaters, cooking ranges and toaster parts. It
is reported used also for firewalls in alrcraft.

Costa
The current prices quoted, by the one producer in this
country, of aluminum clad steel are approximately as shown below for
8" wide strip with 1074 aluminum cladding on each side,
50,18 per sg. ft. of 0.005" thick sheset
0.24 per sq. ft. of 0,007" thick sheet
$0.36 per sqg. ft. of 0.010" thick sheet

Actual prices depend upon quantities, widths and finish.
The above prices were calculated from net prices per pound.

Availability

Aluminum clad steel 1s available in this country from
Metals and Controls Corporation, General Plate Division, Attleboro,
Massachusetts,
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Organic Solvents Methods

Two plating bath compositions have been developed, as
follows:

A. Plating bath composition: 32% (by weight) of a fusion
‘product of 1 mole of ethyl pyridinium bromide, plus 2 moles of alumil-
num chloride, 67% toluene (sp. gr. 0.866), plus 1% methyl t-butyl
ether. Temperature of plating bath: 86°F. The direct current density
on the cathode: 10-20 amps per sq. ft. A superimposed alternating
current of 1.5 to 2.5 volts improves physical characteristics of the
deposit.(2¢)

Be Plating bath composition: 265 to 400 g. of aluminum
chloride in 1 liter of ethyl ether, plus lithium hydride or lithiume
aluminum hydride in concentrations of 4 to 8 g+ per liter., The bath
is operated at room temperature. Current densities up to about 50
amps per sq. ft. Anode and cathode efficiencies are about 100%.(25)
The bath 18 in a closed contalner to prevent the entrance of molsture.
A glass vessel with a polyethylene 1lid is best. Anodes of aluminum
rod pass through the 1id. The objects to be plated are introduced
and removed through a central hole in the 1id which is kept closed
during plating. Agitation is undesirable ss 1t rsises particles which
get entrapped in the plating. The bath is reported to deterlorate
quickly due to 1ngress of air and moisture and must be replenished.

Molten 8Salt Method

Plating bath composition: 80% aluminum chloride {anhydrous),
20% sodium chloride, 350°F operating temperature, 15 amps per aq. ft.
current density. Small objects can be plated in pyrex contalner.
Large objects can be plated in 25 aluminum tanks, with 28 Al anodes.
Throwing power of the bath 1s poor. Auxiliary anodes have to be
placed Inside or near the recesses in the objects to be plated. Alum=-
inum chloride must be added frequently to réplace losses from fuming
and hydrolyses. Rate of deposition is about 0.3 g. per amp hour or
0,0004" in thickness in 30 minutes at 18 amps per sq. ft. Current
efficlency is about 80%. With agitation, the deposition 1s faster but
current efficlency is reduced.(26)

Characteristlices of the Deposlts

Electrodeposited coatlings of aluminum vary considerably in
appearance and physical properties, depending upon glizsht variations
in the composition of the platings bath and operating conditions.
These procedses are still in the experimental stage. Many compounds
were added to the bath in attempts to improve the properties of the
coatlngs and some successful results obtained. TFor example, chromium
compounds are reported to give semi-bright, strong, springy deposits;
lead and tin compounds, formates and cysnides yilelded good matte de-~
poslts. The deposits were smooth up to a thickness of 0.,003". When
they become thicker, they increase in roughness and, beyond a thicke-
ness of about 0.005", they grow into s mess of nodules,.(25) The
throwing power of fused baths is poor.

WADC TRO4-209 36



2, The vacuum deposits are porous. As such, they must
be M"sesl-treated" to close the pores before being used for protection
against corrosion or high temperature oxidatione

3, The process 1s not adaptable to objects of all shapes.
The vaporized aluminum travels in stralght lines and any area which
is shadowed from the source of evaporation of aluminum may remain
uncoated.

: 4, The abrasion or erosion resistance and durability of
vacuum deposited aluminum may be inferlor.

Facllities and Sources of
AJdTtional Information

Additional information on vacuum coatings and vacuum coating
equipment can be obtained from:

le TFeo Je. Stokes Machine Co.
Philadelphia 20, Pa.

2, Distillation Producte Industries
Rochester 3, N.Y.

3., National Research Corporation
Cambridge, Mass.

4. Consolidated Vacuum Corporation
285 WMadison Avenue
¥New York, W,Y.

The above manufacturers, upon request, will supply lists
of facilities in specific areas of the country.

gection 8. Hlectroplated Aluminum
~ Aluminum, an alkaline earth metal, iz one of the "hard-to-
plate" metals. It cannot be deposited from aqueous solutions because
it 1s so much less noble than hydrogen.

The two general methods by which aluminum can be electro-
deposited are:

1. Deposition from organic solvent solutions.
2. Depositlon from fused salt baths,.

surface Preparation Required

The steel parts to be plated should be cleaned using an
hydrochloric acid solution, rinsed and wiped dry.(26)
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The adhesion of vacuum deposited coatings is purely
mechanical; no alloying of any kind takes place during the deposition.
Many factors influence the adhesion of the deposits.(1l8) The most
important among them are: the surface preparstion, the vacuum obtained,
trepping media and the intensity of deposition. Heavy films have a
tendency to peel.(20) Some guthors{19,22) state that vacuum deposita
have poor abrasion reslstance as compared to electrodeposited coat-
ings. However, 1t should be pointed out that they were comparing
thin vacuum coatings with electrodeposited coatings of much gregter
thickness,

When thick coatinss of aluminum are created by vacuum
deposition methods, the process becomes more expensive. A consider-
able amount of the aluminum that is vaporized does not deposit on
the surfaces desired to be coated and so is wasted.(l9)

Slince no alloying takes place during the deposition, wvacuum
deposited aluminum coatings consist exclusively of one layer of the
aluminum or aluminum alloy which was evaporated. Some amount of
aluminum oxlde 1s believed to be present in the coating. (20)

If an alloy bond is desired between a vacuum evaporated
aluminum deposlt and a steel surface, it might be obtained by a
fusion of the alumipum in situ and under proper conditions. To accom=
plish such bonding or alloying, the aluminum must be of gufficient
thickness that 1t will completely wet the surface when molten and the
8luminum must be protected from oxidation during the fusion process,
Information with rsspect to fused aluminum coatings is contained in
Sections 1, 2, 4 and 5 of this chapter,

No information or data were found on the applicatlon of
vacuum deposited coatinzs for corrosion or high temperature oxidation
resistance. There 1s no resson to believe, however, that, with the
present development of high vacuum technlques, the process cannot be
used to produce coatings for limited corrosion snd high temperature
oxlidation resistance,

Costs

Initial costa for vacuum evaporation egulpment for commer=—
cigl scale production are quite hig » Operation costs can be quite
competitive with other means of coating if very thin coats are
permitted. For example, thin evaporated aluminum coatings on thin
acetate sheet have been stated to cost only $0.06 per square foot.(21)

Where coats of sufficient thickness for corrosion or
oxldation protectlion are desired, the costs would be at least ten
times as high. However, no direct cost fimures are available on
évaporated aiuminum coatings on steel.

Limitatlons

1, The process is limited to comparatively thin coatings
up to 0.,001" thick, Thicker coatings have poor adherence.

WADC TR54-209 54



After this order of vacuum has been reached and maintained, to assure
the degasification of the surfaces, the alumipum is evaporated and

1t deposits on the objects located near the polnt or place of evap-
oration. Commercially pure, 99/%, aluminum is used. The aluminum 1s
evaporated from direct resistance heated colled tungsten filaments,
from a high voltage arc or from a crucible where the alumlnum 1s
heated by high frequency induction.(16)

As is evident by the fact that aluminum is vacuum evaporated
on cellophane, cloth and plastics, the process does not Involve any
appreciable raising of the temperature of the object being coated.
Since the deposit is a cold deposit, no alloying action occurs.{17,20)

Most commercial vacuum evaporatlion systems employ both
mechanical and diffusion pumps to create the vacuum.

The parts to be coated are located on holding fixtures
which then s1ide into the vacuum chamber to position the parts around
the source from which the aluminum will be evaporated.

Aluminum vapor travels in straight lines from the source to
the objects and condenses on the surfaces located in the vacuum
chamber and facing at least one source.{(1l5) Multiple polnts or
sources of evaporation may be used 1in a gingle chamber.

Vacuum chembers have been built where objects as large as
16 feet in diameter can be coated.(18) Units built for contlnuous
coating of rolls of plastlc sheet 1include reeling and unreeling
equipment to traverse sheets up to 48" wide at speeds up to 100 feet
per minute., Other types of equipment have been developed for mass
production of vacuum deposits on small artlcles,(17)

Characteristics of the Coating

Vacuum deposited coatings are seldom built to an appreciable
thickness: the thickness range 1s usually between 0.000003 to 0.,001",
(19,20,21,22) The thickness of the coating 1s controlled by the
rate of evaporation of aluminum and by the lensth of time of evap-
oration towardas a surface.

The thickness of the coating also depends upon the distance
of the object from the source, as well as upon the angle of inclina-
tion of the surface to the source,

The disadvantage of vacuum deposited coatinss lies in thelr
porousness. The thinner the coating, the zreater 1s the porosity.
Tor corrosion and high temperature oxidation protection, the micro-
scoplc pores must be filled and sealed.(15)

The high brillisnce and smoothness of alumlnum vacuum
deposita are well known, For that reason, they have been used in
reflectora and for decorative purposes for many years.

Aluminum vacuum deposits reflect well over 80% of the incl-
dent light. The high reflectivity does not decrease by aginz.(20,21,
23)
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Alr preheaters

Heat exchangers

talcining tubes and retorts

Carbon and bone black retorts

Muffles

Diesel engine spoons and combustion plates
Stove linings

Turbine blades

Costs of Applylng

The cost of calorizing depends upon the thickness of the
coating applied, the volume of objects, thelr shape, quantlity, welght,
etc, The cost of application 1s estimated to be § to 3 times the
cost of fabricated mild steel.

 Facilitles Available for Applying and
Sources for Additional Information
The Calorizing Co., Wilkinsburg Station, Plttsburgh, Pa.,

is the only company that calorizes steel on a large scale Jjob shop
basls.

Section 7. Vacuum Evaporsted Aluminum Coatings

Aluminum ccatings may be applled by vacuum deposition meth-
ods. Vacuum deposited aluminum coatings are used where high bril-
liancy of the surfaces is desired as in the manufascturing of
reflectors or for decorative purposes. Thils type of coating 1s used
1ittle for protectlon against corrosion, high temperature oxidation
or erosion. The reason 1ies 1In the comparative high cost of the
process when thicker coatings are concerned. For decorative purposes,
the usual thickness of the deposited film is in the order of g few
millionths of an inch.

Por vacuum deposition, of all metals, aluminum 1is used the
most. The preference 1lles in 1ts low cost, high reflectivity, and
high resistance to tarnishing.(15,21)

Surface Preparatlon

Obtainlng a clean surface, free of grease, 13 & necessity
for vacuum deposition. The importance of degreasing is demonstrated
by the fact that grease can be used to mask an area to be left
uncoated. Following degreasing, the surfaces must be degassed before
metal may be evaporeted onto them,

Coating Proceas

Vacuum chambers are loaded with the parts to be coated,
sealed and evacuated to a pressure of one micron or below.(15,16,18,22)
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The oxide layer will provide protection only if it is
continuous. If removed or broken, it will form only if the object
1s again exposed to high temperatures and provided that the exposed
alloy is sufficiently high in alumlnum content to form the Als03z.

When the object is exposed to high temgerature, the dif=-
fusion of aluminum takes place slowly up to 1650°F, but it becomes
qulte rapid at 1850°F and higher.

Calorized iron objects have a very long 1life when exposed
to temperatures below 1650°F., The calorized steel objects have
about 20 times the life of untreated steel objects. At 1800°F to
EOOOOF, however, the 1life of calorized steel 1s five times as long
a8 untreated steel,

Reslatance to Corrosion

_ Besides resistance to high temperature oxldatlon, the
calorized coating has a number of antl-corrosion features, It 1s
resistant to corrosion by sulphur dioxide (from room temperature up
to the temperatures where the base metal 86111 has useful strength)
to sulphur trioxide up to 1700°F, to sulphur vapor and liquid (pro=-
vided there 1is no glowing coke present at the same time), to hydrogen
Sulphide up to 1300°F sbove which temperature the corrosion occurs
rapidly, to carbolic zcid (phenol), to hot tar and pitches, and to
carbon monoxide. 1In this last case, the coating prevents the forma-
tion of iron-penta-carbonyl which occurs at 350 F ta 430°F when
carbon monoxide is in the presence of liron.

The general remarks contained in thils chapter, Section 3
(Hot Dip Aluminum Coatings) in regard to "Ability to be Joined",
"Mechanical Properties of Coatings" and "Effect of Mechanical
Properties of Base ¥etal" apply to calorized coatings.

Since a calorized coating consists of the brittle irone
aluminum compound and 1ron-sluminum solid solution alloy in thickness
greater than that obtained in hot dip coatings, objects can not be
deformed after the calorizing process,

Uses and Applications of Calorized Producta

Calorized parts are used for tubes in air heaters, in
exhaust pipes, for furnace parts and in many other applications where
there are requirements for high temperature oxidation reslstance.

Good results have been reported as obtained by the General
Electric(1l4) Company with the following calorized articles at service
temperatures up to 16500F:

Annealing containers and equipment
Parts of continuous furnaces
Pyromster protection tubes

Thermostat fire ends

Burner nozzles for oil or gas furnaces
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Objects to be coated are charged into retorts which can be
hermetically sealed and rotated. The charging 1s done in a manner
such that during rotation, the surfaces of the parts are brought into
direct contact repeatedly with the cglorizing mixture during the time
they are heated. The hydrogen atmosphere 1s maintained during all
stages of the process, lncluding the coolling perlod.

After the calorilized parts are cooled, the objects are
removed from the retorts and are wire brushed to remove excess calor=-
1zing compound. The parts may then be given a diffusion treatment
for 12 to 48 hours at 1500-1800°F to cause penetration of the
aluminum by diffusion. This treatment results in a decrease in the
aluminum content to approximately 25%-or less &t the surface of the
part which Increases the toughness and duectility of the coating while
maintalining resistance to heat and oxidation.

. For articles of light gauge or irregular shape that may be
damaged in a rotating retort, the following: modification of the
process 1is used., Thils is accomplished by packing the articles with
the calorizlng compound in statlonary boxes that are sealed tight
during heating., The parts are then soaked for 6 to 24 hours at 1500=-
1800°F, combining the coating and diffusion treatment.

Characteristics of the Coating

Calorized coatings can be applied to iron and steel, alloy
steels containing nickel, chromlium and tungsten, and non-Terrous
metals such as copper, brass, bronge, nickel and monel metal. The
outstanding property of calorized articles, especlally those made of
iron, steel and certain ferrocus alloys, is to withstand oxidlzing wp
to approximately 16500F,

It must be remembered, however, that the iron-aluminum
compound and alloy layer formed in calorized surfaces does not con-
taln free aluminum on the surface. For maximum corrcsion resistance,
gsome free aluminum is reguired,

Calorizing 1s preferably appllied on objects of rather thick
steel, since thin steel sheets are embrittled by the proceas,

Reslstance to High Temperature Oxidation

The calorized coatings give protection against temperatures
up to 1650°F, At higher temperatures, the aluminum from the costing
diffuses deeper and deeper causing a decrease in aluminum content on
the surface. It 18 considered that the coating gives adequate pro=-
tection where the outer layer has 12 to 14% aluminum,

When the objects are exposed to air at elevated temperatures,
a skin of a thin gluminum oxlde developes on the surface, Because of
its very high melting point (4,200°F) and its ilmperviousness, it

gives good protection against high temperature and to deterloratlion
by scaling.
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Section 6, Calorizing

One of the esrliest methods of applylng a coating of alum-
inum to steel is known as the calorizing process developed by General
Electric Company. Thls process 1s sometimes referred to as the "dpy"
or powder calorizing method, Another process, known as dip calorizing
or the lmmersion process, conslsts of treating the cleaned article
with & fluxz and submerging it in a bath of aluminum. Since the latter
method is covered in section 4 (Hot Dip Aluminum Coatings), this
sectlon will be devoted to a discussion of the "dry" or powder calor-
izing method and will hereinafter be referred to as calorizing.

Calorlizing is essentially s cementation process in which
steel 1s packed or tumbled in a mixture of aluminum powder, alumina
and aluminum chloride in a2 container in the presence of a neutral
atmosphere at a hish temperature.

The coating obtained by the calorizing method consists of
i1ron-aluminum compound and 1ron-aluminum solid solution. The range
of thickness of coatinss 1s generally from 0.005" to 0.040",

Surface Preparation

The steel surface to be calorized must be perfectly clean.
Usually, it is sand blasted, pickled in hot, diluted sulphuric acig
and inspected for possible leftover surface scales or other surface
impurities. Any remalning unclean spots are removed by fine sand,
sand blasting or with a stiff wire brush,

Desceription of Process

The calorlzing process consists of tumbling the steel
objects in a calorizing compound mixture for 4 to 6 hours at tempera-
tures of 1600-1750°p, -

The following subatances make up the calorlzing compound:

8. Powdered aluminum (10 mesh per 8q. in. or finer) to
provide aluminum metal for coating.

b. Powdered alumina (40-100 mesh per sq. in.) to prevent
coalescence of the aluminum powder,

¢. Aluminum bhloride, to provide a fluxing agent.

During the process, g hvdrogen stmosphere is maintained in
order to provide a reduclin: atmosphere.

The vse of different ratios of aluminum to alumina is
governed by the operating temperature of the proceds, In order Lo

prevent coalescence of the sluminum powder at the hisher temperatures,
8 higher proportion of alumina must be used,
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Costs

The approximate price range for materials to be metallized
are glven below. It must be borne 1ln mind that some varlatlons
exist due to the fact that the shape, welght and handling of the
article must be taken into consideration.

Procosses Price (Per Sq. Ft.)
120 0450 to $1.00
11, 33, 45 1.00 to $3.,00

Facilities Available

Many firms have installed their own equipment for metgslliz-
ing., A 1li1st of the llcensed Metcolizing Contract shops 1s shown in
Table 4.

Table 4

Metcolizing Contract Shops

1. Akron Sand Rlast Co. 6. Metalllzing, Inc.
- 50 E. Springfield Road 3844 S, Wallace

Barbarton, Ohio Chicago, Illinols

2. Alloy Welding & Engineering, Inc. 7. St. Louis Metallizing Co.
831 S. Xanthus Place 625 S. Sarah Street
Tulsa, Oklahoma St. Louls, Missouri

3. Dix Engineering Co. 8. Tranter Mfg. Co.
1415 Dix Road 105 Water Street
Lincoln Park 25 (Detroit), Mich. Pittsburgh 22, Pa.

4, Forney's Inc. , 9. Clark Metallizing Co.
209 Elm Street 506 30th Street
New Castle, Pa. Newport Beach, Calif.

5. Metal Cladding Co. 10, Metalllzing Engineering Co.,
128 Takeview Avenue Inc.,
Buffelo, New York 58=14 30th Street

Long Island City 1, New York
Additional Information

Additional information on metallizing 1s availsble from
any of the firms s8elllng metallizing equipment and supplies, from
the many metallizing contractors throughout the country and from
references (11), (12) and (13).

WADC TR54-209 28



Tablse 3

Corrosion and Oxidation Reslstance
of Sprayed Aluminum Coabtings

Process Corroslon Reslstance Oxldation Resistance

120 Resistant %o marine and Indusitrial Max, 900°CF
etmospheric corrosion, sulphur
compounds, salt spray teat satis-
factory up to 4000 hrs.

11 Sulphur gases on type 304 stainless Max. 1600°F
steel, protection against Vo0s5.

33 Corrosive gases containing only Mex. 1800°F
small percentages of sulphur. Also
decomposition of tetrasthyl lead
and presence of VgOs where staln-
less steel 13 costed.

45 Corrosive gases including those 1800°F
containing sulphur.

Effect on Mechanical Properties of Base Metal

High temperature tests were conducted on low carbon steel
panels coated wlth sprayed aluminum and nickel chromium slloys as
described in processes 11, 33 and 45. As & result of subjecting the
coated panels in the temperature range of 1000 to 2000°F for periods
of time up to 60 minutes, it was found that iron oxide scale formed
only on the uncoated silde of the panels. Tensile strength values
after exposure were retained to an acceptable degree except at 2000°F
for 60 minutes., These results are reported by W. Mutchler in "The
Effect of Temperature on Sheet Metals for Alrcraft Flrewalls",
National Buresu of Standards, N,A.C.A. Technical Note No. 965, Dec.
1944,

Reported Uses and Results

The method is applied mostly to large objects such as
bridges, towers, hulls of ships and as a patch up of spots of coatlngs
made by other processes, However, it has been used salso with great
success on smaller parts exposed to high temperatures and corrosive
gases, Satisfactory results have been obtained with sprayed sair
cooled cylinders for aircraft, exhaust manifolds of aircraft engines,
flanges of aircraft cylinders, Jet combustion chambers, cylinder
barrels, jet engine mounting brackets, supports on jJet engine exhaust
couplings, outer burner shells, arrester hooks, fire bara in
statlonary bollers, annealing hox covers, lead pots and salt pots in
heat treating furnaces.
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33, Pure aluminum is then applied by metallizing on top of the

chromium-nickel coating.
inum plgment 1a appllied on the outside of the aluminum.

Next, & bitumastic sealer containing alum=-

No heat

treatment 1s required since the flrst heat of the part willl cause.

alloying.

As 1n the case of Process 33, the aluminum rapidly pene-
trates into the porous structure of the chromium-nickel coating,
formlng an alloy bond with the base metal.
aluminum used in thils process also causes a more complete alloying

throughout the mass of the coat.

The larger amount of

Ag this alloylng takes place, the

coatlng, while still somewhat porous, becomes impervious to the pene-

tration of gases,

The essentials of the four processes described above are
shown 1in Table 2 and the resistance to corrosion and oxidation of
these various types of sprayed aluminum coatings are shown in Table

De

Proceas

Surface
Preparation

Thickness of

Aluminum

Sprayed Coat
(1nches)

Ni-Cr Alloy

Spray Coating

Thickness
{inches)

Type of Seallng

Agent used

Heat Treatment
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Table 2

Metallizing Processes

120

Grit
BRlast

0,006

None

Silicone base
plus Aluminum
Two cogts

None

11

Grit
RBlast

0.006

None

Riltumastic
base plus
Alumipum

1450°F for
40 min.,

26

1)

Grit
Blast

None

0,010
Bltumastic
base plus
Aluminum

None

15

Grit
Blast

0,004 Sprayed
on top of
Ni-Cr alloy
layer

0.015
Bitumastic
base plus
Aluminum

None



cause pernetration of the aluminum into the iron or steel surface.
The sealing coat protects the sluminum from oxidizing, and gives 1t
time to absorb into the iron or steel., Eventually the sealer burns
through, permitting the external surface of the aluminum to oxidize,
The final coating, therefore, consists of an external surface of
aluminum oxide, and under this a coating of aluminum in solid solu-
tion in iron. Near the surface, the concentration of sluminum 1is
relatively high,

After heat treating, the article 1s wire brushed, and has a
dull silvery appearance. The process protects steels satisfactorily
up to temperatures of 1600°F, and will withstand the action of sulphur
gases. In some applications 1s uaed at even higher temperatures.

Representative uses:
Alrcraft Exhaust Stacks
Damper Plates
Crown Sheets, etc.

PROCESS 33: For Temperatures up to 1600 to 1800°F

Process 33 1s used for the protectlon of lron and steel
gagainst the actlon of corrosive gases where temperatures range from
1600 to 1BOOOF gnd where the gases do not contaln large amounts of
sulphur. This process 1g applied by first grit blasting the surface
and then apraying on s thickness of approximately .0LO" of a special
¢hromium-nickel alloy. The sprayed surface 1s then palnted wlth a
gpecial bitumastic sesler contsinling metallic aluminum. No hest
treatment is required; any alloying of the metals takes place in the
first heat when the part is put in use.

Separate heat treatment ls avoided with this process because
the porous, sponge llke structure of the sprayed chromium-nickel layer
presents an absorbent base Into which the aluminum psint penetrates,
Although very little dluminum 1s present, 1t is thought that it alloys
with chromlum, nickel, and iron, and may penetrate through the sprayed
coatlng and alloy to the base metal to form an actual alloy bond
conalsting of the alloy of chromium, nickel, aluminum and iron. This
helps seal the pores against the penetration of gases., However, as
no apprecliable amount of aluminum remains on the outside, the chromium
nickel alloy is exposed to hot gases. Therefore, the coating will
not withstand the corroaive actlon of strong sulphur gases,

Representative uses:
Steel engine parts subject to high temperatures,

PROCESS 45: For Temperacures of 1800°F and higher

Process 45 provides meximum protection against heat oxida-
tion, withstanding even strong sulphur gases, It 1s spplied on iron
or steel by first grit blasting the surface, and then spraying on a
coating of a specisl chromium-nickel alloy to a thickness of approxi-
mately 0,15", This is 504 thicker than the coatlng used in Process

WADC TR54-209 25



In ordinary metallizing the bond between the coating appliled
and the base metal 1s due to interlccking on & roughened surface
rather than due %o alloying of the particles of sprayed metal with
the surface being sprayed,

The sprayed metal layer as deposited by a metallizing gun
is inherently porous, The wide application of metallized coatings for
corrosion protection has brought with it the development of numerous
methods of sealing or impregnating the porous metsllized coating. Top
coats applled upon impregnated metallized layers make them even more
reslstant and impervious in corroding environments.

Improvements in the types of metal coatings applied by the
metallizing process have been 8long the lines of heat resiasating,
corroslon reaisting and wear resisting coatings.

There are four systems or metallizing processes in use for
the protection of steel at elevated temperatures, System 120 is used
for temperatures up to 900°F. The remaining three coatings are often
referred to as "Wetcolized", a trade name of the Metallizing Engineer-
ing Co. Process 11 1s uysed for temperatures up to 1600°F. Processes
33 and 45 are used for even higher temperatures and are covered by
Patent No. 2,300,400 issued to Metalllzing Engineering Co. Each ma'y
be used for a particular range of temperature and service conditions
as outlined below,

SYSTEM 120: For tempsratures up to 900°F

System 120 is a satisfactory means of protecting iron and
steel from atmospheric corrosion at relatively elevated temperatures
up to approximately 900°F., The surface to be protected is first
grit blasted and then metallized with a coating of aluminum ,006"
thick. Two coats of a special sealer are then applied to the sprayed
metal., The sealer is a silicone type and contains aluminum pigment.
The sealer fills the pores of the sprayed metal with a moisture re-
pellent material. The resulting combination of coatings will resist
severe atmospheric corrosion and 1s suitsble for exposed parts oper-
ating at temperatures up to 200°F,

Representative uses:

Diesel Engine Exhaust Stacks
Damper Plates

Crown Sheets

Engline Supports, ete.

PROCESS 11l: For Temperatures up to 16000°F

Process 11 is an inexpensive yet satisfactory method of
protecting iron or steel surfaces from bthe corrosive actlon of hot
gases. The surface to be protected is first grit blasted and then
metallized with a coating of aluminum, A speclal ssaler is then
applied to the sprayed metal coat. This sealer has s bitumastic base
end contains aluminum pigment. The article is then heat treated to
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Section 5. Metallizing With Aluminum

The term "metallizing" i3 a general term applicable to the
various processes used for applying a metalllc surface by means of
a spray or blast of molten or semimolten metallic particles. The
blast or spray of molten or semimolten particles of metal may be
obtained by the atomizing of previously molten metal, which in the
molten condition 1s introduced into a blast nozzle to atomize 1t and
project it as a spray. This 1s known as the molten metal spray
system. In general thls system is limited to metals with reasonably
low melting temperatures. The spray or blast of molten or semimolten
particles may be obtained by introduclng the metal in powder form
into the heart of a blast burner to convert the powder particles to
molten or semimolten conditlion and project them in the form of a
stream. This 1s known as powder metal spraying. The third method 1is
to introduce the metal in wire form into the hot zone of a blast
torch and as rapidly as the end of the wire melts to convert the
molten material into a spray of finely divided molten metal particles.
This method 13 known &s the wire zun method. Methods using an
electric arec 83 the source of heat for melting wire and compressed
air for atomizing the material so melted have been 1lnvented but have
not reached success in commercial adaptation. The bulk of metallizing
today 1s belng done with the wire type of gun. This discussion on
metallizing will be limited to metallizing with the wire type of gun.

1. Metallizing is the only aluminum coating method where
the process can be carried to the work.

2. Coatings can be bullt up to any deaired thickness.

3. Spraying 1s used to salvage defective coatings some=~
times made by other aluminum coating processes.

4, Sprayed coatings can be applied to any size or shape
of article. '

5. Coatlings can be applled at a greater rate than with
other methods.

" 6. Tﬁe thickness range of sprayed coatings varles from
0.002 to 0.020%,

The complete process of metallizing requires more than just
a metallizing gun. Proper gun asuxillary egquipment is required.
Improvements in auxiliary equlipment during the past ten years have
been instrumental in making the metallizing process the controllable
process that it is today.

Surfaces must be prepared to take the coating of sprayed
metal. Methods of preparing surfaces and suxlliary equipment for
use in such preparation of surfaces have been the subject of numerous
improvements durling the past decade.
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6 If required, it is poasible to anodize or apply a
chromate coating to the aluminum finish for oxldatlion resistance.

7« The coating produced by thls procesa conaists of two
layers, a bonding layer of iron-alumlnum compound and a layer of
pure gluminum or aluminum alloy on top.

The approximate cost per 100 square feet of surface treated
1s $0.75 1f applled to 24 gauge steel., Depending upon the price of
the metal, cost of power, quantlty of materlal treated, the cost my
fluctuate.

Application Facilities and Sources
og AddItIonal Intformation

American Mollerizing Corporation, 9489 Dayton Way, Corner
Rodeo Drilve, Beverly Hills, California, H. E. Linden - President.

Section 4(C) Alfin Coatings

The Alfin patented process(7) was originally developed for
steel=-aluminum bi-metalllic castings such as brake drums and pistons.,
This method differs from the two discussed in that there is no
fluxlng step lntroduced for the surfzce preparation of the steel,

The first step 1n this process, as in others, comsists of
cleaning the steel parts ‘to be coated. Next, the part 1s given a
hot dip treatment by lmmersing the part in & molten aluminum bath,
creating an lron-aluminum compound layer and aluminum layer approx-
imately 0.,001" thick en the surface of the steel. While the bond is
still molten, the coated article is removed from the bonding furnace,

placed 1n & mold and aluminum or aluminum alloy 1s cast around the
part.

Cost

The only avallable data on the cost of application 1s that
it does not exceed 104 of the cost of casting of simllar size and
complexity.

Application Facllities and Sources
of AddlitIonal Information

Two licencees are specializing in aluminum bonded coatings.
l. Arthur Tickle Bngineering Works, Inc., 21 Delevan

Street, Brooklyn 31, N.Y., and 2. Natlonal Steel & Shipbuilding
Corporation, Harbor Drive at 28th, San Diego 12, Californisa,
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Cost of Applying

The cost of application of hot dip aluminum coating 1isa
gimilar to that of galvanizing. It is governed largely by the size
and shape of the partas involved, also by the volume of parts,
particularly if the design 1s such g8 to permit mechanical handling.

The price of a simply shaped plece is approximately $0.80
per square foot.

Application Facilities and Sources
of Additional Informstlon

Resegrch Laboratories Division, General Motors Corporation,
Detrolt, Michigan, D. K. Hanink and A, I. Boegehold.

Licencee of the Aldip process, Arthur Tickle Engineering
Works, 21 Delevan Street, Brooklyn 31, N.Y,.

Section 4(B) Mollerizing

The following steps are used to produce hot dipped aluminum
coated products by the Mollerlizling Process:

1. Parts to be coated are degreased, descaled, cleaned
and dried.

2. O0Objects are then immersed into a bath containing molten
gluminum (2"=4" thick) floating on molten flux whilch consists of a
mixture of sodium chloride, barium chloride and cryolite., Vapors
from the cryolite escape around the edges of the aluminum layer and
form a protective layer of gas, preventlng the formation of sluminum
oxide on the surface of the molten aluminum. Thls molten salt and
aluminum mixture are held in & ceramic lined, submerged electrode
gsalt bath furnace.

3¢ The lmmerslon step consists of lowering parts through
the sluminum layer Into the molten salt for fluxing. After the parts
have been meintained at a temperature of 1500°F for a short period of
time for fluxing, they are wlthdrawn through the alumlnum layer on
the top of the hath upon which is superimposed a direct electrical
current to create an afflnity between otherwlse electrically incom-
patible metals,

4, The thickness of the coatling can be varied by con-
trolling the speed of withdrawsl and the temperature of the bath. An
average thlclkness of 0,005" is usually obtained.

Ds Removal of excess aluminum is accomplished by eilther
centrifuging, vibrating, or with air jets. A hot water wash 1is used
to remove any adhering salt.
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FPirure I - The Aldip Process
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The information in the foregoing portion of this section
dealt with the hot dip process in general.

The remainder of this section will be devoted to specifle
information in reference to each of the three hot dip proceasses:
Aldip, Alfin and Mollerizing.

Section 4(A) Aldlp Coatings

A description of how the coating 1s appllied by the Aldip
process is outlined below. Reference should be made to the accompany-
ing flow sheet 1in Figure 1.(4)

1. Cleaning

The surfaces of the articles to be coated are prepared by
caustilc bath dipping, pickling or degreasing, dependlng on the
condltion of the surface and type of metal as shown In the flow chart.

2. Preheat and Flux

The second step 1In the process consists of immersing the
base metal part in a molten salt bath at 1300-1325°F which preheats
and fluxes the stesl,

Ss Aluminum Dip

After preheating and fluxilng, the parts are then either
dipped in molten aluminum heneath the salt or are transferred to s
furnace contalning molten aluminum for a predetermined period of
time, usually 2 to 6 minutes,

4, Removal of Excess Aluminum

The last step in the process conslats of removing excess
aluminum from the surface of the part by use of vibrstory, centri-
fuging, pneumatic or salt rinse methods. Preferably, the parts
should be given a salt rinse in the preheat flux, followed by air
blasting.

5, Diffusion Treatment

In order to produce more iron-gluminum compound of the
required thickness to increase heat resistance and resistance to
thermal shock, the part can be further treated bv subjecting it to a
diffusion treatment at temperatures in the vicinity of 17755F.(4)

The time at temperature varies directly wilth thickness of compound
required.
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Coated sheet steel exposed to temperatures in the range of
1000 to 2000°F for periods of time up to 60 minutes have been found
to offer protectlion to the steel base metal, It was found that the
tensile strength of the coated material was not reduced more than
25% after exposure under the above mentioned conditions while the
tensile strength of the base metal was reduced considerably, especialw
ly at the higher temperatures.(9)

Reported Uses

Table I summarizes several Successfully reported applica-
tions of hot dipped aluminum coatings:

Table I
Applications of Hot Dip Aluminum Coatings

Application Process Reference
l, Military Tank Heat Aldip 4
Exchangers
2. Exhaust Pipe Adapters " "

3« Furnace Trays " "

4, Hooks for Salt Rath " "
Heat Treating

5. Spacer Supports for " "
Carburizing Side Gears

6. Heat Exchanger Tail Pipe " "
Tubes

7. Diesel Engine Manifolds " n

8+ Coating of Titanium Mollerizing 6
with Al

9. Landing Gear Struts " "

10. Bi-metallic Bearings, Alfin 7
Pistona, Brake Drums and
Heat Exchangers for
Aircraft Engines and
Radiators

Limltation

The most objectionable feature of the hot dipped coating
is that 1t results in a non-uniform and lumpy coating. Another
objection 1s that the fatigue strength of materials costed has been
found to be lowered by the coating process.(9)
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Mechanlcal Properties of Coating

The hardness of an sluminum coating depends upon the nature
of the coating, that 1s, whether it 13 combined aluminum in the form
of iron-aluminum compound or uncombined alumlinum. The hardneas of
the former is in the order of 875 Diamond Pyramld Hardness, whlle the
hardness of the latter is similar to pure aluminum or aluminum alloy,
depending on which 1s belng used in the dipping process.

The hardness of the galuminum iron solid solution is approx-
imately 300 Diamond Pyramld Hardness,

Since the iron-aluminum compound is hard and brittle, the
ductility of the coating depends on the amount of this constituent.
When this constituent 1s kept to a minimum, the ductility of the
coating 18 increased, The compound can be controlled by varying the
dip time, diffusion tempersture and sllicon content of the base metal
in the aluminum bath. The tensile strength of the compound bond has
bheen found to be 11,000 to 17,500 psl, varylng with bond thickness
and aluminum anglysis. Temperatures up to 500°F do not reduce the
bond strength,. (S

Forming

Data on the formability of hot dipped coatings are limited.
Due to the brittleness of the lron=-aluminum compound, the aluminum
coating to be cold formed must contain a minimum of this constituent.
It has been reported that aluminum coated tiltanium sheet can be
pressed with greater ease since the coating acted as a lubricant
during forming.i®

Effect on Mechanical Properties of Base Metal

The mechanical properties of steel processed by the hot dip
method 1s dependent upon the temperatures to which 1t 1s exposed
during the processing. For example, cold rolled steel would show a
decrease 1in hardness and tensile strength after dipping, while an
annealed steel would not exhiblt a change. However, there would be
a size effect. A thin annealed sheet with a hot dipped coating which
had been diffusion treated would have 1ts properties altered since
the iron=aluminum compound layer would constltute a considerable
portion of the cross sectional area of the materlal. Some of its
hard and brlttle characteristles would then be imparted to the entire
material. Howsever, i1f the material ia of a large enough section, the
coating effect would be negliglble provided that the effect of hot
dipping temperature and/or diffusing temperatures would not normally
alter the propertles of the base material.

An example of this is shown(5) where the tensile properties
of SAE 4140 were not reduced by hot dlpping. Since endurance limit
values of coated samples were compared wlith polished steel specimens,
results were lower for coated thanm uncoated steel., Available inform-
ation from alrcraft manufacturers indicate that hot dipped coatings
cause a decrease in endurance limit.(9)
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Corrosion Resistance

On the baals of a limited amount of corrosion test
data,(2,3) it has been shown that hot dipped aluminum coatings have
corroslion resistant propertlies similar to that of aluminum metal.

The results have been based on coatlngs which contaln free aluminum

on the surface. Specifically, hot dipped aluminum coatlngs were

found to be superlor to galvanlized or tinned steels Iin salt fog, water
fog and fatty acids.(3

Oxldation Realistance

The application of hot dipped coatlngs of alumlnum to steel
has resulted in lncreasing the oxidation resistance of steel., The
coating can be expected to withstand temperatures up to 900°F without
discoloratlion. Between temperatures of 180 F to 900°F, aluminum
coating can reflect 80% of radiant heat. When temperatures exceed
900°F, aluminum begins to alloy with the base metal forming an adher-
ent, refractory aluminum iron compound. Resistance to oxldation and
scaling 1s satisfactory up to a temperature of 1600°F,(4)

Specific examples of oxldation resistance of aluminilzed
stesl are gs follows:

1. Aluminized 1020 steel when compared with uncoated steel
at 1300°F for 240 hours, 1500°F for 272 hours and 1700°F for 128
hours showed considerable superlorlty of the aluminum coated steel.(3)

2 In the presence of sulphur bearing gases, sluminized
steel showed exceptlionally good oxidatlon resistance at temperatures
of 1350 and 1700°F,(2)

3« Hot dipped aluminum coatings were found to prevent
formation of 1ron oxides on low carbon steel sheet when exposed to
temperatures in the range of 1000 to 2000CF for periods of time up
to 60 minutes when heated in an electric furnace. Partial melting
occurred when the coated steel was subjected to flame impingement
tests where flame impin%e? at 1800°F for 5 minutes or at 1600°F for
larger periods of time.(S

4, Hot dipped vapor cone assemblies (low carbon steel)

have withs?iai temperatures of 1600°F for 94 hours without signs of
oxidatlon.

Abllity %o be Joined

Hot dipped aluminum coated steels have been satisfactorily
brazed, Deflnite Informatlon on welding processes on hot dipped
coatings 1s lacking. However, since aluminlzed sheet steel has been
successfully joined (see section on aluminized sheet stesl) when
sultable precautions are taken, 1t may be inferred that hot dipped
coatings of the same thlckness as sluminlzed shect steel coatings can
al=20o be Jjoined,
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Section 4, Hot Dip Aluminum Coatings

0f all the methods used for applying a coating of aluminum
to steel, the "hot dip" proceas should be the most obvious. However,
due to the difficulty in the past in preparing the steel surface for
coating, preventing the steel surface from oxidizing during Gipping
and meintaining an oxlde free surface on the coating bath, progresas
in this field of application has been slow. At the present time, the
proponents of several methods of "hot dipping" claim to overcome all
of the previous difficultles. These processes are: Aldip, Alfin and
Mollerizing.

In general, these methods are similar in that they all
require satisfactory preparstion of base metsal which is then dipped
in molten aluminum or an aluminum alloy. The results of the coating
processes are edsentlally the same; aluminum is honded to steel by
the formatlion of an aluminum-iron compound, the thickness of which
may be controlled by the process.,

The varlatlion in the processes used to obtain an aluminum
coating by hot dipping will be discussed in grester detail towards
the end of thils seetion. The first portlon of thils section will be
devoted to a general discussion of the characteristics of the coatings
which are alike in all processes,

Surface Preparation

Articles to be coated with aluminum by the hot dip process
must have all oxldes, grease, dirt and any other forelign matter
removed by some adequate cleaning operation prior to hot dipping.

The cleaning process may involve any one or a combination of the
following operations: sand blasting, electrolytic caustic bath, de=
greasing, acld plckling, or fluxing. The choice of method depends on
the nature of the matter to be removed and type of material cleaned.

Characterlatics of the Coating

The coating obtained by the hot dip method 1s composed of
different zones In the as dipped condition. Starting from the outer
surface, these zones are: aluminum oxide film, aluminum {or aluminum
alloy}, brittle iron-aluminum compounds, mainly FeAlz, and iron-
aluminum solid solution. The proportions of these zones can be varied
by subjecting the material to a diffusion treatment in the range of
1500-1900°F with the higher temperatures accelerating diffusion. This
treatment results in a decrease of the aluminum surface layer, with
an increase in the iron-aluminum compound and solld solution layers.
The total thickneas of the aluminum containing coating increases with
diffusion temperature and time. A variation in thickness of 0,001"
to 0,015" is possible with hot dip methods. The average thickness of
most processes is 0,005%,

As previously mentloned, Aluminum Coatings -~ General Dig-
cussion, free uncombined aluminum provides corroaion protection and
the iron-aluminum compound provides high temperature oxidstion
resistance.
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The organic solvent baths are very sensitive to atmospheric
moisture and after a short time yield poor deposits. In the case of
the hydride bath, fresh hydride 1s added to replenish the bath.

The coatings obtained by the molten salt method have no
interfacial layer of iron aluminum alloy such as ocecurs in hot dip=-
ping. The coating 1s smooth matte-type. A test run 1s made firat to

remove molsture and impurities from the bath which are plated out in
preference to aluminum.

Reported Uses and Results

The electrodeposition of aluminum was used as per method
Organic Solvents Method A in electroforming of lightwelight waveguldes
that could be tested for radar wave transmission characteristics.
The aluminum deposits were dense, strong and ductile.(24) The thick-
ness of those deposits was 0,025" or more. The bath required aglta-
tion to avold porous deposits.
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CHAPTER TIII
NICKEL AND NICKEL ALLOY COATINGS
Section 1. General Discussion

One of the primary purposes of the surfsace treatments
of low alloy steels, as deseribed in this manual, 1s the conser-
vation of the critical metals used in the high alloy steels.
Nickel 18 one of the important alloying metals that it is desired
to conserve. In the operating temperature range up to about
1200°F the high slloy steels to be replaced, for conservation
purposes, contain 8 to 104 of nickel. If nickel or nickel alloy
coatings are to be used to protect plain carbon or low alloy
steel parts, for conservation of nickel it is obvious that the
amount of nickel used in such protective coatings should repre-
sent much less than 10% of the weight of the finished article.

If the equivalent of 0.001" of coating is necessary on
each of two surfaces involved, it is evident that conservetion of
nickel will not result on parts whose finish thickness 1is 0.,020"
or less. If the steel thickness is 0.040" or more, an apprecliable
saving 1n nickel will result.

From an economicel or cost standpoint, it is clear that
savings will not be accomplished i1f the cost of surface trestment
1s equal to the cost of high alloy steel per square foot of the
same thickness. Assumlng that high alloy asteel costs about $0.40
per pound above the costs of plain carbon or low alloy steel of
the same thickness, the cost figures in Table 5 would apply.

Table 5

Limiting Costs of Surfasce Protection

Limiting Cost of
Added Cost of Surface Protection -

Weight per Alloy Steel two sldes - per sq.
sq. foot - per sq. ft. ft. of surface.
Thickness Pounds Dollars Dollars
0.010" 0.50 0,20 0.10
0.020" 1.00 0.40 0,20
0.opo" 2.00 0.60 0.140
0.080" 4.00 1.60 0.80

From the above, it is evident that from s cost stand-
oint the nickel coating process used must not cost more then
go.uo per aquare foot of surface protection on steel 0.040" thick
and that the thinner the steel is the cheaper must be the surface
treatment.
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It is clear that the above comments with respect to the
cost of surface treatments are equally applicable to all surface
treatments to be considered and are not peculiar to nickel or
nickel contalning coatings. 1In the case of nickel, the actual
material involved in one square foot of coating 0.001" thick is
approximately 0.05 pounds. For electroplated nickel and for
electroplated nickel-tin coatings the actual cost of the mater-
ials in a coating 0.001" thick is, therefore, under $0.05 per
square foot of surface.

If a nickel or nickel alloy coating of only one hslf
mil thickness, or 0.0005" is sultable, a material saving of $0.025
per square foot becomes possible and a nickel conservation becomes
possible on parts made of 0.020" thick ateel.

From the corrosion protection standpoint, it should be
remembered that in an electrolyte nickel and most nickel alloys
are noble or cathodic with respect to plain carbon or low alloy
steels. This means that if there is & pin hole or holiday in the
coating, the so-called protective coating will form a local gal-
vanic cell with the base steel and accelerate corrosion at that
area. Since nickel and nickel alloy coatings are not sacrificial
to steel, 1t 1s evident that such coatings must be free from pin
holes and holidays to glve adequate protection. In practically
all nickel coating processes the minimum thickness for satisfac-
tory performance 13 the minimum thickness necessary to obtain
freedom from pin holes. Sealing treatments, such as burnishing,
diffusion heat treatments or top coatings that close or bridge
pin holes, permit the use of thinner coatings.

Nickel and nickel alloys at temperatures from 500 to
1000°F in air and in atmospheras reasonably free from halogen and
sulphur compounds form tight oxide films that are self sealling and
protective against further oxidation. While they do not maintain
their bright metalllic surfaces, they do not continue to deteriorate
wilth time; the oxide tarnish films formed in this temperature range
are adherent, reasonably nonporous and protective against further
similar atteck. Nelther pure nickel nor the oxide film formed on
nickel is thoroughly resistant to halogen or sulphur compounds.

The products resulting from the attack of these compounds are not
adherent or protective. A simple nickel coating will not withstand
the attack of bromine, lead bromide and hydrobromic acid from the
combustion of fuels contalnlng tetraethyl lead additives. Some
alloy nickel coatings such as nickel-zinc, nickel-tin and possibly
nickel-cadmium (see Section 5, Corronizing)} offer much better
resistance to these compounds than relatively pure nickel.

Six different types of nickel and nickel alloy coatings
are discussed in the following six sections of this chapter.
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Section 2. Electroplated Nickel

Electrodeposition of nickel is accomplished by passing
direct current through a suitable water solution of nickel salts.
The nickel is deposited at the cathode. The composition, struce
ture, physical characteristics and adherence of the deposlt vary
and are dependent upon the nature and concentration of the nickel
salts and other chemicals in the solution, the temperature, the
acidity or alkalinity of the solution and the quantity of current
employed per unit area {current density). The deposit may be pure
or almost pure nickel, an alloy of nickel with a small amount of
cobalt or an alloy of nickel with other metallic or non-metallic
elements. Since many elements can be deposited by the passage of
electricity through their solutions, it follows that two or more
elements may be co~deposited by the passage of electricity through
a solution containing them, if the conditions for deposition are
simultaneously suitable for them. <Certain nickel alloy electro-
plates such as nickel-phosphorus, nickel-tin, nickel-zinc and
nickel-cadmium are treated in other sectlons of this chapter. In
this section, "Electroplated Nickel", there are included in the
type called bright-nickel the nickel-cobalt alloy plates in which
the cobalt addition is primsrily as a brightener rather than for
its alloy effect.

In practically all commercial nickel electroplating
processes, the nickel in the solution 1is continuously replenished
by nickel dissolved from the anodes used in the plating process.
Either caest or rolled nickel ancdes are used. The solution must
be kept adjusted to maintain the desired rate of solution at the
anode. The ratio of nickel anode area to cathode area must be
maintained so that the quantity of nickel dissolved at the anodes
is ebout the same as the quantity deposited on the work being
plated.

Nickel electroplates properly applied are recognized as
satisfactory for the protection of steel against atmospheric
corrosion and against corrosion by certain solutions of chemicals.

There are four mejor types of nickel electroplates, as
follows: 1. Dull matte or white; 2. bright; 3. hard; ly. compres-
sion.

According to the type of nickel plating desired and the
composition of the nickel plating bath, nickel plating is done at
temperatures from room temperatures (called cold nickel baths)} to
as high as 1609 (called hot nickel beths). Usually, increasing
the temperature results in faster deposition, a softer, more duc-
tile deposit, and better throwing power.

Nickel electroplating solutions operate within a total
PH range of 1.5 to 6, but any one particular solution must be
maintained to a much closer pH renge such as £0.5 pH, 1.8., o5 =
5.5 or 5.0 - 6,0, etec. In general, a lower pH permits higher
current density and higher rates of deposition without cracking
and peeling of the coating, although the cathode efficiency is
reduced to some extent.
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Higher concentrations of metal in the solution make for
higher current densitles, higher rates of deposition, better
throwing power, and better cathode efficiency. Chlorlde concentra-
tion in the sclution controls the rate of anode corrosion to replace
the nickel in the solution as metal is deposited at the cathode.
Increases in chloride content tend to give harder deposits. Boric
acid tends to control the pH of the bath and, in controlled amounts,
tends to make the deposits smoother, whiter and more ductile. Rela-
tive motlon between the plating solution and the surface being
plated is essential. This 1s obtained by agitation (motion) of the
part being plated or by forced circulation of the plating bath.

Surface Preparation

In order to obtain a good adherent nickel electroplate,
it is necessary that the surface to be plated be very clean. Free-
dom from scale, loosely adnerent particles of dirt, oll, grease,
corrosion products, etc., 1s essential. On unpolished steel sur-
faces, acid pickles plus alkaline or alkaline electrocleaners are
usually used.

For decorative purposes and for corrosion protection only,
it is common to use an underplete of copper, since electrodeposited
nickel on copper 1s more adherent and has less pin holes than
electrodeposited nickel direct on steel. A reasonably pin hole
free laeyer of copper can be buffed to be even more pin hole free
and become a good base for a subsequent deposit of nickel. In some
cases only a copper strike is used as an underplate. For use at
elevated temperatures, no such copper undercoat or strike 1s per-
missible and the steel surface must be sultably prepared and treated
for direct plating of the nickel on the steel. The surface prepara-
tion necessary for good electrodeposits of nilckel is practically
independent of the type of nickel plating to be applied.

Dull Matte or White Nickel Electroplating

The most common solutions for this type of nickel electro-
plating are called the Watis type and may be subdivided into two
classes according to pH. Typical solutions are shown in Table 6.

An all-chloride bath may be used. It has some advantages
in producing smoother, finer grained, stronger deposits, but the
disadvantage 1s that the deposits are less ductile and more highly
stressed than from the Watts baths. A typical all-chloride bath
is shown in Table 6.

A composite of the Watts bath and the all-chloride bath
13 used sometimes snd is cslled the chloride-sulphate bath. It
produces a deposit that is finer grained than those from a Watts
bath and more ductile than those from an all-chloride bath. A
typical bath is shown in Table 6.
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Table 6
White Nickel Plating Solutions

Watts Wetts All Chloride

High pH Low pH Chloride Sulphate
Nickel sulphate oz/gal. 32 Ll - 26
Nickel chloride oz/gal. 6 6 4o 23
Boric acid oz/gal. 4 5 5.5
P o S t3
Temperature OF 115-160  115-140 120-160 115
Current density s.s.f. 20-100 25-100 25-100 25-100

Bright or Lustrous Nickel Electroplating

Bright or lustrous nickel electrodeposits are obtalnable
from & number of different types of plating solutions plus various
addition agents as so-called "brighteners". Maximum brightness is
obtained when the basis metal has been pollshed before plating.

Over twenty five United States patents have been granted
on brightening agents for use with the Watts type of plating solu-
tion previously described. In most cases, the low PH class of
Watts bath 1s used. These brighteners are mainly organic in
nature. Some organic brighteners seriously embrittle the deposit,
- 80 other organic materisls which counteract this tendency must be
added. 1In using these proprietary brighteners or proprietary
bright plating solutions, it is essential that the operating in-
structions of the vendor be followed. A complex inter-relationship
exists between solution formulation, temperature, pH and current
density.

Bright nickel deposits are obtained also from cobalt-
nickel solutlions. Three different formulations of this type
solution are used, depending upon the brightness and hardness of
deposit desired. These three baths differ in cobalt concentration
ranging from 0.35 to 2.0 ozs. per gallon of cobalt sulphate.
Additlonal control over deposit ductility is had by adjusting the
PH. The solutions, in addition to the cobalt sulphate, contain
nickel sulpheste, nickel chloride, boric acild, nickel formate,
ammonium sulphate and formaldehyde.

Hard Nickel Electroplating

In most cases, the addition of sodium, potassium and
ammonium saits to nickel plating solutions causes increases in the
hardness and brittleness of the deposit. When & hard nickel
deposit 1s desired, it is common to use ammonium chloride in s
nickel sulphate solution. A typlcal hard nickel bath is as follows:
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Table 7
Hard Nickel Plating Solution

Nickel sulphate 2l ozs/gal.
Ammonium chloride 3.3 ozs/gal.
Boric acid Lo " ¥
pH Seb = 5.9
Temperature °F 110 - 140

Current density
amps/saq. ft. 25 = 50

This is a special purpose solution where a comparative
high hardness is required. For the uniformity of the physical
properties of the plate produced from this bath, close control of
the pH and temperature 1s necessary. Slight changes in these two
variebles cause declided changes 1In the physical properties.

The deposits from this type of bath do not possess a
hardness comparable to chromium. This nickel bath has definitely
better throwlng power and rate of deposition than any chromium
bath. Where thick deposits of high hardness are required, the
major thickness can be made up of hard nickel which acts as a
supporting base for a hard chromium plate. This sclution does
not produce & coating as hard as that obtainable by electrodepo-~
sitlon of a nickel-phosphorus alloy as deseribed in Section 3 of
this chapter, nor as obtained by the electroless nickel procedure
described in Section .

Compression Nickel Electrodeposits

Types of baths which will produce & nickel plate in
compression have been recent developments and include a modified
Watts bath plus an organlc addition and the sulphamate type of
bath. Thils latter pleting solutlon is reported to contain nickel
sulphamate, nickel chloride, boric acld, enti-pit agent and
possibly a buffer. The nickel content of the bath is 10 ozs. per
gallon. The major interest in the sulphamate bath is its high
rate of deposlition and the freedom of the nickel deposits from
stress. This solution has aroused Interest in the electroforming
and electrotyping industries, but little experience has been
gained to date.

Corrogsion Resistance

Nickel plete has long been recognized as & satisfactory
meterlial for the protection of steel against atmospheric attsack.
There are no data available at present on the corrosion resistance
properties of nickel in contact with the condensate produced from
combustion products from aircraft engines as a result of cooling

WADC TR 54-209 L3



to room temperature after high temperature service. Dry gases are
not actlvely corrosive to nickel at or ne&ar room temperature.
However, nitrogen oxides, chlorine, other halogens, sulphur dioxide
and ammonia ere appreclably corrosive to nickel in molst atmospheres.

As stated previously, the corrosion protection provided
to steel by a nickel deposit is a function of its freedom from pin
holes. Thicker deposits have less through pores and, therefore,
less pin holes. The corrosion resistance of & nickel plated article
is recognized as being proportional to the thickness of the nickel
deposit; this is shown by the specifications of the American Soclety
for Testing Materials.

Effect of Elevated Temperatures

The first efrects of heating electrodeposited nickel
coatings may be release of stresses, release of occluded gases and
the development of changes in the bond between the deposit and the
base metal. Poor coatings will blister and peel while good adherent
coatings will develop even better adherence. In general, minor
changes occur 1n the structure and properties when heating dull
nickel deposits up to 7509F, After being heated at temperatures of
1100 # to 1800°F, most such deposits consist of large equiaxed gralins
with pronounced grain boundaries at which oxides and other impurities
have segregated. The hardness and tensile strength are decreased.
The elongation is increased up to 750°F and then decressed. Most
bright nickel deposits show a much larger decrease in hardness and
tensile strength when heated, but show little increase in ductility.
Many volds may be produced on heating the bright nickel deposits.

Deposits from most nickel baths show a high contractive
internal stress. If it is desired to remove this stress, a 2 hour
anneal at S5709F can be used for the chloride and Watts deposits.
Deposits from the hard nickel baths should not be heated over L500F
if the "as plated" hardness is to be retained.

In England it is considered that & 2 hour anneal at LOOOF
is an important step in nickel plating. It is felt that it should
not be omitted as 1t expels some of the hydrogen, removes some
hydrogen embrittlement and iImproves adhesion.

Oxidetion Reslstance

The only data available on the use of nickel electro-
deposits for protection of steel at high temperatures (over LOOOF)
are statements by representatives of various airecraft manufacturers
as to their presctice. Limits adopted to date as to the maxinum
temperature of exposure for nickel electroplate vary from a low of
T00°F to a high of 1000°F.

Very little work has been done on the high temperature
oxidation protection and corrosion protection of nickel plate. 1In
the absence of sulphur in the atmosphere, nickel electroplate should
protect steel against oxldation up to 8B009F and possibly as high as
1000°F. In a sulphur containing atmosphere, nickel will be readily
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attacked at temperatures over 600°F. Sulphur attacks the nickel
intergranularly. This attack is greater under reducing conditions
than under oxlidizing conditions. These characteristics are appli-
cable to pure nickel, nickel c¢lad on steel, nickel plate, and
electroless nickel.

On exposure to temperatures above 1200 or 1L00°F the
nickel plate diffuses gradually into the steel and 1ron diffuses
into the nickel layer. The resultant nickel iron alloy layer will
have lower corrosion resistance than pure nickel. This nickel iron
alloy layer may eliminate the pltting type corrosion, but steel
panels covered with such a nickel iron alloy layer will show an
overall rust layer. This nickel iron alloy layer offers no improve-
ment over nickel against high temperature attack.

As sulphur i1s the biggest enemy (lsad alsc is reported to
embrittle nickel on exposure to temperatures above 600°F) to nickel
plate for high temperature service, the bright nickel pleting baths
which contain sulphonates or other sulphur bearing crganic deriva-
tives should be avoided. Straight Watts or high chloride baths are
preferable for nickel plating for high temperature service.

Proper surface preparation of material to be plated and
proper control of plating bath and plating conditions are a prime
necessity if nickel electroplate is used for protection of steel
against high temperature oxidation and corrosion attack.

A binary alloy based on electroplating nickel followed
by chromium is not satisfactory unless it is given a long time
heat treatment at high temperatures.

The expansivity of nickel plate (especielly thick coets)
and its relation to steel 1s important 1ln the use of nickel plate
on steel for high temperature service. The literature reports that
in the range of 68 to 11100F, the average coefficient of expansion
of nickel is 15.6, very close to that of steel. Some bright nickel
deposits show errstic coefficlents.

One of the aircraft manufacturers is doing experimental
work with & sulphamate nickel plating bath and snother with the
modified Watts bath which produces nickel plete in compression.
Yo test results have been reported.

Erosion and Abresion Reslatance

No specific date hes been found in the literature as to
the erosion and abrasion resistance properties of electroplated
nickel coatings. One of the aircraft manufacturers, based on study
of various coetings, reports that electrodeposited nickel has good
ebrasion resistance. The hard nickel deposits should have good
abrasion resistance as thils plate 1is primarily used for & wear
resistance surface. Wrought nickel is reported to be resistant to
erosion by steam at high velocities.
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Joinling

Nickel plated steel cen be soft or hard soldered and
welded. There i1s no knowledge, though, that nickel plated steel
has ever been brazed. Welding must be done with submerged or
inert arc methods as the usual fluxes used for welding cause
cracks in the nickel plate. The lower melting silver solder should
be used for "hard" soldering operations. _

Mechanical Properties

The mechanical properties of the dull, bright and hard
nickel electroplates are shown in Table 8.{(27) The term "stress,
1000 1lbs. per sq. in." in Table 8 is the tensile stress in thousands
of pounds per square inch in the nickel plate in the "as plated"
condition.

Table 8

Properties of Nickel Electrodeposits

Bright
Dull Duil All Organic Bright
Watts Chloride Add. Co-N1i Hard

Av. Renge Av. Range Av. Range Av. Range# Av. Range

Hardness 140« 200- 85 - 300~ 350-
Vickers 192 }oo 270 390 L67 20 - 600 25 525

Tensile

Strength,

1000 1bs. 0- 90- 140- 1~
per sq.in. 78 115 108 150 183 220 - - 152 160

Elongation

per cent 19 2-31 9 L-17 3 1.5 - - 6 ha9

Stress,

1000 1bs. 15- 25=-

per sq.in. 31 5l 4o 55 - - - - ? ?

#Dependent on the type of bath used.

As can be seen from the above datae, there 1s a wide
variance 1ln physical characteristics of & nickel electroplate
within each group. For & particular type of bath containing a
mninimum amount of impurities, the factors which affect the nature
end mechanlecal properties of the plate are: 1. pH of the plating
solution; 2. temperature of the bath; 3. current density used.
The effect of each factor 1s not independent, but is related to
all others.
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The necesssary work to determine the mechanical properties
of the nickel deposit from the sulphamate bath for compression
nickel plates is in progress. The very limited hardness data avail-
able are shown in Table 9.

Table 9

Hardness of Compression
"Nickel ElectropiLates

Current Density Used (ASF#)

Temperature
of Bath 2l L8 96
ggom 493 VHNsae 505 VHNies 532 VHN##
1050F Lot " 509 " 545 "
120°F 418 so2 " 566 "
1L0°F 325 " 389 " hr7 *

#ASF = amperes per square foot
#%VHN = Vickers Hardness Number 50 gm load.

It appears that the nickel sulphamate baths wlll produce
comparatively hard nickel deposits. No data are available on the
effect on the physical propertles of exposure to elevated tempera-~
tures. The stresses produced by the nickel plate from the sulpha-
mate bath will be discussed later in "Effect on Base Metal."

Thin nickel plates tend to be porous. A4 coating thick-
ness of over 0.001" i1s usually required to produce a porous free
layer of nickel electroplate.

.The uniformity of the plate thickness is dependent on
the shape of the part to be -plated and 1ts relatiocnship to the
anode. The nickel plate tends to bulld up on sharp corners and
to fail to plate in deep recesses. TUnless special techniques are
used, it is not possible to plate on the inside diameters of
tubing or pipe. By speclal techniques nickel coats are plaeted on
the inner surfaces of 20! lengths of pipe and tubing from 2" to
18" in inside diameter. Thils latter process claims to produce s
ductile nickel deposit with depressions in the steel more heavily
coated than high spots, and claims complete adherence to base
metal in thicknesses from 0.005" to 0.100".

Effects on Base Metal

It is known that during the electrodeposition of metals,
especlally hard metals such as nickel, large internal stresses
may be set up in the plate. Various theories have been offered
as to the causes of these internal stresses. The usual stresses
in nickel electroplates are M"tensile". Thin articles may become
warped or distorted by depositing metal on them. If the stress is
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greater than the tensile strength of the deposit and the base
metal is rigid so thet there 1s no opportunity for the stress to
relieve 1ltself, a network of cracks may form or peeling may occur.
These effects are important for electroplates that are required
for corrosion and oxidation protection.

The magnitude of the stresses can be very high. Tests
at the National Bureau of Standards showed that deposits produced
from an impure Watts plating bath may be stressed to 50,000 psi.
With adequate purification and with plating control, the stress
in the plate produced was reduced to 15,000 psi. Certain organiec
additions have been reported which will further reduce the stress.
The addition of nickel benzene disulfonste to a modified Watta
bath has been reported to have completely reversed the stress.

Tenslle stresses in the nickel electroplate lower the
fatigue strength of the .part. This has caused some aircraft manu-
facturers to avold the use of these nickel electroplates on some
aircraft components. Because of this, some Interest has developed
in the use of the baths which produce nickel plates in compression.
Although one aircraft manufacturer 1s experimenting with the Modi-
fied Watts, no data have been received to date. Another aircraft
manufacturer 1s experimenting with & nickel sulphamate plating
bath but, again, no data have been made avallgble. One compeny,
working with the sulphamate bath, reports that plaeting between
1209F and 160°F from 20 to 140 amperes per square foot produces
nickel electroplates which are compressive and whlich should not
affect the mechanical properties of the base metal.

Uses and End Kesults

Some aircraft menufacturers sre using nickel electro-
plating for protection of steel at temperatures up to 10009F. The
data received from them are not too complete as to whether this
protection is complete against corrosion attack of condensates
formed on cooling of exhaust gases.

All data indicate that nickel electroplates give protec-

tion to steel against corrosion, erosion and/or oxidation attack
on exposuré to temperatures up to 7009F and possibly to 1000°F,

Costs
It is impossibie to give even approximate figures as to
the costs of nickel plate or any other plate per square foot of
surface. Many factors play important parts in the final costs
and must be taken 1into consideration in each case, such as!
1. Thickness of the plate.
2. Size, shape and complexity of the part to be plated.
3. Cle&ning operations necessary to prepare the surface.

4. Rack design, rack maintenance, loading and unloading
of racks.
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5. Drag out losses.
6. Menual or automatic operation.
7. Anode design required.

Costs for sutomatic plating of nickel on such items as
auto bumpers stock (& highly competitive item) are estimated at
from $1.00 to $1.25 per 1lb of nickel deposited plus the cost of
the nickel. On a comparative basis, nickel electroplating is
chesper than chromium electroplating, but more costly than zinc
electroplating. For simple shapes with no internal surfaces to
be plated, in reasonable quantities at one time the costs may

very from $0.40 to §1.00 per square foot of surface plated 0.001"
thick.

Facllities Available and Sources of Information

Nickel electroplating of the dull, bright and hard
varieties is sdequately handled by many commercial electroplaters
all over the U.S.A. Most of them have the necessary knowledge to
produce a plate of the desired properties. lMany industrisl firms
operate their own electroplating departments. General information
on the subject of nickel electroplating is available from the
International Nickel Company, 67 Wall Street, New York, N. Y., the
American Electroplaters Society, the American Electrochemical Soc-
iety and the technical magazines 1n the electroplating fleld. The
many equipment and supply dealers offer technical advlice and
assistance. The sellers of proprietary processes, solutions and
addition agents supply detailed instructions with their products.

Section 3.
Electroplated Nickel-Phosphorus Alloys

Niekel-phosphorus alloys containing as high as 15% of
phosphorus can be electrodeposited from a solution containing
nickel chloride or nickel sulphate plus phosphoric acid. The
original development work was done at the Netional Bureau of
Stendards. (28,29) The process is in use by at least one commer-
cial firm. The coatings produced are somewhat similar to those
from the "Electroless Nickel" process described in Section L of
this chapter. The process for electrodeposition of these hard
nickel-phosphorus alloys is somewhat less expensive than the
Electroless Nickel process and does not require as high a temper-
ature or as long s time for an equivalent thickness of coating.

Surface Preparation

The requirements for surface preparstion prior to the
deposition of the nickel-phosphorus alloy sre the same as for
electrodeposition of pure nickel.

WADC TR 54-209 L9



Plating Solutions and Procedures

The National Bureau of Standards reports that the
plating baths for the deposition of the nickel-phosphorus alloys
ere rather simple. They consist of nickel chloride and sulphate
together with phosphoric and phosphorous acids. The acids act
as the source for the phosphorus in the deposit.

The compositions of some of the baths are shown in

Table 10.
Table 10
Nickel-Phogsphorus Alloy Plating Solutions
Low Phosphorus- High Phosphorus-
Nickel Nickel

N180y.6Hp0 (gms/liter) 175 150
NiClo.6H20 (gms/liter) 50 45
H4PO) (100%) (gms/liter) 50 50
H3P03 (100%) (gms/liter) 1.3 4o

The pH of this bath must be less than 1.0. The PH should
be raised to & value between 0.5 and 1.0 by adding nickel carbonsate.
The low phosphorus baths are operated at a pH of between 0.5 and
1.5 depending on composition. Phosphoric acid also acts as a buffer
To maintain the desired acidity in the cathode film. The plating
takes place at 165°F and sbove. At room temperature the cathode
current efficiency is very low and the deposits are very weak.
Current densities should be betwsen 5 and 4O amperes per square
decimeter (about 45 to 370 amperes per square foot). At about 10
amperes per square decimeter (92 amperes per aquare foot) the rate
of deposition is fairly high, amounting to a few thousandths of an
inch per hour.

The nickel phosphorus bath is reported to have excellent
throwing power. In operation, the baths require less criticel
control than for proprietary bright nickel plating baths.

Cheracteristics of the Plate

The characteristics of the nlckel-phosphorus electro-
plate, as reported by the National Bureau of Standards and one
cormmercial firm, are shown in Table 11.
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Characteristics of Nickel-Phosphorus

Table 11

Corrosion Reslistance

Oxidation Reslstance

Abrasion Reslsteance

Joining

Hardness as plated

Hardness as heat
treated

Ductility

Hot Hardness

Effect on Base Metal

Brightness

Allcy Electropliate

N.B.S.
Alloys with high % of

P are resistant to cor-

rosion and chemical
attack exceeding, in

this respect, the pure

metal.
No data.

A hard wesar reslstant
coating.

to wear 1ls important.
No data.

350 to 720 Vickers
with increasing P
content.

At 4{00°C - 10% P
alloy - 1100 Vickers.

Over 1% P is gener-
ally brittle. Heat
treat 8002C still
brittlie.

Alloys have poor "hot
hardness" and above
600°C are softer than
unalloyed nickel.

No data.

Alloys less than 2%
P - smooth matte

finish.
they become brighter,

reaching peak at 10% P.
Lower reflectivity than

buffed nickel plsate.

it is recom-
mended where resistance

A8 P incresases

Commercial Flrm

Corrosion resistance
equal to that of
pure nickel

No data.

(tood wesar resistance.

No data.

About 600 Vickers.

At 6000F - 900 to
950 Vickers.

No dats.

No data.

No dstsa.

No dats.

Although no data are avallable on the effect of this
plate on the base metal, there is reason to believe that endurance
limits will be reduced materially.
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Uses

This nickel-phosphorus electroplate has been recommended
as a coating on parts where anti-scuffing properties and resistance
to wear are important factors. In such cases, the more rapld rate
of deposition and the greater throwing power, as compared with
chromium plate, should be adventages.

It 1s reported that nickel-phosphorus plate is being
used on General Motors and Cummins diesel engines. Details as to
the parts being plated and actual service 1life results are not
availeble.

Costs

No data are available on the costs of applying this hard
nlckel-phosphorus electroplate, except a statement that 1t is
cheaper than "electroless nickel" deposition.

Facilities Available

One commercisl source for hard nickel-phosphorus electro-
plate is:

Surface Alloys, Inc.
Los Angeles, California.

Sectlon 4. Electroless Nickel Coatings

"Electroless nickel plating" and "electroless cobalt
plating" are the terms which were suggested in 1947(32) to be used
to designate the processes of deposition of nickel and of cobalt
by chemical reductlon. The first reports(30,31) on the process
were in 1946 and concerned the deposition of nickel from &n ammon-
lacal solution containing hypophosphite. The processes were then
extended to include the deposition of nickel from acid solutions
and of cobalt and cobelt nickel alloys from ammoniacal solutions.
On December 5, 1950, United States Patent #2,532,283 on "Nickel
Plating by Chemical Reduction" was issued.{33) Under the terms
of 1issuance, the process may be used by or for the Government of
the United States without the payment of any royalty.

In this electroless nickel process an alloy of nickel
eand phosphorus is deposited es a result of chemical reactions
rather than by the passage of an electrical current. Initielly,
because of the high costs of the chemicals, it did not seem that
the method would find wide commercisl epplication. More recent
information indicates that improvements in production methods and
increased quantities of production have reduced the co8ts of the
chemicals materially
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The process involves the reducing action of hypophosphites
in & solution of nickel or cobalt at 1959F or above in the presence
of certain catalytic metals such a&s iron, nlckel, gold, cobalt,
eluminum, palladium and possibly silver. Zinc surfaces reduce some
nickel, but the deposits have very poor physical properties. Glass,
plastics, lead and cadmium are non-catalytic and deposition does
not take place on their surfaces.

The depoaits produced are hard and are claimed to be sub-
stantially nonporous. Hydrogen is liberated as the deposition
takes place.

As deposited, the electroless nickel deposit 1s an alloy
of nickel and phosphorus containing up to 5% of phosphorus. The
deposit is hard and non-magnetic. Heat treatment is claimed to
relieve stresses in the deposit, promote adherence, seal imperfec-
tions and cause some precipitation hardening. One flrm reports
that when heat treated, the electroless nickel may become magnetic.
Electroless nickel is reported to have poor adherence on high
chromium steels, and on titanium some batches will plate well and
others poorly.

The electroless nickel alloy, as deposited, has a hardness
of 35 to LO Rockwell C. By suitable heat treating the hardness can
be increased to about 60 Rockwell C.

Surface Preparation

To obtain an adherent nickel deposit by these processes,
the surface cleaning methods must yleld & meticulously clean sur-
face. Cleaning cycles equal to or superior to those required for
good electroplating are necessary. A predip in & surface activa-
ting solution is considered desirable by some. The nature of the
predip solutions used are not divulged.

Alkaline Proceas

The typical composition of a satisfactory alkaline bath
1s shown in Table 12.(32)

Table 12

Compoaitions of Alkaline

Electroless Nickel Solution

Nickel chloride 30 grams/liter
Sodium hypophosphite 10 n "
Ammonium chlorilde 50 " "
Sodium cltrate 100 " n

Ammonium hydroxide to a pH of 8 to 10
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Such solutions deposit nickel at the rate of 0.0002" to
0.0003" per hour. The effect of concentration of hypophosphite,
and temperature, are shown in Tables 13 and 1h.{32)
Table 13

Deposition Rates of Alkaline

Electroless Nickel Solution

Concentration of Hypophosphite Rate of Deposition
grams/liter inches/hour
2 0.00003
L 0.00006
10 0.00024
50 0.00075
Table 1l

Deposition Rates of Alkaline

Electroless Nickel Solution

Temperature Thickness per Hour
oF ‘inches
129 0.000031
154 0.000076
172 0,000128
189 0.000188
207 0.00022

Varying the concentration of nickel salts from 15 to 60
grams per liter has no appreciable effect on the rate of deposition.
The alkaline baths are reported to yield good sound deposits. The
objections to their use are: 1. high temperature of operation;

2. rapid loss of ammonia; 3. disagreeable fumes.

Acid Process

p Typlcal compositions of acid baths are shown in Table
15.(32)
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Table 15

Composition of Acid

Electroless Nickel Solutions

Bath

I 11 III IV

g/iiter g/liter g/liter g/liter

Nickel chloride, N1iClo.6H0 30 30 30 mmee-
Nickel sulphate, NiSOu.?Hzo --------------- 30
Sodium hypophosphite, NaHpFP0p.H30 10 10 10 10
Sodium hydroxyacetate, NaCpH303 50 5 o S
Sodium acetate, NaCpH30p2.3H0 =-=-- = ===-=  -——=== 10
Sodium citrsate, Na306H507.5%H20 ---------- 10 ~we=-
Rate of deposition, inches/hour 0006 .0005 .0002 .001
Appearance of deposit Semi- Semi- Seml- Rough,
bright bright bright dull
pH L to 6 L toé6 L4 tob L to 6

At = pH of 5, nickel deposition will occur in & solution
containing only soluble nickel salts and sodium hypophosphite. The
resction is vigorous, and the reduction of nickel 1s very rapild.
Without any reguletion of the pH, the latter drops rapldly, and &at
a pH of 1 to 2, the rate of deposition is low. Salts of organic
acids are added as buffers, the most satisfactory being sodium
acetate and salts of certain hydroxycarboxylic acids. The hydroxy-
carboxyllic salts prevent precipitation of basic nickel salts.

Sodium acetate concentration must be carefully regulated.
Large variations in the rate of nickel deposition results from
changes in the acetate concentration. The rate of deposition reaches
e meximum in the nickel-chloride bath with an acetate content of 2.5
grams per liter, and in the nickel-sulphate bsth, of Iy« 3 grams per
liter.

The nickel content may vary from 3 to 50 grams per liter
without apprecisbly altering the rate of deposition, but with a
nickel content of 100 grams per liter the rate of deposition is
somewhat decreased. Sodium hypophosphlite can be used in concentra-
tions from 10 to 100 grams per liter without appreclably affecting
the rate of the process. This is in contrast to the behavior of the
elkaline solution, in which the rate of deposition is nearly propor-
tional to the concentration of hypophosphlte. Both the acid and
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alkaline baths have the same weight efficiencies (weight of nickel
produced per unit weight of hypophosphite present). The rate of
nickel deposition is larger in the acid baths.

When the acid solutlon is used at elevated temperatures,
no fumes or loss of constituents by vaporization ocecurs. The solu-
tion 1s more easily controliled and the deposits are produced at a
faster rate than from alkeline solutions.

Other Processes

In addition to the original processes as described in
the patent and publications from the National Bureau of Standards,
there are two commercisl processes avallable. One firm supplies
proprietary plating solutlions and offers engineering service in
setting up plating operations. It is reported by this company that
they have installed plating operations in at least threec plants,
The other process is trade named and is controlled by 1ts developer
in whose plent the actual plating operstion is carried out. This
firm reports that it plans to license other plants and interested
industries.

Based upon the information in the literature, & number
of firms have installed equipment and have developed various modi-
fications of the processes for their own use.

Thiclkness and Uniformity

One firm reports that at least 0.0002" thiclmess of
coating 18 required to avoid porosity, another firm reports the
plate 1s "falrly pin hole free" at thicknesses of less than 0.0003",

To obtain uniformity and freedom from pin holes, the work
must be agitated or the solution moved with respect to the work.
Some non-uniformity of deposit may be caused by poor ecleaning and
the position of the surface in the plating bath. Small particles
of material that settle out of the soclution onto the surface may
cause roughness.

In one case, electroless nickel was applied on hardened
steel spline shafts of about .180" dismeter by 6" long. The coat
was non-uniform from top to bottom. In another case, electroless
nickel wees applied to Ni Resist cagtings. The coat sealed some
castings and was non-uniform in thickness. On one casting where
the leakage was 100 cc per minute at 100 psi the electroless nickel
cut this leakage down to 12 ce per minute.

One firm reports that for corrosion protection a plate
thickness usually of 0.0005" is sufficient, but for wear resistence
0.0015" is recommended.

One firm reports that parts which have been formed before

electroless nickel plating have given trouble with gas pockets in
sharp corners.
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An average of 0.0001" per hour is plated, usually,
although a maximum rate of deposition of 0.002" per hour has
been reported as achleved. Higher rates are achleved at higher
temperatures. If the temperature is too high, the deposit be-
comes black 1In color. '

Corrosion Resistance

Data on the corrosion protection provided by electroless
nickel is very desultory. Tests reported thus far (based on # mil
plating thickness) indicate thet the heat treated electroless
nickel plate on steel offers similar, or posslbly superior corro-
sion protection in comparison to nickel electroplate. These
findings are based on sslt spray and humidity tests only.

Many claims are made that the deposits are free of
pores, that they can be used to seal poroslity in castings and
that deposition takes place in small crevices and recesses. If
sueh claims were correct, the corrosion protection by the appli-
cation of such deposits would be superior to that possible by
electrodeposition methods. Since hydrogen is evolved in the
deposition, some gas pocketing and some resulting porosity or
lack of penetration into sharp corners and recesses 1s to be
expected. Such failures are being found in service trials.

Electroless nickel was spplied by one firm to a 356
alloy eluminum casting. In salt spray testing the coating showed
pin holes and severe blisters and peeling. Apparently the depo-
sit was not pore free and, therefore, promoted corrosion.

One firm has made salt spray tests on plates as deposited
on steel from freshly prepared acid baths versus baths that had
been in operation for some time, with the following results:

New Bath
PH 4.5 .0001 - 72 hour salt spray
.0005 - Ll_ da‘y n 1t
PH 5 .0001 - 24 hour " "
0005 - L day n "

01d Bath - 200 hours operation

pH L.5 .0001 -~ 48 hour salt spray
.000% - L dey M M

Temperature Characteristics

Data on temperature, especially high temperature, charac=
teristics of "electroless niclkel" are very limited. One source has
stated that electroless nickel plate 1s unaffected as low as minus
1000F, and that tests performed at one of the aircraft engine manu-
facturers indicated that the hardness remalned fairly constant at
59 Rockwell C before and after a 2000 hour exposure at 900°%F.
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Another source reports that "Reslstance of the coatings
at elevated temperatures (over S00°F) 1s poor, due to a low hot
hardness". One of the subcontractors plating aircraft engine parts
with electroless nickel reports that he is fairly sure that elec-
troless nickel plated parts are being successfully used for temper-
ature exposures in excess of LOO°F.

One of the proponents of electroless nickel puts forth
the claim that the coating 1s satisfactory up to its melting point
of about 1800°F. Tests at one aircraft plant at 900°F have shown
some alloying with the steel to have occurred after 2000 hours of
heating. A program of 200 to 500 hours exposure in air at 10000F
to be followed by salt spray tests is under way in one plant.
Another aircraft company reports that 800°F is about the tempera-
ture limit for the use of electroless nickel.

Erosion and Abrasion Hesistance

One of the advantages of electroless nickel processes 1is
that the deposits are of high hardness. A plate thickness of 0,0015"
1s reported to offer good wear resistance. Electroless nickel plate
has been recommended as a hard wear resistant plate to bulld up worn
surfaces. One subcontractor reports making aircraft parts with
plating thickness of 0.0003" to 0.0005" for corrosion-erosion pro-
tection against air blasts at 500-600°F. Another aircraft manufac-
turer reported that unlubricated bearings operating warm lasted ten
times longer when given an electroless nickel plate than before.

The high hardness of the electroless nickel deposit, as
deposited, and the increased hardness that can be obtained by a heat
treatment, both indlicate that this type of plate offers great pro-
mise where abrasion or erosion resistance is desired.

Forming

Because of high hardness the electroless nickel coatings
should not be expected to withstand severe forming operations.
However, one firm reports applying the process to 9/16" 0.D. by
0.010" wall steel tubes and then formlng them successfully into
rectangular shapes without bresaking the plating with en average
thickness of 0.0003". No heat treating after plating was applied
in this case.

Joining

Electroless nickel coated steel can be arc, spot and seam
welded. Control of welding conditions is very important.

Both soft soldering and silver soldering by torch methods
have been found satisfactory.

Mechanlcal Properties

After proper surface preparation, the coating of electro-
less nickel 1ls reported to be almost as adherent as nickel electro-
plate. Heat treating at 750 to 9009F is claimed to decresse the
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porosity of the electroless nickel plate. It 1s stated that the
heat treatment causes a "flow" of nickel, closing up pores in the
plate and providing a 100% inspection of plate bond. Poor adher~
ence is indicated by appearance of blisters and peeling.

The hardness of electroless nickel, as plated, is equi-
valent to 45 to L8 Rockwell C. On heating for one hour at 750°
to 9009F, the hardness is increased to 60 or above 60 Rockwell C
without significant changes in ductility.

Actusl tensile strengths of electroless nickel deposits
have not been determined, but one firm has estimated approximately
125,000 pounds per square inch.

No data are avallable as to stresses that may be present
in the plate as deposited.

Effects on Base Metal

Hydrogen embrittlement from prepickling treatments prior
to electroless nickel plating must be guarded against.

With so hard a coating, it might be expected that the
coating would crack and that these cracks would initiate fatigue
fallure, yet two alrcraft companies have reported that, based on
limited studies, electroless nickel plate does not affect the
fatigue strength of the base material. One manufacturer has used
this plate satisfactorlly on some coll springs.

One saircraft company has a program under way to determine
the effects of electroless nickel plate on the endurance limits of
several low alloy S.A.E. steels.

Uses

While much experimental work is progressing, the actual
uses of electroless nickel plating to date on regular production
items are very limited. It has been used and found satisfactory
on Injector heads, to reduce the size of oversize holes, on thin
walled steel heat exchanger tubes, on steel castings, on dense grey
iron castings, on unlubricated bearings and on coil springs.

The process seems to be superior to electroplating of
nickel for such purposes as (a) to plate evenly over complex shapes
and internal surfaces, without edge or corner build-up. Complex
assemblies, threaded parts, pumps, and the interlors of radlators
and heat exchangers are examples. (b) For precision plating over
machined parts to avoid the remachining often required to remove
edge build-up from electroplating. (c¢) For extra hardness, obtained
by heat treating at 7500F, comparable to 1lndustrial hard chrome at
temperatures below [009F and harder than chrome in the range 500 -
750°F. (d) For brightness wlthout mechanical buffing. Eklectroless
nickel has a slight leveling effect; therefore, brightness of a
rough surface will increase as the plating thickness increases.

For small, intricate objects which are difficult to polish, this
property may provide important cost reductions.
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With quality of finish being independent of shape, elec=-
troless nickel is especially adaptable for plating after assembly,
provided the assembly does not include (1) cadmium, lead, or zinc,
which may inhibit the plating unless masked, or (2) materlals which
may be harmed by the cleaning solutlons or the high temperatures
(190-2129") used in the process.

Costs

The followling comments as to costs have been received from
different sources who do electroless nickel plating. (1) "Men
working closely with the process a§reed that 1t could be economically
compared to silver plating." (2) "In plating complex parts, where
the process is best used, we have found our costs to run in the
vicinity of 75¢ per sq. ft. This is not an absolute value." (3)
"Gost depends on the nature of the base metal and on the shape of the
item. It ranges between 50¢ to $1.00 per mil plated per square foot
of area. The higher cost is for aluminum alloys, magnesium alloys,
glass and plastic, where special pretreatments are required. It
should be noted a much thinner coating of plate 1s necessary for full
protection than would be the case with electroplating.® (L) "The
experimental and developmental nature of our work provides little
informetion on comparatlive production costs. The chemicals required
for electroless nickel are roughly ten times a8 costly as the
equivalent nickel anodes alone. Thls difference is partly offset by
the cost of electroplating solutions, electrical equipment, and
meintenance, and by the reduction in total nickel required for a
given minimum plate thickness. The differences in labor and capltal
requirements vary with the item, quantity, and regularity of produc-
tion. The process does not appear currently feasible for sutomobile
bumpers, for example, but wherever the purposes are important, the
additional chemical cost should be negligible compared to the savings
derived.™

Facilities Available

The following companies report having faciliities for
electroless nickel plating. No data have been recelved as to what
extent thelr facilltles asre avallable to do commercial electroless
nickel plating:

1., General American Transportation Co., Chicago, Ill.
A pilot plant and a production plant operating ln East Chicago,
Indiana. Another production plant being erected in Los Angeles,
California. Planning to license interested industries.

2. Metal Processing Company, Cedar Grove, New Jersey.
Supplies electroplating solutions and offers engineering advice in
setting up plating operations in plants. Have installed a number.

3. Thompson Products Corporation, Cleveland, Ohio. The
plating equipment is basically a laboratory setup.
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i« North American Aviation, Inc., Downey, California.
A serles of plating beskers, baths and tanks ranging to & maximum
of 350 gallon capacity and eight feet in length primarily for ex-
perimental rather than routine production.

5. Philadelphia Rust Proof Co., Philadelphla, Pa.
Three 130 gallon tanks in operatlon. Have been using the process
for over 2 years.

6. The following companies are sald to be doing elec-
troless nickel plating, but no informatlon is available as to the
extent of thelir facilities:

General Electrlic Company, West Lynn, Massachusetts.
Eastman Kodak Company, Rochester, New York.

Curtiss-Wright Corporation, Wright Aeronautical
Division, Woodridge, New Jersey.

Bridgeport-Lycoming Divislon, Stratford, Connecticut.
American Metal Products, Detrcit, Michigan.
Gilbert Tramer Company, Cleveland, OChio.

Chem-Nickel Company, Southgate, California.

Section 5. Corronizing

Corronizing 1s a trade name originally applied to
coatings resulting from heat treating a composite nickel plus
zinc or nickel plus tin electroplate. For the purposes of this
manual, the term 1s extended to include nickel plus cadmium
electroplates and heat treated alloy plates of nickel-zinc, nickel-
tin or nickel-cadmium. The hest treatment operation is clalmed to
result in & rather complete interdiffusion and alloying of the
nickel with the other metal in the plated deposit. The coatings
are reported to provide good protection against corrosion and oxi-
dation up to temperatures of 700 to 1000°F.

"Corronizing" is a development and patented process of
the "Standard Steel Spring Company". The metals are eslectroplated
in succession and then given a controlled heat treatment which
converts the layers into a "Corronized Coating®.(34)

It is clear that the same or similar results would be
and are obtained if the electroplating solutions are such as to
deposit both the nickel and the desired alloying element, such as
tin, simultaneously. Also, it appears that somewhat similar re-
sults can be obtained by applying either or both of the metal
layers by metallizing (spraying) with a wire gun.
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A primary advantege of the process using electroplated
nickel 1s that only 0.0002" to 0.000L" of nickel is required.

A 1limited amount of information is available on a
nickel cadmlum type of heat alloyed coating which may be considered
as a type of corronizing. The method is the same as outlined above
except for the use of cadmium instead of zinc and the introduction
of a chromate dip treatment before heat treatment. The heat trest-
ment is at a slightly lower temperature.

Surface Preparation

In all the corronizing process, the surface of the steel
is given the normal cleaning required for electroplating. Degreas-
ing, pickling as needed, electrocleaning, are the usual operations.

Nickel Plating (first Plating)

For all of the processes of corronizing, the ordinary
standard types of Watts nickel plating baths may be used. These
are described in Section 2 of this chapter. For all three types
of corronizing, the amount of nickel used is 0.0002" to 0.0004"
over all significant areas.

Second Plating

The nickel-zinc combination seems to be more useful than
the nickel-tin combination. The nickel-zinc seems to offer super-
lor protection from moisture, fumes, brine and heat.(35) Any of
the standard alkaline or acid zinc plating baths may be used as
described in Chapter V, Section 7 on Zine Coatings. The zine
electroplate applied is from 0.0001" to 0.0003" in thickness.

When the second metal coat is tin, it is applied from
any of the well known acid sulphate, acid fluoborate or alkaline
stannate baths normall? used for tin plating. The tin electroplate
applied is from 0.0001" to 0.0003" in thickness.

For the newly developed nickel-~cadmium type of heat
treated coatlng, the cadmium deposit on the nickel is sapplied from
an acid fluoborate or from a cyanide plating solution. Cadmium
plating is described in Chapter V, Section 2 on Cadmium Coatings.
After the cadmium top coat has been applied and before the heat
treating operatlion, the article is given a treatment.

Heat Treatments

After the composite plate has been applied, the alloying
or interdiffusion of the two metals is accomplished by heating.
For the nickel-zinc combination, the heating is at 700 to 8000F
for 20 nminutes to one hour. For the nickel-tin combination, some-
what lower temperatures are used, 600 to TOOPF for the same
period of time. For the nlckel-cadmium combination, the treatment
is at 625 to 650°F for 30 minutes to one hour. In all cases, a
controlled low oxygen atmosphere is used in the heat treating
furnace. Both induction heating and oven heating have been used.
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In all types, if the proper ratlo of second metal to
nickel first metal has been used, after the heat treatment, no
free second metal remains on the surface. The two plated metals
have become alloyed together. The alloys formed have rather
high melting points. It 1s reported that in the nickel-zine
combination, the melting point of the coating is in the neigh-
borhood of 15000F.

Genersl Characteristices

Corronized coatings sre smooth, will not peel, crack,
or flake when bent around a dlameter egqual ito the thickness of
the steel. Corronized steel can be formed and drawn within
limits. Also, i1t can be soldered, brazed, spot and arc welded.
In seam or butt welding, some losas of corronlzed material occurs
at the welded edge. In spot welding the loss is at a minimum.

It 1s claimed that palint adnerses well to corronized surfaces. It
is reported that the corronizing process has no effect upon the
properties of the base steel other than the drawing of cold work
temper that might result from the heating operation.

Corrosion and Oxldation Reslistance

Nickel-zine corronizing was given extensive tests by
one of the large sutomotive companies. In these tests it is
reported that after 1536 hours of the standard salt spray test,
a 0.,0003" thick corronized layer allowed 2% rust and showed excel-
lent resistance to attack after 16 months exposure to weather.
Corronized steel has been reported to have shown marked superiority
to electroplated zinec, hot dipped zinc and terne plate steel when
exposed for 1100 hours to the ¥Exhaust Muffler Gondensate Corrosion
Test (Condensate apray: Sulphuric-Hydrobromic acid - Lead compound;
pH 3.2, temperature 97°F).

A stove company reports that a corronizing coating of
0.0003" nickel plus 0,0001" zinc alloyed at 7509F for twenty min-
utes provided protection agalnst corrosion of gas burners made of
steel and reaching temperatures of 13009F. Also, they report this
coating as very satisfactory for blue flame 01l burner combustion
tubes such &s are used in cooking stoves and small portable room
heaters. They report that in some cases the corronized coating
lost its bond when submerged or wetted 1n kerosene.

Corronizing was tested in comnection with cylinders in
aircraft engines.(36) The test consisted of an 8 hour run on a
test stand followed by 10 days of exposure to outdoor marine atmos-
phere in Florida with engines up and spark plug holes open. The
results reported are shown in Table 16.
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Table 16

Corronizing of Aircraft Engine Cylinder

Treatment Results
(1) Untreated cylinders Walls (total area)} covered with heavy
rust.

(2) 0.00015" Ni # 0.00005" 4% and 53% of area covered with rust,

Zn heat treated 15 respectively, on two samples tested.
minutes at 7T00CF air
cooled.

{(3) 0.0001" Ni £ 0.0001" 66% and 53% of the area covered with
Zn heat tresated 15 rust, respectively, on the two samples
minutes at T00CF alr tested.
coocled.

() As (2} above followed 75% of the area unaffected. Duplicate
by 0.0001" Sn. samples showed 7 to 2.5% rust on
remaining 25% of the area.

(5) As (3) above followed Upper 5" covered with layer of rust -
by 0.0001" Sn. About L)% of total area covered by a
heavy film of rust. Both duplicate
samples were very similar.

The nickel-cadmium coatings have been tested by one of
tne Alrcraft companies. Plates consisting of 0.0002" to 0.0004" .
of nickel plus 0.0001" to 0.0002" of cadmium were lieated at 6300F
for 30 minutes in the preparation treatment. The plates were
then heated in agir to 700CF for 23 hours followed by one hour at
1000°F and air cooled. Following this treatment, the plates
withstood a 100 hour standerd salt spray test.

Uses

Nickel-zinc corronizing has been used by & stove manu-
facturer as a gas burner coating and on the combustion tubes of
kercosene burners. It has been seriocusly considered by an asuto-
moblle manufecturer as a coating for exhaust mufflers,

A gquestlion has been raised as to the possibility that
zinc from a corronized coating may embrittle steel. Stainless
steel has been found to be embrittled by zinec when the steel is
heated to a red heat or higher. There is no evidence that the
alloyed zincs in a corronized coating will be liberated at any
temperature at which such coatings might be used in aircraft or
eircraft engine parts.

The aircraft engine manufacturer using the nickel-

cadmium type of corronized coating reports that this plate 1is
more durable than aluminum plgmented silicone paint coatings,
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that it is thinner and can be used on parts with close tolerances
end it eppears to have excellent resistance to products of com-
bustion and to gas erosion. It is being used on discs and spacers
in ges turbines.

Costs

The costs of corronizing are similar to the costs of
electroplated nickel coatings, as discussed In Section 1 of thils
chapter. The dollar savings in amounts of nickel used are lost
in the necessity for a second plating and & heating operation.
Prom the conservation of nickel standpoint, the corronizing pro-
cess 1is superior to other nickel plating processes.

Additional Informatlion Source

Information as to patents, 1icenses and additionsal infor-
mation on the process itself may be obtained from the Standard Steel
Spring Company, Corronizing Division, Hammond Building, Corseopolis,
Pennsylvanla.

Section 6. Nickel From Carbonyl

In 1890, Dr. Ludwig Mond of England applied for U. S.
Patent #445,230, issued June 30, 1891, on a process of depositing
nickel from nickel carbonyl and described its use in producing
nickel coatings on both metalllc and non-metallic surfaces. The
process has been used to produce thousands of tons of high purity
"rond" nickel. It has been used to make nickel deposits on glass,
ceramics, plastics and diamonds, as well as on steel.

Nickel deposition from nlckel carbonyl can be used to
buiid up worn surfaces, to decrease the size of drilled holes or
to form & continuous coating over any surface that can be main-
tained at e temperature between 350° and LOOOF for the necessary
length of time. In this temperature range, nickel carbonyl decom-
poses into carbon monoxide and metsllic nickel. The metallic
nickel forms a coating on the hot surface with which the carbonyl
comes in contact.

Nickel carbonyl at ordinary temperatures 1s a volatile
1iquid which bolls at about 110°9F. It is a compound of nickel and
carbon monoxide which 1s POISONOUS when breathed and should be
used only with very thorough ventilation. The  vapor 1s heavier
than air, i1s inflammable, and has a peculiar odor of 1ts own des-
eribed by some as sootllke end by others as similar to chloroform.
The gas 1s decomposed in the lungs, spreading very finely divided
nickel over the pulmonary gsurfaces, by which it 1is absorbed in
soluble form and spreads throughout the system. It is gredually
eliminated by normal body processes in non-fatal cases.
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Surface Preparation

Surfaces to be plated with nickel by decomposition of
nickel carbonyl must be thoroughly cleaned. Adsorbed oXygen must
be avoided. Vacuum pretrestments after the usual chemical trest-
ments are most effective for the removal of adsorbed oxygen.

Plating Process

The plating chamber must be such that the work to be
plated may be placed in it and heated to the decomposition temp-
erature without the chamber walls being heated at the same time.
The work must be so arranged withiln the chamber end the plating
atmosphere so introduced and moved within the chamber as to obtain
a2 uniform contact of the atmosphere with all portions of the sur-
face to be plated. The chamber snd the work rmust be thoroughly
purged of all traces of oxygen before the work is brought up to
temperature.

Heating of the work must be uniform. This is a problem
which must be solved for each shape and size of article to be
Plated. Since heating should be limited to the items to be plated,
it 1s desirable to keep the walls of the plating chamber cool by
means of a water jacket.

The nickel carbonyl vapor is introduced together with a
carrier gas of hydrogen, purified nitrogen or carbon dioxide.
Carbon dioxide is the usual carrier gas. The plating atmosphere
consists of 20% nickel carbonyl and EO% carrier gas by volume.
Total pressures equal to atmospheric pressure are maintained in
the plating charge during the decomposition. After plating has
been completed, the plating chamber is purged with dry carrier gas
to rid it of nickel carbonyl, vapor and the carbon monoxide prec-
ducts of the decomposition. The exhaust gases must be analyzed to
determine when it 1s safe to open the plating chamber.

For the deposition of "thick™ nickel plate, the base )
material is cleaned by abrasion or blasting, & thin coat of nickel
1s deposited, using the precautions as above, the work is annealed
at about B009F and then the deposit of the desired film thickness
1s applied. This latter procedure is reported as necessary to
obtain proper adhesion of the nickel plate.

It is also very important that the object to be plated
18 not heated over LOOOF during plating. At temperatures over
LOOOF, nickel acts as a catalyst to sccelerate the dissociation
of carbon monoxide into carbon and carbon dioxide. This resction
results in the deposition of a heterogeneous mixture of nickel
and carbon which has no cormercial value at present. Below 3500F,
the decomposition of nickel carbonyl is nil.

One American company that has done considerable develop-
ment work reports g pilot set up for continuous gas plating.
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égplicabilitx_pf the Method

The process plates irregular surfaces as well as inner
surfaces. It produces films at a much higher rate than 1t is
possible to obtain by electroplating. (It is claimed that it can
deposit 0.001" £ilms in 3 to 5 seconds.)

Charscteristics of the Goating

The purity of nickel deposited from the carbonyl 1s very
high; it is of the order of 99.95/% pure. This high purity assures
the deposit of having good resistance against high temperature
oxidation and corrosion. While it is believed that some porcsity
may exist in the deposits, they are less porous than nickel deposits
made by other methods., The deposit 1s adherent, ductile and tough.
The "throwing power" of the method is much superior to that of
electrodeposition.

The nickel deposit is darker than silver, but its reflec-
tivity for long waves is high: 96 to 98% for heat waves, whereas
silver is about 97 to 99% for the same range.

The coating 1s softer than that produced by electroplating
of nickel and, therefore, may be somewhat less resistant to abrasion
and erosion than other types of nickel coatings.

No specific data are available as to joining methods that
might be used. It is understood that although adhesion is good, it
t1a not adequate to withstand severe forming operations. Undoubtedly,
carbonyl plated articles may be welded in the seame manner as similar
articles nickel coated by other means.

gosts

The initisl installation costs for suitable and safe
equipment for gas plating from nickel carbonyl are high as compared
to other methods of nickel plating. With suitable equipment in-
stalled, and after the heating problem is solved for a particular
article to be plated, the costs of plating by this method should be
as low a8, or somewhat lower than, the costs for electroplating of
nickel.

Facilities Available

The Commonwealth Engineering Company of Dayton, Chlo, has
developed and patented equipment for gas plating from carbonyl vapors.

Section 7. Nickel and Nickel Alloy Clad Steels

A clad stesl plate is & composite plate made up of a
commercial grade of steel plate, to one or both sides of which there is
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uniformly and permanently joined a veneer or cladding of a corrosion
or heat resistant metal. The clad metal is bonded to the base metal
by one of several methods, such as: 1. Heat and pressure, 2. cast-
ing, 3. intermelting, L. arc welding, 5. fusion welding, 6. res-
istance welding. The details and applicability of each method are
available in the literature.(37)

In the place of a commercial grade of steel plate, other
backing plate material can be used. Advantage can be taken of
materials which have high tensile strength such as the low elloy
steels, or the elevated and subzeroc temperature properties of special
steels.

The corrosion resistant metals used as cladding are homo-
geneous and dense in structure. They are unchanged in any way by
having been bonded to steel.

This section discusses the nickel and nickel alloy clad
steels. A later section (Chapter V, Section 10} discusses the stain-
less steel clad steels.

Types_of Nickel and Nickel Alloy Clad Steels

The following grades of nickel and nickel alloy clad
steels are available: 1. Nickel; commerclally pure nickel with an
average nickel content of 99.4%. 2. "L"™ Nickel; a specisl low
carbon (0.02 Max.) grade of nickel used for high temperature service.
3. Inconel; a 78% nickel, 14% chromium, 6% iron alloy. This alloy
combines the quality of nickel with the extra resistance to heat and
oxldation of chromium. L. Monel; a 67% nickel and 30% copper alloy.
This 1s a general purpose corrosion resistant alloy with the strength
and toughness of structural steel. Although this alloy 1s not heat-
treatable, a wide range of strength is obtained by mechanical working.

Corrosion Resistance

A. Nickel and “L“_Nickel Clad

The discussion of corrosion resistance properties of
Electroplated Nickel in Chapter III, Section 3 is applicable to the
nickel clad steels.

B, Inconel Clad

Inconel shows the same high corrosion resistance to alka-
line solutions and reducing conditions as nickel. Inconel is super-
lor to nickel and monel in its resistance to alkeline sulphur
compounds and hydrogen sulphide at atmospheric and high temperatures.
Because of its chromium content, it is also superior in resisting
strongly oxidizing acid solutions and dilute organic acids. Inconel
1s not affected by dry gases, steam, air and CO2 at atmospheric
temperatures nor by steam at elevated temperatures. :
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C. Monel Clad

Monel Metal Clad Steel is used in industry where the
corrosive conditions involve contact with common salt, dilute sul-
phuric acid, cold dilute hydrochloric, hydrofluoric and phosphoric
acids, and strong caustic soda. It is not resistant to certain
oxldizing corrosives such as nitric scid, sulphurous acid and
ferric chloride. :

Effect of Elevated Temperatures

A. Nickel Clad Steels

The high temperature properties of the nickel on nickel
claed steel are similar to those of the Electroplated Nickel Steels
as discussed in Chspter III, Hection 3. Nilckel generally retains
its strength at elevated temperatures and its strength, duectility
and toughness in the subzeroc ranges.

B. "L"™ Nickel Clad Steel

The "L" Nickel is a grade of nickel used for high temper-
ature service. It is recommended in general for fused salts at
300 -11009F, and specifically for fused caustic and fused nitrates.
This type of nickel 1is preferred for continuous service in the
range of 600--1100°F, or for vessels which require a stress relief
treatment.

C. Inconel Clad Steel

Inconel combines the qualitlies of nickel with the extra
resistance to heat and oxidation of chromium. Inconel 1s reported
free from intergranular deterioration at high temperatures. It
may be heated and cooled repeatedly from O- to 1600°F without
embrittlement.

D. Monel Clad Steel

Monel metal is somewhat s8imller to nickel in thsat it
cannot be used at temperatures over 6000F in & sulphurous atmosphere.
Monel metal is less resistant to oxidation attack than pure nickel.
The limiting temperatures for nickel and monel in an oxldizing
sulphur free atmosphere are 1900° and 1000°F respectively. Monel,
like inconel and nickel, has excellent properties at subzero tem-
peratures. It retains its strength and hardness with decreasing
temperature without an appreciable decrease in ductility and impact
value.

Erosion and Abrasion Reslstance

Specific data on abrasion and erosion resistance of nickel
and nickel alloys ere limited. It can be expected that these mater-
ials, depending upon their hardness, will show comparatively high
abrasion and erosion resistancs.
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Monel, nickel and inconel metals are reported to have high
resistance to cavitation-erosion attack.

Mechanical Properties

The mechanical properties of the clad metal are dependent
upon the backing or base metal and the cladding metsel used. Actual
test data on the mechanical properties of the various nickel or
nickel alloy clad steels are not readlly avellable. Some data on
the mechanical properties of hot rolled nickel clad on low carbon
steel are shown in Table 17.

Table 17
Mechanical Properties Hot Rolled
Nickel Clad Steel

Yield Strength 35-45,000 psi
Tensile Strength 60-70,000 psi
Elongation 8" 35-25%
Reduction in Area 65-50%
Herdness Brinell

3,000 kg 125-150

Rockwell B 70-80

The ASME Boller Code and the ASTM Specifications require
& minimum bond shear strength for clad steels of 20,000 psi. One
manufacturer reports the following typicel shear strength values of
the bond obtained by tests on production Plates in the annealed
condition: Nickel 46,300 psi, Monel 48,000 psi, Inconel 48,700 psi.

Pabrication

These clad steels are amenable to practlically all of the
normel manufacturing or fabricating procedures. Data are available
in the literature(3§,39) on: 1. Various conditions for welding
clad metals; 2. Shearing and punching; 3. Bending and rolling;

L. Machining; 5. Flame cutting; 6. Grinding; 7. Buffing and polish-
ing; 8. Sandblasting; 9. Pickling; 10. Cleaning and passivating;
11l. Heat treating.

It 1s beyond the scope of this manual to discuss these
operations in detail. The nature of the backing material and of
the clad metal are important factors.

The clad steels must be handled carefully during shipment,
storage and fabrication. Scratches, gouges and embedded material
reduce the c¢ladding thickness at those points and often aect as focal
points for corrosion. Tools used in fabrication of clad material
should be wiped clean of any loose scale particles or foreign matter
which can become embedded in the clad surfaces.
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Cost and Avallability

Generally, the widest possible sheet or plate that can be
used should be specified. It is more economical %o use & single
wide plate than two plates of half width. The wider plates require
considerably less finishing, grinding and other preparation than
are required for two plates of lesser width.

It is not economical or feasible to produce clad metals
much thinner than 3/16". For thinner materials, the cost of clad
metals approaches the cost of the solid corrosion resistant materlal
of the same thickness. It may be possible to lower the cost if the
tonnage requirements are high. Where conservation of critical
alloys 1s a necessity, the cost factor may not be the criterion.

Plate sizes of clad steel generally available range from
3/16" (width 48" to 132"} to 2" (width LB™ to 178"). Not all sizes
and thicknesses are available in all grades. For more details, 1t
is best to inquire of the various producers of the clad metals.

Usas

The chemical, petroleum, paper and pulp industries and
others have adopted the use of clad materials to replace the solid
corrosion and/or temperature resistant alloys. This has resulted
in a tremendous saving of critical alloys and of costs. Clad metals
can be used in those instances where the high temperatures do not
drestically affect the strength of the backing material.

In aircraft and aircraft engine parts, from the economical
and critical alloys conservation standpoint, clad steel might be
used in place of so0lld nickel, monel or inconel metal where the
strength at elevated temperatures of the backing material 1s adequate.
Of the three nickel alloys, nickel, monel, and inconel, the igtter
is now used in aircraft parts exposed to temperatures ln excess of
1200°F. In this instance, 1t may not be possible to replace inconel
metal by inconel clad steel as the steel backing material may not heve
sufficient strength at the temperatures involved.

Facilities Available and Sources of Information

Firms reported as producers of clad steels are shown in
Table 18.

Table 18

Producers of Clad Steels

1. Alan Wood Steel Company Conshohochen, Pa.
2. Allegheny-Ludlum Steel Corporation Brackenridge, Pa.
3. Copperweld Steel Company Glassport, Pa.

. Granite City Steel Company Granite City, Iil.
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Table 18 (conttd)

5. Ingersoll Steel Division -

Borg Warner Corporation Chlcago, Ill.
é. Jessop Steel Company Washington, Pa.
7. Lukens Steel Company Coatesville, Pa.
8. Superior Steel Company Carnegie, Pa.
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CHAPTER 1V
DIFFUSION COATINGS
section 1. Ceneral Discussion

Diffuslon coatings on steel are created by the additlon of
an alloying element to the surface of the stesl and simultaneously
heating to & temperature below the melting point of the steel, but
of a sufficiently high temperature to cause diffusion and for a suf-
ficlent time to allow for the desired migration. Diffusion, in this
case, 1s the movement of atoms of the added element 1in solid solution
in the steel. Since the alloying element is at a high concentration,
as added to the surface, the direction of migration 1s inward away
from the surface.

The rate at which an added element will diffuse Into steel
13 controlled by the size of the atom of the added element, 1ts solu-
bility in the steel to which it is added, the tendency of the element
to combine with iron or with other elements In the steel to form
stable compounds of larger size and lower solublility in the steel,
temperature and time. Depth or thickness of the diffusion coatlng
that can be formed 1s greatest under the followingz condltlona: 1) the
gmaller the slze of the atom being added, 2) the higher its solld
solubility in the steel, 3) the less 1t tends to form compounds,
4) the higher the temperature and 5) the longer the time,

Strictly, the iron and the coating element interdiffuse,
iron atoms diffusing outwards into the alloy layer at the same time
thet the alloying element diffuses inward. This is in accord with
the basic rule that the movement of atoms is usually in the direction
from regions of high concentration toward reglons of low concentratlon
in order to achieve homogenity.

The mechanism of the reaction that brings the alloying
element to and deposits it on the surface of the steel may vary con-
siderably. The carrier of the alloylng element to the surface may
be a gas contailning a gaseous compound of the additlon element, a
1iquid containing a high concentratlon of the addition element or
compound of the element, a pulverlzed mixture of the addition element
in a ceramlc type of material or the addition alloying element may
be brought in direct physical contact with the steel surface. Packling
in a powder of the addition element and electrodeposition of a layer
of the addition element are among the methods used to create the
intimate physical contact needed for diffusion to take place. The
required intimate contact may be the result of & metal replacement
resction taking place at the surface of the steel in such a manner
that iron 1s removed from the surface as the addltion element is added.

Carburizing, cyeniding, nitrlding and carbonitriding are
examples of the oldest and most widely used processes for the creation
of diffusion coatings. Actually, diffusion coatings are formed in
the hot dip coating processes used on steel such as in aluminizing
and galvanizing which are discussed 1in Chapter II and Chapter V,
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Section 7, respectively, in this manual, Carburlzing and nitriding,
or combinations thereof, do not offer much of value gs diffusion
coatinza for protectlon apainst corrosion and oxidation at tempera-
tures above 500°F,

Among the elements which may be used to produce diffusion
coatings of possible value for the deaired protection are chromium
and silicon. Methods of chromizing and siliconizing are, therefore,
the subjects of the following sectlions of this chapter. One out-
standing advantage of diffusion methods of coating is the tendency
of such coatings to approach frezdom of pin hole porosity. The
diffusion process extends both inwardly from the surface being treat-
ed and parallel to the surface so as to tend to fill in any spots or
voids In the layer of alloying element brourht to the surface, In
other words, inherently the processes vileld almost pin hole free
coatings as opposed Lo most other coating processes.,

Section 2, Chromizing - General Discussion

Chromizing processes are those which create diffusion
coatings with chromium as the sddition element. Chromium and high
chromium steels and irons are noted for their corrosion and oxidation
resistance. Eight chromizing processes are availsble.

l. Kelley process.(44,53,57,58) In 1919, Kelley and his
co-workers carried out the first systematic investization of chromium
diffusion and developed a process of chromizing by solid contact with
chromium powder. The process employs temperatures of 2350-2500°F ang
produces rather hard surfaces. A treatment of approximately 4 hours
at a temperature of 23500 glves a penetration of 0,005"., Because
of the high temperatures involved and the rapld rate of deterioration
of the chromizing compound, this process, today, has more historicsl
than practical value.

2. Bergman process.(44,47,53,54) This is 3 salt bath
chromizing process, There is some controversy as to the cost and
simplicity of this proceass, althousgh there are a number of attractive
features in this method, Some technical difficulties, such as the
serious corrosive action of the salt bath chlorides on the pots, the
gize of the ceramic coated pots required when electrode furnaces are
used, and how to cool the chromized articles have not been overcoms
80 a3 to make the process commercially feasible,

S5« BeDe.S. process,(44,48,53) (Becker, Daves and Steinberg)
This 1is a gaseous chromizing process. It consists of packing the
articles in a mixbure containing chromium chlorids and a porous
porcelainic materisl and heating to high temperatures., The porcelain
material is previously saturated with chromous chloride, This is
done by psssing hvdrogen and rasseous hydrochloric acid into a mixture
of chromium metal and porous porcelsin maintained at a hich tempera-
ture. In the chromizine~ operation, temperatures of 1650 fto 21000F
are used.
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4, Marshall process.(44,53) The RB.D.S. and the Marshall
processes are very slmllar to each other, as both are gaseous
chromizing processes utilizing chromium chleride. The difference
liea in the fact that the lastter method produces chromium chloride
during the chromizing process by using a mixture of 8owdered chromium,
alumina and ammonium chloride, Temperatures of 1650° to 2100°F are
used. The resulting surfaces, however, are rather rough.

5., Process of Diffusion Alloys Ltd., - Diffusion Alloys
Corporatlon.(40,41,42,43,44,46,51,53) This procesas also 1s a gaseous
process, although carried out In closed retorts or boxes heated In
conventional furnace equipment. The mixtures used in the boxes con=
sist of ferro-chromium powder6 ammonium lodlde and unvitrified kaolin.
Temperatures of 1650 to 2100°F are used.

6. Onera process,{44,48,53) In thils process, the objects
are packed in a mixture of pieces of chromium metsl and broken
porcelain. Underneath this pack mixture is a layer consisting of
powdered chromium, alumina and ammonlum fluoride which generates
chromium fluorlde. Hydrogen 18 introduced into the box or retort to
elimlinate oxygen and to act as a carrcier gas for the vapors of chrom=-
ium fluoride. Temperatures of 1900 to 2050°F are used.

7. Johnson process - Paint Chromizing., This process is a
very recent invention that has not yet been adequately developed,
but for which a United States Patent has just been lssued to ¥r.
Wallace Johnson. The steel to be chromized is painted by brush or
dip methods, The coated article 1s Introduced into an ordinary
furnace with no atmosphere control. As the article heats, the vehlcle
uged In the slurry burns out, the ceramic frit melts to form an
impervious and protectlve molten blanket which holds the chromium
bearinzy material in close contact with the surface of the article.
The chromlzinr reaction takes place at temperatures between 1800° to
2000°F. A chromized surface is obtainsble in 15 to 30 minutes at the
maximum temperature., The article is removed from the furnace and
allowed to cool in a2ir. The enamel coatling 1s readily cracked off
leaving the chromized surface.

8. Chromium Electroplating plus heating. Chromium of the
desired amount is electroplated direct on the surface to be chromized
and the article 1s then heated to a temperature of 1850°F or higher
for a sufficlent time to cause the desired diffusion into the steel.
(50)

In all chromizing operations the degree of diffusion pene-
tration of chromlum which 1s obtained is influenced by the compositlon
of the steel, partlcularly the carbon content, that 1s being used,
Chromiuvm combines readily to form chromium carbildes, Chromium
carbldies are much less soluble in iron than chromium metal, especially
below temperatures of 1B00 to 1850°", Tndications are that the
chromium carbides are much less soluble in iron at 1850°F than they
are in chromium metal. Carbon tends to act as a barrier to chromium
diffusion because of thls low solubility of the carbides in the iron
and because of the lesser mobility of the chromium carbide complex as
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compared to the chromium metal atom itself, This tendency of carbon
to interfere with chromlum diffusion becomes of importance with
0.10% of carbon in the steel,(44,52)

Chromium carbides by themselves are hard and brittle,
Chromium carbldes dissolved in iron or steel are strong hardeners for
the iron or steel. However, it cannot be said that chromized layers
on hlgh carbon steels are brittle or have & tendency %o peel. Al-
though the layers are shaliower and harder, they are firmly and thor-
oughly alloyed with the steel and do not have peeling tendenciles,
Chromlizing has been applied successfully to plaln carbon steels with
carbon contents as high as 1.30%, to various types of tungsten and
tungsten molybdenum hlgh speed steels, to both medium and low carbon
low 2lloy steels and to low carbon steels.

Most of the alloying elements normally used in steel, other
than carbon, have no effect or & somewhat beneficial effect on the
rate of diffusion of chromium in the steel and, therefore, on the
ease with which the ateel may be chromized. Particularly beneficial
in steels containing about 0.20% carbon are carbide forming elements
such as columbium, tantalum, titanium, molybdenum, tungsten and man=-
ganese., To the extent to which these other carbide forming elements
comblne with the carbon present in the steel, there 1s less carbon
available to form chromium carbides and act as a barrier to diffusion
of chromium. A number of low alloy low carbon steels are avallsble
and sultable for chromizing. It is obvious that a deep decarburizing
treatment could be applied to a medium or high carbon steel before
chromizing in order to obtain a surface layer into which chromium
would diffuse most readily. In any such attempts, 1t must be remem-
bered that the rate of carbon diffusion is much greater than the rate
of chromium diffusion. While the chromium is diffusing inwardly from
the surface, into the decarburized skin, carbon diffuses outwardly
from the undecarburized core into the skin to meet the chromium coming
from the other direction. To be effective, any prior decarburizing
must be to a depth of several times ss great as the chromized layer
des:.red-

Certain investigators(49,60) report that incressed depths
of diffusion of chromium are obtainable if the treatment is modified
80 88 to include silicon alone or some silicon and some aluminum in
the reaction mix for chromizing. The claims are that the depth of
diffusion of chromium is greater when the chromlzing operation takes
place simultaneously with some Siliconizing or some siliconizing end
8luminizing., Just how silicon atoms can act as carrliera, drivers or
leaders for chromium atoms in the diffusion process is quite obscure.

Section 3. Pack Chromizing
Pack chromizing 1s being done commercially by methods 3, 4,

5 and 6 a3 outlined in Section 2. The results are surface layers of
high chromium content, of appreciable controlled depth, of good
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resistance to corrosion, oxldatlion and erosion at elevated tempera-
tures. The surface characteristlics in these respects are superlor to
those of the stralght chromium stalnless steels. The stralght chrom-
fum stainless steels owe thelr surface stability to a chromium content
of 13 to 22%, whereas the chromized layers on steel have much higher
chromium content than that found 1n chromium stainless steel.

The parts or articles to be chromlzed are packed 1in the dry
chromizlng compounds in sealed boxes or retorts and heated to
temperatures of 1650 to 2100°F for 2 or more hours.(43,44,45,46,47,
49,51,53) The temperature and time depend on the steel being treated,
the slze and shape of the part and the depth of layer desired. A
neuvtral or reducing atmosphere in the boxes or retorts 1s desirable.
The chromizing mixture may contain some aluminum or silicon or both,
depending on the desired composition of the layer to be formed.
During the period at the elevated temperature, the work 1ls supported
somewhat by the mixture 1In which it is packed so that distortion is
reduced.

The actual chromlizing reaction takes place in the gaseous
phase, Vapors of chromlium compounds are formed 1n the mix and travel
to the surfaces of the articles in the pack and deposlt the chromium
on these surfaces. After depcsition on the surface, the diffusion
process proceeds. Since the gaseous vapors carry to all polnts wilthin
the box or retort, the throwling power of the process is very high.

A case is produced in cavities and crevices, wherever the reactive
gases may enter,

To & large extent, the actual chromlum deposition on the
surface of the ateel is the result of an exchange or metal replacement
reaction. Atoms of lron are removed from the surface as atoms of
chromium take thelr places., Since atoms of chromium and of iron have
similer stomle weights, structures and dlsmeters, there is no
appreciable build up and resulting dimensional changes from the
formation of the coating. The rate of diffuvalon is much slower than
the rate of supply of fresh atoms of chromium to the surface and,
therefore, the diffuslion process controls the thilckness of layer
produced. A concentration gradient is necessary for diffusion to take
place. The chromlum concentration at the extreme surface is highest
and 1t decreases towards the core of the article being chromiged.

Surface Preparation

Surfaces to be chromlzed must be free of scale and rust.
These are removed by the usuval processes of plckling, mud blasting or
by mechanlcal means, Small tarnish aress remaining or formed after
cleaning do not interfere.

Chromium Content

The typlcal structure and composition of chromized surface
layers are shown in Flg. 2, 8 photomicrograph at 200X, and Fig. 3, a
graph of chromium concentration versus depth of layer on 8 low carbon
steel.(40) In Fig. 2: A - represents the thickness of the case as
usually reported; it 1as the distance from the surface to the dividing
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line which appears after etchlng, B -~ represents the actual pene-
tration of chromium.

The chromium content of the case, as shown on the above
graph, 1s approximate and depends upon the conditions of the chrom=
izing treatment and the compositlon of the steel. Usually, it is
between 40-50% at the surface and decreases towards the center of
the object.{40,42,43,44,48,49,51,53) Twenty four percent chromium
content of the case 1s considered the average. The dividing line,
as 1t appears after etchinz, separates the different transformasion
phases of the steel which develop at approximstely 13% chromium, (40,
43,44,47,49,53,58)

The chromized case on low carbon steels resembles in its
behavior the type 400 series stainless steels. The outermost surface
resembles type 446 stainless for a small depth only. At the dividing
line, which under the microscope appears to be the end of the case,
type 410 composition prevails.

Hardness and Ductility

Chromized cases may be hard or relatively soft depending
upon the composition of the base steel and the treatment used.

Hard cases have high chromium carbide content, They have
high erosion and abrasion resistance and are used in some aircraft
components. For the purpose of this report, however, the softer
highly corroslon and heat resistant types of coating are considered.

The surface hardness of chromized low carbon steel 1is about
120 BRrinell. As the carbon content of the steel increases, a very
considerable increase occurs in the hardness of the chromized surface.
For 0.3% C, it 1s in the reglon of 250 Brinell, and for 0.5% C it is
about 500 Brinell.(44,49) For still higher carbon, it may be as high
a8 1500 Vickers,{43)

To determine the hardness of these coatings, microhardness
test methods must be uszed with loads nost exceeding 100 gr. (Conven-
tional Rockwell and Brinell tests cause penetration of the indenter
through the coating and give misleading results.

The ductillity of the case, developed on low or medium
carbon steels, is good.(40,42,43,44,48,53) The gradual decrease of
chromium content favors absorptlon of mechanical deformation and
minimizing of internal stresses caused by thermal changes.

Thickness

The thickness of the chromized case may vary from a thin
{0.0007")(42) and extremely hard one (VHN 1500) on hizh carbon steels
to a thick (0.035")(51) and ductile one on low carbon steels. The
thickness 1s a function of the composition of the steel, composltion
of the chromizing compound, temperature and time of the process and
surface conditions. For all gaseous chromizing processes, a layer
of 0.002 to 0.004" is obtained after 3-4 hours on a low=medium carbon
steel,{44,53)
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The carbon content of the core impedes the penetration of
chromium and may prevent the obtaining of a8 thick case. For thick
cases low carbon steels should be used. When 1t is deaired to have
medlum or high carbon properties of the core, heavy decarburization
of the surface before chromizing is necessary,

Some alloying additlons have great effects on the diffu-
g8lon rate of chromium. They can bind carbon and may influence the
lattice structure so as to speed penetration by chromium.

The higher the temperature of the chromizing process, the
faster are the reactions and the faster the formation of the case,
Longer time favors thicker case formstion. High temperature and
time, however, may produce excessive graln growth and distortion.
The conditions of temperature and time must be such as will give
the optimum results.

Uniformity

In this process the reaction gases penetrate into pores,
holes and slots as well as inside of long tubes. 1In general, there
1s no build up of the case at the corners of the objects.

As an example of this characterlstic, rectangular tubes
37z" long, 13" wide and +" deep (strip heater casings) are being
chromized to a uniform case depth over the entire inside aa well as

outside surface.(43)
Adherence

Due to the gradual decrease of chromium content, formed
by the substitution and diffusion reactions of the process, the
case forms an integral part with the body of the object to which it
is adherent and cannot be stripped off by merely mechanical means.
The chromized case is an iron chromium solid solution, it 1is duc-
tile and adherent at room and elevated temperatures. Under certain
conditions, when high or medium carbon stesls are treated, a soft,
decarburized layer may form underneath the hard carbide containing
8kin., Thils effect 1s undesirable and decresses both the adhserence
and the mechanlical properties of the carbide containing layer,

Appearance

Most chromized surfaces are silvery gray with a satin
smooth finlsh. The smoothness depends to some extent on the finish
of the base prior to treatment as well as on the composition of the
chromlzing mix, ¥High luster can be obtained by subsequent polishe
ing.

Corroslon Resistancs

In some applications chromized steels have replaced both
ferritic (stralght chromium) and austsnitic (chromium nickel)
stainless steels. Chromized surfaces are resistant to atmospheric
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corrosion including industrial atmospheres containing sulphur com-
pounds. They are unaffected by petroleum oils, hot or cold water,
steam, gea water and nitric acid. They are not fully resistant to
phosphoric acid and bleaching solutions. They are not resistant
to dilute hydrochloric or dilute sulphuric acid. They are not re-
sistant to free halogens such as bromine or to free halogen acids
such ag hydrobromic acid.

By combining siliconizing with chromizing to produce a
silicon bearing high chromium layer, some added resistance to the
dilute acids and the halogen compounds may be obtainable.

Some estimatlion of the corrosion resistance of chromized
surfaces may be obtalned by comparing them with the iron chromium
glloys.

Full protectlion to atmospheric corrosion requires 12 to
18% Cr. The low carbon plain chromium steels with as much as 30% Cr
are reslstant to oxidizing acids, such as boiling nitric and dilute
gerated sulphuric acids.(55) ‘

A chromized surface corresponds in corrosion reslstance
to a sateel with more than 30% chromium. It is, therefore, better
in many respects than other more weakly alloyed stainless steels and
even bebtter than 18-8 steel.(59)

Oxidation Resistance

One of the great advantages of chromlized surfaces 13 their
abllity to reslst oxidstlion at elevated temperatures. A survey of
the claims in the llterature indicates that the life of chromized
low carbon steels with the 0,004 to 0,006%" coating,is practically
unlimited up to 1200°F;(40,43,48) at 1470° to 156% F they can be
used for several hundred hours;(48,53) at temperatures up to 1560°F
chromized steels show excellent oxldatlon reslstance and might be
usable for engine and furnace parts;(44,49,52,56) at 1650°F the
chromized steels can be used for prolonged perlods and even at
1800°F for short time when mechanlcal stresses are low;(40,43) at
temperatures of 1830 to 2010°F the layers disappear after a few
hours.(48) Other investigators, however6 claim even longer life for
chromlzed steels at temperaturesa of 1800-F and above, For examgle,
Re Lo Samuel and N. A. Lockington(44) state that "---up to 1830%F,
if parts are not likely to be knocked, chromized steel has & reason-
able life, since the scale first formed adheres well',

Among chromized coatings, the most resistant to high
temperature are those contalning, besldes chromium, aluminum, sili-
con or both,(40,43,44,48,49) It 1s claimed that by the formation
of a complex oxide film a full protectlon 1s then obtalned up to atb
least 1920°9F,(49,60)

An investlgation of oxidation resistance of iron chromium
alloys shows that at 22 or higher percent chromium, the alloys have
a negligible weight loss after oxidation tests at 1832°F for 48
hours.(55) A 37% Cr 7%% Al alloy is resistant to oxidation at
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temperatures approaching 2400°F,.(55) 1In comparing these alloys with
chromized ateels, it must be borne in mind that the latter has a
high chromium content 1imited to a thin layer only.

Joining

Wwelded or riveted assemblies can be pack chromized. Al-
though the process has hlgh throwing or penetrating power, 1t wlll
not penetrate to the faylng surfaces of a lap joint nor will 1%
bridge a gap or opening at the edge of a lap joint. Brazed assem-
blies cennot be chromized because the chromizing temperature 1ls too
high. For uniform coverage over weld beads it is obvious that the
weld rod material must be of a suitable composition for chromizing.

Most of the known joining methods can be used on chromizec
parts. FHowever, when joining ls done after the treatment, care
‘should be taken that the application does not remove the skin at
any spot and does not expose the base metal underneath. Jolning of
chromized parts is best done by spot, seam or stud welding. Rivet-
ing or staking 1s also satisfactory. Fusion welding as well as
brazing 1s poasible.(40,42,43) When riveting has to be used 1t is
preferred to punch the rivet holes before chromizling., Stainless
or chromized rivets should be used. Fusion welding can be hand or
gutomatic, inert gas shielded or conventional. Care must be taken
that the bare base metal is not exposed by fusion welding. Stain=-
less weldilng rods should be used.

Brazing can be done with fluxes and rods designed for
stailnless steel. Brazing is limited to the metals which are
corrosion and heat resistant, and which when molten, will "wet" the
chromized layer and which can be applied with ordinary fluxes and
by ordinary methods. '

Formabllity and Additional Treatments

The process when applied to low carbon steels produces
ductile cases which can endure rather severe forming operations
such as bending, drawing, crimping, stamping and bumping. The re-
fore, sheets can be treated first and then formed to desired shapes,

Surface finishing operations such &8s grinding, lapping
or honing of treated parts are not recommended as they will remove
the layer with the highest chromlum content. Chromized parts can
be subjected to any forming operatlon which does not remove the
outermost layer. Where chromizing is used for corrosion or heat
resistance, parts are frequently used in the "soft" condition. 1In
some instances, this presents an advantage in subsequent formlng
operations.

Chromized steels can be heat treated to get different
properties of the core than those remalning after chromizing.
Special or standard heat treatment, normalizlng, or ha rdening sult-
able for the steel involved can be used without affecting the
chromized case. Where relatively high ductility and low strength
are objectlonable, heat treatments may be used. This technique has

WADC TR54-209 81



been used on bolts of SAE 1020 steel., After chromizing the steel
is coarse grained and fully annealed and not sufficiently strong
to resist the torques involved, also due to the softness, the
threads are easily damaged. These shortcomings are overcome by a
heat treatment at 1525°F, The thin, tightly adhering oxide film
formed durling heating and cooling makes the surface well resistant
to seizing.

The surface produced by the chromizing process presents
a good bage for other finishes such as paints, lacquers, plating,
etc.

Effect on the Steel Base and Dimensional Stability

The temperatures for chromizing are above the critical
range of the base steels used, Invariably the base steel becomes
fully annealed and any hardening through cold working or prior heat
treatment 1s removed., Also, grain growth can and often does occur
at the high temperatures and for the long times involved. However,
the steel can be heat treated to restore or improve the former
characteristics of the base metal as descrlibed under Formability
and Additional Treatments,

Thick cases should not be obtained on the expense of
excedsive grain growth of the base metal by long treatments at high
temperatures. During treatment soms distortion and size changs of
the objects may take place. Actual dimenslional changes are small
and often negligible. This is éspeclally true, when parts are small,
free from high internal stresses, symmetrical and well supported
during the treatment by the chromizing mixture. The welght change
during the treatment 1is insignificant,

Little specific data have been made avalilable as to the
effect of chromizing on endurance or fatigue limits., On low carbon
Steels, where the chromilzed layer 1is ductile, 1little adverse affect
Is to be expected. On medium or higher carbon steels whers the
chromized layer is high in chromium carbides and i1s hard there may
be an adverse affect., Some of the alrcraft engine companies are
attempting to evaluate this problem.

Limitations

All costings lose usefulness suddenly when pierced by
corroslve or mechanical sction. With chromized articles the graded
composition must be considered. Each fraction of 8 thousandth of
an inch removed or penetrated éxposes 8 lower grade alloy which has
less reslstance to the attack and s gradual reduction in effective=
negs results,

During the chromlzing process any Internal stresses are
relieved, and the parts undergo some thermal expansion. Under
these conditions it is too much to expect that long shafts, slender
pleces of tubing or complicated bulky castings will retain tool
tolerances. The chromized case is thin, therefore, subsequent
grinding cannot be used to compensate for dimensionagl changes. How=-
ever, these slight dimensional changes can be offset succesafully
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by stralghtening parts which have warped and by restoring close
tolerances by cold colning.

Tt is obvious that pack chromizing 1s limited to such
gizes and shapes as may be packed in available treating boxes or
retorts. The boxes or retorts themselves are a major, important
and costly part of the process. Large boxes are slow in heating
and slow in cooling. Treating capaclty is lowered by these long
time periods.

While little information is available as to llfe of or
regeneration additions to the packing mixes used 1t 1s clear that
the control and replacement or regeneration of such mixes must be
a portion of the overall process,

If parts to be chromized are bulky and made of thin sheet
metal the operation of packing so as to be sdequately supported by
the mix while at a temperature in the neighborhood of 19200°F be=-
comes a difficult one.

If thin sheet metal of the order of 0.0L0" thilck is to be
chromized on both surfaces it is obvious that 0.005" depths of
chromizing are out of the question. The total depth of the two
chromized layers may become a major portion of the thickness.

Uses

Electric strip heater casings of chromized steel are being
used quite successfully. Acceptance testing is based on 1000 hours
at 1200°F, In this case, 410 stainless steel is being replaced by
chromized SAE 1010 steel. The ductility of the chromized part is
sufficlent to permit flattening and crimping at room temperature.

It is claimed that chromizing has proven satisfactory 1n
such applications as carburlsing boxes, furnace skids, high tempera=-
ture steam and soot blower nozzles, cyaniding retorts, anneallng
baskets, racks and grids and other ltems of heat treating furnaces.
Some are reported to have been used at 1650 to 18500F. It 1s
claimed that at temperatures over 2000°F service for upwards of 600
hours have been obtained.(49)

Another reported heat resistant application is dousers
for carbon arc searchlights where the assembly conslsts of pairs of
telescoplc rings made from chromized iron. It is reported that
chromizing of steam turbine rings is in production. The rings are
machined to size, processed and aasembled, Dimensional changes are
insignificant. Corrosion and steam erosion resistance are reported
as good.

Tt 1s reported that chromizing is being tested in the
following parts:(41l) a) heat shields for rocket motors, b) sheaths
for electric space heaters, c¢) nuts and bolts which are subject to
heat, @) burmer shields and tips, e) combustion and exhaust parts
for engines, rockets, gulided missiles, etcC., f) steam turbine parts,
g) auxiliary components for jet engines.
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The British Intellisence Objectives Sub-Committee, sent
into Cermany to make ga thorough study of chromizing development
during World War II, found many examples of successful chromizing
on & broad commercial scale.(58) Typical examples were:

l. Chromized valves for controllins fiuid flow. This
application helped to conserve the scarce copper base alloys pre-
viously used, in addition to supplylnz superior corrosion protection.

2 Chromized bolts., By chromizing the bolts before the
threads were rolled, increased corrosion protection was obtained on
the threads and the chromized layer was work hardened by the roll-
ing operation,

3e Chromized manifolds for internal combustion englnes.
Reports indicate that these tubes operated satisfactorily at 850°C
(1560°F) even where the service at thig temperature was continuous.

4. Chromized pre~heater tubes. These tubes were used for
preheating alr for combustion in the engine of a destroyer. They
operated at 750°C (1380°F) with the air passing through while the
fire passed around the outside. Tubes were examined at the end of
19 months service and found to be in very zood condition,

9e¢ Chromized thin walled tubing. This development per-
mitted the use of low carbon steel tubing with its excellent
drawing and fabricating characteristics in a number of installations
which previously reqguired the high corrosion resistance of stainless
steel,

6o Chromized turbine blades. Chromized turbine blades
replaced chromium plating on exhaust ga8 turbine blades because of
its non=-secaling properties.

To Investigate the values of chromizing, one aircraft
company had some parts processed. The parts wers 1" dlameter spline
shafts 12" long of 4130 and 4340 steel. Under salt spray tests and
under humidity cabinet tests there was an initial corrosion attack
on the edges but this stopped quickly. The coat was ,000L" thick,
The surface, although too thin to test, was reported as belng not
hard. Superficial Rockwell hardness readings were lower after the
chromizing treatment. It was reported that the specimens were
treated at 1650°F for 8 hours. They were packed in powder and
allowed to cool in the furnace. They were reheated and hardened
after the chromizing treatment. The reheating for hardening was
done in air in a gas muffle furnhace. There was no scaling but some
discoloration, The case did not Spall off in the heat treatment,
Under the salt spray test rusting was encountered in holes and 8lots.
The treatment may not have penetrated these areas.

In another case and for another company, some 1095 spring
steel parts were chromized. The coating was about .005%" thick,
The material was heat treated gfterp the chromizing process. The
Surfaces were harder than the core after heat treating. These parts
are in use satisfactorily on a commercial plane.
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Tn another case chromizing is being considered for a part
to be made of SAE 8740 steel, A coating thickness of 0.0005 to
0,002" is being considered., Such a case will contain an apprecilable
amount of carbides and will have a relatively high hardness and the
poasibility of brittleness and surface crack inltiation must e
evaluated.

Costa

Generally, chromium-stainless steel costs several times as
much per pound as carbon steel in tubing, sheet, or bar form. There-
fore, chromized steel used in place of stainless steel may present
considerable saving.

In pack chromizing processes the treatment cost of the
parts depends primarily upon the space the parts occupy in the re-
torts and the durstion of the process. TFor large production runs, a
more accurate cost calculation can be made on the basis of the amount
of regenerated compound used per part treated, the labor required
for powder preparation, stacking the parts, sealing the retort,
charging and unloading the furnace, cleaning the parts, inspectlon,
shipping, and handling., TFuel cost, retort deprsciation, as well as
peneral maintenance, supervision and overhead charges must be
ineluded. As seen from the large number of variables, processing of
each part must be caslculated individually.

The cost savings of chromized steel when compared with
stainless stesl come from {a) eliminating the need for highly alloyed
steels, (b) replacing two or more heat treatmsnts by one chromlzing
operation, and (c) decreasing of fabrication difficultles. Although
chromizing is claimed to be less expensive than hard chromium plating,
this is doubted. Tt i3 much more expensive than conventional surface
hardening methods (e.g., cyaniding). The process 1s flexible and
lends itself both to small lots and mass productlon. The cost per
unit varies widely with quantitles.

Available Facillties

The chromizing process was introduced in this country in
1948-9 by a branch of Diffusion Alloys Ltd. called Diffusion Alloys
Corporation, sometimes called Fusion Alloys Corporation. Chromizing
is being done on a contract basis by Chromalloy Corporation of New
York (109 West 64th Street, New York 23, N.V,) and Chromizing
Company of California, in North Hollywood, California. Further
expansion by establishment of other plants or through license agree-
ments for large users is expected.

Section 4. Paint Chromizing

Among the various processes for chromizing as listed
earlier in this chapter is process number seven called the Johnson
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Process of Palnt Chromizing. The chromized surface obtained is
similar to that obtained in the pack chromizing methods described
in Section 3 of this chapter.

A8 for pack chromizing the surfaces to be treated must be
free of oil, rust and scale so that the paint used ma&y be applied
direct to the surfaces.

The peaint mixture used conaists of a slurry of a2 low melt-
ing ceramic frit, powdered chromium metal or ferrochromium, a
suitable catalyst and a vehicle. Some silicon or ferrosilicon powder
may be incorporated in the slurry if combined chromizing and silicon-
i1zing 1s desired. The paint slurry is applied by brush or dip
methods. One, two or more coats may be appllied. After the paint
coating has air dried it is further dried by preheating in air to a
few hundred degrees for & few minutes and it is ready to be placed
into a furnace.

Any ordinary furnace is suitable. No stmosphere control
is necesgsary. During heating in the furnace the articles must be
supported so as not to touch the furnace hearth or hrick work.

A8 the temperature rises in the furnace some of the vehicle
used 1is vaporized and protects the surface from oxidation in the
furnace atmosphere, At hizher temperstures the balance of the
vehicle carbonizes and the residual carbon in the palnt coatins cone
tinves the protection. At 8 red heat the low meltine point ceramic
frit melts and forms an impervious and protective molten claze
coating in close contact with the surface beins treated. This molten
glaze contains the necessary chromizing materials and as chromizing
temperatures of 1800°F or higher are reached the chromizing reaction
takes place,

Probably due to the intimate contact the chromizing
reactlon takes place with considerable spesd. Gonsiderable chromiz=-
ing can be obtained in 15 to 30 minutes at temperatures of 1900 to
20000F and in 30 to 60 minutes at 18500F,

After furnace heating the article can be removed and
allowed to cool in air. As coollng continues the enamel 1like coat—
ing freezes, shrinks and cracks off in part. The balance is loosely
adherent and 1s easily removed mechanically to expose the chromized
surfsce,

The chromlum content of the surface layer produced 1s
similar to that from pack chromizinz except that less diffusion has
taken place and a sharper concentration gradient of the chromium
content 1is present. This 1s the natural result of the much shorter
time that the work is held at the temperature of chromizing.

The chromized layers obtained by paint chromizing are
somewhat harder than those obtained by the pack chromizins methods
and are of the order of 0,001 to 0,005" thick. Some slizht roughen-
Ing of the surface takes place during the paint chromizing process.
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The corrosion and oxidation resistance of the paint chrom-
izing process coatings have not been adequately investigated to
date. TPurther evaluation of the process and the product 1s necessary.

To date the principal work done on this process has been
in the laboratories of Sam Tour & Coe., Inc., 44 Trinity Place, New
York 6, N.Y. It is obvious that if this method can be developed to
the point of commercial application that 1t will be much simpler and
cheaper than any of the pack chromizing methods.

gection 5. Chromium Electroplating Plus Heating

chromium electroplating followed by heatlng was listed
earlier in this chapter as process number eight. The amount of
chromium in the chromized layer, the degree and the depth of diffu-
aion of this layer into the base steel are readily controlied.
Electrodeposited chromium 1s pure chromium. As diffusion occurs
during heating the electrodeposited layer on the surface of steel
the apparent thickness increases and iron diffuses into the chromium
as chromium diffuses into the iron. With sufficient time and
temperature for the diffusion process the resulting chromium alloy
layer is similar to that obtalned by other chromizing processes.

The process 1s not new. It was practiced over 25 years
ago, was not patented and was disclosed in 1929.(50) Chromium is
deposited direct on the steel surface by electrodeposition from a
chromic acid=-sulphate 100:1 bath of the usual strength. The higher
temperatures necessary for bright chromium plating together wlth the

lower efficiency of plating at those higher temperatures are not
necessary.

Surface preparatlon necessary 1s pickling and cleaning
with a brief anodic treatment in the plating bath or prior to lmmer-
sion in the plating bath for plating of the chromium direct on the
steel. No copper or nickel strike is used, The amount of chromium
deposited on the surface 1s a function of the time and current used
during plating, 0.0005 to 0.001" of chromium can be deposited in
less than one hour. For further informatlion on electrodeposition
of chromium see Chapter V, Section 3.

gince all chromium electrodeposits are somewhat porous or
cracked it is preferable to do the heating, subsequent to plating,
in an atmosphere that is non-scaling to steel. Combusted gas atmos-
pheres are fully satisfactory. 3ome alloy bonding of the chromium
plated layer beglins at temperatures of 1500°F, although actlve 41f-
fusion does not take place until temperatures of 1650°F or higher
are reached. At temperatures of 1800 to 1900°F the diffusion pro-
cess goes guite rapidly and at higher temperatures even more
rapidly. The diffusion process seals all the pores and cracks in
the original elesctrodeposited coating and a continuous uniform high
chromivm alloy layer results.
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The well diffused layer is similar in all waya to those
obtained by pack or paint chromlzing. The effects of carbon and of
other alloying elements in the base steel are the same as in pack
chromizing, The chromized layer becomes an integral part of the
steel and is thoroughly adherent.

This process has been applied to 0.70% C tungsten high
speed steels, to 0,307 C hot working die steels, to 0.40% C chrome-
vanadium die steels, to 0,90% carbon oil hardening tool steels and
to plain carbon steels for use in the die casting industry. There
should be little question but that the high chromium alloy surface
produced by the process would be satlsfactory for resistance to many
forms of corrosion and oxidation attack,

Sectlon 6. Siliconizing - General Discussion

Slliconlzing processes are those which create diffusion
coatings with silicon as the addition element. High silicon iron
alloys, containing over 10% of silicon, have been proven to have
remarkably good corrosion and oxidation resistance in actual service
experience and in numerous laboratory tests. The use of such irons
has been limited by their brittleness and limited fabricating qual-
ities, High silicon content cases on plain carbon or low alloy
steel tend towards a combination of the high corrosion and oxidation
resistance of the solid silicon alloys with the desirasbile propertles
of the ateel core.

S1liconizing has attracted considerable attention and has
been the subject of much research and development effort for many
years., Various investigators have shown that the giliconizing 1s
possible by the use of pack methods, by the use of vapor phase metal
replacement reactions and by the use of paint methods,

Low sulphur forged, cast or rolled steels are the most
readily siliconized. Sulphur i1s belisved to cause formation of g
8llicon sulphide which 1s not corrosion resistant and which may
cause local penetration of the case allowing the core to be attacked
with subsequent cracking and apalling of the ecase,

High carbon, low sulphur steels and irons can be silicon=-
1zed although the time element for g gilven thickness of case ig
increased., For example SAE 1045 steel takes twice a3 long as SARE
1015 steel, White cast iron and malleable iron can be siliconized
but, because of their higher sulphur content, the resulting cases
8re not as reslstant. Cast iron, because of its high sulphur con-
tent and because of its growth on heating cannot be siliconized
guccessafully,

Insufflcient information is avallable on the effect on
siliconizing of various other alloylng elements in irons and steels,
Indications are that chromium and nickel in the iron or steel act
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somewhat like carbon In reducing the reate of the siliconlzling reac-
tion. No information 1s avalleble, as yet, on the effects of using
some chromlum in the slliconizing mixtures. On the converse situa-
tion, 1t has been found that the use of some silicon in chromizing

mixtures increases the rate and depth of chromizing.

Siliconized cases, however produced, can be thought of
as thin 14,.5% silicon iron alloy on the surface of the object. The
composition of the alloy seems to remain consistent for about 50%
of the case depth. The dlfference 1is 1ln some porosity of the coate
ing. 14.5% silicon iron alloy is known for its satisfactory
resistance against sulfuric, nitric, acetlic, formiec, lactic and
many other commerciasl acids., It is known from experlence that a
composition of 14 to 15% silicon results in maximum corrosion
reslstance, and little improvement 1is obtalned with an increass of
sllicon beyond this amount.(68)

Section 7, Pack Siliconlzing

By pack siliconizing, a case or coasting 0.004" thick can
be obtained 1n about two hours. The sillcon content of the case
at the surface 18 approximately 14%. The coating glves high
protection against many corroalve media and to high temperature
oxidation.

The process consists of packing the descaled samples in
a rotary type furnace in a mixture containing silicon and heating
the furnace for several hours at 1680-1860°F. The mixture usually
congists of a source of silicon such as ferrosilicon or silicon
carbide and firebrick of a graln size of 20-30 mesh. Heating 1s
under a controlled atmosphere contalining some HCl or Cl, to increase
the speed of formatlon of the case. In two hours at around 1775°F,
a siliconized case of up to 0.,030" is obtained.

The only pack siliconizing process being operated on an
industrial scale in this country is Thrigizing. The process meets
the above description.

Surface Preparation

Usually no speclal prepasration of the surface to be
treated 1s necessary. Light mill scale need not be removed, but
heavy anneallng scale should be. Other lmbedded impurities should
be removed by pickling or sand blasting.(61)

Corrosion Resilstancs

Slliconized coatings are resistant to HNOz, H2S04, HC1,
wlth a decreasing resistance in the order named, water and steam
corrosion. ‘
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Dolin and Benninger(69) have run alr and corrosion fatizue
tests with silicon impresnated steel and other impresnated and coat-
ed steels, The results are shown in Table 19,

Table 19

Corroslon Fatlcue Strengths
of Coated Steels

Patio of Endurance
Endurance Endurance Limit in Water to
Limit in Limlt in Endurance Limit Une-

Material Alr, psi Water,psl coated or in Air, %
Uncoated SAE 3140 67,000 15,000 22.4
Cd Plated SAE 3140 Ko data 17,000 25.4
Zn Plated SAE 3140 Yo data 28,000 41,8
Cyanlded SAE 3140 No data 16,000 23.8
Nitrided SAE 6120 105,000 85,000 80,9
Si Imprecnated SARE 1020 22,500 22,500 10040

The moat corrosion resistant cases are formed on low carbon,
low sulphur steels. The carbon should be below 0.,25% and the sulphur
below 0.04%.(63)

Tests were made(6l) to determine the corrosion resistance
of siliconlzed steel against different corrosive media, In 10%
bolling sulphuric acid siliconized steel lost 7% in weight during
240 hours with only 0.3% loss duringz the 1Oth 24-hour periods. Obe~
Jects of the same size made of common steel were entirely dis=olved
in 18 hours and those made of 18~8 stainless steel wers dilssolved
in 24-30 hours. 1In a hydrochloric acid pickle tub s galvanized elbow
installed in a steam line failed in less than two weekss the silicon
imprecnated one was still without serifous attack after five months
of service., Siliconized surfaces tend to become passivated so that
very little palvanic action results when siliconized articles are in
contact with other metals.

The only large industrial user of siliconized (Thrigized)
steel(65) states that the case is porous and certain corrosive
liguids might penetrate the case and attack the core. 1In certain
media, however, the case gives corrosion protection. Its best
performance 1s in conrnection with nitric acid. It also has soms
application in the handling of sulphuric acid. It is reported that
the case offers better protection azainst sulphuric aclid after first
being passivated by exposure to nitric acid.

It is reported that corrosion protection against the non-
oxidizing aclds 1s increased when the steel base contzins sbout 3%
molybdenum,. (64 )

Oxldation Thesistance

Siliconized parts have given lons service at temperstures
of 1200 F to 16000F,{61l) Silicon impresnated steel is resistant to
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scaling in alr up to 1400°F,(63) The upper limit of temperature of
heat resistance is claimed(62) to be 16800F,

The industrial user, however, does not claim such high
resistance of the coating ageinst corrosion and oxidation and is of
the opinion that for heat and corrosion resistance the coating 1=
not promising. He reports that Ihrigized steel held about 50 hours
at 1100°F showed marked expanslon of the case on the core with the
case protruding beyond the ends of the plece and/or bulging outward.
That effect vitistes, in thelr opinion, any clalm that mizht be
made for oxidation resistance of the case at high temperatures.

Erosion and Abrasion Reslstance

As claimed by the industrial user of siliconized
(Thrizized) steel, the case 1s rather porous and furnishes a very
good bearing surface for oll and grease. It was found that such a
surface has conalderable merit for scoring and galling resistance.

Joining

No information ia available on the jolnling of siliconized
steel by any of the methods such as welding.

Mechanical Properties

Siliconized coatings can be made of any desired thickness
from 0,005" to 0,100", The silicon content of the coating is
approximately 14% and is constant for the first 50% of the case
depth and then falls off gradually. The costing is brittle.

The coating can be sround, but not machined or cut by
ordinary means. The coating will not spall off under vigorous ham-
mering but will chip on sharp corners.

During the sillconizing process, a small volume increase
takes place. Parts swell about 0.001 to 0,005", althouch they lose
welght. Distortion due to heating in the siliconizing procesas is
minimized by a prior annealing operation.

Uses

Siliconlzing has been used in applications to resist
corrosion, heat, and wear in automotive water pump shafts, rocker
arms, cylinder liners, valve guldes, valve fittings, bolts and nuts,
exhaust manifolds for large marine engines.

Over 200,000 water pump shafts have been treated and some
have been In use for ten vears in heavy duty internal combustion
engines, The gervice operatlion has often taken place under heavy
loads and with corroslve waters.(53)

Costs

The cost of pack sillconizing depends upon the size of the
parts and quantlty to be siliconized.
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A 1946 cost estimate on a typical run of 250 water pump
shafts 7/8 x 11 in. showed $0.1078 per 1b. or $41.282 per run of
about 480 lbs. of solid parts.(63)

The industrial user reporta(65) the cost for Thrigizing
a retort load at about $100.00. The retort has inside dimensions
of about 5' x 9" I,D.

Facllitles Available

The Crane Co. of Chicago, Ill. is the only reported
industrlal user of the pack siliconlzing process. They are a large
producer and user of siliconized steel, have been operating the
process for many years and do "Thriglzing" on a job shop or comw
mercial baasis,

Section 8. Paint Siliconlzing
Siliconlzing can be done by a paint method (Johnson
Siliconlzing Process). The coating obtalned resembles, in many
respects, that of pack siliconizing.

The method of application 1s similar to paint chromizing
(Johnson Chromizing Process) described in Section 4 of this chapter.

Surface Preparation

The surface of steel objects may be prepared for the
treatment by surface grinding, steel grit, sand blasting or plckling.
It is believed that a good case can also be obtained on rusted
surfaced.

The Process Temperatures and Time Involved

The process itself consists of a preparation of the mix-
ture, application of & paint slurry, drying, heating and cooling.

The paint mizture consists of & slurry of a low melting
ceramlc frit, powdered sillcon or ferrosilicon, catalysts and a
binder., The mlxture may be applied by brushing or dipping., TUsually
several coatings are applied with time allowed for each coating to
dry. Before firing, the coated objects are preheated in air to a
few hundred degrees.

Flring is done in any ordinary furnace and in an atmos-
phere of plain air. During firing, the steel is protected against
oxldatlon by vaporizing and burning of the binder and at higher
temperatures by the melting of the ceramic frit, which then forms
a molten glass envelope coat. At approximately 1700°F, silicon from
the coatlng begins to alloy with the steel surface and to diffuse
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inward. At 1850°F the rate of diffusion is so high as to produce
a heavy case in 15 to 30 minutes.

After the heatling, the samples are removed from the
furnace and allowed to cool in air. Durlng the cooling perlod, the
glass layer cracks and is easily removed by mechanical means.

Characteristics of the Cage

The average total depth of the case produced at 1850°F
for 15 minutes, 1s approximately 0.012", The case has some volds
in the upper zone; the lower zone, however, 1is homogeneous. Com=-
pared with cementatlon processes, the paint method gives cases with
a sharper gradient of sllicon concentration. The case 1s slightly
rough., It 18 golden brown in color,

The case ls reaistant to many corrosive sgents, such as
a 35% HNOz, as well as to high temperature oxidation. Samples of
paint silliconized low carbon steel heated in air at 1350°F for 128
hours were not affecteq.

The case is brittle and cannot be bent or deformed withe-
out cracking.

To date, work on this proceas has been 1in the laboratories
of Sam Tour & Co0., Inc., 44 Trinity Place, New York 6, N.,Y,; further
development of the process, evaluatlon and testing of the resultant
siliconized panels is in progress. The processa gives high promise
that 1% willl be cheaper and slimpler in producing the silicon case
than any of the pack methods.
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CHAPTER V
MISCELLANEQOUS METALLIC TOATING
Sectlon 1. General Diacussion

O0f the nine miscellaneous metallic coatings dilscussed in
the followlnz nine sections of this chapter, six are electroplated
coatings and three are coatings applied by other means. Anmong the
many metals which are electroplated, only six have been selected for
detailed discussion. Cadmium has been included because it is being
used extenslvely for temperatures up to 400°F and, in some cases, up
to 500°F, Chromium has been included Ffor obvious reasons. Copper
electroplate has been included although it is seldom used bare for
temperatures of over 400°F, Copper 1s used often as a base plate for
other metals, Silver has been Included because of its extensive use.
Tungsten alloy electroplate has been included because of its promis=
ing properties. Electroplating of aluminum and of nickel have
already been discussed in Chapters IT and TII respectively. Gold and
platinum metal electroplates have not been included because of the
high cost of these materials although they may be of interest in
connectlon with special applications where their peculiar properties
are of value and cost is no object. Tin plating has not been
Included in this chapter as 1t is seldom used alone at slevated
temperatures. Tin in combinatlon with nickel has been discussed in
Chapter III in connection Corronizing. Lead plating and indium
plating have not been included because of the low melting points of

these two metals.

Section 2, Cadmium Electroplate

The primary use of cadmium electroplate is for the pro-
tection of other metals against corrosion. Cadmium, like zinc, isa
anodic or sacrificisl to iron and protects it by preferential
corrosion. It 18 less effective than zinc in this respect and does
not protect as wide an exposed area,

Electroplated cadmium has a plesgsing sllvery white color
of good lustre. Under certain conditions of exposure, it will retain
+this color and sheen for long periods of time.

Cadmium electroplated coatings are peculiarly resistant to
attack in the standard salt spray test and, in this test, appear
superior to zinc coatings. In normal atmospheric exposures or in
industrial atmospheres containing some sulphur compounds, the cadmium
coatings do not appear to be superior to zinc coatings.

Electroplated cadmium tends to have less pin holes than
other electroplates and full coverage is attained with thinner
deposits. Plate thicknesses of 0,0001 to 0,0003" gre quite usual,
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The high throwing power of cadmlum plating baths and the
low thickness of plate required have made the use of cadmlum elec=-
troplating quite common on threaded parts and close tolerance parts.

Surface Preparation

A typical sequence for cleaning or surface preparatlon
prior to cadmlum plating is as follows:

1, Solvent degrease {trichlorethylene)
2. Cathodlc alkalline clesansr

3« Rinse

4, Muristic acid dip (1:1)
5. Rinsze

6. Cyanlde dip

7« TRinse

8. Then to the plating solution.

Procesases

Both cyanide and fluroborate cadmium plating baths are 1n
use. The cyanlde baths are made up wlth cadmium oxlde and sodium
cyanide or cadmium cyanide. <Caustic soda 1ls an optional addition,
usual for barrel plating, only to give maximum conductivity angd
production. Various types of patented organic additlon agents are
used for the purpose of obtaining brighter depcsits from the cyanide
baths, The fluoborate baths are made up with both cadmium and
ammonium fluoborates plus an organic addition agent. Anodes of pure
cadmium metal are used in both types of bath. It 1s claimed that
the fluoborate baths have almost 100% cathode efficiency, therefors,
little or no hydrogen liberation and little or no danger of hydrogen
embrittlement of the steel belng plated.

Corroalon Reslstance

The cadmium electroplate is used malnly for the protectlion
of other metals against corrosion., Cadmium protects stesl by its
galvanic actlon and corrodes itself in preference to steel, Cadmium
offers good protection against normal atmospheric conditiona, It
operates to best advantage in indoor service in ailr of moderate or
low humidity. It becomes less effective at high humldities. 1In
industrial atmospheres where sulphates are among the corrosion
products, cadmium shows low resistance to corrosion because of the
high solubility of cadmium sulphate.

The corrosion products of cadmium are not bulky and do not
accumulate llike those of zlne; 1t is desirable to use cadmium plate
on close tolerance or small clearance moving paris.

An Important application of cadmium plate 1s where dis~
aimilar metals are In contact with each other where, in the presence
of moisture, a galvanic cycle wlll resuit. Plating both metals with
cadmium eliminates or drastically reduces the galvanic corrosion
effect,
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Oxldatlon Resistance

Cadmium metal melts at 608°F, At 570°F it slowly forms
a thin brown oxide layer which becomes quite impervious and brings
oxidation to a halt. Tests up to 400 hours indicated no further
oxlidatlion took place., Thls data is bhased on cadmium metal, but cad=-
mium electroplate should exhibilt similar properties 1f sufficient is
present to form the oxide layer.

One alrcraft company has found cadmium coatings satlisfac-
tory for service at temperatures up to BOO°F,

Erosion and Abrasion Resistance

Cadmium 1s a soft material {even softer than zinc), and
should not be expected to have good erosion and abrasion resistance.
Its low hardness at elevated temperatures combined with the thinness
of the usual coating makes cadmlum electroplates susceptible to
perforation by the abrasive action of dust, etec., in high velocity
gaaes .

Joining

Cadmium plate can be soft soldered easily, but such joints
are not sultable for temperatures of operation of 400 to 600°F.
Where welding or hard soldering is required, the cadmium plate should
be stripped in the region of the joint. Cadmium vaporlzes readily at
red heats and the cadmium fumes are quite polsonous.

Mechanical Propertles and Adherence

Cadmium electroplates are relatively soft and ductile. The
ductllity and adherence of cadmium are so good that flat blanks may
be plated and then formed to the desired shape.

Effect on Base Metsl

Hydrogen embrittlement of the base metsl can occur as s
result of the cathodic electrocleaning, acld dipping and/or plating
operation. Thls embrittlement can be eliminated by heating the
plated part at 350 to 400°F for 1 hour.

One alrcraft manufacturer reports that cadmium electroplate
plus the heat treatment did not affect the fatigue strength of the
bagse metal,

Uages

Cadmium plate is used on structural steel partas which are
imbedded In concrete, automotive bolts, nuts, screws and washers,
bullders! hardware, aircraft parts, marine hardware, malleable fit-
tings, wlre screens, springs, etc. Cadmium has been used on root
gerations of compressor blades.
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cadmium 1s not used as a chemical resistant coatlng. I%
is fairly resistant in weak alkali solutions and is used whenever
parts come in contact with washing soaps.

Coata

At the present market price of $2.00 per pound of cadmium,
the cost of cadmium metal per mil per square foot of surface 1s about
9¢. Since the average cadmium coat is much less than one mil in
thickness it is evident that the base cost of the cadmium used 1s not
a major factor. Actual total costs involve the many factors of
labor, cleaning, racking, etc. The final total cost of cadmlum
plating is only slightly higher per square foot than for zinc elec-
troplatinge.

Pacilitiea Avallable

cadmium electroplaters are located In almost every
manufacturing area of the country. Many manufacturing firms have
installed their own units to do cadmium electroplating.

E. Te duPont de Nemours of Wilmington, Delaware, Hanson Van
Winkle=Munning Company of Matewan, New Jersey, and Udylite
Corporation of Detrolt, Michligan, are some of the companies which
prepare proprietary material for cadmium electrodeposition. Thelr
manuals and technlcal service departments provide information and
assistance.

Section 3, Chromium Electroplate

Chromium electroplating plus heating to form a chromium
diffusion layer on the surface of steel has been described in Chapter
Iv, Section 5.

The general high hardness, corrosion and oxidation resis=-
tance of chromium deposits make them ideal for applicatlons for which
these characteristics are desired. Chromium deposits are generally
classified as decorative or industrial.

Chromium plate for decorative purposes 1s usually applled
as a very thin (0.,00001L to 0,00003") bright plate on underplates of
other metals such as copper plus nickel. For corrosion protection of
the base metal in the decorative field, the main reliance 1s on the
underplates rather than on the superficlal top coat of bright
chromium., The primary function of the top chromium coat 1s tarnish
resistance, although it also provides some abrasion resistance as
well, Typical requirements for underplatinz for decorative chromium
plate on steel for rather severe outdoor service are 0,0006 to 0.001"
of nickel on an equal amount of copper.

WADC TR54-209 o7



Chromium plating for industrial use involves much thicker
layers of chromium with no underplates of either copper or nilckel,
Industrial chromium deposits are referred to often as hard chromium
deposits, although they are not harder and probably not as hard ss
the bright chromium depoaits used for decorative purposes., The
industrial chromium deposits are sometimes considered as in 1 differ-
ent category than porous chromium deposits as used on piston rings
and in cylinder bores of aircraft and Diesel engines. Porous
chromlum deposits are regular industrial chromium deposits made rough
or porous by sultable means. One method is to roughen the surface to
be plated upon before plating. Other methods are %o produce the
poroslty by etching, either chemilcal or electrolytic, of chromium
deposits from plating baths operated at a lower temperature than nor-
mal or with a higher sulphate content than normal.

Surface Preparation

To secure good adhesion and good quality of electrodeposits
it is essential that the base metal surface be free from plts, cracks
and other flaws and be chemically clean. The cleaning operation
usually conslists of degreasing and pickling. For industrial chromium
direct on steel, electrolytic cleaning in alkaline solutions and
anodlc etching in chromic or sulphuric acid are used to achleve
better adherence.,

Solutions

Chromium plating solutions contain, usually, chromic acid
and certain acid radicals such as sulphate which facilitate the
plating of the chromium without themselves entering into the reac-
tion.(74) An essentlal factor is that the ratio of the chromic acid
(Croz) to the acid radical (804=) be about 100:1l.

The commonly used operating conditions are shown in Table

20,
Table 20
Chromium Plating
Composition of Bath Temperature  Amperes
Type of Coat _ounces per gallon Op per sg., ft. Volts
Decorative 35=55 chromic acid 110-120 150-300 8-12
0435=0,55 sulphuric acid
Industrial 35=55 chromic acid 140-150 200-300 8=12

0.2=0,7 sulphuric acid

Insoluble anodes of lead=tin alloy are used., S8Since the
throwing power of the solutions 1is very low, the anodes! shape and
posltion will have appreciable influence on the deposlt. Articles
to be chromium plated also have to be racked properly if good deposits
are to be secured., Efficient racking 1s an art which can be lesgrned
only through experience,
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Heat Treatment

A msjor disadvantage of industrial chromium deposita is
the quantity of hydrogen liberated simultaneously with the chromium
causing hydrogen embrittlement of the steel. This effect may be
reduced by heat treatment at 300°F to 750°F for % to 1 hour after
plating. The higher the temperature and the longer the time, the
more efficient is the removal of hydrogen. If fatlgue resistance
{high endurance limit) is desired the baking temperature should be
ag high as possible.

Thickness

The thilckness of an industrial chromium deposit 1ls deter-
mined by the end use intended. For simple wear reslstance,
thicknesses of 0,0002 to 0,001" are used. For surfaces to be ground,
thicknesses up to 0.050 may be used. For chromlum deposits to be
made porous by etching methods, an allowance of about 0.001" to be
removed by the etching is common. For nondecorative protection of
steel against oxidation and corrosion with no underplate, thicknesses
of 0.0005 to 0,005" are sugmested. Certaln alrcraft specifications
suggest 0.002" minimum.

Hardness

In both types of coatings, the chromlum usually has a
hardness of 500 to 1250 BHN.

The term "hard" plate is really not exact and the name
"thick" plate would be more appropriate. The hardness of electro=-
lytic chromium has a relation to its grain size and the amount of
inclusions which, in turn, depend upon the conditions of deposition,
such as bath, rate, temperature and current density.

At temperatures of 750°F or higher, there is some softening
of the chromium deposit. This may be assoclated with the driving
off of some or all of the hydrogen remaining from platinz. At
temperatures high enough to cause diffusion of some of the chromium
into the steel, 1850 to 2250°F the softening may be counteracted by
a carbon migration from the steel into the chromium layer. This
depends upon the carbon content of the steel.

Adherence and other Physical Characteristics

There 13 no great difficulty In securing good adhesion of
chromium if the techniques of elesctrocleaning (usually cathodic
followed by anodlic) are followed. However, chromlum itself is apt
to fall within itself. The maln cause of 1ts weakness is 1lts sus-
ceptibility to cracking. Chromium electrodeposits are hizhly stress-
ed. Cracking of a deposit is not in itself an indication of the
magnitude of stress, but rather it 1s an indication of the lack of
ductility of the deposit and that the maximum stress at certain
polnts exceeds the tensile strength of the material. Cracking can be
induced either by conditions which increase the stress or lower the
tensile strenzth. For example, inclusions, such as oxides, may not
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actually raise the stress, but they may lower the tensile strength
of the deposit. Chromium electrodeposits with only a few cracks per
inch have much higher residual stresses than deposits with hundreds
or thousands of cracks per inch. In highly cracked industrial de-
posita most of the cracks are not entirely through the deposit.
Cracks which form during the process of plating are plated over and
are partially healed cracks,

The crack pattern in industrial chromium deposits is
particularly important on parts such as shafts or spindles, exposed
to cyclic stresses. For such parts, the chromium deposits with many
(thousands) cracks per inch are preferable. Baking treatments of
750°F are recommended for improved fatigue resistance.

Crack-free chromium deposits, obtained by special methods,
are described In recent literature,(70)

Chromlum electrodeposits, as all electrodeposits, are porous
to some extent. Pores are caused usually by particles of basic salts
or extraneous matter which settle upon the work in the plating bath
and interfere locally with the deposition. Pits may be produced also
by bubbles of hydrogen adhering to the work. Other causes of dis=
continuity of the plating are inclusions or pits in the base metal.

With a sound, well prepared base metal, proper baths and
particular co-ordination of plating conditions, an impervious chrome
plate can be obtained,

Other important characteristics of the chrome plate are
low coefficient of friction and non-galling properties.

Corrosion Reslstance

Chromium 1& cathodic to steel. Under reducing conditions
and in the presence of an electrolyte, it may tend to cause acceler=
ated local corrosion of any exposed base metal., TFop this reason, it
is essential that the coating be as free as possible from pinholes,
cracks or other discontinuities. Under oxidizing conditions the
chromium becomes passivated and such galvanic corrosion does not take
place,

Thicker chromium coats increase the resistance to corroslion
by becoming less porous, but they become more lisble to cracking.
The minimum thickness for industrial chromium deposlts to avoid
porosity is believed to be somewhere around 0.0005",

Chromium plate 1s not subject to oxidation at atmospheric
temperatures (tarnish) under usual conditlons.

The resistance of chrome to corrosion is due to its pas-
8ivity which depends on the presence of oxidizing agents in the
medium to which the chrome 1s exposed. In that respect, it resembles
in its general corrosion behavior the more highly alloyed stainless
Steels.
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In contact with reducing solutions or with the halogen
acids or sulphuric acid, its corrosion resistance is less, but in
comparison with most other metals chromium is well resistant. It 1s
quite resistant to sttack by sulphur and reduced sulphur compounds.
It 1s strongly resistant to nitric acid.

Heat treatment of the electrodeposited chromlum plate
considerably improves its resistance to corrosion.{71)

Reslstance to Oxidation

Chromium electrodeposits are excellent for service at high
temperatures, The resistance of chromium to oxidizing and other
chemical agents at high temperatures is such that the plate remains
bright up to 500°F, On prolonged heating of chromium plate to
temperatures of the order of 1000°F in air, the oxide film grows in
thickness and darkens. At higher temperatures, a black or green-
black oxide layer 1s formed. At temperatures of the order of 1850°F
an oxide layer forms on the surface and an extremely hard chromium
nitride layer forms between the oxide and the chemically unaffected
portion of the plate.(72)

At temperatures in the range of 1380 =~-1740°F, chromium
begins to diffuse slowly into the steel base, but the life of the
part 13 not affected because the high chromium alloy firat formed 1is
1tself resistant to corrosion.{73)

Resistance to Eroslon

Resistance to erosion requires that the coating shall be
hard and tough in addition to being reaistant to the corrosive attack
by the surrounding medium. Chromium meets these requirements closer
than any other single plated metal and ls used extensively on many
perts and tools exposed to wear.

No detailed data on the resistance of the chromium plate
to erosion are available in the literature. It i3 logical to assume
that a dense and high tensile material is required to resist erosion.
A strong bond with the base metal 1ls esasential also,

Uses

Industrial chromium plating is being used extensively for
improving the 1life of

1. ILathe tools

2. Cutting tools (milling cutters and reamers)
3« Metal drawing and forming dies

4, PRolls and drums

5. OCages

6. Flood light reflectors

7. 0il refining and crackling equipment

8+ Liners for slush pumps

9., Pump plungers
10. (lass molds
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11, Plastics molds

12, ZEvaporator tubes in the paper industry
13+« JIroning shoes

l4, Steam turbine blades

15, Aluminum pistons

16, Piston rings

17. 1Internal combustion engine cylinders
18. PRotary files

19. Movie camers scraper plates and shutters
20. Water meter parts :

21, Marine crank shafts

22+ Motor boat shafts and bearings.

There should be little guestlion as to the ability of in-
dustrial chromium plate to protect plain carbon or low alloy steels
from corrosion, oxidation and abrasion in aircraft engine parts
operating wilthin the limitations of the physical properties of such
steels at elevated temperatures. The primary limitations of such
applications are the poor throwing power of chromlum plating baths
and the cost of such plating.

Coats

‘ As in any other type of slectroplating, it is impossible
to give even approximate ficures as to the costs of industrial
chromlum plating per sqguare foot of surface plated or per any other
basic unit. For each design of part to be plated, it is necessary
to develop suitable formed and placed anodes, racks and agitation or
rotation jigs.

As compared to other types of plating, industrial chromium
plating may cost about twlce as nmuch as nickel electroplating,
81lightly more than electroless nickel plating but less than tungzsten
alloy plating.

Facilities and Sources of Information

Industrial chromlum electroplating is adequately handled
by many commercial electroplaters in all regiona of the country.
Many industrigl firms operate their own chromium plating facilities,

Specific information 1s avallable from equipment, supply
and proprietary process firms with sales offices and service men in
many cities,

The literature on the subject is enormous. Only a few
references have been given in this section.
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Section 4. Copper Electroplate

Coppor was one of the flrst metals to be electrodeposited
from solution. The acid sulphate bath has been used for well over
100 years. The various types of commercial copper plating are as
follows: A, Acid Bathg - (1) Acid Sulphate, (2) Fluoborate, B, Al=-
kaline Baths = (1) Standard Cyanide, (2) Rochelle Cyanide, (3) High
Speed, (4) Pyrophosphate,

Numerous other baths are described in the literature,

Copper is cathodic to iron. The coating, therefore, must
be continuous and free from pores. A thin porous coating of copper
may accelerate corrosion of asteel.

Copper electrodeposlits {(flash and very thin) are often
used as base coats prior to nickel or nickel and chromium electro-
plating.

Surface Preparation

Prior to copper plating, surfaces should be (1) degreased
in a solvent, or aslkaline soak solutions, (2) alkaline cleaned,
electrolytically, (3) dipped in 4-15% hydrochloric or sulphuric
acid or treated electrolytically in 2-6 ozs. per gallon sodium cy-
anide solution.

Processes

The various copper plating processes(79) are summarized
in Tablea 21, 22, and 23.

Table 21

Acid Copper Plating

Acid Copper Fluoborate(76)
Copper 3ulphate Copper Fluchorate
Bath 27 oz/eal, 50 oz/mal,

Compositions Sulphuric Acid
6.5 oz/pal,

Temp . =~75=120°F Temp o ~=80~1700F
operating CeDe==15-40 A/t CaDe==75-125 4/ft%2
Conditions (higher with agltation) Voltage~-=3~5 v.
Anodes~-Rolled Copper pH=~=0e8-144 (color)
Voltage==,5-2,0 Anodes=--Rolled electrolytic
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Tabls 21 (con't)

Acid Copper Plating

Acld Copper Fluoborate(76)
Simple to operate and Sultable for heavy de-
control. posits, electroforming.
Sultable for heavy de- Flne gzrained deposits,

Advantages posits, electroforming. egsily buffed.

High current densities High speed plating.
and efficlencies. High efficiencises,
Rapid deposition of approaching 100%.
heavy deposits. Bath avallable as & con-

centrated solution,
requiring only dilution.

Cannot be used directly Cannot be used directly

over steel, iron. or over steel. A prelimin-
zinc. ary strike in a cyanide
For these metals, a bath 1s required.
Dis- preliminary coating Bath has no cleansing
advantaces from a cyanide bath is action on plated parts.
required.

Coatings are dull in
appearance and rough if
over ,001 inches thick,
Baths have poor throwing
powers.

No cleansing action on
the plated parts.

Special Lead lined or rubber Rubber lined tanks re-
Notes lined tanks suitable.,. guired.
Glue often used as an Lead not suyitable.
additive.
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Table 22

Alkaline Copper Plating

Standard Cyanide

Copper Cyanide

Rochelle Cyanide

Copper Cyanlde

3 oz/gal. 3.5 oz/gal.
Bath Sodium Cyanlde Sodium Cyanide
Compositions 4,5 oz/gal. 4.6 oz/gal.
Sodlum Carbonate Rochelle Salt
2 oz/gal. 4 oz/pal.
Sodium Carbonate
4 oz/gal.
Temp « =-=75=-100°F pH==12,6
Operating CoDem=3=15 A/Tt° Temp . ==140-160°F
Conditions Voltage~-1e5=2,0 V. CuDo==20-60 A/TtS
Anodes--Rolled annesaled Voltage==2.3 v,
Copper Anodes==Rolled annealed
Copper
Same bath useful for Fine grained, bright
tank or barrel plating. deposits.
Soft deposlts produced, May be used directly
Advantages easily buffed. over 3teel, 1lron and
Low concentration zinc,
lessens dragout. Cleansing action on the
Can be used directly plated parts.
over steel and iron. Dense deposits produced,
useful as carburizing
stop-offs.
Rate of deposltlion 1is Control within close
slow. limits very important
Dig=- Deposilts are dull. for conslstent results.
advantages Useful for light de-~ Rate of deposition is
posits only, due to low low.
plating rate.
Unlined steel tanks Unlined steel tanks
satisfactory. gatisfactory.
Some brightening of de-
Special posit possible with addi-
Notes tion agents but they are
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Table 23

Alkaline Copper Plating (con't)

High Speed# Pyrophosphste
Copper Cyanide Copper Pyrophosphate
16 oz/gal. 14,7 oz/gal,
Sodium Cyanide Potasslum Pyrophosphate
Bath 18 oz/gal. 54 oz/gal.
Compositions Sodium Hydroxide Ammonia 0.4 oz/gal,
4 OZ/galn Cltric Acid 1.3 OZ/galo
or
Potassium Hydroxide
5.6 oz/gal,
Brightener and Anti-pit
a gents
pH~-12.,8-13,3 pH==84,5
Temp . -=170°F Temp.~--120°F
Operating CeDe=~=10-100 A/Tt2 CeDe==5=50 A/Tt2
Conditions Voltage--1-2,5 v, Anodes=-=Rolled electro-
Anodes~=Electrolytic lytic copper
cathode copper
Bright, fine grained Bright, fine grained de=-
deposits, posits.
May be applied directly May be directly applied
Advantages over steel, iron and to steel, iron or zinec.
zinc, No addition agents re-
High speed plating quilred.
(nearly twice that of Control and operation
standard bath). relatively simple,
#Requires use of pro- Low current densitles used
priletary addition agents. require longer plating
Solution control must be times,
Dils~ close, No cleansing action on
advantages Requires constant plated parts.
agitation of bath or Requires alr agitation,
work, Rubber lined tank re-
Flash deposit from regu- qulred.
lar cyanide bath usually
required for best adhe-
aion.
Special Unlined steel tank This is a patented bath,
Notes suitable.
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Corroslon Resaistance

In order that a copper plate protect sateel agalnst cor-
rosion attack, the copper deposit must be free from pores. On
exposure to the atmoaphere, copper slowly develops a thin, protective
coating or patina, Sulphur compounds derived from products of
combustion (especially sulphur dioxide) are agents iIn the formation
of the patina. The patina, green in color, conaists essentially of
basic copper sulphate. If chloridea are present in the atmosphere
the patina contalns some copper oxychloride, While normal and
industrial atmospheres are not %too corrosive to copper, other factors
may lead to active corroslon of copper.

"Line" corroslon can occur where water is retained by a
heavy solder besd or seam permitting a concentration cell and active
attack. Corrosion-erosion attack of a copper surface may result
from dripplng water contaminated with products of combustion in
industrial areas.

In the absence of oxygen or oxldizing agents, copper 1s
resistant to the attack of nonoxldizing aclids. It 1s repidly
corroded by such oxidizlng acida as chromic and nitric. Acids con-
taining metalllc salts, such a&s iron, wlll dissolve copper rapidly.
Copper is also resistant to alkaline solutlons that do not contailn
gmmonium hydroxide, subsatituted ammonlum compounds, or cyanides.
Copper has excellent resistance to most nonoxidizing salis provided
that ferrlc, stannic, mercuric, cupric, ammonia ions, etc. are
absent.

Copper withstands corroslon In sea water as satisfactorily
as any of the commercially avallable metals, provided that the
relative veloclty with respect to water 1s low.

Natural waters and steam condensates containing carbon
dioxlde and oxygen are corrosive to copper., Moist hydrogen sulphide,
ammonia, phosphorous, chlorine, sulphur dioxlde and sulphur trioxide
are very corrosive to copper.(75)

Oxldation Reslstance

At about 210°F, an initial thin oxide film forms on copper.
The thickness Increases irregularly with time and temperaturse. These
low temperature oxide films are classified as temper films and have
varied colors depending on the temperature of exposure. BRBeyond this
temper film thickness (at temperatures over 750°F) the rate of oxide
film growth increases rapidly with temperature and time.

Hot oxygen, sulphur vapor, sulphur dioxilde, hydrogen
sulphide, phosphorous, halides and some acid vapors (such as HCl),
definitely attack copper at elevated temperatures. Copper generally
is inert to reducing gases such as hydrogen, carbon monoxide,
hydrocarbon gasea, etc. Alternate exposure to oxygen and to one of
the reducing gases greatly accelerates the oxidation rate by
destroying the protective continuity of the scale. Cyclic variations
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in temperature have g similar effect. Oxygen bearing copper 1is
embrittled by hydrogen, dissoclated water vapor and dissoclated
ammonlia.

Erosion and Abraslon Resistance

The limited data avallabtle indlcate that copper has poor
resistance to erosion and possible abrasion.

Joining and Forming

Copper coated surfaces may be soft soldered, but soft
golder jolnts are not sultable for operations involving temperaztures
of 400 to 600°F, Hard soldering or brazing involves temperatures
that may be detrimental to the copper plate and cause perforations.
Copper plated parts may be spot, arc or reslstance welded, After
welding, 1t may be necessary to repair the copper plate in the
regions of the weld.

No gifficulty is encountered in forming copper plated
parts,

Mechanlical Propertlies and Adherence

Heavy adherent copper electrodeposlts are obtainable from
the acld copper plating baths provided the surface 1s properly
prepared and given a strike or flash coat of copper from a cyanide
bath. All the other baths produce adherent copper deposits. The
physical characteristlics and properties of copper electroplates de-
pend on the solution compositlon, current density, temperature,
agitation and addition agents used.

Copper electrodeposits are comparatively soft. The cyanide
copper deposits are somewhat harder than the acld copper deposits,

Effect on Bagse Metal

The acid plckliing process snd the actual plating process
(especlally the acid baths) may cause hydrogen embrittlement of the
base metal, steel., ©None of the data available indicates that copper
electrodepoaits affect the fatigue 1life of the base metal. Some
limited data indicate that the copper deposits are in compression
and, therefore, should have no adverse effect on the properties of
the base metal.(77)

Uses

The ma jor applications of copper electroplate are as a base
for subsequent nickel and/or nickel-chromium deposits.(78) Many
production parts are copper plated. Bare copper eiectroplate offers
1ittle value @s protection of steel against attack in service at
elevated temperatures,

Costs

Copper plating is compasratively a low cost plating, Metal
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costs per mll per square foot, on the basis of 50¢ per 1lb. for cast
copper anodes, are about 25¢. Other costs are dependent on cleaning
costs, complexity of part to be plated, racking problems, quantity
to be plated at one time, and whether plating is manual or automatic.

Facilities Available

Copper plating plants are located in almost every msnu-
facturing area of the country. Detailed information on copper
electroplating can be found in the "Metal Finishing Guidebook".(74)
High speed copper plating baths are available from;

Mac Dermid Inec. Waterbury, Connecticut
Lea Mfg. Co. Waterbury, Connecticut
Hanson-van Winkle-

Munning Co. Matowan, New Jersey

E. I. du Pont

de Nemours Co. Wilmington, Delaware.

Equipment and procedures to be followed are available in
manufacturers! handbooks and instruction manuels.

Section 5. Sillver Electroplate

An important factor in electroplating is the distribution
of the deposit over the part to be plated. On odd shaped parts it
is sometimes necessary to over-plate some sections in order to get
8 minimum thickneas on other sections. Because of the high cost of
silver this factor is very important in silver electroplating. An
excess of sllver must be avolded if costs are to be kept to a mini-
mum. For odd shaped parts, the throwing power of a silver plating
Solution 1s important.

Silver can be plated from a variety of baths such as
thiocyanate, thiourea-nitrate, and iodide. Except in specilal cases,
the cyanlde type bath 1is used. The latter contains silver, sodium
or potassium cyanide in excess of that needed to keep the silver in
solution (called "free cyanide"), and either potassium or sodium
carbonate, or possibly potassium nitrate. 4 solution containing
these substances in proper proportions and operated properly pro-
duces a smooth adherent matte white deposit, Semi-bright deposits
are obtained by the addition of carbon disulphide or ammonium thio-
sulphate to the plating solution.

It is customary to use two or more baths for silver
plating. The firat baths are called "strike solution™ baths.
These baths have low silver and high cyanide concentrations. They
are used to get the first covering of silver, after which the silver
is built up 1n the regular cyanide plating bath. The "strike
solution" serves to prevent the deposit of silver by "immersion"
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with resultant poor adhesion of the ultimate deposit, lmprove the
covering power and, indirectly, the throwing power, and assist in
cleaning. It 1s not advisable to omlt the striking operation or to
attempt to use the strike solutlion to build up appreciable deposits.

The followlng factors are important in obtaining deposits
of uniform hardness and free of porosity: 1. components of the
gsolution - silver cyanide, free cyanlde, potassium carbonate and
brightener content, 2. absence or presence of impurities in the bath,
3., temperature of the solution and degree of agitatlon.

High purity silver anodes act as the source for silver.
The free cyanide is necessary to form the soluble complex silver
cyanide and to dissolve the silver from the anodes at a sufficient
rate to replenish the solutlon,

Traces of such impurlties as bismuth, manganese, lead,
iron, antimony, selenium, tellurium, etec. in the order of hundredths
of a percent or less may cause the anodes to be covered with a dark
scum which will interfere in normal anode corrosion and cause rough
spots on the work due to mlgration of the sediment.

Temperature and agitatlion of the plating bath have a more
pronounced effect than the solutlon composition. An Increase of a
few degrees in temperature greatly increases the permissible current
density without burning of the silver plate. Agitation 1s necessary
to replenish the silver at the work and remove it at the anods.
Agitation can be obtained by moving the silver solution with a pump
and filter unit, and/or by movement of the work., Agltation is
essentlal to obtain smooth bright deposits at higher current densi-
ties and to improve the throwing power of the solution.

Surface Preparatlon

The surface preparation for nickel electrodeposition (see
Chapter III, Section 2), is applicable for the surface preparstion
of steel prior to silver plating. Two strike aolutions and two
strike operations are used for silver plating on iron or steel.

FProcesses

Typlcal strike solutions(74) used for iron and steel are
shown in Table 24. Typical plating solutions and conditions are
shown in Table 25.
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Table 23
Silver Strike Solutions

1st Strike Solution

2nd Strike Solution

Bath Makeup

Silver Cyanilde
Copper Cyanide
Sodium Cyanide

0.25 oz/gal,
1,50 oz/gal.
10,00 oz/gal.

Operating Conditions

0e5=0,7 oz/gal.

8.,0~-10.0 OZ/galo

Free Cyanide 8.0 oz/gal. 8.0-10.0 oz/gal.
Metalllic Copper 1.0 oz/gal.
Metallic Silver 0.2 troy oz/gal. 044-045 troy oz/gal.
Temperature Roon Room
Current Density 15-25 asf# 15-25 asf*
#amperes/sq. t.
Table 24
Silver Plating Solutions
2 3 High Speed
oz/cal. oz/gal. oz/gal. oz/gal.
Bath Makeup
Silver Cyanide 4.0 4,0 32 14-19
Potassium Cyanide 7ed - - 15~-18
Sodium Cyanilde - G4 4,5 -
Potasslium Carbonate 6.0 6.0 &8s low as -10
possible

Potaasium Hydroxide - - - 0=-4
Potassium Nitrate - - 15 -
Brightener (carbon

disulphide) 1/8% 1/84 1/8% -
Operating Conditions
Metallic Silver 340 3 o Ostit 3o st -
Free Cyanide 5.0 4.0 2e5 -
Temperature ©F 72=78 72-78 T72=78 100=-120

latter latter latter
preferred preferred preferred

Current Density (asf) 5-15 5«15 5=~15 75=100

#f1luld ounces per gallon to a new solution.

##troy ounces per gallon.
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Agltation is obtalned usually by rotation of the work at
100 to 200 rpm and by rapid cilrculation of the electrolyte (plating
golution).

Corroalon Resistance

Silver ia one of the noble metasls and ls cathodic to al=
most all other metals. Galvanic corrosion must be considered when
silver 18 brought into contact with another metal in any structural
design.

The corroslon resistance characteristics of silver are
outlined(73) in Table 2§,
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0xidation and High Temperature Resistance

For high temperature service, care must be taken to
provide a sufficient thickness of silver to prevent oxygen from
diffusing through the silver and attacking the base metal. There
1s & general agreement that oxygen wlll diffuse through commerclially
pure silver at elevated temperatures. The rate of diffusion in-
creases rapldly above 750°F,

A study in "Blistering of Silver Plating at High Tempera-
tures” was reported in the literature(80) as follows:

"Tn the operatlon of turbines and jet englnes it is
desirable to maintain a bright metallic surface on some of
the parts to decrease heat absorptlon. Silver plating has
been proposed but has given conslderable trouble due to
blistering when heated under oxidizing conditions.

It was established that the formation of blisters
required the presence of oxygen or of water vapor. The
most probable reaction was the oxidatlon of hydrogen
absorbed by the silver during plating.

Sixteen test coupons representing different conditlons
of plating were cut in half, One set was heated in alr for
control purposes. All specimens thus treated formed blisters,
The other set was heated in nitrogen at 14000F for 55 hr.
with a minor exception, all specimens were bright and smooth
after this treatment. These samples were then heated in alr
at 1200°F for 5& hre. followed by another exposure to air at
14009F for 3% hr. None of them developed any blisters.

These observations can be explained In the followling
way: If the specimens are first heated in nitrogen for a
sufficient length of time and at a high enough temperature,
hydrogen present is removed by outward diffusion. On the
other hand, 1f the specimens are hesated in alr, oxygen
diffuses into the silver before hydrogen has been reduced
to a low concentration; insoluble water vapor then forms
as the solublility product of oxygen and hydrogen in silver
1s exceeded,"

Silver is not atbacked when annealed in an atmosphere
of superheated steam at 1100 to 1300°F, Sllver is attacked by
gases containing sulphur. This attack 1s accelerated by increasing
temperature,.

Hydrogen does not react with silver, but diffuses slowly
through the metal at elevated temperatures to react with any oXygen
which may be present and may cause embrlttlement and surface
plisters. Silver is resistant to hydrogen chloride and chlorine
gas at temperatures below 800°F,

WADC TR54-209 115



Erosion and Abrasion Resistance

Speciflc data are not available on this subject for silver
electroplate. Silver 1s softer than nickel, therefore silver can
be expected to have a lower abrasion resistance than nickel. Sile
ver, as a bearing material, has been found to have higher fatigue
strength than other bearing materials.(81,82)

Mechanlcal and Physical Properties

_ One source(83) reports that an 100 D.P,H. (Diamond Pyramid
Hardness) was obtalned on electrodeposited silver that had a higher
eélectrical resistivity than wrought silver.

Electroplated silver is very ductile and can operate
successfully under repeated stresses. Recause of its high thermal
conductlvity, the heat created at hot spots is completely dlssi-
pated. 1Its hardness of about 25 BHN (very soft) i1s retained at
elevated temperatures.

Uses and Results

Silver electroplate 1s used for surfacing ultra-high fre-
quency conductors for radar. Heavy electrodeposits can be used for
surfacing chemical equipment and for bearings. One aircraft
manufacturer reports using silver plate up to 750°F. Some dilscolor=
atlon was noted after the exposure. Another fabricator of alrcraft
parts reports using silver electroplate (up to 1400°F) on high
temperature joints to stop galling., Silver electroplate is used for
cushioning and anti-galling on compressor blades.

Costs

The factors which determine the final cost of any
electroplating operation are discussed under "Costs" in "Niokel
Electroplating”, Chapter III, Sectlon 2. These factors are also
applicable to silver electroplating. The ma jor costs for silver and
nickel electroplating are basically the same. The only additional
coat for sillver electroplating 1s the metal cost, which would be
about 14 fold greater than nickel. (This is based on $1.00 per troy
of silver to $1.00 per avoirdupols 1b. of nickel.,) The electrical
cost for plating & mil thickness of sllver is less (a small factor
in final costs} than for plating 1 mil of nickel.

Tacilitles Available

Silver electroplating facilities are available in most
manufacturing areas of the country. Many manufacturing concerns
have installed their own departments for doing this type of work.
Equipment and supplles for the silver plating baths are available
from various manufacturers and distributors. Many of them also can
supply Iinstruction manuals.
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Section 6. Tungsten Alloy Electroplate

The electroplating of tungsten alloys is s development of
the National Bureau of Standards.(84) It has not been possible to
electroplate pure tungsten. Alloys of tungsten with metals in the
iron group can be electroplated. Alloys of tungsten with nickel or
with cobalt seem to offer promise as methods of coating for protec=
tion agalnst oxidation, corrosion and erosion.

The deposlts are smooth and strong, but have a tendency
to brittleness. However, the alloys become ductlile on heating. As
plated, the nickel and cobalt alloys have a hardness of 350 to 700
Vickers, and iron alloys 700 to 900 vVickers. The alloys undergo
precipltation hardening and the cobalt-tungsten slloys retain their
hardness when "hot',

Only the cobalt-tungsten alloys have had commercisl
applicationsa, therefore all discussions in this section will be
centered on those alloys,

Surface Preparation

It is reported that any accepted cleaning method can be
vsed., However, when hlgh carbon steel 1is plated after a convention-
&l treatment the adheslon is poor,

In the latter Instance, a speclial procedure 1is necessary,
as follows: 1, anodlc etch, 2, cobalt strike in a special cobalt-
HCl solution, 3. treatment In l:1 HCL wlth an alternating current,
4, preplate in plating solution with elternating current, 5. direct
current plating.

The plating solutions conalat essentially of the appropri-
ate metal salts together with salts of certain hydroxy-organic acids
in ammonlacal solutlons at pH about 8.5. The National Bureau of
Standards reports that the followlng bath and condltlions are
satisfactory: cobalt as chloride or sulphate - 25 gms/liter, tungsten
as sodium tungstate - 25 gms/liter, Rochelle salt - 400 gms/liter,
ammonium chloride or sulphate - 50 gms/liter, NH40H added to pH_of
8.5, temperature 90°C and above, current density 2 to 5 amps/dm~.

By varying the composition of the solutlions and conditions
of plating, the tungsten content of the tungsten=cobalt alloy can
be varied from 15 to 50%.

Recommended anodes are tungsten, cobalt, or tungsten-cobalt
alloys. The tungsten ia most satisfactory as it corrodes cleanly
and smoothly with 100% efficiency. If the anode area is less than
1/3 of the cathode area it becomes passive.

The ma jor objections to thls process are reported to be
the elevated temperatures required (90°C and over) and the continued
addition of ammonla required to maintain the pH. However, one
commercial user of the process reports that: 1. the alkaline plating
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solution is stable and relatively harmless to plating tanks, 2. the
process 1s easy to control, 3. any metal that 1s normally electro=~
plated can be plated; (attempts to plate titanium heve been un-
successful), 4, the throwing power of the solution is better than
nickel and 1ies approximately between nlckel and copper, 5. the rate
of plating 1s slow, about 0,0008" per hour; & desirable plate
thickness lies between 0,001" and 0,0015",

Corroalon Resistance

A cobalt-tungsten alloy plate over 0,0005" thick showed
good resistance in the salt apray test. The National Bureau of
Standards states:

"Cobalt=tungsten alloy plates on steel gave outstanding
protection in atmosphere exposure tests when compared to
nickel coatings of equal thickness."

Oxidation Reslstance

The commercial user of the process claims that thls cobalt-
tungsten plate on molybdenum glves good surface protection up to
1600°F and that exposure to 1300 and 1400°F for a "long time" caused
no blistering or peeling. The National Bureau of Standards reports
that the protectlion agalnst oxidatlon at elevated temperatures
obtained from this class of alloys 1s no better than that provided
by pure nickel., The commercial user reports that when the cobalt-
tungsten alloy 1s applied on 4130 steel 1t gives better protection
than that provided by pure nickel.

Erosion or Abrasion Resistance

Specific use data are not availlable on this subject, The
cobalt-tungsten alloys have high hardness at room and at elevated
temperatures., On thils basls, they should have good abrasion and
erosion resistance at elevated temperatures up to 1200°F,

Abllity to be Joined

No data are avallable as to welding, brazing or soldering
charscteristilcs.

Mechanical Propertles

The tungsten-cobalt plate containing about 259 tungsten
has a plating hardness of 400 to 500 Vickers, Heating to 1100°F
for one hour hardens the plate to 800 Vickers. The hot hardnesses
of the various cobalt-tungsten alloy plates as determined by the
National Buresu of Standards are shown in Table 26.
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Table 26

Hardness of Tungsten-Cobalt Electroplates

Type Coating Hardness = Vickers

At 20°¢ At 700°¢ At 800°¢

or 64°F or 12920F or 1472°F
12% W Balance Co 500 198 42
159 W " " 500 95 34
209 W " " 540 210 82
259 W " " 520 370 220
25% W " " (a) 510 150 53
23% W " " (b) 560 160 64
23% W " " o(e) 610 300 180
Stellite 470 300 -
Cobalt Electroplate 300 65 55

ag deposited,

heated at 1000°C (1832°F) 1 hour and
850°¢ (1562°F) 1 hour,

heated at 12000¢ (2192°F) and pre-
cipitation hardened for 100 hours at
600°Cc (1112°F).

8
b

c

Effect on Mechanical Propertiles of Base Metal

No data on this subject are available,

Peported Uses and Results

A potential value of the cobalt~tunzsten alloy deposits
lies in their good hot hardness properties,

It has been reported that the cobalt-tungsten plate stood
up well on 4130 steels in a combustlon chamber.

Costs of Applying

Detailed cost figures on the electrodeposition of cobalt-
tunssten alloy are not available. It would appear that the process
at present is about twice as expensive as chromium plating, but
costs might be reduced to about those of hard chromium plating.

Facilities Avallable

The original work by the National Bureau of Standards 1Is
reported in reference 84.

The Surface Alloys, Inc., of Los Angeles, California,
electroplate cobalt-tungsten alloys on & commercial basls.
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Section 7. 2Zlnc Coatings

Zinc coatings of many types are used widely for protection
agailnst corrosion. Zinc 1s anodic (electronegative) towards iron
and steel and provides protectlon by i1ts sacrificlal action. Where
an electrolyte 1s present, a zinc coating need not be free of pin
holes, porosity or small imperfections, as the zinc extends 1its
protectlion over small adjacent areas. It has been recognized for a
long time that the service life of a zinc protective coating on
steel under corroslve conditions 1s a function of the welght of zinc
per unit srea of surface.

The varlous types of zinc coatings are characterized by
the process used in the application of the coating, as follows:

l. Hot dlp zinc galvanized coatings are formed on steel
by dipping a suitably cleaned surface of the steel in molten zinc.
Some alloyling and formation of a brittle zinc-1lron compound occur at
the interface. Dependent upon time and temperature in the molten
bath and the amount of wiping off after removal from the bath, the
amount of zinc-iron compound and the amount of free zinc on the sur=
face may be varied within limits. The zinc used may contain small
amounts of cadmlum, lead, aluminum, and other metala. The finlshed
surface may be a matte or a reflecting spangled surface.

2e Blectrodeposited zinc coatings, sometimes called
electrogalvanized coatings, are formed on steel by electrodeposition
from zinc containing solutions of various types as wlll be described
below., TUnless a heat treatment 1s applied after electroplating of
the zinc (galvannealing) no alloying or formation of zine-iron come
pounds occur. The heat treating process can be applied to any of
the zlnc electrodeposited coats. Dependent upon the electroplating
process used, the zinc coating may have a dull matte finish or may
have considerable reflectance. The amount of zinc per unlt area of
surface may be varled at will in the process.

s Sherardlizing 1s another method of applying zinc
coatings. In this process the article to be coated is tumbled in
zinc powder at @ temperature of about 7O0OF (below the melting point
of zinc). The temperature, however, is sufficlent for the formation
of an alloy bond and some zinc~-iron compounds. The welcht of zinec
per unlt area of surface that can be applied by this procedure 1s
less than 1s applied in the hot dip process. The coating is smooth
and uniform and dull gray in appearance.

4., Metallizing is another method of applylng zinc coat=-
ingas. In this process molten zinc droplets are gsprayed onto g
suitably roughened surface. The zinc droplets may be obtalned by
atomizing from & bath of molten zinc, by the pasgsing of zinc powder
through & high temperature flame or by continuously melting and
atomizing of zinc wire. The coatings produced are not alloyed with
the surface of the steel unless an after treatment is applied. The
coatings adhere to the surface by mechanical interlocing with
roughened (grit blasted) surface of the steel., The coatings are
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Somewhat porous. The process permits applying the coatings to
desired areas in desired thickneas up to 0.010", which is much
thicker than can be obtained commercially by any of the other
processes. The coatings are fairly rough and are dull gray in
appearance.

9s For information regarding zinc coatings applied by
the peen plating process, see Section 9 on "Peen Plated Coatings",

6. For information regarding metallic zinec plgmented
paints, see Chapter VI, Section 6, on "Zinc Metal Paints®,

Surface Preparatlon

Acid plckling is used as the surface preparation for hot
dip galvanizing. Alkaline cleaning with or without an acid dlp 1is
used as the surface preparation for electroplating of zine. Acld
pickling 1s used usually as the pretreatment for sherardizing.
Grit (abrasive grain) blasting to produce a good anchor pattern is
the required surface preparation for metallizing,

Proceases

The hot dip galvanizing, the sherardizing and the metal-
lizing processes have been described above. For more Information
on the metalllzing process, see Chapter II, Section 5, "Metallizing
with Aluminum", also the "Recommended Procedures for Metallizing
for Corrosion Protection" as issued by the American Welding
Soclety.(85)

For electrodeposition of zinc, there are four commercial
processes as followsa: 1, acid zine, 2, zinc chloride plus acetate
(rapid zinc process), 3. cyanide zinc, 4. fluoborate zinc,

The acld zinc plating solutions are based upon the use
of zinc sulphate in a solution with a PH of 3.5~4,6 and at a temper-
ature of 75-120°F. The process is characterized by s high rate of
deposition and low operating costs in quantity production. The
main disadvantage is the relatively poor throwing power of the
Solution which limits the use of this process to simple shapes,

The zinc chloride plus acetate process 1is relatively new
and 1s sometimes called the rapld zinec process. The plating
solutions are made with zinc chloride and zinc scetate wlth
substantlally no addition agents and operates at a temperature of
75-85°F, Thls process is similar to the scid zlinc plating process
with respect to throwing power and also 1s 1imited to slmple shapes,

The cyanlde zinc plating process uses zinc cyanide
solutions which are more expensive and more difficult to maintain
than the other types of zinc plating solutions. While the rate of
deposition 1s lower from the cyanide solutions, the throwing power
is very high and plating can be applied in deep angles and
recessed. Using 100 amperes per square foot of surface, a plate
thickness of 0,005" to 0,006" can be obtained in one hour. Various
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types of cyanide baths are in use. The straight cyanilde baths
yield a matte deposit. Zinc-mercury baths give a more uniform and
whiter plate., Other modifications produce semi=bright to mirror
bright plates which give little tendency to staining during rinsing
and handling. Equlpment costs for cyanide zlinc plating are low as
plain steel anodes and tanks can be used.

The fluoborate zinc plating procesa offers the advantages
of simplicity of preparation and control, operation at near room
temperature, almost 100% anode and cathode efficlencies and high
retes of plating., The deposits are fine gralned and of good color,
Cast iron and malleable iron can be plated direct in this process.

Corroaion Reslstance

2inc coatings are used primarlly for protection agalinst

corrosion under wet or humid condltions. As stated above, zlnc is
sacrificial to stesel, 2Zinc protects steel by its galvanic actlon
and in doing so the zinc 1tself 1s corroded rather than the steel,
Since the zinc 1tself corrodes, zinc coatings cannot be considered
satisfactory under severe corrosive conditions, as 1n the presence
of acids. Zlnc offers good protection agalnst normal atmospheric
corrosion.

For additlonal corroslon protection on zinec coated sur-
faces, paint coatings can be applied. 1In the case of smooth zine
coatings, aome roughening or etching of the surface of the zinc 1is
necessary to provide adhesion of the palnt. Metallized and
sherardlzed zlinc surfaces are sufficiently rough and porous to give
great adherence for paint coats that are compatible with zinc.

Oxidatlion Resistance

Zinc coatings beglin to oxidize if heated to temperatures
above 500 or 600°F. The zinc oxide film formed 1s somewhat pro-
tective against further oxidation, providing hlgher temperatures
are not reached. One alrcraft company has found ginc coatings
satisfactory in service at 500°F, 1In one case, it 1s being used on
a part operating at 500 to 600°F,

Rrogion and Abraslon Resistance

As zinc 1s a soft material, 1t cannot be expected to
offer good resistance to erosion and abrasion attack. Because of
low hardness, at elevated temperatures zlnc coatings are susceptible
to removal by the abrasive action of dust, etc., during operation.

Joining

Zinc coated surfaces may be soft soldered but soft
soldered Jolnta are not sultable for operations involving tempera-
tures of 400 to 600°F, Zinc coated surfaces may be brazed or silver
soldered but the temperatures involved are much higher than the
melting polnt of zine and the temperatures required for the zinc to
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alloy with the iron to form brittle zinc-iron compounds or to
penetrate into the steel to cause zinc embrittlement. When welding
is desired, 1t 1s preferable that the zine coating be removed along
the line of the weld before the welding operation, although some
arc resistance and spot welding is practical without removal of
thin zinc coats.

Mechanlcal Propertles and Adherence

Hot dip galvanized and thin electrogalvanlzed zinc coat-
ings are relatively soft and duetile, Considerable forming is
posslble after coatlng and without damage to the costings. Adher-
ence 1s good. Sherardized coatlngs have high adherence but the
brittle zinc-iron compound predominates and little forming may be
done. The weakest polnt of metallized coatlngs 1s the adherence
or bond. Some deformation is permissible where the coatings are
only 0,002" to 0,003" thick but none for thicker metallized coatings.

Effect on Base Metal

All aclid plckling processes used in pretreatments for
plating involve dangers of hydrogen embrittlement, Where subsequent
heating operatlons are involved, as in hot dip galvanizing,
galvannealing or sherardizing, the hydrogen is driven out by the
heating operation. In electrogslvanizing not followed by heating,
some slight danger of hydrogen embrittlement 1s involved but the
primary source of such embrittlement, if it 1s present, 1s 1in the
pretreatments such as pickling or cathodic electrocleaning. No
hydrogen embrlttlement 1s involved in zinc coating by any of the
metallizing processes,

One aircraft company reports that their tests show that
zinc electroplate does not adversely affect the fatigue strength of
the base metal, Little information 1ls available as to the effect
of hot dip galvanizing or sherardlzing on the fatigue strength of
the base metal, Indications are that the angular grit blasting used
a3 a surface preparation for metalllizing may have a tendency to
reduce the fatigue strength a few percent.

Zinc embrittlement must be consldered in connection with
the use of zinc coatlings at elevated temperatures. For temperatures
below 600°F there 1is no danger. At temperatures of 800 to 1100°F
the zinc may act in two ways, one, direct alloying and combining
wlth the iron to form brittie zinc=-1lron compounds, or two, inter-
granular penetration lnto the base metal., At temperatures above
1100°F the zinc may volatllize and be carried over to parts that are
at still higher temperature and attack such parts., It 1is reported
that zinc vapors attack the auvstenitic stainless steels guite
rapldly, causlng severe Interzranular embrittlement.

Uses

Hot dip galvanizing is commonly used for zinc coatihg of
sheet steel, structural shapes, wlre, tanks, plpe, containers and
hardware. Electrogalvanlizing 1s commonly used for zinc coating of
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wire, atrip, wire cloth, hardware and ridged roofing stock., Illetal-
lizing with zinc 1s commonly used for outdoor metal trim, water
tanks, contalners and condults. Although the main use of zinc
coatings is for protection szainst atmospheric and water corrosion,
they can te used for parts that reach operating temperatures of
500°F,

Costs

Among all of the many types of metallic coatings that are
applicable to steel, the zinc coatlngs are the lowest in cost. In
part only 1s this due to the lower cost of the metal itself. The
ma jor reason for the lower cost is the relative ease wlth which the
metal can be applied. As in all manufacturing operations, the
final cost per unit is dependent upon the complicity of the unit
itself, the extent to which the operation has been tooled up and
the quantity produced as well as the cost of raw materials. On the
bagis of manual operations rather than continuous line automatic
production facilities, and on the assumption that the parts to be
coated are not excessively complicated in shape or size, the rela=
tive costs per square foot for applying the various types of zinc
coatinzs are approximately as shown in Table 27,

Table 27

Costs of Zinc Coatings,
Conts per Square Foot

1/2 mil 1 mil 5 mil 10 mil
Process Coating Coating Coating Coating
Hot dip 25 30 - -
BElectro Acid 25 35 60 -
Chloride 25 30 50 -
Cyanide 30 45 20 -
Fluoborate 30 40 60 -
Sherardizing 25 - - —-—
Metallizing -- - 70 100

Facilitiea Avallabls

Galvanizing, electroplating and metallizing firms are
located in every manufacturing area of the country. Hundreds of
manufacturing concerns have installed thelr own departments for
doing these types of work. Equipment for each of the processes ls
available from the manufacturers of each type along with handbooks
and instruction manuals.
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Section 84 Molybdenum Plate from Carbonyl Vapor

The deposition of molybdenum by pyrelytic decomposition
of molybdenum hexscarbonyl is a new method that has not yet been
operated on a commerclal process. Successfyul research work on this
method has been done at Bell Telephone Laboratories, Marray Hill,
N. J. and &t Sam Tour & Co., Inc., New York, N, Y,

Molybdenum hexacarbonyl 1s a white volatile solid. The
vapors decompose at a temperature of approximately 300°F to deposit
metallic molybdenum.

The partisl pressure of the carbonyl vapor over the
carbonyl crystals is around 0.1 mm Hg at room temperature. When
the vapors come in contact with a surface at 3000F or above, they
decompose and molybdenum deposits on the surface together with small
amounts of carbon while the gases are being removed from the system.
Under certain conditions, the molybdenum deposit is adherent and
forms a continuous layer on the surface of the object.

Titanium alloys have been plated with molvybdenum from
carbonyl vapor. Wear tests have shown(86) that the molybdenum plate
has remarkable nongalling and wear resistant properties. These
properties of molybdenum metal have besen found, also, for metallized
(sprayed) molybdenum surfaces on iron and steel.

Surface Preparation Required

Similar to most plating methods, surface preparsation is
an important step in Securing good adhesion of the deposit, Mechan-
ical cleaning, sand blastinz or plckling followed by degreasing is
a satisfactory cleaning procedure.

Description of the Process

The vapor plating procedure consists of the following
steps: 1, setting the object, closing and tightening the syatem;
2. evacuating the 8ystem; 3. vapor plating; 4. finishing operations.

The object 1s placed inside of g pyrex or quartz chamber
surrounded by an high frequency induction heating coil, Temperature
control 1s obtained by the use of g thermocouple located preferably
inside the object. The system _1is closed, tightened and evacuated
to a pressure of ghout 1 x 10=3 mnm Hg for such time as is required
to remove most of the moisture. The system is then flushed with the
carrier zas,

The heating is started and when the object reaches s
temperature between 750 and 13009F, the plating vapors are allowed
to enter the chamber., The plating atmosphere consists of the
carrier gas, plus the carbonyl vapor,

The carrier gas may be hydrogen, hydrogen sulphide or any
gas which does not enter into reasction with any of the constituents
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present in the plating chamber., The system must be exhausted con=
tinuously in order to remove the waste gases, to avold unnecessary
oxidation and to keep the total pressure below 1.0 mm Hge.

When the desired amount of plate has been deposited the
valves in the 1ines to the plating chamber are closed, the high
frequency induction heating stopped and the temperature allowsed to
drop.

The rate of deposition is proportional to the partial
pressure of the carbonyl in the plating atmosphere, to the rate at
which the geses are carried over the work and to the temperature of
the object.

At a carbonyl pressure of about 0.2 mm Hg and with the
work st a temperature of 1100°F, the plating rate can reach
0.002" /hour. (87)

The equipment consists of four major units:

1. plating atmosphere generator,

2. platinz chamber with high frequerncy induction
heating coll,

3. vacuum pumps and gages,

4, temperature controlling and recording instrumenta.

High frequency induction heating is preferred, as radiant
or indirect heating from the outside causes most of the molybdenum
to deposit on the inner walls of the plating chamber instead of on
the work. The high freguency converter can be connected with the
temperature controlling and recording system. The converter must
be large enough to be able to raise the temperature of the objects
to at least 12000F and the coils must be designed to give uniform
heating of the work.

In order for the moly->denum to form an adherent layer, the
plating must be done under controlled conditions as to total pressure
and partial pressure of carbonyl.

Characteristics of the Coating

The molybdenum coating deposited from molykdenum carbonyl
by pyrolytic decomposition consists of molybdenum and molybdenum
carbide. Their relative amounts are controlled by and to a great
extent are dependent upon the conditions of plating.

The amounts of carbide control the hardness and ductllity
of the coating. It may be very low resulting in a very soft coating,
as low as 200 DPH, it may be intermediate, or it may conslst almost
entirely of molybdenum carbide which results in a very hard coating
of approximately 1500 DPH.{87) It has been found(86) that 0,001"
thick coatingss as hard as 800 DPH are ductile, uniform and adherent.

The process is subject to a "flow effect" which consists
of the building up of the heaviest deposits at the surface facing
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the gas inlet and a gradual decrease in amount of deposit with the
dlstance from the inlet. To overcome the "flow effect" the plating
atmosphere can be introduced at different points, or the flow of the
atmosphere can be reversed pericdically., An improvement results
from increasing the amount of hydrogen in the atmosphere.(86)

Not much 1is known about the corrosion and high temperature
oxldation resistance of the coating., It 1s believed that some po-
rosity of the coating may exist,

Pure molybdenum is resistant to hydrochloric and hydro-
fluoric acids, hot or cold, to air and oxidizing atmospheres at

temperatures up to 930°F, (its resistance to reducing atmosphere ia
higher),

The properties which restrict the use of molybdenum are
embrittlement when overheated and difficulties in Joining.

Sectlon 9. Peen Plated Coatings

The coating resulting from the peen plating process con=-
8lsts of metal powder particles bonded upon the surface of the
object to produce a relatively dense and continuous metallic coating.
2inc, aluminum, tin, lead, copper, brass, stainless steel and
titanium coatings can be produced.

No speclal surface preparation, other than cleaning, 1is
required. There are wet and dry methods of applying the coating.
In the wet method the work to be plated 1is tumbled or milled with
steel balls and a slurry or suspension of the metsl powder., The
vehlcle liquild contains secret activator reagents to promote bonding.
Operatlon is at room or only slightly elevated temperatures.

In the dry process some protective atmosphere and slightly
elevated ftemperatures are used in the tumbling or ball milling
operation.

The size and quantity of steel shot used with the powder
is controlled by the nature of the metal being applied and by the
shape and intricacy of the object being coated.

In elther method the time of processing 1s a matter of 2
to 24 hours dependent upon the nature of the powdered metal being
used and the thlckness of coating desired. Rither granular,
Spherical atomised or flake powders may be used.

Thin coatings have a falr degree of adherence to the sur-
faces. The compacted layer of added metal on the surface contains
some impuritles and some porosity and has less density than the
coating metal in wrought form. 1In some cases, especlally in the
dry process at elevated temperatures for some metals, a 8light alloy
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bonding may be reached at the interface. Thick coatings do not
geem to have the mechanical strength and wear resistance of thinner
coats similarly applied.

Since the coating is not pin hole free 1t offers protec=-
tion against corrosion only if the coating metal applied is anodic
to the base metal of the object that has been coated. Zinc peen
plate coatings on nuts, bolts, screws and such parts provide
corrosion protection in proportion to the quantlty of zinc applied.
Aluminum peen plate coats do not offer corrosion protection %o steel
at high humidities. There are indications that an aluminum-zinc
alloy peen plated coating would offer superior corrosion protection
to steel than that offered by aluminum alone. Such metals as copper
and titanlum tend to promote the corrcgzion of the steel at every
pin hole in the plate., It should be acknowledged that this
difficulty due to pin hole porosity applies in all types of coatings
on steel irrespective of the coating process used,.

No data are availsble as to the oxldation resistance of
peen plate coatings themselves or as to the protection agalnst
oxlidation that they mizht offer to steel used at elevated tempera-
tures.

The "peening" 1s applied to the metal powder and is not
such as to cause peening of the steel surface and probably does not
affect the endurance limits of the basse metal,

The process 18 quite new and little information 1is
avallable as to 1ts commercial use and as to service results. Thse
costs of applying peen plate coatings on small objects done on a
quantity or bulk basils are comparable to the costs of electroplating.
No work has been done on large (over 12") intricate shapes or thin
sheet metal parts,

The peen plating process is a development of and is
patented by The Tainton Company of Baltimore, Maryland.

Section 10, Stainless (lad Steels

The remarks and data on fabricatlon, availability, costs,
facilities available and sources of information gliven in Chapter
III, Section 7 on "Nickel and Nickel Alloy Clad Steels" are applic-
able to "Stainless (Clad Steels'. This section is devoted to data
that are appllcable specifically to the stainless clad steels,

The following grades of stainless clad steel are reported
as avallable:

l, Chromlum Steels

This group 1s made up of alloys of the straight chromium
type.
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Type 405 (Low Mardenability) (Ferritic Martensitic)
(Marmetic). This is a modification of Type 410 and has low harden=-
ability when air cooled from hlgh temperatures. It 1is used
extensively for oxidation and corrosion resistance at elevated
temperature.

Type 410 (Hardenable) (artensitic) (Magnetic). This
type 1s alr hardening when cooled from high temperatures and also
has excellent resistance to oxldation and corrosion at high tempera-
tures. It is available with 0,06 maximum carbon content.

Type 430 (Non-harfena%le) (Ferritic) (Marnetic). This
tvpe is non-hardenable when alr cooled from hich temperatures. The
heat affected zones of the welded material are brittle and have
little ductility unless annealed. It has excellent resistance to
oxidation and corroaion,

Fourteen to sixteen Cr (Hardenable) (Ferritic Martensitic)
{(Magnetic), This type 1s intermediate between the martensitic
{(lower chromium) and the ferritic (high chromium) types. It is less
hardenable than the lower chromium and is more ductile than the high
chromium types. For this reason it is more easily welded. It has
good resistance to oxidation and corrosion.

2. Chromium=Nickel Stesls

This group ia made up of alloys containing chromium
(16,0 to 26,0%) and nickel (6. 0 to 22,0%) as the chief alloving
elements. Elements such as titanium, columbium and molybdenum may
also be present., These alloys cannot be hardened by heat treatment
and are non-magnetic, but some types may become magnetlic and may be
hardened when severely cold worked., When annealed, the micro=-
structures are composed primarily of austanite and these steelsa are
referred to as "gustenitlc!" stainless steels.,

Type 301. This is a 17=-7 chromium-nickel analysis used
under comparatively mild corrosive conditions and extensively for
ganitary and decorative applications.

Type 302. This is an 18~8 type having excellent corrosion
resistance for chemical, sanitary and decorative purposes,

Type 304, This is the 18«8 type with 0,08% carbon maximum.
Due Lo the limitation of the carbon content, this steel 1s less
susceptible to carbide precipitation during welding than Types 301
and 302 and may be used over a wider range of corrosive conditions
without subsequent heat treatment. This material is available with
0,037 maximum carbon.

Tvpe 309. This type has a higher chromium and nickel
(25/12) content than the basic 18-8 and “has superior resistance in
a large variety of applications combining heat and corrosion.

Type 310, This type has the highest chromium and nickel
(25/20) content of the austenitlc stainless steels regularly
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produced. It has excellent resistance both to corrosion and to
oxidation at high temperatures.

Type 316. This is the 18-8 type of hipher nickel (10%
min. )} content with the addition of 2.0 to 3.0% molybdenum, It ias
more resistant to corrosion than the regular 18-8 steels, with the
eXgeption of certain oxidizing acids. The molybdenum bearing
stainless types are less susceptible to pitting or pin hole corrosion
than the regular 18«8 types when exposed to such corrosive media as
sulphuric and sulphurous aclds, sulphite and cellulose solutions.
Type 316 1is of special service to the paper, pulp, rayon and dye
industrles. Tt is available in two special grades~-~with 0.03% max.
carbon and a columblum bearing grade.

Type 347. This type is the basic 18-8 analysis modified
by the addition of columbium to prevent the precipitation of harmful
carbides. Columbium forms extremely stable carbides preferentially
to chromium and prevents the sensitization phenomenon. This
material (or Type 321) should be used for welded vessels under
certain corrosive conditions, or i1f the service temperature range
1s 800 to 1600°F, or if a weldment is to be stress relieved. 1% may
be employed over a wide range of corrosive conditions without sub-
sequent heat treatment and will also withstand heat treatment without
the damaging effect of sensitizgtion.

Type 321. This type is the 18-8 analysis modified by the
addition of titanium to prevent the precipitation of harmful car=-
bldes. Titanium forms extremely stable carbides preferentially to
chromium and prevents the sensitizstion phenomenon. Thig material
(or Type 347) should be used for welded vessels under certain
corrosive conditlons, or if the service temperaturs range is 800 to
1600°F, or 1f the vessel is to be stress relieved. As titanium
cannot normally be transferred through the src, columbium bearing
(Type 347) electrodes are used for welding Type 321 material,

The oxidation and corrosion resistance of the different
grades of stainless clad steel have been indicated above. The
various grades of austenitic stainless steel show different degrees
of carbide precipitation when exposed to elevated temperatures.

When austenitic stainless clad steels of all types, except
321, 347 and special tvpes of 316, are in a temperature range of
80C to 1800°F, chromium carbides are precipitated in bhe crain
boundaries. In this temperature range, the carbon separates from
the solid soclution and joins with chromium at the graln boundaries
to produce chromium carbide. This re jection of the carbides rich
in chromium, from the body of the ograin into the zrain boundaries,
recuces the chromium content of the grain to a point where the
corrosion resistant properties of the material may be lost. Two
tvpes of attack can take place 1f the material is then exposed to
hizhly corrosive environments; the chromium carbides around the
grain may dissolve, or the chromium depleted sustenitic srain may
be attacked, In both cases the zrains lose cohesion and the materiai,
as a whole, loses ductility andg gstrength,
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The rate and amount of chromium carbide precipitation
depend upon & number of factors.

1. As each part of carbon will combine with 17 parts of
chromium, by weight, undissolved or precipitated carbon will combine
with and remove 17 times the amount of chromium. The lower the
carbon, the leas there is available to be precipitated.

2. The longer the time in the critical temperature range,
800~16009F, the more carbides precipltated.

3. The closer the temperature 1s to 12000F, the more
rapid will be precipitation.

4, The osreater the amount of chromium and nickel, richer
than 18-8, compared to the carbon, the less rapld will be the
precipltation.

when chromium carbides have been formed, they can only
be removed by heating the materisl to a proper temperature to redis-
golve the carbides and quickly cooling to below 8000F. The
precipitation of chromlum carbides can be prevented by the addition
of a carblde stabilizing element, such as titanium or columblumnm.
As titanium is oxidized in the arc stresm during welding, columbium
stabilized material is used in welding electrodes. The stabilizing
element combines preferentially with the carbon and, as a result,
there are little or no chromium depleted areas and the corrosion
resistant properties of the material are maintained.

Tor weldments which will be stress relieved and vessels
which will operate in the carbide precipitation range, either Type
321 (titanium stabilized) or Type 347 (columbium stabllized) should
be used. When Type 316, the molybdenum bearing stainless, is
required to meet the above conditions, an 0.0S% maximum cerbon grade
should be used. Type 316, stabilized with columbium, 1is also
avallable.

Erosion and Abrasion TResistance

Specific data on the abrasion and erosion resistance of
the various grades of stalnless clad steels are not available.
These clad materials, depending on their hardness, can be expected
to have comparatively hish abrasion and erosion resistance.

Mechanical Properties

The mechanical properties of the stainless clad steelis are
dependent upon the tvpe and msetallurgical conditions of the cladding
and of the backing material. Actual figures on the strength of the
stainless clad steels are not readily available.

Adhesion

The ASME Boiler Code and the ASTM specifications require
a minimum bond shear strength for clad steels of 20,000 psi. One
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manufacturer reports the typical shear strength values of the bond
obtalned by %ests on production plates in the annealed condition
a8 shown in Table

Table 28

Bond Shear Strengths of
Stainless (Clad Steels

Shear Strength

Type Gage % Clad psi (Aver,)
304 AN 20 49,900
316 e 20 44,500
316 3/an 10 48,300
347 A 10 46,200
410 1 10 44,800

The quenching in water of stainless clad steel plates,
with high coefficients of linear expansion, from a tempersture of
1800°F has shown no evidence of bond failure after 20 cycles of
heating and quenching. To approximate conditions encountered 1in
fractionating towers, coking drums and similar equlipment which is
subjected to extreme thermal shock, samples of 20% Types 347 and
410 clad, were heated to 1000°F, and water quenched to below 400°F,
Thls cycle was repeated 350 times with standard ASIE shear tests
made at intermediate points. The results indicated that the shear
strength 1s not affected and remains approximately double that of
the minimum requirement of the ASME Roiler ~"ode specification.

Costs and Availability

The comments in Chapter III, Nickel and Nickel Alloy
Coatings, Section 1, General Discussion, regarding the limiting
costs for surface protection of low alloy steel are applicable to
the stainless clad steels, When the cost of producing stainless
clad steel becomes equal to or higher than the cost of solid stain-
less steel of the same thickness it 1is obvious that nickel conser-
vation alone must be the only justification for the use of the clad
steel.

The comments in Chapter III, Section 7, Nickel and Nickel
Alloy Clad Steel, regarding costs and avallability, facilities
available and sources of imformation are equally applicable to the
stainless clad steels.
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CHAPTER VI
PAINT COATINGS
Section 1. General Discussion

Within certain limita, high temperature paint coatlngs
offer possibilities for the protection of steel againat oxidatlon
and/or corrosion attack during and after exposure to temperatures
above 400 or 500°FP, Many manufacturers claim to produce paint
producta which protect steel agalnst oxldatlon and/or corrosion
attack during high temperature exposure.

To collect as much data as possible, individual letters
were sent to over 50 paint manufacturers or formulators. Over 30
companles replied that they had one or more products which could be
used for the protection of steel against oxidation and/or corrosion
attack at temperatures over 4000F, WAith these replies came the
usual promotional type of literature and varied but "marveloua®
claims, Where "users" were mentioned, these users were asked to
report on thelr experiences. An effort was made to tabulate all
data under the following headings: 1, manufacturer, 2. products of
each manufacturer, 3. composition, 4. recommended or maxlimum
temperatures for use, 5. surface preparation requlred, 6. method of
application, 7. number of coats requlred, 8. curing temperature
required - or alr drylng, 9. coverage per gallon, 10. cost per
gallon or cost per square foot of surface, 1l. manufacturers' tesat
resulta, 1l2. users and users! comments.

Although data were received from over 30 different
companies, with thelr reported characteristics of one or more rec-
ommended paint products, the tabulation did not include all
manufactureras. Additional data in the lliterature and vislits to
ajircraft plants indicated that there are numerous other paint form-
ulators claiming to have products which protect steel on exposure
to temperatures in excess of 400°F, The compilation of additlonal
data can be an endleas job., It 1s doubted that such additional
compilation would yleld any more Interesting or Informative data
than that which has already been received.

Unfortunately, the paint coating field 1s rife wlth
products invoiving so-called "trade secrets'" and "secret formula-
tions". The following are typical illustrations of the type of
information supplied by the makers as to the formulation of thelr
paint products: 1., modified phenolic type resin plus an inert
pigment, 2. silicone resin vehlicle plua a ceramic type heat resis-
tant paint, 3. aluminum plus silicone to which a guartz like silica
1s added, 4. modified silicone enamel, 5, modified silicone and
aluminum, 6. 1004 silicone resin, 7. straight silicone 1liquid plus
aluminum pigment, 8., silicone aluminum (formula confidential),

9. varled colored pigmented silicone paint, 10. epon and epoxyl
resin base, 1l. mixture of sodium silicate, chromates plus fine
particles of zinc duat, 12. conventlional paint plus zinc metal plig-
ment.,
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In some cases, the manufacturers refuse to glve any
information as to the general compositlion of their products. It
1s 1lmpossible to evaluate different types or classes of paints
based solely on such vague information as indicated above. Thers
is 1ittle or no assurance from any manufacturer that the formulation
or raw materials used today will not be revised tomorrow. For
example, many manufacturers classify thelr products under the gen~
eral name "silicone liquid plus aluminum pigment™, but do not state
what sillcone liquid resin is used or how much sllicone resin is
used. Apparently some so-called sillicone paints contain only a few
percent (less than 10%) of silicone 1liquids while others may contain
30 to 40%. It is obvlious that names on this general type of infor-
mation 83 to "make up" cannot be used as a basis of claasifying or
grouping for the purpose of evaluation.

There are hundreds of so~called high tempersture secret
formulatlon palnts on the market of which the makers refuse to dis-
close the general "make up", Each is ready to supply testimonials
as to where his product is or was used, etc., etc. In numerous
cases, efforts to check such references met with no response or "Wwe
bought some for trial", "We do not use it", "We have not tried it
"We use it to a limited extent but not at high temperatures", or
"It 18 not as good as claimed". 1In a few cases, the replies indi-
cate that the makers' claims are authentic. 1In many cases the
experlences of different users, under somewhat different conditions
of use, are quite contradictory. It is unfortunate, but true, that
the situation 1s qulte confusing.

In one instance, the claims made by a manufacturer and the
results reported by two users varied so much that it appeared that
each was dilscussing a different paint. In another instance, a
paint manufacturer reported that his product offered satisfactory
protection to steel up to 1000°F based on thermal shock tests st
500, 800 and 10009F, This same material was reported as unsatis-
factory in salt spray tests conducted by the Army Air Forces.
Another manufacturer recommended two products (formula a secret)
claiming that these would offer protection to base metals up to
temperatures of 2800°F and higher, Two aircraft companies tested
these products. One reported that both failled after 16 hours
exposure at 1400°F, the second stated that one flaked very easily
and that the other was not satisfactory for high temperature service,
In several instances, when comments were received, the product
described by the user had a different code or type number than that
reported by the manufacturer.

Until formulations are less secret so that specifications
can be written and paints tested for conformance to such specifica=-
tions, egch indilvidual paint product must be svalusted by actual
test. No fully satisfactory method for testing high temperature
paints for use on aircraft or aircraft engine parts has been devel=
oped, although work is proceeding along such lines. Using such test
methods as are gavallable, plus pilot service trials, several
aireraft manufacturers heve chosen specific grades of high tempera=-
ture paints for certain applications where the temperatures involved
are well over 4000F,
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Tn spite of the confusing nature of the situation, it is
poasible to c¢lassify or group the high temperature paints into 5
general classes or groups &s follows: l. refractory pigmented paints,
2. aluminum pigmented paints with other than silicone vehlcles,
3, silicone paints, 4., miscellaneous paints, 5. zinc metal paints.

rach of the above classes will be discussed separately in
sections of this chapter. Regulrements as to surface preparation,
methods of applicatlon, effects on base metal, fabricating charac-
teristics, are substantially the same for all types of high tempera-
ture paints and are discussed in general in this section.

Surface Preparation

It is stressed at this point that the successful use and
to obtailn expected service of any protective coatlng depend on the
adherence of the coating to the surface 1t is to protect. Any
loose, non-adhering material such as oll, dirt, mlll or heat treat-
ing scale, corrosion products, etc., any old palint or coating, even
those lightly adherent, which do not have the desired high tempera-
ture properties, and any material which may be softened by the
solvents of the palnt, must all be comgletelg removed, This can be
done by an abrasive medium such as san ast, shot plast, or wire
brush and/or by treatment in acid pickling and alkali cleaning
solutions. After removal of all of the forelgn matter, the abrading
media, or cleaning solution, and/or pickle solutlon must be
thoroughly washed off and the surface drled. The paint coating
must be applied immediately before the actlve surface of the steel
begina to corrode.

Proper surface protection and proper application (follow-
ing of the manufacturera! Instructions) are two musta for the
succesaful use of paints for protection of steel agalnst elfects
of high femperature exposure and/or to corrosive media.

One aircraft company that has done & great deal of test
work on high temperature alumlnum pigmented silicone palnts states,
"gp to 7500F, a phosphate undercoating has a definite advantage as
a paint base, but above this temperature it behaves erratically.
Above 750°F, it 1s recommended that the surface to be palnted be
blasted with aluminum oxide grit prior to pailnting of a two coat
silicone aluminum system".

In most cases the manufacturer offers suggestions for
surface preparation dependent on the type and condition of the base
metal. In 811 instasnces, it 1s desirable that the manufacturer's
recommendatlona be followed.

Methods of Applilcation

Moat high temperature paints can be applied by elther
brush or spray. Some manufacturers also advise applicatlon by
dipping, Some recommend only spray appllcation as acceptable. A
user of silicone aluminum pigmented paints suggests that for best
adhesion qualities, thin wet coats of paint, about 0.001" thick,
should be applied each time, Excessive spray gun pressures and

WADC TR54-209 135



excessive dilstances from the part will give thick, dry coats that
&re not as impervious as the thin wet coats. The platelets of
aluminum in the pigments must be allowed to flow together, giving
an overlapping barrier to penetration.

In most instances, at least 2 coats are required to obtain
maximum protection against oxidation on ©xXposure to elevated temper-
aturea. In a few instances, one coat was reported as sdequate, while
on the other extreme, one manufacturer suggestas at least 5 costs.,
Alr drying between coats 1s usually adequate although some paints
require a low temperature cure or bake between coats.,

In general, one gallon of high temperature paint covers
350 to 600 square feet of surface with a one mil thilck coat. The
nature and condition of the bhase metal surface are important factors
in the coverage obtained in a first coat,

Corrosion Protection and Chemical Resistance

The data on the corrcsion protection offered by the
various high temperature paints and their chemical resistance are
fragmentary and inconclusive.

These characteristics of any paint coating will, of
course, depend upon: l. the chemical nature of the dried and/or
cured film, 2. the imperviousness of the dried film, 3. the adhesion
of the coating,

It appears that the silicone aluminum plgmented paints in
their cured condition will resist Jet fuels (kerosene), oils, and
materlals generally used in solvent washes, For curing to resist
Such liquids, a minimum cure of 2 hours at 425°F 18 recommended.

The effect of hydraulic fluids suech as Skydrol and Hydro-
lube must be taken into consideration. One ailrcraft manufacturer
has tested over 300 different coatings, including silicone epoxyls,
etc., and found none that will resist Skydrol and Hydrolube. It
appears that these tests were based on air dried filims. It 1is
reported that baking enamels will withstand Skydrol,

Lead bromlide, lead oxide and other lead compounds in
exhaust gases are reported as sctive in attack on aluminum, and are
reported to cause failure of ceramie coatings.

Most of the "high temperature" palnts are reported to
have good resistance in the salt spray test. Very limited data are
avallable on the corrosion protection offered by the coatings after
varied periods of exposure at elevated temperatures. oOn visual
examination, some coatlings appear satisfactory after exposure to
high temperatures, yot fall apart or show marked porosity on ex-
bodure to the sslt spray test. One company reports that the addition
of zinc metal increases the salt 8pray resistance of a refractory
pigmented paint coating.

WADC TR54-209 136



Abrasion and Eroslon Realstance

It has been reported that the abrasion resistance of most
gilicone aluminum palnts 1s low. They should not be used in streams
of rapidly moving gases, especlally when such gases contaln abrasive
particles.

It can be expected that those palnts which produce a hard
ceramic appearing surface after curing have higher resistance. On
the other hand, these may have poor impact resistance.

Because of the varilety oflhigh temperature coatings on
the market, each must be evaluated as to abrasion snd/or erosion
resistance.

Fabrlcating Characteristics

In almost all instances, paint coatlngs must be applied
after the complete fabrication of a part and, posalbly, after the
complete assembly of & unit. Most paints, especlally those which
have been cured, are comparatlvely brittle and will chlp, crack
and/or fall during even the simplest fabrication operation.

One firm using high temperature palnt reported that they
have arc welded palnted surfaces followed by touch up in the ares
of the arc.

Effect on Base Metal

The base metal may be affected by surface treatments prior
to application of paint. Hydrogen embrittlement, as a result of
pickling for surface preparation, must be guarded against.

Several of the high temperature palnts must be cured at
temperatures as hlgh as 7500F to obtain maximum properties. This
heat treatment, especlially in the higher ranges, can reduce the
strength of heat treated parts or cold rolled steel and can cause
distortion of some parts with thln sectlons.

Uses

Many of the high temperature palnts are of comparatively
recent developmenta. Insufficient accumulated or reported data are
available for a complete evaluation. Thls has been further compli-
cated by the exaggerated claims made by some manufacturers and by
the varlance in thelr products within the same general claessiflca-
tion. The absence of any iIndication as to formulations makes 1t
almost lmpossible to subdlivide the different paints in the same
classification.

In spite of all this conflictlng data, 1t appears that
some paints are avallable which will offer protection to steel
againat oxidation and/or corrosion on exposure to temperatures above
4000F, In some cases, the maxlmum temperature for some paints may
be limited by the elevated temperature properties of the base metal,
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Paint coatings may be used to protect steel parts on
exposure to elevated temperatures whens: 1. tolerances of the parts
are not critical, 2. the temperature required for the curing will
not reduce the strength nor cause distortion of the part, 3. the
critical areas of the fabricated part or complete assembly can be
completely coated, 4. the required surface preparstion will not in
any way affect the components of the assembly.

Comments from various users indicate that high temperature
palnts are being used for: 1. gas burner and oven parts, 2. stacks
sub Jected to elevated temperatures, 3. automobile exhaust mufflers,
4, some alrcraft parts on a limited scale.

The general comments received to date indicste some users
are satlsfied for temperatures of exposure below 7509F, while others
state they are making the best use of what is avalilable, but are
8t11l looking for a better product.

Costs

The data recelved, (based on manufacturers! claims),
indlicate costas as shown in Table 29,

Table <9
Costs of Paints

Coverage per Approx, Costas
Type Paint cal.-3q., Ft. _per Gallon
Aluminum Pigmented S1licone One brand 250 16,00 to
plus addition of some to 450, Others 24,00
refractory llke material, 600 to as high
as 1000,
Aluminum Pigmented Silicone 400 to 750 $5.50 to $10,00
two different ranges. (some as low as and $15.00 to
250 feet). $20,00
Epon Resin Basse Paint - $4.00 to $5.00
Zinc Pigmented 400 to 550 $10.00

Facilities and Sources of Information

It is not intended to 1list names of manufacturers or the
trade names of their products. The following aircraft companies are
reported as doing some evaluation work on high temperature paints:
1. General Electric Company, Alrcraft Gas Turbine Division, Cincin-
natli 15, Ohlo; 2, Douglas Aircraft Company, Los Angeles, California;
3. Westinghouss Electric Corporation, Philadelphia, Pennsylvenia;

4. North American Aviation Company of Los Angeles and Downey,
California; 5. Ryan Aeronautical Company, San Diego, Californiag
6. Boeing Alrplane Company, Seattle, Washington; 7. Alresearch
Company, Los Angeles, Californla; 8, Pratt and Whitney Aircraft
Division, United Aircraft Corporation, East Hartford, Connecticut,
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Section 2. Refractory Pigmented Palnts

Included in this genersl class are all paints, of whatever
vehicle, plgmented with refractory materials such as sllica, quarts,
mica, ceramic frits., The ordinary tiltanium dloxide pigmented white
paints and enamels are not included 1n this class but such specisl
formulations as the butyl titanate palint, described below, are
included.

An article in the literature(90) outlined a formula for a
high temperature coating as shown in Table 30.

Table 30

Formulation of a Refractory
Plgmented Paint

Ingredlent Parts by Welght
Aluminum Flake XX Fine 30
Butyl Titanate 50
High Bake Alkyd Resin 5
Butyl Alcohol 15

The following comments were made as to 1lts characteristics:
The package stability 1ls good. The air dried film willl slowly
hydrolyze to form & non-adherent white powder. Baking at 572C0F
produces a sort of titanlum dioxlde -~ slumlnum frit which possesses
excellent adhesion, durabillty, heat resistanece, and moderate corro=-
sion resistance., The product 1a a sort of vitreous enamel surface
with superlor resistance to mechanleal and thermal shock. Applled
to steel panels and exposed to 11120F for prolonged periods (actual
perlod of time not indicated) improved rather than deteriorated the
film properties. Adhesion 1s so great that removal is not possible
without injuring the underlying steel. In one series of tests,
coated panels were heated 3 tlmes to 1100°F, then immedistely
quenched 1in water, without showlng any effect. The main objection
to its use 1a that there is only a iimited supply of butyl titanate.
This product 1s now being produced in plilot plant production.

The Vlita-Var Corporation of Newark, New Jersey, did some
extenslve work on the development of heat resistant paints as part
of a Department of Army Contract DA-44-009 ENG 963. Six detailed
reports were lssued. In the flnal report, 1t 1s stated that the
formulation shown in Table 31 exhibited the best overall results
over the entire temperature range (400 to 1400°F), and resistance
to high humidlty and to salt spray test after varied and repeated
times of exposure in these temperature ranges.
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Table 31

Heat Reslstant Paint Formulation

Frit #1 (Special mixture -

see Progresa Report #2) 150 1bs.

Frit #4 O. Hommel Co. Frit #3E 46m 113
Frit # 0. Hommel Co. Frit 263 113 *
Chrome 0Oxide Green 56 "
Clay 62,51
Red Iron Oxide 4 0
Manganese Dioxide 1 "
Aluminum Stearate 3 n
Mlca 75 "
Silicone Resln Solution 60% NV

(GeE. Silicone Resin Solution SR82) 270 n
Butyl Alcohol 15
Toluol 25
Aylol 25 "

Wt. per gallon 12-15 lbs.

unsatlsfactory.

One paint manufacturer reports a series of silicone base
paints mixed with a ceramic type heat resistant paint. They claim
temperature resistances of 5000F for the white paint to 15009F for
the silicons aluminum paint. One airecraft manufscturer reports the
satisfactory use of the silicone aluminum palnt. They do not report
the maximum temperature of eéxposure. They report also that two
other paint manufacturers produce equivalent products, although they
may vary in composition.

Another aircraft manufacturer reports the use of two
different refractory pigment type paints. These coatings, when
fired hot, form a glazed surface with the appearance of g cerasmic
coated surface. Adherence of these coatings 1s & problem. Their
heat resistance is about 2000°F, but they offer poor protection
against corroaion.
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Another paint manufacturer reports a silicone paint pig-
mented with aluminum plus the addition of a quartz like silica.
The manufacturer clalms satisfactory properties up to 1000°F. One
user reported satisfactory service in hot oll pump up to 550°F,
while another has found 1t satisfactory on a surface up to 800°F
after 7 months. Tests performed at Wright Fleld(9l) indicated
satlsfactory properties as to 100 hours in motor fuel, as to
hydrocarbon resistance, as to flexibility (%" dia.) and as to 1000
hours 8t 1000°F, with maximum temperature until failure of 12200F,
The effect of salt spray or other corrosive media after the 1000
hours at 1000°F was not determined.

It is possible that refractory type paints which, after
drying or a high temperature cure, form a "ceramic type" film may
be one satisfactory method of protecting steel at temperatures as
high as 12009F or higher. The maximum temperature, of course, will
be limited by the high temperature propertiss of the binder and of
the base material, Refractory plgmented films should offer higher
abrasion resistance and be more brittle than other types of paint
coatings. Although only two formulations for refractory pigmented
coatings are given above, there may be many more.

One ma Jor problem with these hard films may be adherence.
It 1s possible that variance in manufacturers! claims and users!
reported results can be attrlbuted to poor adherence or failure of
bond at higher temperature rather than to failures of the film.

While refractory pigmented films may have good heat and
abrasion resistance they may not be resistant to lead oxide and the
bromide residues from the combustion of fuel containing tetrasthyl
lead additions. More experimental work and service trials of

refractory type coatings are necessary before recommendations or
concluslons can be arrived at.

Section 3. Aluminum Pigmented Paints with
other than Sllicone Vehicles

So-called "heat resistant aluminum paints®™ have been on
the market and have had extensive use for many years. Many types
of vehicles are used., Some clalm resistance to temperatures of 350
to 400°F, others claim 400 to 500°F, still others claim higher
temperatures. All such claims reise the questions of “how tested"
and "what criteris are used to determine faillure or resistance".

Several accelerated test methods have been used in both
indoor and outdoor exposures. One indoor exposure test method
consists of heating the inslde of a painted test pipe with a gas
flame and observing the effect on the test surface., Another in-
door method heats one end of a painted bar to produce a tempera-
ture gradlent 1n the bar and observes the effect on the paint. Such
visual observation cannot disclose the corrosion protection quality
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of the paint either before or after heating. One outdoor method
uses a painted teat pipe heated internally by a nichrome electrical
resistance element wound on & ceramic cylinder. Repeated heating
and cooling is combined with atmospheric exposure in the evaluation
of the paint. This outdoor test procedure 1s superior to the indoor
methods, but is dependent upon the particular atmospheric conditions
at the test slte during the speciflc perlod of the test.

The alumlinum pigmented heat resisting paints with other
than sillicone resin contalning vehicles may be classified according
to the vehlcles used, The vehicles may be of the drying oil, the
phenolic resin, the alkyd resin, the epoxy resin or the biltumastic
type. The drylng oil types are not suitable for temperatures above
250 to 300°F., Some of the phenolic resin, the alkyd resin and the
epoxy resin types may be satisfactory for temperatures of 350 to
400°F, although some claim even higher temperature resistance. The
bitumastic types have been used for years on furnaces, stacks, etc,,
in temperature ranges up to 400 or S500°F.

The bltumastic type of vehlcle has been the standard base
for alumlnum paints used for palnt "calorizing" of steel surfaces.
In this procedure, the vehicle acts as a protection to the steel
surface and to the aluminum flake powder during the initisl heating
to above the melting point of the aluminum. The aluminum then alloys
with the steel surface while the residual of the vehicle 1s burned
away. Such paint "calorized" steel surfaces have fair resistance to
oxldation but the coasting contains insufficient aluminum and is too
discontinuous to provide adequate corrosion protection.

A new coating of the paint "calorizing" type has been
reported. The reported mechanics of the coating are as follows:
"As the temperature rises to 5000F certain portions of the binders
are released by evaporation and part of its former pigmentation
becomes the binder, at 800° & portion of the binder again evaporates
and another portion of the former pigmentation becomes the vehicle
at the end polnt about 1500°F the metallic portion of the plgment
fuses to the metal. In this manner it is possible to obtain metal
protection at 8ll opersting temperatures and retard corrosion and
oxldation from heat attacking low alloy steels." To date, the above
coating has been given preliminsry tests only.

Section 4. Silicone Paints

The sllicones have become prominent in the high temperature
paint fleld. The several producers of silicone resins have carried
out extensive development work on the uses of the silicones and
certaln modified silicones in many types of paints., The siliconse
resins are fairly expensive, in the neighborhood of $35,00 per
gallon. Silicone paints carrying considerable percentages of gili-
cone resins in their formulations are somewhat expensive. It 1s
obvious that & paint selling at $8.00 per gallon cennot contain a
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large percentage of a $35,00 ingredient. The use of the term
"sillicone" is questionable when the amount of silicone resins pree
sent 13 only 3 to 5%. Needling or doctoring a paint with a dash
ofistlicone resin should not Justify calling the product a silicone
paint,

In the so-called ailicene paint fleld, there seem to be
four classes of paints, as follows: 1, high silicone paints with
over 35% of silicone resains; 2. intermediate silicone paints with
16 to 35% of silicone reslns; 3, low silicone paints with 6 to 154
of silicone resins; 4. silicone treated paints with 5% or less
silicone resins,

It is unfortunate that the makera of these paints refuse
to glve even approximate statements as to the quantitles of the
8llicones used per gallon or as to the type of silicone resin used,

Beside being classified on the basis of quantity of
81llcone resin, the silicone paints of today may be classified
further according to the nature of the pilgments used, as follows:
(a) unpigmented; (b) pigmented ~ not aluminum; (¢) aluminum pig-
mented; (d) aluminum plus refractory pilgmented; (e) sllicone-alkyd
copolymers plus aluminum and refractory pigments,

Since the percentage of silicone present 13 not dlsclosed
by the manufacturers of the paints, it is necessary to discuss the
8ilicone paints on the basis of the above classification alone.

(a) Unpilgmented Silicone Paints.

One alircraft manufacturer has made some preliminary tests
on someé unplgmented silicone paints understood to be of the class i
or high silicone variety and reports them satlsfactory for use up
to a maximum temperature of VOOgF. The particular types of silicone
or modified silicone resins included in the formulations tested are
unknown. Depending upon the type and quantity of resin used, these
paints may fail at a lower temperature,

The unplgmented silicone resins begin to darken in color
at temperatures of around 550 to 600°F, When temperatures of the
order of 700°F are reached, the discolorationm is great, There 1s
considerable question as to whether such greatly discolored films
will continue to provide protectlion against corrosive conditions,

(b) Pigmented (Not Aluminum) Silicone Paints.

There are a number of paints on the market in the class
of pigmented (not aluminum) silicone peints, These are produced in
various colors. There 1s a wide discrepancy between the clalms of
the manufacturers and the results reported by users,

Since no dats are available as to the composition of

these paints, 1t would not be of value to attempt to compare any
particular color among the different manufacturers. The claims as
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to maximum temperature for color plgmented (except aluminum)
silicone paints range from 500 to 1600°F., Some of the claims for
temperatures up to 7509F are partially confirmed by some users.

The temperature limitationa of these types of silicone
paints depend upon both the type of silicone resin used and the itype
of pigment used in the formulstions. Refractory type pigments will
produce paints with the higher temperature resistance qualities,

The addition of such items as zinc, titanium dioxlde, silica, and
clay may further improve the high temperature propertlies.

In a recent publication(92) the Dow Corning Corporation
outlined a typlcal formula of a grey high temperature silicone resain
base paint, using a recently developed, rapid drying silicone resin,
and reported preliminary tests indicating satisfactory service from
200 to 1000°F., The formulation given 1s shown in Table 32.

Table 32
Formulation of Rapid Dryin
§ilicone Resin Paint
Silicone Resin Dow Corning 805 42.3
zinc 0xide = lead free 13.7
Celite Superfloss 4.0
Graphlte 4,7
zinc Dust 28,3
Solvesso No. 3 70

This coating requires a high temperature cure to develop
its maximum propertiles.

{¢) Aluminum Pigmented Silicone Palnts.

The bulk of the high temperature silicone paints on the
market are aluminum pigmented. Manufacturers! claims vary from 700
to 1700°F for their products. Prices on these paints vary from
$5.00 to almost $20.00 per gallon. A large number of these aluminum
pigmented sillcone paints have been tried by various alrcraft manu-
facturers. Some data received from users indicate that some of
these paints will withstand operating temperature as high as 1000°F,
and limited operation as high as 1100°F.

However, there are grades of silicone aluminum paint on
the market which will be satisfactory only up to 500 or 700°F, Care
must be taken in choosing a paint in this classificatlon. Extensive
tests must be run to evaluate the product, and assurances recelved
from the paint manufacturer that they will not change ths formula-
tlon.

L

The Dow Corning Corporation of Midland, Michlgan, suggests
two formulations for high temperature reslstant aluminum pigmented
silicone paints, as shown ln Table 33.
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Table 33

Temperature Resistant Aluminum
Plgmented SITicone Palnts

Composition Temp. of Comments b
Ingredlent Z by Wt. Exposure Dow COrning
Silicone Resin DC8O5 57.8 400°F %o Exposed at 10000F
Aluminum Psste 205 28.9 1000°F (time?) followed by
Xylene 13,3 salt spray test (time?).

Gave excellent pro-
tection.
81licone Resin XR398 50,0 10009F to Poorer corrosion resis-
Aluminum Paste 205 2540 1200°F tance than above, but
Methyl Isobutyl Ketone 12,5 superior adherence to
Xylene 12,5 steel in the tempera-
ture range of 1000°F
to 1200°F,

Another new formulation based on 8 faster drying ailicone
resln was reported(92) contalning: sllicone resin 50,00%, aluminum
paste 25,007, solvesso No.3 25,007, by welght. After a high temper-
ature bake, it is claimed that this paint may be used in service up
to lOOOoF .

A review of the available data on aluminum pigmented
silicone paints indicates the following: U J Dependent upon the type
and percentage of silicone resin used, an aluminum pigmented silil-
coné paint may be resistant to temperatures of only 500 to 600°F
or may withstand temperatures of 900 to 1000°F. (2.) The higher the
content of sllicone resin the better is the temperature resistance.
(3-)Paints formulated so as to be used as air dried coatings usuvally
have 8 maximum temperature resistance of 500 to 600°F, (4, Paints
formulated so as to require a high temperature cure or bake have
maximum tempersture resistanea.(ﬁ,)maximum propertles are obtalned
with those formulstiona requiring and given a high temperature cure
or bake at 425°F for two houra.(6,) Two coat syatems greatly increase
the 1life of the paint and will withstand longer periods of exposure
to salt spray tests after aging at high temperatures.(7. For
temperatures below 7500F, a phosphate pretreatment gives the better
adhesion and corrosion resistance of the two coat system. (8.) For
temperatures over 750°F, an alumina grit blasting is suggested as
the best method for surface preparation.(9.)The abrasion resistance
of most sllicone paints 1s low and they are not recommended for
exposure to streams of rapidly moving gases or gases carrying
abrasive particles.(10,) The silicons paints in their cured condition
are resistant to Jet fuels (kerosene) and to meterisls generally
used in solvent washes,

(d) Aluminum plus Refractory Pigmented Silicone Paints,

One manufacturer reports a silicone base paint plus
8luminum mixed with 8 ceramic type heat resistant paint and claims
temperature reslstance to 15009F. 0One aircrsfi manufacturer reports
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the satisfactory use of this pasint &t much lower temperatures. They
do not report the maximum temperature of exposure. They report also
that two other paint manufacturers produce equlivalent products,
although they may vary 1n composition.

Another paint manufacturer reports & silicone paint plg-
mented with aluminum plus the addition of a gquartz like slllca.
This menufacturer claims satisfactory properties up to 1000°F. One
user reports satisfactory service in hot oll pumps up to 550°F,
while snother has found it satlsfactory, after 7 months, on 8 sur-
face up to B00OF, Tests performed at Wright Fleld(91l) indicated
satisfactory properties as to 100 hou in motor fuel, as to hydro-
carbon reslstance, as to flexibility ;ﬁ dia., as to 1000 hours at
1000°F, with maximum temperature until fallure of 12209F. The
effect of salt spray or other corrosive media after 1000 hours at
1000°F was not determined.

(e) Pigmented Silicone-Alkyd Copolymer Resin Paints.

The Dow Corning Corporation(92) discusses some more receni
developments in silicone and silicone-alkyd copolymer vehicles for
high temperature service. The formulatlons for silllcone Dbase paints
were discussed previously. The recent developments are of the high
temperature bake type and of the modified air drying type of
silicone~-alkyd copolymer resin. The sllicone-alkyd resin paints are
reported to give greater adheslon and to be easier of application
than those based on 1007 silicone vehicles., Originally, they did
not have the same order of heat stsbllity. The newly developed
copolymer containing 25% silicon and 75% alkyd solids used as a
vehicle is claimed to produce a film with better durability, hard-
ness and higher temperature resistance. Preliminary tests, as
reported, indicate improved color retention over the 100% alkyd
resins and excellent film properties up to 1200°F for aluminum pig-
mented and to 1000°F if pigmented with heat stable green or black
pigments. The dried films have very low gloss, but have good
adherence. Two of the suggested formulations of the high tempera-
ture bake type are shown in Table 34.

Table 34

Silicone Copolymer Heat Resistant
Finishes - Bake Type

Black Aluminum
Ingredients by Wt. Z Ei WE.
Sllicone Resin Copolymer 69,0 55,5
Black Oxlde =~ ceramlic type 20.6 -
Aluminum Paste - 277
Methyl Isobutyl Ketone 5.2 Be.4
Xylene 5.2 B.4

Both of the asbove require high temperature curing to ob-
tain maximum properties. Therefore, they cannot be used for surfaces
which eannot be heated.
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Formulations of the air drying silicone-alkyd modified
resin types are reported to withastand temperatures up to 750°F and
to show good fllm integrity, adhesion, and weather resistance. A
typlcal formulatlon for a grey enamel is shown in Table 35.

Table 35

Silicone Copolymer Heat Resistant
FInEaE - AT Dry
Ingredient @ by wt.

Silicone-Alkyd Modified Resin 52.0
Titanium Dioxide 20,3
Mlca 246
China Clay 243
Lampblack 0.4
Yellow Iron Oxide 0.4
Solvesso No, 3 10,7
Mineral Spirits 10,7
Driers 0.6

The degree of color retention in the silicons organic
blends 18 reported to be in direct ratio to the rercentage of silie
cone present, Slight darkening must be expected if even & small
percentage of organic resins is present.

A review of the available data on the sllicone-alkyd resin
paints indicates the following: (L.) The gilicone~alkyd copolymer
resin base paints offer possibilities for protection of steel on
exposures from 500 to 1000°F with a possibility of some giving
protection to as high as 1100 to 1200°F. (2.)Surface preparation is
important to obtain best adherence., For exposures below 7500F, a
phosphate pretreatment may be in order. For exposures over 7500F,
a8 grit blast may be preferred. (3.)An high temperature bake (4250F
for 2 hours) 1s required to obtain maximum properties, (4.)Aluminum
pigmented films, as cured, have low abrasion resistance.

Section 5., Miscellsneous Paints

Under the general classification of "Miscellaneous Paints™
are the many miscellaneous types of so-called "heat resistant"
paints exclusive of the refractory pigmented, aluminum pigmented and
the silicone base paints.

The conventional types of oll base paints have no high
temperature resistant properties., All that remalns 1s the organic
or resln type base coating., For slimplification, these can be
divided into 4 groups as follows: €L Elastomers such as natural
rubber, butadiene-styrene rubber, and neoprene. (2J Thermoplastic
coatings such as vinyls, vinylidine chloride copolymers, polyethylene,
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cellulose acetate, etc. (3.) Thermosetting resin coatings such as
epoxyls, phenolics, furanes, special type oleoresinous oils,
(4.) Fluorine complex organlc resins such as Polychlorotrifluoro-
ethylene (Kel-F and CF=3) a&nd Polytetrafluoroethylene (Teflon).

Paints in groups 1 and 2, the Elastomers and the thermo-
plastic coatings, are not applicable for really high temperature
service (above 400°F) as each will fall, soften and/or disintegrate
at temperatures over 150 or 200°F, Consideration of the use of
organic coatings in group 3 or 4 should be on the basis of physical
and chemical data available on the films formed by the base material
or resin. Various proprietary formulationa based upon these data
can be tried in a& loglcal approach to the solutlon of a coating for
8 specific application.

Before testing any of these paints the manufacturer should
be required to state the type of the basic film forming materlal
used in his formulation.

Thermoaetting Resin Paints

These palnts are exemplified by the phenollics, furanes and
epoxyl resins. Usually, these paints are applled as thin coatings
followed by an alr dry and a high temperature cure to promote
polymerization. Polymerization 1s necessary to develop optimum
phyeical and chemical characterlstics. After polymerization they
form rigid, smooth, tough films which may be resistant to higher
temperatures and to general solvent actlon.

Oleoresinous oils are unsaturated oils which, on exposure
to alr, combine with oxygen to convert to a saturated film forming
golid, This oxidation process, after application, improves the
physical and chemical resistance. This characteristic places the
oleoresinous o0ils in the class of thermosetting resins. However,
they are not recommended for high ftemperature service. The general
characteristics of these 3 other thermosetting reslins are as
followsas

(a) Phenolics: These resins are basically condensation
products of phenol and formaldehyde. Owlng to the neceasity of
eliminating the water formed by the polymerization, thin coats (% to
3/4 mil) must be applled. Usually, each coat 1ls force dried or
partially polymerized before the application of the succeeding coats.
To obtain maximum properties, a bake at 300 to 350°F is required.
These coatings are used quite often aa linings for process veasels
and equipment where solvent resistance and temperatures up to 350°F
are required,

These phenolice films, after polymerization, have excellent
resistance to all common lnorganlic aclds and to common solventa.
They are infusible and inert up to 350°F, They produce smooth,
tough films of moderate abraslion reslstance. They have poor resis=-
tance to caustics (except very dilute) and to oxidizing agents.
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Several proprietary phenclic base palnt coatings are
avallable, Some list maximum temperature as 425 to 450°F,

(b) FPuranes: These are condensation products of furfuryl-
glcohol and formaldehyde. The polymerized coatings are very similar
to the phenolics. Like the phenolic, polymerization can be accom-
plished by baking at 300 to 350°F,., Unlike the phenollec, polymeriza-~
tion may be accomplished at atmospheric temperatures by the addition
of a catalyst. The catalyst method of polymerization is most common
for the furanes.

The furanes are resistant to continuous exposure to
temperature as high as 3509F, After polymerization they are resis-
tant to common inorganic acids and organic solvents. They have
conslderable resistance to caustic and alkalis and have somewhat
better resistance to oxldizing conditions than the phenolics. The
furane coatings are more costly than the phenolics.

(¢} Epoxyl Resins: These are a comparatively recent
development but have attained considerable use., Data as to their
characteristics are very limited. Two alrcraft companies that have
done some preliminary test work report that these painta give
satisfactory service at temperatures up to 400 or 500°F,

Fluorine Complex Organic Compound Paints

Compared to palnt coatings in class 3, the coatings in
this class 4 are quite expensive.

{(a) Teflon: Coatings and impregnation with Teflon can be
accomplished through the use of Suspensoida. Formulations have
been developed which give good adherence to metal, The material is
reported to have zero water absorption and exceptional resistance
to chemicals. It 1s only attacked by alkall metals (sodium,
potasslum, etc.)., Teflon retains its strength and dielectric
properties from minus 100 to 550°F, Minute amounts of fluroine
containing gases escape above 4009F, At 620°F Teflon undergoes a
transition in 1ts solid phase and suffers a sharp drop In strength,
It decomposes at 750°F yielding gsseous derivatives of fluorine,
Slnce the toxicology of these gases 1s not fully understood, good
ventilatlon must be provided when Teflon is subjected to temperatures
over 4000w,

(b) Polychlorotrifluorocethylene (Kel-F and CF=3): Fluid
dispersions of this high polymer are avallable. They can be
applled by spraying or dip methods followed by heat curing. This
coating material is a recent development with very limited data
avallable, Fabricators report that it can be used from minus 320°F
to as high as 390°F, and 1is chemically inert to all acids, alkslis
and solvents
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Section 6. Zlinc Metsl Paints

There are & number of zinc metal paints on the market.
The formulations vary over a considerable range as to vehicle and
as to quantity of zinc metal. Powdered zlnc metal is used., The
claims as to corroslon protection are based on the sacriflclal
action of the zinc metal particles in the films. For zinc to act
in & sacrificisl manner to protect steel 1t is obvious that the
zinc must be exposed. This requirement leads to the further require-
ments that the vehicle or binder holding the zlnec metal on the
surface of the steel must not be protective in itself, must not
thoroughly coat the zinc metal particles, and must be permeable to
moisture.

The makers of some zinc metal paints claim that the drled
film on the painted surfaces consists of 90 to 95% zinc metal and
is equivalent to zinc galvanizing. The appllcation of metallic zinc
coatings has been discussed in Section 7 of Chapter V of this manual,

In connection with high temperature exposures it must be
remembered that the melting point of zinc metal is 788°F, It seems
out of place to expect a zinc metal psint to offer much protectlon
at temperatures above 800CF,

One of the paints with zinc metal as a pigment 1is reported
to contaln sodium silicate blended with chromates, plus fine
particles of zinc dust. The manufacturer claims 1000°F as the
maximum temperature 1n service, reportedly based on use iIn Alr Force
Jet tests (450 to 1000°F)., Additional claims have to do with resis-
tance to thermal shock tests at 500, 800 and 1000°F, No comments
were received from users, except one alrcraft company, which found
this paint unsatisfactory. Sa2lt spray tests conducted at Wright
F1eld(93) classiflied this product as unsatisfactory for aircraft use.

Another zinc pigmented paint, reported to be a convention-
al paint plus zlnc metal pigment, 1s claimed satisfactory at 800°F
for continuous service and 12000F for intermlittant service. These
claims are based on the followlng teat: After applicatlon and
recommended cure, the temperature was ralsed to 750°F and held for
3 hours and the panels were exposed {then to outdoor weathering.

One user reported asstisfactory service on exposures as high as 7500F,

The costs of these paints are $9.00 to $10,00 per gallon.

Some of the claims as to corrosion protection offered by
zinc metal paints are truly fantastic ln nature and are not sub-
stantiated by user reports.

No data are available as to formability of the zlnc metal
paints except that the ones contalning sodium sllicate are brittle,
Indications are that all the zinc metal palnts interfere with welding
operations.

One paint formuwlation including zlnc metal powder as part
of the pigment is described 1n Section 4 on "Sllicone Paints".
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CHAPTER VII
COMPARISONS OF COATINGS
Section 1., Genersl Dilscussion

The lack of actual service data and the speculstive
nature of much of the avsilable test data make it difficult %o
compare the many coatings that ere discussed in this manual. The
absence of any sultable test procedure for the evaluation of the
protectlon offered by coatings on steel to the effects of hot
products of combustion of aireraft engine fuels followed by con~
densation of molsture has prevented the obtaining of much desirable
data.

For use in or around alrcraft engines a proposed protec=
tive coatling on & plain carbon or low alloy steel should be
considered from at least nine view points as fellows: (L, tempera-
ture resistance; (2. corrosion protection; (3.)resistance to oils,
fuels and lubricants; (4, resistance to products of combustion of
engine fuels; (5.)abrasion and erosion resistance; (F.)effect on
base metal; (7.) formability of the coated steel; (8.) welding or
jolning properties of the coated steel; (P.)costs. An effort has
been made to collect such information and record it in connection
wlth each coating that 1a covered by this manual. Some of the
informatlion is speciflic but much 1s in the form of generalizations.
For comparison of one coating wlth snother it is desirsble to have
each described in simlilar terms,

This chapter of the manual 13 devoted to such comparisons
83 are possible among the fifty-nine different coatings that have
been described. For temperature resistance and for costs per
square foot of surface coated the comparisons have been prepared in
the form of bar charts. For the other properties the comparisons
are in tabular form.

Each of the fifty-nine different coatings covered by this
manual is shown in each of the following sections of thils chapter,

Section 2, Temperaturs Resistance

The comparative temperature resistances of the various
coatings dlscussed in Chapter II through Chapter VI are shown on
the bar graph of Table 36, The code system used is as follows:

The clear area extends to the maximum safe service temper-
ature at which the coating 1s known to be satisfactory., The
hatched area indicates that limited data claim a still higher safe
service temperature. Where the entire area 1s hatched, the data on
maximum temperature for protection are very limited but indicate a
possibility that the coating may be usable in the temperature range
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indicated, The letters N.D., indicate that no data are avgliable
on the high temperature properties of the coating.

The maximum temperatures shown are those at which the
coating can be expected to protect steel agalnst oxldation attack
after hundreds of hours of exposure at that temperature in the
absence of abrasives, hlgh veloclty gases, and high tempersture
corrosive fuel combustion products. The presence of any one or
comblnations of these may cause a coating to fail at a much lower
temperature,

In interpreting the data on the tempersture graph, the
followlng reservations should be kept in mind: 1. The range of
temperatures reported for a particular coating is based on the data
available, TUnfortunately, a8 great deal 1s limited and often
elouded by claims made by developers, promoters and/or manufactur-
era, TUnlesas concluslve and conflrming data are availsble coatings
should be tesated and evaluated for a speciflc use. 2. For
proprietary paint coatings 1t 1s not poasible to give a known safse
maximum temperature. Palnts in the same classiflication have been
reported to have resistance to temperatures varylng from each other
by 100 to 1000°, In the case of palnts, the known maximum safe
temperature (unhatched area of the bars) is the lowest reported
maximum temperature expectations of palnts of the classification
shown, and the possible maximum temperaturs of exposure (hatched
areas of the bars) is the highest maximum temperature considered
applicable for a paint of that classificsation.
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Noo

Temperature Resistance of Coatings

Table 36

Coating

s I N I R

© m I o

10
11
iz
i3

14

15

16

17

18

19

Al Sheet Steel
Al Clad Steel
Hot Dip Al Aldip
Hot Dip Al Alfin

Hot Dip Al
Mollerizing

Metallizing #120
Metallizing #11
Metallizing #33
Metallizing #45
Calorizing
Evaporated Al
Electroplate Al

Ni Electroplate
White

N1 Electroplate
Bright

Ni Electroplate
Hard

Ni Electroplate
Compression

Nl-P Electro-
plate

Electroless
Nickel

Corronlzing
Ni-Zn
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NCe

20

21

22
23

24
25
26

27

28

29
30
31
32
33

34
39
36
37
38
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Table 36 (cont'd)

Coating

Corronizing
Ni-Sn

Corronizing
Ni-Cd

Carbonyl Nickel
Nickel Clad

1. Nickel Clad
Inconel Clad
¥onel Clad

Pack Chromizing
Paint Chromlzing

Cr Plate f Heat
Treat

Pack Silicon=-
izing

Paint Slilicon-
izing

¢d Electroplate
Cr Electroplate
Cu Electroplate
Ag Electroplate

W Alloy Elec~
troplate

7n Hot Dip

Zn Electrogalv.
Zn Sherardizing
Zn Metallizing
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No.

Coating

39
40
41
42

43
44

45

46

47

48

49

50
51
52
53
54
55
56
57
58
59

Peen Plate
Stainless Clad
Refractory Paint

Refractory #
Silicone

Al Pigm. Varnish

Al Pigm. Resaln
(not si)

Al Pigm,
Bltumastic

Unplgmented
Sllicones

Pigmented Sili-
cone (not Al)

Al Pigm. in low
% Silicones

Al Pigm. in high
% Silicones

Al £ Refractory
Silicone

Copolymer Baking
Copolymer Air Dry
Elastomers

The rmoplastlics
0leoresinous
Phenolics

Furanes

BEpoxyl

Complex Fluorine

Zn Metal Paints
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Section 3. Corroslon, Eroslion and
Abraslon Resistance

The corroslon protection offered by each of the 59 coat=-

ings 1s shown in Tables 37 and 38. Resistance to fuel olls,
hydraulic lubrleants, lead and bromine compounds, as well as
pesistance to abrasion and erosion is shown in Table 39. The code
system used to indicate resistance 1s as follows: E - excellent,
§ - satiafactory, P - poor, blank space - no data or insufficlent
dats avallable. In each case the resistance properties shown are
based on the assumptlons that the coating la adherent and is free
of porosity.
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No.

Table 39

0ll, Tead, Bromine and Abrasion Resistance

Fuel Hydraulilec

Coating Oils

~N® b

w

10
11
12
13
14
15
16
17
18
19
20
21

22

24
25
26

Lubricants

Lead and
Bromine

Al Sheet Steel
Al Clad Steel
Hot Dip Al Aldip
Hot Dip Al Alfin
Hot Dlip Al
Mollerizing
Metallizing #120
Metallizing #11

Metallizing #33

Metallizing #45

Calorizing

Evaporated Al

Electroplate Al

Ni Electroplate
White

Ni Electroplate
Bright

Ni Electroplate
Hard

N1 Electroplate
Compreasion

Nl-P Electro=-
plate

Electroless
Nickel

Corronizing

0 »n Lwnm

2 ln

wia 2 2 2 ;¥ @

[ R 0] 0 » nununh

L2 »n b v O w

Ni-Zn (kerosene)

Corronizing
Ni=-Sn
Corronizing
Ni=-Cd
Carbonyl Nickel
Nickel Clad
L Nickel Clad
Inconsl (lad
Monel (lad
Pack Chromizing
Paint Chromizing
Cr Plate ¥ Heat
Treat
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Table 39 (cont'd)

L.ead and Abrasion Hot
Fuel Hydrauliec Bromine and Corre
No. Coating 01ls Lubricants Compounds V205 Erosion  (Gases

27 Pack Silicon-
izing
28 Paint Sllicon~
izing
26 (d Blectroplate
30 Cr Blectroplate
31 (Cu Electroplate
32 Ag Electroplate P
33 W Alloy Elec~
troplate
34 Zn Hot Dip
35 Zn Electrogalv,
36 Zn Sherardizing
37 2Zn Metalllizing
38 Carbonyl Moly
39 Peen Plate
40 Stainless (Clad S
41 Refractory
Paint
42 TRefractory #
Silicone S
43 Al Pignm.
Varnish P
44 Al Pligm. Resin
{not S81i)
45 Al Pigm.
Bitumastle
46 TUnplgmented
Silicones
47 Pigmented Sili-
cone (not Al)
48 Al Pigm. Sili-
cones
49 Al # Refractory
Silicone
50 Copolymer Baking
51 Copolymer
Alr Dry P
52 Elastomers
53 Thermoplastics
54 (Oleoresinous
55 Phenolics S S
56 Furanes
57 Epoxyl
58 Complex Fluorine S S S 3
59 2n Metal Paints

hinta
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w2
<k

hintalnln
o

Ww O O
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n

n
w wrWHHowWew W WO W W oW o e W
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Section 4, Effect on Rase Metal

The comparative effects on steel as a result of the
application of each of the varlous coatings discussed in Chapter
IT through Chapter VI are shown in Table 40,

The designation system used 1s as follows: A - altered;
D - decreased; E = embrittled; I - Increased; R ~ retained:
P - possible; b = believed; r - reported; # - may be restored by
& heat treatment; blank spaces - no data available.
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Section 5. Formabllity

The comparative formability of steel after belng glven
ench of the various coatings discussed 1ln Chapter II through
chapter VI are shown in Table 4.

The designation system used i1s as follows: G - good,
L - limited, P - poor, NG - bad, blank spaces = no data avallable.

WADC TR54=-209 170



Table 41

Formability
No, Coating Formabllity No. Coating Formability
J Al Sheet Steel G 30 Cr Electroplate P
2 Al Clad Steel G 3L Cu Electroplate G
3 Hot Dip Al Aldip L 32 Ag Blectroplate G
4 Hot Dip Al Alfin L 33 W Alloy Electro-
5 Hot Dip Al plate P
Mollerizing L 34 2Zn Hot Dip G
6 Metallizing #120 NG 35 Zn Electrogalv, G
7 Metallizing #11 L 36  Zn Sherardizing L
8 Metallizing #33 NG 37 Zn Metallizing P
9 Metallizing #45 NG 38 Carbonyl Moly L
10 Calorizing NG 39 Peen Plate KRG
11 Evaporated Al 40 Stainless (Clag G
12 Electroplate Al 41 Refractory Paint NG
13 Ni Electroplate 42 Refractory g4
White L Sllicone NG
14 N1 Electroplate 43 Al Pigm. Varnish NG
Bright L 44 Al Pigm. Resin
15 N1 Electroplate (not 81) NG
Hard NG 45 Al Pigm. Bitumas-
16 Ni Electroplate tic NG
Compreasgion 46 Unpligmented S11i-
17 ©Ni-P Electroplate P cones NG
18 Electroless Nickel P 47 Plgmented Silicone
19 Corronizing Ni-2Zn L %got Al) NG
20 Corronilzing Ni-Sn L 48 Al Pigm., Silicones NG
21 Corronizing Ni-cd L 49 Al ¥ Refractory
22 Carbonyl Nickel P Silicone NG
23 Wi & Ni Clad S0  Copolymer Baking NG
Alloys G 51 Copolymer Air Dry NG
24 Pack Chromizing L 52 Elastomers NG
25 Paint Chromizing L 53 Thermoplastics NG
26 Cr Plate ¥ Heat 54 Oleoresinous NG
Treat L 65 Phenolics NG
27 Pack Siliconizing NG 56 Furanes NG
28 Paint Slliconlizing NG 57 Epoxyl NG
29 Cd Electroplate G 58 Complex Fluorine NG
59 2n Metal Paints NG
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Section 6, Welding and Joining After Coating

The comparative weldsbility and ease of joining of steel as
coated with each of the various coatings discussed in Chapter II through
Chapter VI are shown in Table 42 and Table 430

The designation system used is as followss X - can be applied,

L - limited to certaim conmlitions, P - precautions are neceasary, R - repairs
required after welding, N - not feasible, blank spaces - no dalta available,
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Table 43

Joining Characteristics

Coating

Al Sheet Steel
Al Clad Steel
Hot Dip Al Aldip
Hot Dlp Al Alfin
Hot Dip Al
Mollerlzing
Metallizing #120
Metallizing #11
Metalllzing #33
Metallizing #45
Calorizing
Evaporated Al
Electroplate Al
N1 Electroplate
White
N1 Electroplate
Bright
Ni Electroplate
Ha rd
Ni Electroplate
Compression
Ni-P Electroplate
Electroless Nickel
Corronizing Nil-Zn
Corronizing Ni-Sn
Corronizing Ni-Cd
Carbonyl Nickel
N1 & Nl Clad
Alloys
Pack Chromlzing
Paint Chromizing
Cr Plate ¥ Heat
Treat
Pack Slliconizing
Paint Sllilconizing
Cd Electroplate
Cr Electroplate
Cu Blectroplate
Ag Electroplate
W Alloy Electro=-
plate
Zn Hot Dip
Zn Electrogalv,
Zn Sherardizing
Zn Metallizing
Carbonyl Moly
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Silver
N L
N L
N L
N L
N L
N N
N N
N N
N N
N N
X X
X X
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X L
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N L
N L
N L
X X
N L
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Table 43 (cont'd)

Soft Sllver

No. Coating Brazing Soldering Soldering Rivetlng Staking
39 Peen Plate
40 Stalnlsess Clad L N X X X
41 Refractory Palint N N N X N
42 Refractory #

Silicone N N N X N
43 Al Pigm. Varnish N N N X N
44 Al Pigm. Resin

{not 81i) N N N X N
45 Al Pigm. Bitumas-

tle N N N X N
46 Unplgnented Sili-

cones N N N X N
47  Pigmented Silicone

(not Al) N N N X N
48 Al Pigm. Silicones N N N X N
49 Al £ Refractory

Silicone N N N X N
50 Copolymer Baklng N N N X N
51 Copolymer Air Dry N N N X N
52 ERlastomers N N N X N
53 Themoplastles N N N X N
54 Oleoresinous N N N X N
55 Phenollecs N N i3 X N
56 Puranes N N N X N
57 Epoxyl N N N X N
58 Complex Fluorine N N N X N
59 Zn Metal Paints N N N X N
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Sectlon 7. Coats

Comparisons of the estimated costs per square foot of
surface coated by the various coatings discussed in Chapter II
through Chapter VI are shown in bar chart form in Table 44,

In order to arrive at a comparable basis for comparison,
the coatings are compared on the bgsis of per square foot. Obvi~
ously, 8 single square foot of surface or even 100 gsquare feet of
surface could not be prepared and coated within the cost figures
shown. The estimated costs are on the basis of quantity production
of falrly simple shspes.

WADC TR54-209 179



NOe

Coatling

oo Gt N

w o 31 O

10
11
12
15

14

15

16

17
18

19

Al Sheet Steel
Al Clad Steel

Hot Dip Al Aldip
Hot Dip Al Alfin

Hot Dip Al
Mollerizing

Metalllzing #120

Metsllizing #11
Metallizing #33
Metallizing #45
Calorizing

Evaporated Al

Electroplated Al

Ni Electroplate
White

Ni Electroplate
Bright

Ni Electroplate
Ha rd

Ni Electroplate
Compression

Ni-P Eiectroplate

Electroless
Nickel

Corronizing
Ni-Zn
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Table 44

0.0186"
0.010"
Simple
Ko data

Simple shapes

No data
No data

No data

Simple shapes
per mil thick

Simple shapes
per mil thick

Simple

per mll thick

Simple shapes
per mil thick

No data

Por mil thick

Coats

Rema rks

shapes

shapes

180

g U0

Price in $ per 1 sq. ft.

0 1,00 2,00 5400 4,00
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Table 44 {cont'd)

Price in § per 1 sq. i%.

0 1.00 2r00 5?00 4,00

No. Coating Rema rks

{

20 Corronizing
Ni-Sn S
I

2l Corronizing
Ni-Cd

22 Carbonyl Nickel No data

23 N1 & N1 Clad Heavy sheet
Alloys and plate only

24 Pack Chromizing ©No data
25 Paint Chromizing

26 Cr Plate ¥ Heat
Treat

27 Pack Sillcon- ¥o data
izing

28 Paint Silicon-
izing

30 Cr Blectroplate
31 Cu Electroplate

32 Ag Electroplate

1
"
29 Cd Electroplate Per mil C—
C——3
| —
[
—

33 W Alloy Electro=-
plate

34 7Zn Hot Dip 0
35 Zn Electrogalv, —]
36 Zn Sherardizing 1
37 2Zn Netallizing 3
38 Carbonyl Moly No data
39 Peen Plate No data
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Noo

Coating

40

41
42

43
44

45

46

47

48
49

50
51
52
53
54
55
56
o7
58
59

Stainiess (Clad

Refractory Paint

Refractory ¢
S8ilicone

Al Pigm. Varnish

Al Pigm. Resin
(not 81)

Al Plgm.
Bitumastics

Unpighmented
Silicones

Pigmented 511i-
cone (not Al)

Al Pigm, 3ilicones

Al £ Refractory
Silicone

Copoiymer Baking
Copolymer Air Dry
Elgstomers
Thermoplastics
Oleoresinous
Phenolics

Furanes

Epoxylas

Complex Fluorlnes

Zn Metal Palnts
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Rema rks

Heavy sheet

and plate only
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Price in $ per 1 sq. ft.

0 1,00 2,00 _ 3.00  4.00
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Appendix T
GLOSSARY AND DEFINITIONS OF TERMS

aclid bath - A solution of an acid or acid salts in water. In
electroplating, a plating bath that is acid in nature.

acid brittleness - The brittleness induced in stesl when plckled
in acld « commonly attributed to the absorption of hydrogen.

adherence - The degree of attachment of a coating to the base
metal,

Aalkaline bath - A cleaning solution that is alkaline in nature,
i.8., has a pH above 7.

alloy bond - Adherence resulting from an interdiffusion between a
coating and a core or base metal,

alloy elements - Elements added for the purpose of improving
propertles.

alloy steel - Steel which owes its properties chiefly to various
percentages of alloying elements other than carbon.,

aluminizing - Adding aluminum to a base alloy by heating the
metal below the melting point of the base @lloy in contact
with aluminum bearing solids, 1iquids or gases.

anchor pattern - The mechanical configuration of the surface to
which a protective coating is to be applied. Polished,
matte, pickled, sand blasted, rough grlit blasted, knurled,
etc.

anode - The electrode of an electrolytic cell at which oxidation
occurs. In corrosion processes, usually the electrode that
has the greater tendency to go into solution.

anodlc ~ The state of being the anode with respect to a cathode
in an electrolytic cell,

anodizing (nonferrous met.) - Subjecting metal to anodic oxidation
by making i1t the anode in a suitable electrolyte.

austenlitlc stalnless steels ~ Stainless steel of which the strmc-
ture remains austenitic after commercial annealing and
cooling,

bark = The decarburized skin or layer just beneath the scale on
steel.

barrel plating - A mechanical method of plating small parts in
which the parts are placed in a container, usually a perfor-
ated cylinder, that rotates submerged or partiaslly submerged
in a plating bath. '
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base metal = The metal on which a coating has been or 1s to be
applied.

basic salts - A compound of bases and acids in which not all of the
hydroxide of the base has been replaced by an acld radical,
i.e. shows an alkaline reaction.

binary alloy - An alloy containing two principal elements.

binder - As used in this manual a binder is a materlal added to a
mixture to keep the varlous heterogensous materials together
on a surface when the mixture is applied as a coating.

Bitumastic base - Tars from bituminous coal. A trade name, gen=-
erally applied to materlals containing a major proportion of
coal tars.

Bitumastic resin - See Bltumastic base,

blue brittleness - Brittleness occurring in steel when in the
temperature range of 400-700°F or when cold after being worked
within this temperature range.

blue heat range - The temperature range 1in which plain or low alloy
steels develop & thin blue fllm of oxide when heasted in air
(650 to B85091%),

bond - The nature of the adherence between basla metal and a
protective coating. Mechanlcal, chemicsl, moleculsar, alloyed,
etc.

brazing - Joining metals by fusion of nonferrous alloys that have
melting points above B009F but lower than those of the metals
being joined. This may be accomplished by means of & torch
(torch brazing) in a furnace {(furnace brazing) or by dipping
in a molten flux bath (dip or flux brazing). The filler metal
1s ordinarily in rod form in torch brazing; whereas in furnace
and dip brazing the work material 1s first assembled and the
filler metal may then be applied as wire, washers, clips,
bands, or may be integrsliy bonded, as in brazing sheet.

Brinell hardness - The hardness of & substance as measured by the
force which must be exerted upon 1t by a rigid sphere of given
radius to produce an indentatlon of given area.

burnishing = Plastlc amearing such as may occur on metallic sur-
faces during buffing or tumbling.

Calorizing = An aluminum plus asluminum oxlde coating process in
which the lron base alloy is tumbled in & mixture of aluminum
plua aluminum oxide under & non-oxidizing atmosphere and at a

temperature above the meltlng point of aluminum but below the
melting point of the iron base alloy.
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carblde precipitation -~ In stainless steels, the precipitation of
chromium carbides from the matrix. Suech precipitation, at
the grain boundaries, results in susceptlblility to intergren-
ular corrcsion.

carbon arec welding - An arc welding process in which one or more
carbon or graphite electrodes are used, with or without the
addition of filler metal.

carbonitriding - A process in which a ferrous alloy 1s case harde
ened by first being heated in a gaseous atmosphere of such
composition that the alloy absorbs carbon and nitrogen
simultaneously, and then belng coocled at & rate that will
produce desired properties,

carbonization ~ Coklng or charring of organic or carbonaceous
matter as a result of heating.

carbon steel - Steel which owes 1ts properties chlefly to various
percentages of carbon without substantial amounts of other
alloying elements. Also known as ordinary steel or straight
carbon steel or plain carbon steel.

Carburizing - Adding carbon to a base alloy by heating the metal
below the melting point of the alloy 1n contact with carbon-
aceous solids, liquilds or gases.

carburlzing stop~off - A coating used to cover s portion of the
surface of & piece to be carburized so as to prevent Carbur—
izing of that portion. Electroplated copper 1s used quite
often.

carrier gas - A gas used to carry or transport another gas or vapor.
cagse - In a ferrous alloy the surface layer that has been made

substantially harder than the interior or core by a process of
case hardening.

catalyst - A substance which changes the speed of a chemical
reaction, probably by taking part in its chemiecal reaction,
but which is formed sgain as a reaction product; hence is
agaln present in its original concentration at the end of the
reaction.

cathode - The electrode of an electrolytic cell at which reduction
occurs, In corrosion processes, usually the ares that 1s not
attached,

cathodic protection - The use of a particular metal as a cathode
in the corrosion cell as a means of protecting that metal
against electro-chemical corrosion. This may be accomplished
by the attachment of a more anodlc metal or by the use of an
applied potential.
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caustic embrittlement = Embrittlement of a metal resulting from
contact with an alkaline solutlon.

cavitation-erosion = Damage to a material in contact with a moving
l1iquid, associated with the formation and collapse of cavitles
in the liquid at the solid-liquid interface.

cementation = A process for obtaining a metal from a8 solution of
one of its compounds through displacement by a more electro=-
positive element.

ceramic frit « See frit.

chalking - The development of & loose removable powder in or just
benesth a surface coating.

checking - The development of sllght breaks in a coating which do
not penetrate to the underlyling surface.

chemical conversion coating - A4 coeting produced in situ by chemlcal
reaction wlth the metal at 1ta surface.

chemical reduction - & reaction in which one or more valence
electrons are added to an atom. This process is the exact
reverse of oxidatlon and both occur concurrently.

chromium carbide = A binary compound of chromium and carbon.

chromlzing - Adding chromium to iron base alloys by heatlng the
metal below its melting point in contact wlth chromifum bearing
aolids, liquids or gases.

cladding - The process of applylng surface layers of one metal to
another metal which involves heat, pressure and mechanical
work sufficient to create an alloy bond,.

cold coining - A cold forming operation in which the blank is made
to conform to the die impression while the metal 1s at normal
atmospheric temperature.

cold working - Permanent deformation of a metal below its recrys-
tallization temperature.

colummar structure = A structure in which the indivlidual grelns are
in somewhat parallel arrangement and are of great length with
respect to cross-section (column like).

composite nlckel - A coatlng consisting of two or more metallic
layers, one of which is nickel. The nickel can be in the form
of a depoait or as wrought material.

concentration cell - An electrolytic cell, the e.m.f. of which is
due to a difference in concentration of lons in an electrolyte.

concentration gradient - Change in concentration per unlt distance.
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cored structure ~ A structure having its interlor or core of dif=-
ferent structure or material from the exterior.

Corronizling - The process of electroplating steel with nickel and
subsequently with zinc, tin or cadmium and then applying a
low temperature anneal to cause interdiffusion.

corrosion - Deatruction of a metal by chemical or electrochemical
reaction with 1ts environment.

corrosion fatigue - Reductlion of fatigue durability by a corrosive
environment.

corrosion fatigue limit - The maximum repeated stress endured by a
metal without fallure in a stated number of stress applica=-
tlons under defined conditions of c¢orrosion and stressing.

covering power - In paint, the ability to cover a surface, commonly
expressed ln terms of square feet of a single coating per
galion of paint.

cracking (of coating) - Breaks in a coating which extend through to
the underlying surface,

crazing -~ A network of checks or cracks appearing on a surface.,

crevice corrosion ~ Corrosion in a sharp corner or confined space
between two faces of a metal in contact with a corrocsive
environment,

current density - The magnitude of a current per unit cross~-section-
a8l area; in the case of the electric current, it is commonly
expressed ln amperes per unlt area.

current efficlency - The proportion of the current that is effective
ln depositing metal at the cathode in accordance wilth Faraday's
Law,

Cyanlding - A process of case hardening a ferrous alloy by heating
in a molten cyanide, thus causlng the alloy to absorb carbon
and nitrogen simultaneously. Cyaniding is usually followed by
quenching to produce a hard case,

cyclic stress « A stress that is repeated in successive periods of
time, The stress may alternate from tension to compression
and back agaln or may vary entirely in one direction.

decarburization - The removal of carbon (usually refers to the
surface of steel).

deposit attack - Corrosion occurring under or around a discontinuous
deposit on a metalllc surface.
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deposited coating - A coating deposited on a surface by any meens.

Diamond Pyramid hardness - A hardness number on a special scale
corresponding to the area of indentatlon produced by a pyramid
shaped diamond under a given load.

diffusion = A movement of atoms within a solution. The net
movement 18 usuvally in the dlrection from reglons of high
concentration toward regions of low concentretion in order to
achieve homogeneity of the solution, which may be a 1iquid,
solld or gaa.

diffusion coating - A coating created by the addition of an alloying
element to the surface and heatlng below the melting point %o
cause migration,

diffuslion heat treatment - Heat treatment for the purpose of causing
diffuslion to take place. g

dilssociated ammonie - A mixture of 75% hydrogen and 25% nitrogen
gases produced by dissocliating ammonia (NHz) by heating.

dissoclated water vapor - Hydrogen and oxygen from the breaking up
of molecules of water at elevated temperstures,

disaclved carbon - Carbon in soclutlon in iron in the solid state.

drying oll = In palnts, an oll which slowly abasorbs oxygen from the
alr and becomes hard and resinous, such as linseed or tung oil.

ductility - The property that permits permanent deformstion before
fracture by stress,

efficlency (of plating) - The ratlo of welght of metal deposited to
the maximum theoretical welight that could be deposited by the
same amount of electricity,

18-8 stainless steel - Austenitlc atainless steel containing
approximately 18% chromium and 8% nickel.

electrocleaning - Alkaline cleaning during which a current 1s passed
through the cleaning solution and the metal to be cleaned.
Rapld evolution of gas on the work surfaces loosens dirt and
other foreign materials so as to effect rapid cleaning.

electrodeposit-electroplate = A coating of metal deposited on a
surface by the uss of an electric current through a solution
contalning the metal to be deposited.

electroforming - The production or reproduction of articles,
printerst! type, etc. by electrodeposition.

electrogalvanizing - Coatlng of a metal with zinc by electrodepo=-
aition.
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elongation - The amount of permansent extension in the vicinity of
the fracture in the tension test; usually expressed as g
percentage of the original gage length, as 254 in 2", Blonga-
tion may also refer to the amount of extension at any stage in
any process that elongates a body continuously, as in rolling.

embrittlement = Severe loss of ductiliity of & metal or alloy.,

endurance limit - The maximum stress to which material may be
subjected an indefinitely large number of times without causing
fﬂilureo

environment - The conditions surrounding a material including such
factors as temperature, humidity, pressure, veloclty and
composition of surroundings.

Epon resin - A trade name for s series of epoxXy resins.

Epoxy resins - Recently developed synthetic plastic like thermo-
setting resins formed as condensation products of the poly-
phenols and epichlorodins,

Erichsen test = A ductility or cupplng test in which the depth of
impression at fracture, made by forecing a cone-shaped,
spherical-end plunger into the sheet specimen, 13 measured in
millimeters,

erosion - Destruction of metal or coating by the abrasive action of
liquid or gas, Usually accelerated by the presence of liquid
or solid particles suspended in gases or liquids. Accelerated
by increases in velocity, At times the abragsive medium 1s
corroaive also and produces a combination of erosion and
corrosion,

etching - Roughening by the attack of reagents on a metal surface,

exfollation - The spalling or scalling off of a surface in flakes
or layers,

fatigue fallure = A fracture Starting from &8 nucleus where there is
an abnormal concentration of cyclic stresa and propagating
through the metal., The surface is smooth and frequently shows
concentric (sea shell) markings with g hucleus as a center,

fatigue limit ~ The maximum stress that a metal will withstand
without fallure for g specified large number of cycles of
stress., Usually synonymous with endurance limit,

fatigue strength - The range of stress to which an elastic material
may be subjected a stated number of times in succession without
fracture,

film « A thin, not necessarily visible layer of material.

WADC TRS54-209 189



fissures - Narrow openings, cracks or crevices.

flaking = Internal fissures in large steel forgings or masslve
rolied shapes. In a fractured surface or test plece they
appear as sizable areas of gilvery brightness and coarser
grain size than their surroundings.

flash deposit -« A thin deposit on a surface in a short period of
time. 1In electrodeposited coating, usually a thickness of less
than 0,00001",

fluxing - Applying a solld or gaseous material to molten metal in
order to remove oxide dross and other foreign materlals,

fretting corrosion - Corrosion at the interface between two con-
tacting surfaces accelerated by slipping motion between them.

frit = In ceramica, an imperfectly vitrifled and granulated glass
1ike material used for the making of ceramlc coatlngs.

fused metallized coating - A metallized coating that has been fused
in place after being sprayed.

galling - The damaging of one or both metallic surfaces by removal
of particles from localized areas during sliding friction.

galvanic cell - A cell made up of two disslmilar metals or con~-
ductors in conbtact with an electrolyte.

galvanic corrosion - Corrosion assoclated with the current of a
galvanic cell mads up of dissimilar electrodes. A4lso known
as couple action.

galvanizing - Applylng & zinc coatling by dipping in a bath of
molten zinc (hot dlp galvanizing) or by electrodeposition of
zinc (electrogalvanizing).

galvannealed - Galvanilzing metal (zinc) applied to a surface after
which the article 1s passed through an oven at about 12000F.
The resulting coat is dull gray without spangle.

general corrosion - Uniform corrosion attack over the entire exposed
surface.

gréins - Crystals in metals,

grit blasting - An airblasting operatlion using various grit
materials, as distinguilshed from sand, for cleaning a surface.

heat treatment = An operation or combination of operations,
involving the heating and cooling of a metal or alloy in the
solid state, for the purpose of obtalning certain desirable
conditions or properties.
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high alloy steel - An alloy steel containing over 7% of alloying
elements,

high frequency inductlion - The process of local heating by elsc=-
trical induction using high frequency current as the primary.

high speed plating - Electroplating at high current densities to
deposit a metal at an accelerated rate.

holiday ~ A hole or vacancy or uncovered area in a coated surface.

honing = Finlshing a surface by means of rubbing with fine abrasives.
Liquid honing, finlshing a surface by blasting with a slurry
of fine abrasives in a liquid.

hot short range - The range of temperature in which s normally
plastic material becomes brittle.

humidity test =« A corrosion test in an atmosphere of relatively high
humidity (moisture content).

hydrogen embrittlement - Embrittlement caused by entrance of
hydrogen into the metal as for example through pickling or
electroplating.

hydrolyses - A dual decomposition reaction involving the separation
of water and its ions and the formation of a wesak acld, or a
wegk base or both.

immersion coating ~ A coating formed by deposition of a metal from
a solutlon of its ions on another metal with or without
replacement.

impingement attack - Corrosilon associsted with turbulent flow of a
1iguid or ges. TFor some metals the action is considerably
accelerated by entrained bubbles in the ligquid or entrained
droplets of liquid in the gas,

inhlbitor - A chemical substance or mixture which when added in
small concentrations to an environment or a coating material
effectively decreases corrosion.

interface = The mating surface of two closely adjacent parts.

intergranular corrosion - Preferential corrosion at graln boundaries
of a metal or alloy. Also called intercrystalline corrosion.

intermelting - Simultaneous melting of two or more metals in
contact with each other,

lapping - Producing a smooth surface by means of a fine sbrasive in
oil or water and a disk or flat block of wood, leather or soft
metgl,
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lattice structure = An arrangement of polnts in space, representing
the relative positions of corresponding atomilc, molecular, or
ionic centers in the elementary cells or structure unlts of a
crystal.

lifting - As applled to coatlngs, peeling in large areas with the
peeled coating remalning intact.

loeal action = Corrosion caused by local galvanic cells on a metal
surface,

low alloy steel = An alloy steel containing less than 7% of alloying
elements,

low hot hardness - Low hardness when at an elevated temperature,.

macroscopic - Visible either with the naked eye or under low
magnification (up to about 10 diameters).

macrostructure -~ The structure and internal condition of mebtsls as
revealed on & ground or polished (and sometimes etched)
sample, by either the naked eye or under low magnifications
(up to about 10 diameters).

matte surface - A surface wlth low specular reflectivity.

metalllzing -~ The process of spraying a surface with a metal.

metal replacement - The deposition of a metal from a solutlon of
its ions or from & vapor compound on another metal accompanled
by an interchange of lons of the two metals.

microhardness = The hardness of microscopic points within an alloy.

mill scale -~ The heavy oxide film that forms on the surface during
the hot processing or heat treating of metals, especlally on
iron and steel products.

molten salt bath - A 8alt or mixture of salts at a temperature
sufficiently high to be in the liquid (molten) state.

monel metal - A native alloy of 67% nickel, 28% copper, 1-2%
mangsnese and 1.9-2,5% iron.

mud blasting = Cleaning with a suspension of fine sand ln water
projected at a surface at a high veloclty.

Neoprene = Chloroprene rubber formerly socld under the trademark
"DupPrene',

nitriding - A process of case hardenling in which an alloy is heated
in an atmosphere of ammonia or in contact with nitrogenous
material to produce surface hardening by the absorption of
nitrogen, without quenching.
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oxldation ~ The reaction of & metal with oxygen to form &an oxide.
Clean surfaces of many metals oxldize very rapidly when
exposed to the oxygen in alr., The rate of oxidation decreases
as protective oxlde films are formed. The oxide films formed
in air at room temperatures are usually invisible. When
formed at higher temperatures they may build up in thickness
so a3 to pa’s through several orders of lnterference colors,
Prolonged heating at high temperatures usually will produce
thick surface layers of oxide or scale which may or may not be
adherent,

oxygen concentration cell corrosion - (ell corrosion where the
e.m.fs 13 due to warlatlions in oxygen concentration in the
electrolyte.

package stabllity = Abllity to malntain a satisfactory condition
durlng time while in a packaged condition.

pack chromizing - Chromizing by packing or embedding in a granular
chromizing material in a retort or box and heating the retort
or box to the desired temperature.

pack slliconlzing - Siliconlizing by packing or embedding in a granu-
lar siliconizing meterial in a retort or box and heating the
retort or box to the desired temperature.

passivating - The process of inhibiting corrosion by changing the
potential of a metal surface to a more cathodic value.

peelin% - The 1ifting and loss of coatings from areas of appreciable

8126,

peen plating - The process of applying a metallic coating of a
metal onto a metalllc object by tumbling or ball milling the
object in powder or flake metal.

pPH - A symbol for the logarithm of the reciprocal of the hydrogen-
ion concentration. It denotes the true acidity or alkalinity
of & solutlon,

Phenolic resin - A generic term applied to the entire group of
thermosettlng phenol=formaldehyde plastic resins.

phosphate coating - A chemical conversion coating produced on a
metal by immersion or wetting with a solution containing
phosphoric acid plus metal salts,

pinhole porosity - Very small holes scattered through a coating.

plt - A depreasion in the surface of metal,

pitting corrosion - The type of localized corrosion causing pits.

Polyethylene - A synthetlc plastic consisting of a polymer of
ethylene.
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Polymerization - A reaction in which two or more moleculss of the
same substance c¢ombine to form a compound, from which the
original substance may or may not be regenerated; the new
molecular welght belng a mulitiple of that of the original
compound.

precipitation hardening -~ A process of hardening an alloy in which
8 constvituent precipitates from a supersaturated solid solu-
tion.

preplating - An initial electro or immersion plate applled to a
surface before the application of an additlional coating.

prime coat -~ A firat coat of paint applled to improve adherence of
the succeedling coat. Frequently containing a corrosion
inhibitor.

pyrolytic decomposition ~ Decomposition due to elevated temperature,

refractory = A heat resistant material, usually non-metallic, used
in ceramiecs.

relative humidity - The ratlo, expressed as a percentage, of the
amount of water present In a gilven volume of alr or gas at a
glven temperature to the amount required to saturate the air
or gas at that temperature.

replacement coating ~ See metal replacement.,

Rockwell hardneds -~ A hardness number on a special scale correspond-
ing to the increase in depth of penetration of a given
indentor under a given increase in losad,

rusting - Corrosion of iron resulting in the formation of products
on the surface consisting largely of hydrous ferric oxide.

sacrificial metal = A metal which is anodic to the metal to which

it 1is applied and thus offers cathodie protection by being
sacrificed in an electrolytic corrosion cell.

salt spray test - An accelerated corrosion test in which the metal
speclmens are exposed to a fine mist of salt water solution
elther continuously or intermittently.

sand blasting - Cleanlng a surface by blowing sand at it with a
blast of air.

scaling - The formation at high temperatures of partislly adherent
layers of corroslon products on s metal surface.

seal treatment - A process used to fill the pores of porous coatinga,
seizing ~ Damaging of a metal surface by rubbing with another metal.
Similar to galiing.
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sensitization - In stainless steels, carblde precipitation at grain
boundarles creating susceptlbility to Intergranular corrosion.

Sherardizing -« A zinc coating process in which the metal object to
be coated 1is tumbled 1In a zinc powder mixtures under & non-
oxidizing atmosphere and at a temperature below the melting
polint of zinc,

Silicone = A complex polymer conslating of a mixture of various
organo 8illcon oxide polymers.

Silicone-Alkyd Copolymer - A polymer of silicone-alkyds as dis-
tinguished from a polymer of silicon-monoxide (silicones).

Silicone base -« A coatlng made up of polymers of silicon-monoxide.

siliconizing ~ Adding sillcon to iron base alloys by heating the
metal below its melting polnt in contact with silicon bearing
s0lids, liquids or gases.

gilver solder -~ Alloys of silver, copper, zinc and other metals,
melting between 650 to 875°C, used for making joints.

"soft" condition - An annealed condition.

soft socldering - Soldering wlth lead base or tin base soldsrs.

spalling - The chlpping or fragmentation of a surface or surface
coating caused, for example, by differential thermal expansion
or contraction.

springback - An indlcator of elastic stresses, frequently measured
as the change 1n radius of curvature of a strip after
removing 1t from the mandrel about which it was held.

staking - Fastening in place by means of prick punching.

stress corrosion = Corrosion of a metal accelerated by stress,

stresa corroslon cracking - Spontaneous fallure of metals by
cracking under combined action of corrosion and stress,
residual or applied.

dtress ralsers - Sharp changes in c¢ontour, notches, or surface
defects in metal shapes that cause a concentration of stresses
in 8 stressed member.

stress rellef treatment - A process of reducing residual stresses
in a metal object by heating the object to a sultable
temperature and holding for a sufficient time.

strike = An initial electrochemical deposit; or sometimes the
electrolyte from which such deposit is made.
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stud welding ~ An arc welding process where heatlng ls with an
electric arc drawn between a metal stud, or gimilar part, and
the work until the surfaces to be Joined are properly heated,
when they are brought together under pressure, and no shielding
is used.

submerged arc welding - An arc weldlng process of the metal-arec
type in which the filler metal 1is deposited beneath a shilelding
blanket of granular, fuslble material.

surface actlvating solutlon - A solution which destroya, or tends
to destroy, surface passivity of a metal.

tank plating - Electroplating of work in & still tank of solution
as distinct from plating in a rotating or reveolving container
called "barrel plating'.

tarnish « Dlscoloration of a metal surface due to formation of an
adherent continuous film of corrosion products.

terne plate - Steel sheet, hot dip coated with terne metal (10-15%
tin; 85-90% lead),.

thermoplastic resins - A resin capable of being repeatedly softened
by heat.

throwing power - The abllity of an electroplating solution to
deposit metal uniformly on & cathode of irregular shape.

thermosetting resins - A resin capable of belng hardened by heat.
It cannot be resoftened.

tin embrittlement - Embrittlement caused by tin in an iron base
alloy or by the penetratlon of molten tin along grain
boundarlies of the iron base alloy when it is under stress at
a temperature above the melting point of tin.

tuberculation - The formation of localized corrosion products
scattered over the surface in the form of knoblike mounds.

underflilm corrosion - Corrosion that ocecurs under protective coating
systems in the form of randomly distributed hairlines or spots.,

vapor deposlted coating - A coating deposited from a vapor compound
of a metal without a replacement reaction as described under
"metal replacement".

vehicle - In palnts, the medium or carrier with which pigments are
mixed, as oil in paints.

Vickers hardness test - An Indentation hardness test employing a
136° dlamond pyramid indenter and variable loads enabling the
use of one hardness scale from very soft lead %o tungsten
carbide.
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Vinyl = A loosely used term to cover the various groups of vinyl
resins, (QCenerally, resins consisting of copolymers of vinyl
chloride and vinyl acetate.

Vinylidene Chloride Copolymers - Monomeric form of polyvinylidene
chloride reains.

wash primer - A phosphoric acid containing prime coat paint often
containing zinec chromate and other corrosion inhibitors,

wet corrosion ~ Corrosion in the pressnce of plain water or
aqueous solutions.

wotting = The adhesion of s 1liquid onto a surface.

wire gun - In metallizing, the apparatus that continuously melts
the tlp of a wire and blasts or Sprays the molten metal away
from the tip.

zinc embrittlement - Embrittlement caused by zinc in an iron base
alloy or by the penetration of molten zinec along grain
boundaries of the iron base alloy when it is under stress at
8 temperature above the melting point of zinec.
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