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3,782,909 
CORROSION RESISTANT ALUMINUM-ZINC 
COATING AND METHOD OF MAKHNG 

Harold J. Cleary, Coopersburg, and James B. Horton 
and George F. Melloy, Bethlehem, Pa., assignors to 
Bethlehem Steel Corporation 

Filed Feb. 11, 1972, Ser. No. 225,407 
Int, C. B32b. 15/00 

U.S. C, 29-196.2 4. Claims 

ABSTRACT OF THE DISCLOSURE 
Aluminum-zinc coated ferrous products which are par 

ticularly resistant to corrosive flaking such as may occur 
in extremely corrosive environments are provided by ac 
celerated cooling of the coating on the product as it 
emerges from a coating bath containing molten zinc and 
aluminum. The cooling is accomplished at a minimum 
rate of cooling which will prevent later corrosion flaking 
of the coating. 

BACKGROUND OF THE INVENTION 
This invention relates generally to metallic-corrosion 

resistant coatings on ferrous articles, such as steel sheet, 
strip, wire, fasteners, structural shapes and other steel 
products, and more particularly to the provision of highly 
corrosion-resistant aluminum-zinc coatings on such prod 
lictS. 
Aluminum-zinc coatings for steel strip and other steel 

products and methods of providing such coatings have 
been described in U.S. Pats. 3,343,930 and 3,393,089 to 
A. R. Borzillo et al. Such coatings consist of an inter 
metallic layer on the substrate with an aluminum-zinc 
overlay. While the aluminum-zinc coated products de 
scribed in these patents are corrosion-resistant and ex 
hibit in normal corrosive environments corrosion resist 
ance very much greater than similar galvanized products, 
accelerated corrosion tests have indicated that some prob 
lems could, after long periods, arise with such products 
in severely corrosive environment. Such environments 
may include seashore environments immediately adjacent 
to the ocean or severe industrial environments, particul 
larly where the environment has generally acidified char 
acteristics. 
Under accelerated tests of corrosion in test environ 

ments simulating such severely corrosive environments, 
it has been found that patches of the aluminum-zinc over 
lay of the coating may have a tendency to flake off. This 
flaking is of a different character from the mechanical 
flaking which is encountered in galvanized or aluminum 
coatings upon bending or flexing of the ferrous metal sub 
strate. This well known mechanical flaking of galvanized 
and aluminum coatings has been found to be due gen 
erally to excessive growth of a brittle intermetallic layer 
formed between the ferrous substrate and the metallic 
overlay. Severe bending of such coatings cracks the thick 
intermetallic layer, and the cracks are then propagated, 
causing portions of the coating to flake off. 

In aluminum-zinc coatings, on the other hand, in cer 
tain severe test environments the aluminum-zinc overlay 
of coating flakes off in patches without any bending. Mi 
croscopic studies have shown that the aluminum-zinc 
coating in these cases separates along the interface be 
tween the intermetallic layer and the aluminum-zinc over 
lay. This separation, which leaves the intermetallic layer 
still adhering to the ferrous base metal, appears to be in 
dependent of the thickness of the intermetallic layer and 
appears to be the result of corrosion. This flaking of alu 
minum-zinc coatings is hereafter referred to as corrosion 
flaking. The exact cause of corrosion flaking has so far 
eluded lengthy and painstaking research. Its development 
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2 
has, however, been traced by the present inventors, and 
treatment to prevent corrosion flaking has been devised. 

SUMMARY OF THE INVENTION 

The present inventors have been able to trace the de 
velopment of corrosion flaking and have been able to 
obviate its deleterious effects by the method of the present 
invention so as to provide a new and improved corrosion 
resistant aluminum-zinc coated product. 
The aluminum-zinc overlay of the coating, being es 

sentially a two phase system, solidifies in two phases 
having variable compositions. The aluminum, being the 
highest melting of the two metals, tends to solidify first, 
as a solid solution, essentially in the form of dendrites, 
so that an alloy high in aluminum is initially precipitated 
from the molten coating. As more and more of the alu 
minum-rich material is solidified out, the remaining 
molten coating metal becomes increasingly richer in the 
relatively lower melting zinc. The last molten metal freezes 
out as interdendritic material and is quite high in zinc 
content. Microstructures as revealed by amyl nitric etch 
ing of cross sections of the coating perpendicular to the 
plane of the coating show these zinc-rich region as dark 
areas between larger light areas consisting of various 
compositions of alpha-aluminum solid solutions. 

Microscopic examination has indicated that the zinc 
rich regions corrode at a faster rate than the general 
matrix of alpha-aluminum material. This results in a 
somewhat porous coating after an extended period in a 
corrosive environment. This porous coating, nonetheless, 
under ordinary circumstances remains highly corrosion 
resistant and continues to sacrifically protect the substrate 
metal from attack in most corrosive environments. In 
highly corrosive environments, however, such as acidified 
sodium chloride test environments which simulate sea 
shore and severe industrial environments, once the corro 
sive action has corroded out some of the zinc-rich regions 
extending from the surface of the coating to the under 
lying intermetallic layer, a coating not previously treated 
according to the present invention may rapidly flake off 
along the interface between the aluminum-zinc overlay 
and the underlying intermetallic layer. The corrosion is 
apparently very quickly propagated along this interface 
once the corrosive action reaches it from the exposed 
Surface of the coating, and causes a rapid peeling away, 
flaking or exfoliation of the coating. 
The present inventors have discovered that the propaga 

tion of corrosion along the interface between the inter 
metallic layer and the aluminum-zinc overlay can be 
prevented by rapidly cooling the coating during its solidi 
fication period at a rate equal to or exceeding a critical 
minimum rate. For aluminum-zinc coatings in the vicinity 
of 55%, by weight, aluminum-which is the optimum 
coating composition having the general corrosion proper 
ties to protect steel-the critical minimum rate is ap 
proximately 20 F. per second. Cooling of the coating 
at a rate equal to or exceeding this minimum rate has been 
found to result in a coating in which there is little or no 
harmful propagation of corrosion along the interface 
between the aluminum-zinc overlay and the intermetallic 
layer. By so cooling, a coating is produced which is very 
resistant to corrosion flaking. The area of the interface 
surrounding the zinc-rich regions, and apparently extend 
ing across the entire interface, is stabilized by the ac 
celerated cooling so that there is little or no harmful 
propagation of corrosion along the interface. A coating 
cooled at a rate less than the critical minimum rate of 
cooling, on the other hand, remains unstabilized in the 
interfacial region, so that the coating is very susceptible 
to corrosion flaking. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a view of a coating line for applying and 
treating the coating of the present invention. 

FIG. 2 is a drawing of a photomicrograph of an etched 
Cross-section of a solidified aluminum-zinc coating on 
steel sheet. 

FIG. 3 is a drawing of a photomicrograph of a cross 
section of aluminum-zinc coating similar to that shown 
in FIG. 2, but having been exposed to a corrosive en 
vironment for a period. 

FIG. 4 is a drawing of a photomicrograph of a cross 
Section of an aluminum-zinc coating which has been 
treated by the method of the present invention and then 
exposed to a corrosive environment for a period. 

FIG. 5 is a graph illustrating various cooling rates and 
their effect with respect to corrosion flaking of an alumi 
num-zinc coating. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The preliminary coating of a ferrous base such as steel 
may be initially accomplisehd substantially by the hot dip 
coating practice shown and described in U.S. Pat. 
3,393,089 to Borzillo et al. This procedure results in the 
attainment of an aluminum-zinc coating 31, as shown in 
FIG. 2, in which an aluminum-zinc overlay 33 comprises 
a matrix of alpha-aluminum 34 with included regions of 
dark-etching zinc-rich material 35. The overlay 33 is ad 
jacent to an intermetallic layer 37 comprised of inter 
metallic compounds formed upon the ferrous base metal 
39. 

Referring to FIG. 1, a strip 1 composed of 28 gage 
rimmed steel with a carbon content of 0.06 wt. percent, 
a manganese content of 0.31 wt. percent, and other ele 
ments customarily found in rimmed strip steel, is fed from 
a pay-off reel 2 to a cleaning tank 3 containing an 
aqueous Solution 4 of any suitable standard alkaline clean 
ing solution for steel strip. The cleaning solution is pref 
erably maintained at a temperature of approximately 
180-200 F. The cleaned strip is scrubbed at scrubbers 
5, and rinsed in a tank 6 with rinse water 7. From the 
rinse tank 6, the strip is led through rubber squeegee rolls 
8, over rolls 9 and downwardly through a heating furnace 
10, where the strip is heated to a temperature of approxi 
mately 1200 F. or greater to anneal the strip. The furnace 
10 may be heated by combustion of natural gas and air in 
a ratio of 1 to 8. 
From the furnace 10, the strip passes about a guide roll 

11 and through a holding chamber 12 where the strip is 
partially cooled to approximately 800 F. to 1200° F. 
A reducing atmosphere of approximately 99% hydrogen 
is preferably maintained in the holding chamber 12 to 
protect the strip from oxidation prior to its entry into a 
coating pot 13. The strip 1 then passes through a molten 
metal bath composed primarily of molten aluminum and 
Zinc contained in the coating pot 13. The strip is guided 
through the molten bath 14 by sinker rolls 15 and 15'. 
The strip enters the coating bath at a temperature of ap 
proximately 800° to 1200° F. The bath is preferably 
maintained at approximately 1130 F. Upon leaving the 
bath, the strip is passed through a wiping means to estab 
lish a desired thickness of molten coating upon the strip. 
The usual commercial coating weight will be approxi 
mately one-half ounce to 1 ounce per square foot (two 
sides), i.e. .8 to 1.6 mils average coating thickness for 
each side. A suitable wiping means may be a pair of gas 
wiping dies 16 having gas orifices 17 designed to provide 
a blast of gas across the surface of the strip to wipe ex 
cess coating metal from the surface. The wiping gas, 
which may be air, steam or other suitable gas, is supplied 
from any suitable source, not shown, through conduits 
18. The wiping gas is preferably heated so that it does not 
have an excessive cooling effect upon the coating as it is 
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4. 
wiped. As an alternative, the coating may be wiped by a 
pair of conventional exit rolls. - 

After the strip passes through the gas wiping dies 16, 
it is immediately passed into an accelerated cooling 
chamber 19 where it is contacted by a jet or jets of a cool 
ing gas or vapor such as air, fine water sprays or other 
suitable cooling mediums supplied at a rate effective to 
cool the coating upon the surface of the strip at a rate 
of at least 20 F. per second during the solidification 
period of the coating metal. In the particular cooling ap 
paratus shown, jets of air are directed at the Strip sur 
face from headers 20. Accelerated cooling of the coating 
through its solidification range could also be attained 
by the use of suitable oil or water quenches, particularly 
for products other than sheet and strip. 

The flow of cooling medium such as air necessary to 
attain a cooling rate of at least 20 degrees per second 
will depend upon the speed of the line, the gage of the 
base material, the amount of coating deposited upon the 
strip and other factors. A practical approach in determin 
ing the flow of cooling medium necessary for proper cool 
ing according to this invention is to measure the tem 
perature of the strip as it passes into the cooling chamber 
19 and at several points as it passes out of the cooling 
chamber 19, and then based upon these measurements 
and the speed of the strip one can easily calculate the 
cooling rate provided by any selected flow of cooling 
medium in the cooling chamber 19. 

Since an aluminum-zinc coating is essentially a two com 
ponent system, its solidification temperature extends Over 
a fairly broad range which will vary depending upon the 
relative percentages of aluminum and zinc in the molten 
metal. For a composition of 55 wt. percent aluminum and 
43.5 wt. percent zinc with the remainder substantially 
silicon, the solidification temperature range under non 
equilibrium cooling conditions extends from approxi 
mately 1085 F. to 700°F. as may be seen by consulting 
the currently accepted Presnyakov phase diagram for 
aluminum-zinc system. While a bath containing about 55 
wt. percent aluminum is the preferred composition, the 
bath may contain 25 to 70 wt. percent aluminum, balance 
Zinc, to which has been added silicon in an amount not 
less than .5 wt. percent of the aluminum content. A pre 
ferred range is 40 to 60 wt. percent aluminum, balance 
ZC. 

As taught in Pat. 3,393,089 to Borzillo et al., it is neces 
sary in a hot dip aluminum-zinc coating bath to include 
silicon equal to at least .5% of the aluminum content of 
the bath in order to prevent excessive growth of the inter 
metallic layer. The beneficial effects of silicon in prevent 
ing excessive growth of the intermetallic layer extend from 
.5% of the content of aluminum in the molten coating 
bath up to the solubility limit of silicon in the molten 
bath. While more silicon could be used, an additional 
amount has no practical effect. The solubility of silicon 
in an aluminum-zinc bath varies according to the rela 
tive percentages of the bath components and the tempera 
ture of the molten aluminum-zinc system and thus can 
not be readily defined. However, it is believed that on the 
average the solubility limit of silicon in most molten 
aluminum-zinc coating bath systems will be about 12% 
of the aluminum content of the bath. 

It is important for the cooling rate of the coating to 
be at least 20 F. per second throughout substantially the 
entire solidification range of the coating. It is important 
to Sustain the cooling rate until the coating is entirely 
Solidified, which is frequently beyond the point at which 
the coating, or at least the surface of the coating, has the 
appearance of being Solidified. After the entire coating is 
Solidified it is additionally important that sufficient cool 
ing be continued so that residual heat from the ferrous 
base metal does not tend to reheat the coating again above 
the lower portion of the Solidification range. The reheat 
ing effect of the base metal depends to a large extent upOn 
its gage so that a heavy gage material may require con 



3,782,909 
5 

siderable additional cooling beyond complete solidifica 
tion to continue to extract heat from the coating and base 
metal. Accelerated cooling of the strip and its coating may 
be started before the solidification of the coating starts 
if desired, but is not usually necessary. It is essential, how 
ever, to have accelerated cooling equal to, or in excess 
of, the critical minimum rate over the solidification range 
of the coating in order to prevent later corrosion flaking 
of the coating. 

After the strip 1 leaves the accelerated cooling appa 
ratus 19 it passes upwardly over a dancer roll 21 and then 
downwardly to a take-up reel 22 from where it may be 
later removed for storage, use or in some cases further 
treatment prior to use. 
While the entire corrosion mechanism is not completely 

clear, it is known that corrosion begins with zinc-rich 
material in severely corrosive environments as shown in 
FIGS. 3 and 4. FIGS. 3 and 4 are representations of pho 
tomicrographs of a coating susceptible, and one not sus 
ceptible, respectively, to corrosion flaking. In FIG. 3 the 
corrosion taking place through the zinc-rich material can 
be seen as dark leached-out areas 40, and it will also be 
evident that corrosion has proceeded along the interface 
between the aluminum-zinc Overlay 41 and the underlying 
intermetallic layer 43 upon the surface of the base metal 
Substrate 45 sufficient to cause the Overlay 41 to begin to 
flake off. The inventors refer to this condition and the 
coating which is susceptible to it as a Susceptible or “un 
stabilized” coating. 

In FIG. 4 there is shown an aluminum-zinc coating 
similar to that shown in FIG.3 but which has been cooled 
during freezing at an accelerated rate, viz. at a rate of at 
least 20 F. per second, to stabilize the coating and render 
it nonsusceptible to flaking-type corrosion. In this FIG. 4, 
it is evident that although considerable corrosion has oc. 
curred in the zinc-rich material, the corrosion has not 
progressed along the interface between the aluminum-zinc 
overlay 41 and the intermetallic layer 43. The inventors 
refer to a coating which exhibits this lack of susceptibility 
to interfacial corrosion as a "stabilized' coating. It is 
evident that the treatment of the invention, i.e. the ac 
celerated cooling, has somehow Stabilized the portions of 
the interface adjacent to the zinc-rich regions and rendered 
the interface 9-susceptible to rapid propagation of cor. 
rosion. A considerable volume of investigation has so far 
not revealed any detectable structural differences between 
the unstabilized and stabilized Coatings although it is clear 
from the difference in corrodability of these variously 
Cooled coatings that some important physical or chemical 
differences must be present. The important factor, how 
ever, is that the stabilized coating is not Susceptible to 
corrosion along the interface and thus is not subject to corrosion flaking. 

for 5 minutes with Concentrated nitric acid to partially 
dissolve the zinc-rich materials. The Sample is then rinsed 
in 10% ammonium hydroxide and then rinsed in water 
and dried. The coated Sample is then exposed in a salt 
Spray cabinet to a fine Spray of acidified (with acetic 
acid) five percent sodium chloride at a pH of 3.0 and 
temperature of 95° F. for 45 minutes, followed by two 
hours of drying with Compressed air at room tempera 
tures and finally 34 hours holding time in the salt Spray 
cabinet at a temperature of 95 F. This exposure-drying 
cycle is repeated a number of times. A coating is consid 
ered to be stabilized which survives 100 cycles of the 
above test procedure without exhibiting corrosion fiak 
ing. Since no propagation of corrosion along the interface 
Can Occur even in an unstabilized Sample until some of 
the zinc-rich regions are corroded, the initial leaching 
With nitric acid decreases the test time necessary. If de 
sired, therefore, the leaching may be omitted if the num 
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ber of cycles is restandardized. The above test is very suit 
able for testing commercial weight coatings for corro 
sion flaking. 

FIG. 5 shows cooling curves for samples of pregalva 
nized experimental panels dipped directly into a molten 
aluminum-zinc bath at 1130 F. for 30 seconds and cooled 
at various rates and in various cooling mediums. The 
molten bath was a commercial type aluminum-zinc bath 
containing 55 wt. percent aluminum. The temperature of 
each sample was continuously measured at the surface 
of the sample during cooling. The area of horizontal cross 
hatching includes those cooling rates which the inventors 
discovered provided stabilized coatings, i.e. coatings not 
Subject to corroson flaking. The area of vertical cross 
hatching includes those cooling rates which the inventors 
discovered result in unstabilized coatings, i.e. coatings 
which are susceptible to corrosion flaking. The area of 
diagonal cross hatching, on the other hand, includes cool 
ing rates which would be expected to result in occasional 
corrosion flaking. The upper limit of the horizontal cross 
hatched area is a curve in which cooling was accom 
plished at approximately 20 F. per second in the solidifi 
cation range of the aluminum-zinc coating. Additional 
laboratory and production samples have been cooled at 
rates representative of those shown in FIG. 5, and when 
Subjected to the corrosion testing procedure outlined 
above, have conformed to the corrosion flaking character 
istics indicated by the various cross hatchings in FIG. 5. 
We claim: 
1. A method of producing a composite article having 

a ferrous base and a coating consisting of an aluminum 
Zinc alloy overlay and an intermetallic layer adjacent 
Said ferrous base, said composite article being resistant 
to flaking of said alloy overlay from said intermetallic 
layer when exposed to acidified environments, compris 
ing the steps of immersing a ferrous base capable of 
forming an intermetallic layer with an aluminum-zinc 
alloy in a molten bath consisting essentially of 25 to 70 
Wt percent aluminum, balance zinc, to which has been 
added silicon in an amount not less than 0.5 wt. percent 
of the aluminum content, and cooling the coating on said 
ferrous base, during substantially the entire solidification 
of said coating, at a rate of at least 20 F./second, where 
by the interface between said alloy overlay and said inter 
metallic layer is stabilized to prevent said flaking of the alloy overlay. 

2. The method according to claim 1 including the step 
of continuing to cool the composite article after solidifi. 
cation of the coating at a rate sufficient to prevent any 
portion of the said coating from remelting as a result of 
residual heat conducted from the ferrous base. 

3. The method according to claim 1 wherein the 
molten bath contains between about 40 to 60 wt. percent 
aluminum. 

4. A composite article produced by the method of 
claim 14 comprising an intermetallic layer adjacent a fer 
rous base and an aluminum-zinc alloy overlay, and char 
acterized by the resistance of said overlay to flake off 
from Said intermetallic layer when eXposed to acidified 
environments. 
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