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A new type of ceramic coating for the protection of low-carbon steel in high-temperat ure 

service was developed during the war at the National Bureau of Standards and was used by 

the Army and Navy on the exhaust systems of certain a ircraft and other vehicles. The out

standing features of these coatings are (a) high resistance to chipping under repeated thermal 

hock, (b) protection of the metal against ox idation during prolonged expo. ure at tempera

t ures up to about 1,250° F , (c) freedom from the crac king and blistering produced in con

ventional porcelain enamels under comparable conditions of high temperature and severe 

Lhermal gradients, and (d) a mat surface wh ich does not show high l ights and , t herefore, 

decreases t he vis ibility . 

1. Introduction 

Early in the war, crucial shortages of a number 
of materials essential to its prosecution appeared 
imminent. The outlook regarding nickel and 
chromium wa particularly dark owing to the 
greatly increased demand that was anticipated 
for these metals as constituents of alloys, and 
also because normal importation of these ores was 
endangered. 

In an effort to alleviate this ituation, a project 
was undertaken at t he National Bureau of Stand
ards with a view to the possible replacement of 
nickel-chromium alloys by ceramic-coated steel 
in a number of high-temperature applicaLions. 
The exhaust manifolds of certain automobile 
engines had for some years been coated with the 
conventional type of glossy porcelain enamel, 
and the use of this type of glossy coating was 
proposed by a number of organizations in the 
industry. The work at the Bureau included the 
testing of such coatings ubmitted by manufac
turers, but, in addition, it involved the develop
ment of a new type of ceramic coating IJaving 
properties peculiarly suited to high-temperature 
use. 

When the development work was begun in 
1942, it was rccognized that there were several 
properties which were of especial importance in 
a coating for the intended purpose. These include 
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the following: 1. It should adhel'O well to the 
metal; 2. The coating should be thin, both to 
reduce weight and to minimize the likelihood of 
cracking and chipping due to accidental mis
handling; 3. There should be no "reboil";l 4. It 
should protect the steel against oxidation when 
used at high temperatures for prolonged periods; 
5. It should have high resistance to thermal shock 
and to temperature gradients. 

Such a new type of coating was developed and 
was described to the armed services in June 1943 
in a r eport also containing comparative data on 
conventional type porcelain enamel coatings. 
The present paper comprises most of the informa
tion in that initial report, as well as supplementary 
material on service tests, compositions, and tech
nic of application as used in regular production of 
exhaust parts for the armed services. 

II. Development of High-Temperature 
Ceramic Coatings 

1. Study of Refractory Admixtures 

After a consideration of the previously outlined 
properties that were desirable in a high-tempera
ture protective coating, it was concluded that a 
coating of greater refractoriness than that of con-

1 "Reboil" may be defined as the appearance in the coating of gas bubbles 
usnall y occurring at or near 1,100° F when poreelain'enameled iron or steel 
is reheated after the first firing operation. 
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ventional ground coats would be required. In 
order to achieve this propcrty, it was believed most 
promising to add refractory mill additions 2 to the 
conventional-type enamel ground-coat frit 3 r ather 
than to make the fri t itself highly refractory, 
which would involve i ts being difficul t to handle 
in the sm elting furnace. I t was also believed 
desirable to depar t from the convcn tional glossy 
enamel finish and to develop a mat surface that, 
in conformity with mili tary practice, would have 
low visibility because of its freedom from high 
lights. 

To accomplish these purposes, various refractory 
materials, singly and in combination, were added 
as mill additions in varying amounts to conven
t ional ground coat enamel frits. Batch composi
tions of the two base frits used ,4 togcther with thc 
computed chemical compositions, are given in 
t able l. The admixtures that were tried included 
zirconium oxide, titanium dioxide, ferric oxide, 

T,~B L E I. - Batch weights an d computed chemical com posi
tions of around coal porce lain enamel fri ts 1 and 11 

BATCR WEIG H T S 

Ingredien t 

Feldspar ____ " _______ . ____ __ __ ________ _______________ _ 
Flint. ___________________ ______________ , , ______ _______ _ 
Borax. __ ________________________________ _____________ . 
Soda ash _________________________________ ____________ . 
Soda nit re _______ _________ __________ __________________ . 
Fluorspa r . ___________ __ ________________ ___ _________ __ _ 
Cobalt oxide ___ _________________________ ____ _________ _ 
Nickel oxide __________________________________________ _ 
M an ganese oxide ______ ________________________ __ ___ __ _ 

Pa rts by weigh t 

Frit 1 Fr it ] I 

31. 0 
1l. 4 
37. 1 
5.9 
3.8 
9.0 
0.5 

. 4 

.9 

31. 0 
18.0 
37. I 
5.9 
3.8 
3.0 
0. 5 
. 6 

1.1 

100.0 101. 0 

COMPUTED C H E MICAL COMPOSITION 

SiO , _________________ ________________________________ __ 

AhO, _____________________________________ ____________ _ 
B ,O, _______________________ . _________________________ . 
CaO ____ ______________ ____ ___________________________ _ 
K ,O ______ ___ _______ __ _______________ _________________ _ 

Na, O __________________________________ ______________ _ 
F 2-- __________ - ___________ - ___ - ____________________ __ _ _ 
NiO _______________________ ___________ _______________ _ _ 
CoO _________________________________________________ _ 
Mn 0 , ______________________________________________ __ 

40.9 
7. 7 

17.5 
8. 4 
4.5 

15.3 
3.5 
0.5 
.6 

1.2 

49.2 
7. 7 

17.4 
2.9 
4. 5 

15. 2 
. 04 
. 7 
. 6 

1.4 

100. 1 100.0 

' A mill addition is any material placed in tbe ball mill prior to tbe grind in g 
of the coat.in~ for applicatio n to tbe meta l. 

, F r it is a term used in the enamel ind ustry to refer to the material resulting 
from t he quenching and shattering of the molten glass as it is poured into cold 
water from the smelting furnace. 

294 

aluminum oxide, chromic oxide, silicon dioxide, 
silicon carbide, feldspar, mulli te, and chrome ore. 

The coatings, as prepared from the two frits 
'with the various r efractory admixtures, were 
applied to low carbon steel specimens and fired a t 
temperatures up to 1,650° F. They were then ex
amined for surface texture and adhercnce. The 
ones showing promise were heated for pcriods of 
several hours at a temperature of 1,650° F in order 
t o obtain rapidly an indication of their effective
ness. In these early heating tes ts, chipping, 
"burn-off," flow of the coating, and blistering 
were common defec ts. Of the various coatings in
cluded, those containing alumina showed the best 
possibilities . 

It was noted early in the work that alumina 
had a very powerful effect in raising the viscosity 
of the coatings. During firing, the A - 19 coating 
(table 3) was no t " tacky" li.ke an ordinary ground 
coat, and acc idental touching of the coating with r;'. 

firing tools a t 1,600° F did no t cause sticking. 
At a temperature of 1,200° F , specimens protected 
with coatings high in alumina would no t adhere to 
each other, even when placed in intimate contact . 
To obtain more specific comparisons, fri t 11 was 
dry-ground in a pebble mill to a fineness such that 
about 1 p ercent was retained on a No . 200 sieve. 
A t the same time, a number of oxide admixtures 
were ground to approximately the sam e fineness. 

M ixtures were prepared from the resulting 
finc powders in the ratio 80 percen t by weight of 
fri t to 20 percen t of oxide. A solution of gum 
arabic was added in sufficien t quantity to give 
coherence, after which cylinders 5/8 in. in diameter 
were dry -pressed at 10,000 Ib/in2. After the 
cylinders had dried they were reduced to a uniform 
length of 3/4 in. 

B efore firing each cylinder i t was placed on a 
sm all plaque of stainless steel that had been 
sprinkled with a thin layer of finely divided cal
cined alumina. The cylinders were then inser ted 
in a vertical position into a furnace at 1,600 ° F 
for 10 minutes, after which they were r emoved 
and cooled slowly to room temperature. 

F igure 1 shows the r esults of these tests. Fri.t 
11 with no addition fused to a button, whereas 
the sam e fri t with the 20 percen t by weigh t of 
A - 1 alumina m erely sintered and maintained its 

• W . N. H arrison , R. E. Ste phens, an d S. M . Shelton, Consistency of eight 
types of vitreous enamel ffits at and ncar firing temperatures, J. Hesea reh 
NBS 20, 39 (1938) RPI063 . 
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original sharp edges. The other oxide admixtures 
were not particularly effect.ive in reducing the 
high-temperature flow of the frit. The larger size 
of the chromic oxide and iron oxide buttons in 
relation to the others is caused by a bubble struc
t ure and indicates a gas-forming reaction during 
the fir ing operation. 

FIGURE l.- JiJ.tTecl oj BO-percent admixttlres of various 
oxides on the Jusion p10perties oj a " hard" porcelain-enamel 
ground-coal Fit when preparea as cylinders 5/8 i n . in 
d iander by 3/4 in. high a,nd fired Jor 10 mimlles at 1,ROOo F , 

N oLe sharp edges remaining on specimen containing alumina. 

Early in the stuely of alumina admixtures it was 
discovered that the type of alumina grain had a 
controlling influence on the characte ristics of the 
coating. For example, it was fo und that fused 
alumina, 01' alumina calcined at a high tempera
t ure , gave dense, glossy coatings when 0 ft['ed 
as to give satisfactory adhcrence. These glossy 
coatings all showed reboil when heated to ap
propriate temperaLures. Other grades of alumina, 
calcined at lower temperatures and avaiJ able com
m ercially at reasonable cost, gave mat coat ings 
t hat were free of reboil when substituted in the 
same formula in like amount . A - l ahml ina 
(table 2) obtained from the Aluminum Ore Co., 
East St. Louis, Ill. , was of this type and was used 
as the refractory admixtures in the coatings 
selected, 

All the mat coatings prepared with A - l alumina 
were somewhat porous, and it is believed that this 
porosity is responsible for the absence of reboil 
blisters when coated specimens are heated tlu'ough 
the range 1,050° to 1,150°F. The reboil gases are 
apparently able to pass tlu'ough these porous 
coatings without blistering, whereas the imper
viousness of the dense, glossy types is such as to 
entrap these gases, with the resultant formation 
of blisters. 

High-TeITlperature Coatings for Steel 

'rADLE 2.- TY1Jical chemical wild scree11 anal ,uses oj lhe ;1 - / calcined alumina 
'Used in the preparation oJ ceramic coatings 

Typical chemical analys is 1 

'1 .<1 I 
Percent 

AhO, ____________________________ . __________ ______________________ 98. S9 
Na,O _ ________ _______________________________________ _______ ______ .55 

SiO,___ __________________ ___ ______________________________________ . 03 
F C,0 3_ __ _ __ _ _ _ __ _ _ _ ___ _ ____ ___ ___ _ _ _ __ _ _ _ __ _ _ ___ _ _ _ _ ___ _ _ ___ __ _ _ __ .03 
TiO, _______ _________ ____ __ _______________________________ . __ __ _ ___ .004 

H , O (combined)_ __ __ ________ _______ ____ ______________________ ___ .50 

100. 00 

H 20 (frcc) __ ______________________________________________ ________ 1. 25 

Typical scrce n analys is I 

Rctained on No. JOO sicve_________________________________________ I Lo 4 
Through No. 100 on No. 200 s ic"e _________________________________ 40 Lo 55 
Through N o. 200 on No. 325 s ic\·c ____ __________ .__________________ 30 to 40 
Through N o. 325 s ievo ____________________________________________ 10 to 20 

I Analys is by AluminuIll Ore Co ., Eas l St. Louis, IH.: 

2 . Compositions of Coatings Selected 

Tlu-ee of the coatings prepared wiLh admixtures 
of A - l alumina were found to be outstand~ng from 
the standpoint of appearance, ease of appl ication, 
and adherence to the mctaP The m ill additions 
u eel in prepitring these three coatings (A- 19, 
A - 20, and A - 55m) are given in titble 3. A fourLh 
coating, A- 31 , which also wa found to possess 
certain desirable propert.ies, consists of one cover 

T A 13L8 3 .-.~h'1l batches used in the pTeparation oj ceramic 
coating.s A- J9, A-BO, and A- 55m 

lngredicnt 

:FriL J l _____________________________________ _ 
Frit 11 ___________________________________ _ 

Calcined alumina 2 _______ ____ ______________ _ 

Enameler's clay ___________________________ _ 
Black cobalL oxide _________________________ _ 
C itric acid crysta ls _____ ____ __________ __ ___ _ 
W ater _____________________________________ _ 

Parls h y weight 

A - /9 

50.0 
50. 0 
25. 0 
10.0 
31.00 

0.05 
50.0 

A -£O 

100.0 100.0 
20.0 15. 0 
6.0 15. 0 

3 O. 25 3 O. 50 
.05 .03 

50.0 50.0 

1 The ratio of fr it 1 to fri t 11 may be varied in e ither directio n whcn the 
resultin g slip is bcttcr suited to local plant conditions. 

2 A lum inum Ore Co. /1- / (see table 2). 
3 r-l'his amoun t of cobalt oxide may be redu ced or cn~n eliminated without 

damage to performance cbaracteri stics. The nearly black color imparted by 
the cobalL is conduch'c to Ulli formity of appeara.ncC'. 

• B ecause of the un usual properties of the developed coatin gs, application 
was made for a Government patent . This a pplicat ion was origina ll y filed 
under tbe provisions of Rev ised Statute 4814, which served to kecp t he subject 
m atter in a confidential category, At t he end of the war , the need for these 
restrictions no longer ex isted , and t he pate nt a pplication was released from 
tb is status in Deeem ber 1945. 
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coat of A - 20 over a ground coat of A - 19. Coatings 
of lower alumina content (1 0 percent and 5 per
cent) have been prepared and have less tendency 
to "burn-off" and have greater refractoriness than 
conven tional porcelain enamels, but th e eoaLings 
thus formed do not haye a durability at high tem
peratures comparable to that of the A - 19, A-.20, 01' 

A - 55m compositions. 
Details regarding the milling, application and 

firing of the coatings arc given in section IV- 3. 

3. Expansivity and Softening Temperatures 

Thermal-expansion and sof tening-point data 
were obtained with the Fizeau-Pulfrich interferom
eter 6 by the revised procedure of Saunders .7 
The specimens for th ese tests were prepared in the 
following steps: 1. Pressing small disks of t he 
partially dried slip ; 2. Cutting out small pegs of 
th e proper size and shape from the dried disk ; 3. 
Firing the pegs on a small I8-gage stainless-steel 
sh eet for 5 minutes at 1,600° F. Annealing was 
done by h eating the specimens to 1,300° F and 
cooling them at a rate of 3° F per minute through 
th e critical-temperature zone. 

The following tabulat ion gives the coefficient of 
linear expansion per °c of frit 11 and of three 
coatings over th e range 25° to 400° C: 

M aterial Interferometer soften-
E XpRnSl\"ity ing temperature 

---------------------------------,------
Frit 11 ___ .. __ ______________ 9.6 X 10- 6 

Coating A -55m ____________ 9.6 
Coati ng A- 19______________ 10. 2 
Coating A -20 __ __ _ _ _ _ _ _ _ _ _ _ 10. 3 

531 
560 
589 
592 

988 
1040 
1092 
1098 

Considering expansion coefficients only, these 
data would indicate that coatings A - 19 and A - 20 
could be applied to low carbon steel, which has a 
coefficient of approximately 13.6 X I0- 6 over the 
same range, with less residual stresses on cooling 
than would be the case when a conven tional ground 
coat prepared from frit 11 was applied. Ex
perience has shown , however, that these new coat
ings cannot be applied in as heavy an application 
as conventional ground-coat enamels because of 
spontaneous chipping, a defect which ordinarily 
indicates an excessively high residual stress be-

6 George E . Merrit t, The interfe ren ce method of measurin g therm al expan
sion, BS J . Research 10, 59 (1933) RP515. 

7 James B. Saunders, Improved interferom etric procedure with appl ication 
to expansion measurements, J. Research NB S 23, l79 (1939) RP1227. 
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tween the coating and metal base . Tht' tem
perature at which stresses are first introduced into 
the coat ing during cooling of the coa ted steel, 
which is related to the interferometer softening 
temperature, has an important influence on the 
residual stress. Coatings A - 19 and A-20 become 
rigid at temperatures considerably above that for 
a normal ground coat, and therefore stresses arc 
being introduced over a wider temperature range 
during cooling. Thus, although coatings A - 19 
and A- 20 have hig)1er thermal expansions than 
many conventional ground-coat enamels, they 
may, never theless, be under greater stress after 
cooling to room temperature. 

III. Laboratory Tests of Coo tings 

During the same period that the development 
work was being carried forward on the ceramic 
coatings, laboratory tests were being devised that 
would rapidly give an indication of t he relative 
suitabili ty of the various commercial enamels ·that 
were being submitted for the protection of low
carbon-steel exhaust systems. The A - 19, A - 20, 
and A - 31 coatings were developed in time to be 
included in these tests. The A - 55m coating, 
however, was a later development. 

In two of the laboratory tests (flame impinge
ment and air-blast thermal shock) the specimens 
coated with the conventional enamels were sub
mitted by the respective manufacturers. For all 
other tests, the required enameled specimens were 
prepared and coated at the Bureau, using the 
ingredients supplied by the manufacturers. The 
manufac turers also supplied directions for the 
preparation, application, and firing. 

The recommended firing temperatu.res for the 
conventional enamels varied from 1,550° to 
1,750° F. The NBS coatings applied for the 
laboratory tests were fired at 1,600° F. 

One of the difficulties in devising suitable labora
tory tests for the coatings was to provide concli
tions that would be representative of those under 
which aircraft exhaust systems operate. Little 
information as to the operating conditions was 
available at that time, but they were known to 
vary widely. F or example, it was reliably re
ported that some short exhaust stacks, especially 
those that are only slightly curved, never become 
ho t enough to give a reel glow in the dark, even 
when used on powerful engmes. The maximum 
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temperature reached by such ' tacks is presumably 
below 1,000° F. On the other hand, collector 
rings for turbo-supercharged engines were known 
to operate in some instances at temperatures 
sufficient to give a bright-red color at the hottest 
parts. The maximum temperature in this case 
was assLUned. to be well in excess of 1,250° F. 
The temperatures suggested by the armed services 
for many of the tests reported herein (1,100° F 
and 1,200° F ) were chosen to represent inter
mediate conditions such as are encountered by 
stacks that are sharply curved near the inlets, and 
collector rings for some of the engines that are not 
turbo-supercharged. 

Some reportcd measurements of the temperature 
of exhaust systems by means of thermocouples 
attached directly to the outer ul'face of the metal 
were so low as to be open to question because of 
the cooling eHect of the surrounding atmosphere 
on the thermocouple hot j unction. Errors can be 
minimized by sp~t-welding the respective wires of 
the thermocouple to the test specim en at slightly 
separated locations. This method was used in the 
present study to obtain temperatures of specimen 
not enelo eel in a furnace. 

It was ob erved that the shape of the test 
specimens had a strong effect upon the behavior 
of the coatings tested. Some of the test specimens 
were fiat plates (4 in. by 6 in. ) instead of being 
tubular, as in exhaust systems. The flat plates 
lacked the rigid ity of tubes, and the specimens 
were often distorted by stresses res ulting from 
severe thermal gradients. The effects produced 
must accorclino-ly be considered as exaggerations 
of those which would occur in tubular specimens. 

1. Fla me-Impingement Test 

The specimens used in this test were 4 in. by 
6 in. , and the enamel was applied to both sides of 
the 18-gage low-carbon steel in thicknesses of 
0.003 in. to 0.004 in. A laboratory blast burner 
having an exhaust tube approximately 5/8 in. in 
diameter and 3 in. in length was modified, as 
shown in figure 2, by covering the mixing tube 
with an enameled cylinder 1 in. in diameter and 
9 in. in length. This cylinder was adjusted at 
an angle of approximately 45 degrees to the hori
zontal plane in which the specimen was supported, 
the end being approximately 2% in. from the 
speClmen. A 22-gage platinum-to-platinum- 10-

H igh-Temperatu re Coa tings for Steel 

FIGU RE 2.- E q1ti pment 1tsea for jlamb-impingement lests 
wi th 4- by 6-in. speci men S1tS1Jended / Tom tTipocl . 

' I' he thermocouple beneath the specimen is used to control the name 
temperature. 

percent rhodium thermocouple was placecl at the 
center of the flame 1/4 in. belov the specimen. 
The air and ga were adj usted so that the thermo
co uple indicated a temperature of 1,700° ± 20° F 
with a specimen blank: in position. When this 
cond ition was reached , the blank was r emoved 
and the flame was allowed to impinge on a test 
specimen for 15 minutes, afte r which th e speci
m en was examined on both sides. 

In a trial test the ell amel over areas about % in. 
in diameter ancl 1/4 in. apart was ground or[" the 
upper surface of the metal base of the spec imen, 
opposite the central point of contact of the 
flame, and Chromel and Alumel wires were spot
welded at these areas. This thermocouple indi
cated the temperature of the metal to b-e 1,040° 
± 20° F . During the actual tests , however , only 
the thermocouple shown in figure 2 was used to 
control the fiame temperature. 

Among the coatings thus tested, none showed 
evidencc of failure from locali zed "crawling," in 
which the enamel separates, leaving str eak of 
apparently unprotectecl metal. The failures that 
did occur from this testing procedure were be
lieved to be accentuated by a flexing, or buckling, 
of the metal, caused by stresses resulting from 
large thermal gradients accompanying the local
ized heating of a small area from the bottom sur
face. Fine cracks occurred on some sp ecimens of 
the conventional enamels on the side where the 
enamel was placed in tension. These cracks 
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apparently offered a path of least resistance to 
the gases escaping from the metal, but owing (1) 
to the constriction of the fissures and (2) to the 
temperature of the specimens being slightly 
above the softening points of the enamels, the 
gases formed elongated blisters or rows of blisters 
along the lines of rup ture of the coat ing. Varying 
degrees of this effect from no no ticeable effect 
(condition A ) to severe effect (condition D ) are 
illustrated in fi gure 3. 

FIGURE 3.- Tension side of specimens typical of resu lts ob
tained fr om both the fl ame-impingement and the air-blast 
thermal-shock test, i llustrating vm'ying degrees of damage 
to the Goating. 

Condit ion A represc nts no eITect . 

The concave (compression) sides of specimens 
which were distorted by thermal gradients in the 
flame-impingment test sometimes showed a ran
dom distribu tion of blisters over th e test area, 
illustrated in fi gure 4 (I I). On oth er specimens 
th ere was a combination of cracks and blisters 
shown as condition III in th e sam e fi gure. 

-
, 

.. : ". 

. 1I 

...•. -
~ . 

]]I 

FI GURE 4.- Compression side of specimens typical oj resu lts 
obtai ned fr om both the flame-impingemwt and .from th e 
air-blast thermal-shock test, i llustrating different types of 
damage t~· the couting. 

Condition I represents no effect . 

The results of the flame-impingem ent test are 
given in table 4. Among the commercial enamels 
(indica ted by 0, followed by a numeral), 0- 9 and 
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0- 5 had the best ratings, both sid es of the speci
mens consid ered . NBS coatings A- 19 and A - 31 
received the maximum rating for both the com
pression and the tension sides of the sp ecimens. 

TABLE 4.- R esults of flam e-im pingement tests on 4-inch by 
6-inch coated specimens made with an indicated flame tem
peratun of 1,7000 F and specimen temperature of 1,0400 F 

Specimen 
idcn t. ifi Cc'1t ion 

C- I _____ • _________ ._._ 
C- 5 _______ •••• ________ 
C-6 ___ _______ _________ 
C-7 ___ ________________ 

C-8 ______ •• •••• . • ____ • 

C- 9 - --- --- - - - - -------
.4 - 19 ___________ _______ 
A -31 ______ • __________ • 

A vcrage coati ng 
th ickness 

Oond i t ion aftcr 
t reatment 

1 ___ ,-__ 1 NlI ~;ber I-~-,-----

'I'ension COl!lprcs- cycles 

side ~~~]~ 
r • Com pros-
rC':11S I ~ n sion 
slele side 2 

]v[i/s M ils 
4. 0 3. 8 B 11 
3. 3 3. 3 B 
4. 7 4. 2 C II 
2. 8 3.0 C 11 
4. 2 3. 3 B 11 
4. 8 4. 4 B f 

2. 2 2. 1 A I 
4. I 3.8 A 

I Letter designations refcr to co ndi t ion of test area on tension s id e of fl a t 
specimen after t reatment , as il lustrated in fig ure 3. 

2 N umerals refer to cond it ion of area on com press io n side of specimen after 
trea tm ent. as illustrated in fi gure 4. 

2. Thermal-Shock Test by Air Blast 

The specimens for this test were the same as 
those used for the flame-impingement test (4-in. 
hy 6-in. plates). • 

Temperatur e measurements were made by 
means of Chromel and Alumel wires, separately 
spot-welded to each specimen after grinding off 
small areas of enamel at the middle of the test 
area. A Fisher burner , 1 1/8 in. outside diameter 
at the top, was placed approximately 1/2 in. below 
the specimen, which was supported as shown in 
fig ure 2, with the thermocouple on the upper side. 
The temperature of the specimen was allowed to 
increase rapidly until it reached 1,200° F , at 
which time a blast of air at room temp erature was 
released on the under side of the specimen. This 
blast immedia tely blew out the flame and reduced 
the temperature of the test area to 4000 F within 
a period of 12 to 15 seconds. After five cyeles of 
this treatment, the specimens were inspected and 
graded. 

The results of the air-blast thermal-shock t est 
are given in table 5. Among the commercial 
enamels, 0- 9 had the highest rating for this test. 
Experimen tal enamels A - 19 and A - 31 received the 
maximum rating for both the tension and the com
pression sides of the specimens, their condit ion 
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after test being shown by A in figure 3 and I in 
figure 4. 

TABLE 5.- Rosults of air-blast thennal-shock test (t ,2000 to 
4000 F in 12 to 15 seconds) on 4-inch by 6-inch coated 
sptcimens 

Speeunen 
identification 

C- I ......•...•. _._ .•.• 
C-5 ......•.•.•. _ .••... 
C-6 .......•.••....•.•• 
C- 7 .••.•....•..... _ ••. 
C- S ......•.•.•. _ .•.•.• 
C- B ..........•. _ ..•.•• 
A - fB •.......•.. _ ..•••• 
A -Sf ... _ .•.•.•.•.• _ •.• 

.A \7crag-e coati ng 
thickncsl) 

0011(1 ilion after 
treatment 

_________ ~um bcr _______ _ 
of cycles 

'l'cnsion Com pres-
~ iclC' ~ ion sIde 

jl fils J'Jils 

4. 8 4.0 
3.4 3.5 
4. 6 3.8 5 
2.8 3. 0 '5 

'J. 3 3.6 
5.6 4.9 
2.0 2.2 
4.2 3. 7 

T ens ion Com pres-
side 1 sion side 2 

C II 
C Il/ 

B JII 
C n{ 
D ]{ 

Il 3 f1f 
.!l I 
A 

1 LeUer desigllations refer to condition of tes t. a rea on te nsion s ide of s peci
m en, as indicated in figure 3. 

2 N umerals re fer to condit ion of test arca on co mpress ion s id e of specimen, 
as ind icated in figure 4. 

3 Very sl ight. 

3. Thermal-Shock Test by Water Spray 

Tubula[' pec im ens lin. in diameLcr and 9 IH . 

long, coated ins id e and out, were moun ted as 
shown in figure 5. The spec imens fit snugly into 
the top of tile Fisher blast burner, wi Lh li ttle or no 
leak:age at th is junction. A refractory tube, ap
proximately 9 in. lon g, was placed at the top end 
of the specim en, a close fit being obtained also at 
this locat i.on. By adjusting the air and gas sup
plies, the flame could be regulated to burn within 
the enameled metal cylinder for a cl istance of 
several inches above th e burner. For temperatu re 
measurem ent, Ohromcl and Alumel wires were 
spot-welded to the specimen after grinding off 
small areas of enamel approximately % in. apart, 
at a level about n f in. above the top of the burner. 

At the beginning of the test , the air and gas 
pressures were so adj usted as to cause the flame 
to bum within th e tubular specimen , the ho ttest 
area be ing at the level of the thermocouple. 
When tho t hermocouple indicated 1,200° F , a 
controlled spray of water was directed at th e 
specimen while the flam e still burned inside the 
tube. The wa ter spray was continued until th e 
specimen was (',001 enough on the outside fOl'he 
water to form a film over the area betwecn th e 
points of attachment of the thermocouple wires . 
This operation required from 12 to 15 seconds for 
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l " l GU RE 5.- Equipment /01· determining resistance of coat
ings 10 thermal shock by waler S]Jwy. 

Specimen is dark tube at cen ter of assembly. "I'hrr rnocouplc wires arc 
separately welded to specimen. 

difl"eren t specimens. Each specimen was gn ' en 
five cycles of this treatmen t. 

Other tests were made in whi ch the specim.cns 
were first quench ed from 1,000° F for five cycles 
and then heated to 1,100° F and allowed to cool 
without quenching. Still other te ts were m ade 
in which the specimens were given five quench es 
from 900° F , after which they were h ea ted to 
1,100° F and allowed to cool w.i thout quenching. 

The results of these tests are given in table 6, 
in which th e specimcns are graded by le tters. 
1 indicate no noticeable eiled, as illustra ted in 

figure 6, A; B ind icates the development of a 
pebbly sm-face resulting from blisters, as illus
trated in figw 'e 6, B ; and C indi cates chipping of 
the enamel, as illustrated in fi gul'e 6, C. This 
chipping occulTed in spots that had first blistered. 
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A 

B 

c 
FIGUHE 6.- Thl·ee ctegrees oj damage Tesu it ing f rom the 

thermal-shock lesl by waler spray. 
Condition A represents no noticeable efiect ; condition B, a pebbly surface 

resulting from blisters; and co nditi on C, a chipping of tbe enamel in spots 
that had first blistered. 

As shown in table 6, none of the enamels was 
affected by five cycles of thc watcr-spray quench 
from 900° F or 1,000° F. On subsequent heating 
to 1,100° F, however, damage occurred on all the 
cOllventional enamels. Quenching from 1,200° F 
also damagcd all the commercial enamels. En
amel 0-9 was outstanding among' the conventional 
enamels in resisting the more severe temperature 
conditions. Coatings A - 19 and A - S1 rated grade 
A throughout the water-spray quenching tests. 
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T ABLE 5.- Results of IheTmal-shock tesls wilh wateT spray 
on l-inch-diameler cealed lubes 

Rpcc imen ident ificat ion 

C- / __ __ _____________ __ __________ _ 
C-5 __ ___ ___________________ _____ _ 
C-6 ___________________________ __ _ 
C-7 __________________ __ _________ _ 
C-8 _____________ __ ______________ _ 
C-9 __________________ __ ___ ______ _ 

• ..1- /.9 __ ___ ________ ___ _____ ______ __ 
..1-31 __________ __ ____ __ ________ _ 

Condition of test area after 
Average fh"c quenches from 1_ 
coating 

thickness 

Mils 
4.0 
3.0 
3.5 
3.5 
3.0 
3.4 
2. 3 
4.2 

900° F 1,000° F 1,200° F 

'A to B 
A taB 
A to R 
A to 13 
Ato13 
A to B 
A,A 
..1,..1 

'A to B 
A to C 
A to C 
A to C 
A to B 
A toR 
A ,A 
A,A 

C 
C 
C 
C 
C 
B 
A 
A 

1 Letter deSignations refer to the relati ve severity of effects, as illustrated 
in figure 6. A ind icates no noticeable e fTect ; R, blistering; and C, blistering 
follo"' ed by chi pping. 

' The first Jettet' in all eases indicates the condition of the tcst area after 
five qu enches from tbe indicated temperature. 'rhe second letter gives thc 
condition of this same area after subseqLlent heating to 1,100° F without 
furtb er quenchin~. 

4 . Therma l-Shock Test by Immersion in Water 

Flat IS-gage low-carbon-steel specimens ' 4 in 
by 6 in. were used for this test. They were initially 
hcated in an oven, the temperature of which was 
held slightly above 600° F . A thermocouple was 
kept in contact with the upper surface of the 
specimen, and when it indicated that the specimen 
had reached 600° F, the specimen was rcmoved 
rapidly from the ovcn and immediately immersed 
to a depth of 3 in. (one half submerged) in water at 
75°± 5° F. The specimen was then examined 
for damagc and, if none had occurred, it was given 
a second cycle of treatment at an oven tempera
ture of 700° F. In each succeeding cycle the tem
perature was raised 100° F, and these treatments 
were continued until failure occW'red or until the 
specimen was quenched from 1,600° F. The 
temperatures at which failure occurred, as indi
cated by spalling off of the coating, arc given in 
table 7. 

This quenching treatment with the 4 in. by 6 in. 
plates is probably much mOTe severe than any en
countered iIi service, but the data in table 7 serve 
to emphasizc certain differences among the respec
tive coatings. Thc" bcad" referred to in the third 
column of table 7 is a very narrow strip of enamel 
at the extreme edge of a specimen and thicker 
than over the principal area. With care, beads 
can be minimized, but they are difficult to elim
inate. The powerful effect of thickness upon ther
mal-shock resistance is evident from the differ-
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TABLE 7.-Thermal-shock tests by immersion in water 

'rcmpcrat uro [or failure I 

Average 
Specimen identification coaling 

thickness C hip in 
lloael 2 Crazing Failure 

------------ -----·---1----
j \ Jils 

C- I. ___ ._________________ 3.8 
C-5 ._._. ________ . _____ ._. 3.4 
C-7._ . _. __ . _____ . ____ . __ . 3.0 
C-8 ____ . ____ _______ . ____ . 4.5 
C-B. __ _ . ___________ ._. __ . 4.2 
A-19 ___ . _________ . ___ .___ 2.0 

OF o f 

750 
700 J. 000 
750 .1.,000 
750 ______ . ___ _ 

700 
1, 000 

1.000 

A -Sf _____ _______________ _ '1. 2 _. ___ . _. ___ . ____ . _____ ._ 

° F 
1, 000 
1,100 
1, 100 
LOOn 
1,100 
1,600+ 
1. 200 

1 'Temperature from which specimen \vas quenched to produce failure. .A 
plus value indicates that no failure occurred when Quenched from tbo tem· 
pcratw'c indicated. 

2 The "bead" is a vcr y narrow strip of coating a t extreme ed ge of specimen, 
thicker than elsewhere. 

ences in the temperatures at which chipping oc
cUlTed in the bead and Lhose at which failure of 
the specimens as a whole occLllTed. It is also 
notable that coating A - 19, which did noL fall 
(except at tIl(' bead) even wh en quenched from 
1,600° F, had the thinnest coaLing of all the 
specime ns tested- thinner than a coating of 
glossy porcelain enamel ca n be successfully ap
plied in pl'oduction. 

5. Test for ProtectioI). of Metal Against O xidation 

As a measure of the degree' of protection against 
oxidation of the metal provided by the various 
coatings, specimens were heaLed for prolonged 
periods at constant temperatures. In these tests 
it was assumed that there was no appreciable 
volatilization of the coating ingredients tlu'oughout 
the heating find that the gain in weight that 

occurred was due to oxidation of Lhe mcLal. The 
oxide was in most cases absorbed in Lhe coaLillg 
as it formed lmtil a saturation level was reached, 
at which stage the adherence usually cieLe riorated 
and the coating flaked oil the pecill1en. 

The specimens for the gain-in-weighL tcsts werc 
flat , 18-gage, enameling-iron plates, n~ in. by 2Yz 
in., having a small hole neal' one edge, and f1'om 
which they were suspellcled during the test. The 
coated specimens were heated in air in a Jurnace 
in which the temperature could be co ntrolled to 
within ± 15 deg. F. The tests we l'e made at 
1,400° F for 32 hI', 1,200° F for 77 hr, and 
1,000° F for 252 lu·. 

Specimens were removed for inspection at fre
quent intervals, and weighings to Lhe nearest 
milligram were made in ord er to follow Lhe gain 
in weight. 

A summary of the results of these tests is given 
in table 8. From Lhese data it is apparenL that . 
Lhe rate of oxidation of Lhe coated metal deCI'eases 
greaLly with a deCI'ease in the temperature of test. 
Both the total amount of weight gain for the entire 
Le'sL pe riod andLhc rate of gain during the final 
inLerval dl'creased fo1' each coaLing as the Lem
perature of test was decreased from 1,400° to 
1,200° to 1,000° F, even though the length of tho 
test period was increased. Data on experimental 
coating A - 20 were included in table 8 because 
tests on coaLing A - 31 had no t been compleLed at 
1,200° fi nd ] ,000° F , and it is believed that be
cause of similariLy of compo iLion and the relative 
results obtained at 1,400° F, A - 31 should perform 
at least as well as A - 20 at Lhe lower temperatures. 

T A BLE 8.- PTOtection p1'01,ided by different coatings against oxidation oj enameling iron at high temperatures as indicated by 
gain in weight oj 1 ~-inch by 2?2-inch specimens 

Specimen identifi· 
cation 

C- l ________________ 
C- 5 _____ . ________ . 
C- 6 ______ . __ ____ . __ 
C-7 ____ .. ______ .. __ 
C-8 _. __ . ___________ 
C- 9 _____ ... _____ . __ 
"1- 19 _______________ 
A-20 __ _____________ 
A~~I _______________ 

Coating 
thick
ness 

Mils 
3.4 
3.6 
3. 9 
3.1 
3.3 
3.6 
3.1 
2.4 
3. 3 

Test a t 1,400° F T es t. at 1,2000 F Test at 1,000° J' 

Gain in weight Gain in weight Gain in weighl-
---·--,-----;---1 Coating -----;-----;---1 CLol,a"cl:n_g -----.,.---,----,-----

thiek- , 

rng rng mg/ llr 
120 156 2.18 
129 (2) (Z) 
146 223 4.67 
100 146 2.79 
147 212 3.94 

75 112 2.24 
25 55 1. 82 
42 69 1. 64 
22 43 1. 27 

I Interpolated. 

ness A\,.I~ )6 At 77 h.. ~a~~ ~~ n ess At 15H 
h .. 

M ils mg rna ma/hr Mils rng 
3.0 22 41 0.33 3.5 
3. 8 15 69 . &1 3.4 
3.9 22 99 1. 22 4.4 
2.9 16 73 .96 3.6 
3.5 II 69 . 85 3. 3 
2. 8 9 19 .1.5 3.9 
3.6 12 27 .22 2.4 
2.9 9 21 . 19 2.8 

2 Specimen chipped before 32 hr. 

At 78 hr At 252 hr l6~~e2 ~~. 

rna ?n(j mg/hr 
8 17 0. 052 
2 5 .01i 

14 .040 
2 . 006 

4 9 .026 
a 1 . 006 

6 . 017 
2 .006 
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At 1,400° F, the newly developed coatings A - 19, 
A - 20, and A - 31 gave lower gains in weight than 
any of the conventional enamels. Enamel C-9 
was outstanding in its low gain in weight among 
the commercial group. 

At 1,200° F, coating C- 9 gave the best results of 
all the coatings and A - 20 was next. Both of the 
NBS coatings that were included (A- 19 and A -20) 
permitted less total gain in weight and a lower 
rate of gain than any of the conventional coatings 
except C- 9. 

At 1,000° F, the weight gain was low in all 
cases, but the relative position of coating C- l 
changed, and in this test it had the largest weight 
gain, whereas C- 9 had the least. 

Coated specimens of both enameling iron and 
SAE 1020 steel were heated for various periods at 
1,400° F. Although these compa,rative data arc 
not shown in table 8, all coatings showed a ten
dency to chip off the 1020 steel spontaneously 
after prolonged treatment at 1,400° F , whereas 
the same coatings on enameling iron, after com
parable treatment, still showed fairly good 
adherence. 

6 . Tests for Protection of Metal When Heated 

'When studying adherence of coatings after the 
oxidation tests, it was noted that some specimens 
became brittle after prolonged periods of heating 
at temperatures above a red heat. It was noted 
also that the time of heating required to produce 
embrittlement as measured by a standardized 
impact depended on (a) t he temperature, (b) the 
duration of treatment, (c) the type and amowlt of 
alloying, and (d) the protection against oxidation 
offered by the coating. 

The embrittlement test as used in this work con
sisted in subj ecting the specimen to impact at 
room temperature after various heating periods by 
allowing a 10-lb weigh t to fall from a height of 18 
in. onto a I-tn.-diameter steel ball ccntered on the 
specimen so as to be directly over a l Ys-in.-diameter 
by Ys-in .-deep steel receptacle. Thus, the force 
of impact depressed the metal sheet over an area 
represented by the 1 Ys-in. diameter of the recep
tacle and to a depth of Ys in. at the center. Failure 
was indicated by any visible cracking of the metal 
in_ tllls test area. 

Table 9 shows the difference in the time at 
elevated temperatures required to develop em-
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brittlement of the various metals studied. In all 
cases where comparisons were possible, the appli
cation of the A - 31 coating materially increased 
the time at 1,400° F required for embrittl ement 
failure. Other coatings acted similarly, their 
effectiveness being closely related to the degree of 
protection against oxidation. This observation 
suggests that the cause fOI the metal becoming 
bri ttle is closely associated with intergranular 
oxidation. 

TABLE 9.- R eSl!lts of the embj'ittlemen t tests 1 at To om tem
pe1'atu~e fOT six metals, both uncoated and coated with 
A- 31, after heating in aij' at the temperature indicated 

Time for embrittlement at-

Mrtal 
1,200° F , 1,400° F , 1,400° P, 
uncoated uncoated ' A - 31 coated 

hr hr 
In go t iroll' ..... _._._._ . .. . . _ .... > 64but < 1l2 > 5 but < 11 

hr 
> 200 
> 200 
> 200 
> 200 
>200 
> 200 

SA E lOW .................. _ .... > 245 > 47 
SAE 1020 .............. _ ........ > 245 > 31 bu t < 47 
N AX 9112 .. _ .. .. _ ...... .... .... > 245 > 31 but < 47 
SAE 4130 .. .. .. _ ................ > 245 > 47 
N E 8630 .. _ .......... _ .. .. ...... > 245 > 31 bu t < 47 

I Cracking of lnetsi in a standard ized impact test , as ou tlined in text, was 
taken as embri t tlement fa ilure. 

2 Longer heating times th an 47 hI' n ot feas ible because of ox idation of the 
metal. 

3 Enamelin g iron . 

T ABLE lO.- R esults oj tensile-stTength tests atToomtempera· 
ture f OT six steels 

Steel 

Ingot iron __ ... _____ .. __ 
SAE 1010 ____ .... _ .... __ 
SAE 1020 , __ ..... _ .. ____ 
NAX 9112_ .... ___ ..... _ 
SAE 4130 ' ... __ .. _ ...... 
NE 8630 , __ ...... ___ .... 

Tensil e strength at room temperatlll'e of I8·gage 
tensile specimens heated-

o hours at 
1,200° F . 

250 hours at 
1,200° F 

500 hours at 
1,200° F 

----,---1--,---- ------

-------------
Kips/ K ips/ K ips/ K ips/ K ips/ Kips/ 
in. 2 in. 2 in. 2 in. 2 in. 2 in. 2 

46. 9 47.3 44.7 19. 1 42.8 13.1 
49.2 48.3 45.8 07. 0 47.5 30. 7 
70 .8 71. 4 54.3 48.8 50.4 40.4 
83. l 83. 1 72.2 63. 7 62. 9 60.6 

136. 8 117.6 75.5 70.0 73.0 63.3 
123.2 101.0 78.4 75. 6 72.4 52. 8 

I Values in tbese col umns arc tensile strengths based on dimensions of the 
specimens after ]'(~moval of scale. , 

'A-SJ coating was slightl y blistered on t hese metals, and the resultin g 
punctures in the coating reduced its effectiveness. 

N one of the data listed in table 9 is strictly 
quantitative. To overcome this objection , the 
American Society for T esting Materials tensile 
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test, E8- 42 , was used in the hope of obtaining data 
that would be of value in determining more 
precisely the effect. of the coatings. These data, 
which are given in table 10, show that in all cases 
tbe specimens coated with A - S1 retained more 
strength than uncoated specimens after having 
been heated for 250 hI' and 500 hI' at 1,200° F. 

IV. Directions for Commercial Application 
of Coatings 

1. Suitable Types of Steels 

As is the case with conven tional porcelain 
enamels, p roper selection of steel is importan t also 
to the most satisfactory application of the high
Lemperature coatings. In general, s ingle-coat 
applications can be made on any of the so-called 
low-carbon steels. In ord er to prevent blistering 
in two-coa t applica tions of the A - 81 type, however, 
the carbon conten t of the metal hould preferahly 
not exceed 0.15 per cen t. 

Coatings of the A - 19 and A - 20 Lype can be 
satisfactorily appli ed on mo t high-temperature 
alloys of the austenitic types if Lhe thickness of 
coating is kept bl'low 0.003 in. The high thermal 
expansion of these alloys ma kcs the heavier appli
cations impracticable because of the tend ency 
toward chippillg du e to excessivc s train 

2. Preparation of Metal 

The metal must be properly cleaned before 
application of the ceramic coatings if saLisfactory 
r esults are to be obtained. In general, the metal 
mllst be more deeply etched t ha n is common wh en 
ordinary porcel a in enamel is applied. vVhen 
feasible, sand bla sting is recommended, bu t satis
factory adherence can be otained by p ickling if a 
suitable procedure is used . Grease must be com
pletely removed prior to p ickling, and a heavy 
nickel Hash is imperative even when the steel is 
cleaned by sandhlast. For this purpose a 3-percellt 
olution of nickel-ammonium sulfa tc heated to 

1600 F , and with the pH adjusted at 5.2 ± 0.2 
with H 2S0 4, or NH40H, has been found cfl'ectivr . 
The recommended t ime of immersion of the 
cleaned metal in th is solu tion is 1.5 minu tes. 

3. Preparation, Application, and Firing 

The method of preparation of the new ceramic 
coating material is not appreciably different from 
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the methods used for ordinary porcelain enam el 
ground coat. The hit and other mill batch 
materials listed in table 3 arc in troduced into the 
ball mill and ground to a finene s that will give 
the desired texture. This will usually r equire 
grinding until approximately 1 percent of the 
weigh t of the hit will be retained on a No. 200 
sieve.s 

Before removillg the slip 0 from the mills, an 
additional 20 Ib of water pel' 100 Ib of frit is 
added, and the mills are then revolved for a few 
minutes to mix the added water. Final adjust
ment of the consistency of the slip is made by 
adding a solution of either citric acid or sodium 
pyrophosphate and by adding or drawing off water 
as needed. Th e recommended specific grav i ty is 
] .60 to 1.62 for all three slip ' (table 3), although 
there is no objection to a somewhat higher or lower 
specific gravity if the d ipping weigh t falls wi thin 
the desired limi ts. The dipping weight for first 
coats is 0.42 to 0.49 oz (12 to 14 g) of dry enamel 
per sq nare foo t of surface. For second coats it 
is 0. 28 to 0.35 oz (8 to 10 g) per square foot. 

Because of th e fine grinding (ordinary ground
coat enamels arc frequen tly groun d to 6 to 8 
percent retained a No. 200 sieve), longer mill ing 
perio Is a re ncces ary. Experience has indicatod 
that thi s milling time is increased approximately 
50 percent over that needed fo1' conventional 
0Tound. coats. 

The coating may be applied to Lli table shapes 
by spraying, bu t exhaust stacks and similar items 
having interior surfaces t hat require coating, mll st 
be dipped. The thickness of the fired coating for 
one-coat applications should be 0.002 in. to 0.003 
in., the intermediate value of 0.0025 in. being 
sough t. Thickness great.er than 0.003 in. may 
be used, but heavier applications reduce thermal
shock resistance and also arc more likely to cause 
such defects as blistering or spontaneous chipping. 

The firing temperature for the coatings on 
ordinary steels is 1,5500 to 1,6000 F . The time 
of firing varies with the gage of the steel, the size 

8 Fineness of grindi ng in flu ences t he surfa ce characteristi cs of the fi nish 
prod ucce! with th e N BS ceramic coaLi ngs. When milled so thaL 20r 3 percent 
of t he rr it is retain ed on a No. 200 s ieve, a rough, rull-mat sur face res ul t s. 
WiLh fin er grinding (0.5 to 1.0 percent reLained on a No. 200 sieve) Lhe surface 
becomes smooth and satinlikc. Extremely flll e grindin g of coaLin g A - 19, 
so t hat onl y a trace of m at erial remai ns on a No. 325 s ieve, prod uces a full 
gloss finish . A coati ng p repared in t his way may be applied in very t hi n 
a.pplications a nd has been designated as A - 19f. 

9 A \'!i Iip is defin ed as t he finel y ground , creamy wator sus pens ion resultin g 
from grinding t he m ill batch. 
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and shape of the pIece, and the furnace used . 
F or small sample shapes made of 18-gage steel, 
the proper firing t ime is 4 to 5 minutes. 

V. Service Tests 

In the laboratory tests described in section III, 
wide variations were found in the resistance of the 
different coatings to t he respective t rea tmen ts. 
Whether these same coatings would perform 
similarly when applied to exhaust parts was not 
known and could be determined only by applying 
the various coa tings to steel exhaust systems and 
making tes ts under the conditions of temperature 
and thermal gradients that exist during engine 
operation. 

By early 1943, a number of exhaust parts had 
been coated and service tests were under way. 
By the time the t esting program was t erminated , 
a considerable number of sets of exhaust stacks, 
coated a t the National Bureau of Standards, using 
both conventional enam els and the new ceramic 
coatings, had been t ested by the Philadelphia 
Naval Air Experiment Station and t he Norfolk 
Naval Air Station (both at the direction of the 
Navy D epartmen t Bureau of Aeronau tics), the 
Army Air Technical Service Command at Wrigh t 
F ield, the Bell Aircraft Corp ., and the Glenn L. 
M artin Co. 

Collector-type exhaust systems also were coated. 
These were tested by the Army Ordnance T ank 
Automotive Cen ter , the Navy D epartment Bureau 
of Aeronautics, t he Aeronca Aircraft Corp ., and 
the Grumman Aircraft Engineering Corp. 

1. Exhaust Stacks 

One of the first sets of exhaust stacks to be 
tested is illustrated in figure 7. This shows the 
condit ion of th e stacks after 178 hI'S of block-test 

operation on a· 1,350-hp XR- 1820- 56 Wrigh t 
radial m otor. Coating A - 31 shows no effect from 
t he t reatmen t, wher eas the 0-9, C- 1, and 0-8 
coatings show the same type of defects noted 
earlier in the laboratory tests. The relative de
gree of damage follows the order that would be 
predicted from the fl ame-impingement and ther
mal-shock tests. 

Two types of defects are presen t on the damaged 
stacks. One is a series of cracks following a 
design apparently corresponding to the strain 
lines caused by temperature gradients. The other 
defect consists of the formation of blisters of the 
type known in the enamel industry as "reboil. " 
These eventually broke, leaving exposed metal 
beneath. Such blisters have a tendency to segre
gate along the cracks formed by thermal strains, 
whereas in other areas wherc no cracks arc formed, 
they arc scattered and show no defini te pattern. 
These distributions correspond to those found in 
laboratory tests on fl at specimcns, as illustrated in 
figure 3. 

Figure 8 shows two Glenn L . M artin No. 279305 
stacks after 300 flying hours on a PBM- 3D patrol 
bomber operating out of Norfolk, Va. The A - 31 
stack (on th e left), which has an aver age coa ting 
thickness of 0.004 in ., is no t visibly affected by 
this treatm ent. The stack on the righ t, coa ted 
with C- 1 in an average thickness of 0.0035 in. , 
shows numerous broken blisters and cracks with 
serious rusting taking place at the discontinuities 
in the coating. The other service tests made on 
coated steel exhaust systems also, without ex
cep tion, show cd the newly developed coatings to 
be superior to the conven tional glossy types. In 
no case did the A - 19 or A - 31 coating show either 
cracks or reboiling. 

FIGURE 7.- Four coated steel exhaust stacks after 178 hours of block-test operation on a 1,350-hp radial motor at the Nava l 
Air Experiment Station, P hiladelphia, Pa. 

Coating A-Sl is one of the heat-resisting compositions developed at the National Bureau of Standards; C-B, C-l, and C-8 are three commercial 
coatings submitted for test. 
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FIGum~ S. - Coated steel exhaust stacks tested simultaneously 
for 300 flying hours on a PBM-3D patrol bomber at 
NOljolk Naval flir Base. 

Stack on left is protcctcd with thc N]) S ceramic coat ing .11-31 and is lin 
damaged, whereas the stack 011 right, which is coatcd with commercial 
enamel C-1 shows scattered broken blisters, serious rusting taki ng place at 
tbe resulti ng breaKs in t he coaling. 

Some cracking of the metal was observed in 
service tests of stacks, especially those sharply 
curved neal' th e inlets, and iL was noted tha t steel 
having carbon con tents in the range 0.10 to 0.25 
percent were more resistant to such failure than 
was ingot iron. This observation was m agree
ment with the re ults of laboratory tests on 
embrittlement, given in table 9. 

NBS coatings A - 19 and A - 31 gave adequate 
protection to the steel, but because A - 19 is a one
coat application, whereas A - 31 requires two coats, 
the A - 19 was recommended for exhaust-stack 
applications. Where metal temperatures near 
1,250° F or somewhat above are enco unterod, 
A - 31 is r ecommended in preference to A - 19, but 
the strength properties of low-carbon teels are so 
low in this temperature range that the number of 
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possible applications is limited. WiLh special 
steels having b etter high-temperature strength , 
higher operating temperatures of coaLed sLack . 
might be possible. 

2. Exhaust Collector Systems 

T ests made on collector parts for aircraft motor 
gave results similar to those obLained on stacks. 
The A - 19 and A - 31 types again merited superior 
ratings when they were tested in direct comparison 
with the conventional glossy coatings. 

Fig ur~ 9 shows sections from two of a series of 
coated collector rings tested under the supervi ion 
of the Tank Automotive Center of the D etroit 
Ordnance District of the Army Ser vice Forces. 
These parts were tested on a 9-cylinder 450-hp 
Continen tal Motor of the type used on the M- 4 
tank. The part on the left was coated with A -31 
and had been on the motor for 120 111" of dyna
mometer operation. The other coating, which 
was one of the poorest tested, was a proprietary 
product of the glossy type applied by the manu
facturer and had been under test for 13.5 hr, or 
only about one-tenth as long a the part coated 
with 1-31. Except for a yellowish-brown deposit 
that accumul ated during test, and which could be 

FlOUlm 9.- Sections of coated steel collector rings after' 
operation on a 1,.50-hp, 9-cylinder Continental molar 
undergoing dynamometer tests. 

The part on the right, which was protected with one of the poorest com'cn
tional enamel coati ngs, has lwdergone 13.5 hr of tes t and shows pronounced 
chipping and cracking of the coating. The par t on thc Icft is protcctcd with 
NBS ccramic coating A-31 and has undergonc 120 hr or testing without 
cracking or reboiling. 'rhe area within the circle was cleaned of grease and 
other cxtcrnal dcposits, sho wing the undamaged coating bencath. 
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readily removed by scouring 10 there was no visible 
evidence of change in the A - 31 coating. The 
glossy coating, on the other hand, shows serious 
cracking and chipping along certain strain lines 
with exposed metal appearing at the base of the 
damaged areas. 

Proving-ground tests were made on 10 collector 
rings installed in tanks. One of these collector 
rings was coated with A - 19 at the National Bureau 
of Standards, and the others were coated by seven 
enamel-frit manufacturers to whom the uncoated 
collector rings had been submitted by the Tank 
Automotive Center for application of coatings 
recommended by these manufacturers. After 
about 2,500 miles of operation on M- 4 tanks only 
the A - 19 coating received an excellent rating . 
The other coatings, withou t excep tion, showed 
damage, most of which consisted of thermal cracks 
and blisters. 

Tests on other exhaust collector parts also 
showed the newly developed coatings to be supe
rior. One finding in this part of the work was that 
the high-temperature strength of low-carbon steel 
is not sufficiently good to make the use of such 
steel feasible for the large collector rings on the 
more powerful motors, such as the 2,000-hp 
vVright radial motor. Two collector rings were 
coated for trial in this type of installation and 
failed in only a few homs of operation. These 
collectors opera te above a red heat, and the low
carbon steel apparently does not have sufficient 
strength to withstand this service, and the coating 
does not add materially to this strength. 

VI. Specifications for High-Temperature 
Coatings 

The performance of the high-temperature ce
ramic coatings -in both laboratory and service tests 
led to the preparation of appropriate specifications. 
These were issued as Al'my-N avy Aeronautical 
Specification AN- C- 133 and as tentative speci
fi cation AXS 1449 of t he Army Ordnance D epart
ment. The principal requirements as written into 
these specifications are as follows: 

(a) Thermal-Shock Resistance.- The coating 
must withstand five quenches from a temperature 

10 Chemical analysis of tbe dep osit revealed that lead was the principal 
constituent, comprising 72 percent of the inside and 44 percent of the outside 
deposit . The source of this lead must have been fro m t he leaded fuel, leaky 
connectors being msponsible for its presence on t he outside surface of the 
collector ring. No carbon or iron was detected in either th e inside or outside 
deposit. 
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of 1,200° F without vis ible damage, heat being 
supplied continuously to the underside of the 
quenched area. This test is performed on two 
coated, IS-gage tubes 6 in. long and 2% in. in 
diameter , or on a section of exhaust tubing. A 
modified :Meeker-type burner with a 90-degree 
elbow fitted onto the burner end is inserted in to 
the test cylinder. The flame is lighted, and the 
burner is adjusted so that the temperature of the 
test area (as measured by a base-metal thermo
couple with each wire welded separately to the 
outside of the steel tube) will pass t lu'ough the 
temperature zone 1,IS5° to 1,215° Fin 30 seconds. 
The flame is then extinguished and relighted. 
When the temperature again reaches 1,200° F , 25 
ml of water at 70° ± 100 F is allowed to flow freely 
from the unconstrictedlarge end of a 25-ml pipette 
onto the heated area of the cylinder between the 
t hermoconple welds. This treatment quickly 
cools the affected area to a kmperatllrr. below 
212° F, as can be seen from the fact that before 
all of the water has left the pipette the surface 
of the specimen sllstains a film of water instead 
of instantly vaporizing it as at the beginning of 
t he quenching treatment. "\iVhen the tcmperatme 
again reach es 1,200° F, the qu ench is repeated 
until a total of five cycles has been accumulated. 

(b) Oxidation Resistance.- The protection of the 
metal against oxidation must be such t hat a 2Yz-in . 
by 3-in. coated specimen of IS-gage enameling 
iron shall not gain in weigh t more than 0.03 g 
d uring 4S hr of heating at 1,200° F. 

(c) Thickness of Coating.- Tlw thickness of 
coating must be not less than 0.002 in. nor greater 
than 0.003 in. on principal areas nor greater than 
0.006 in. at beads. 

VII. Production of Coated Exhaust Parts 

Commercial production of low-carbon-steel ex
haust stacks with BS ceramic coating A - 19 was 
started in 1944. By the end of the war, three 
enameling companies had applied t he coating to 
aircraft exhaust stacks in substan tial quantities. 
As the shortage of stainless steel never became so 
acu te as to restrict its usc in aircraft, the A - 19 
coating on low-carbon steel was used through 
preference rather than tbl"ough an enforced 
substitution. 

Another application of the A- 19 coating that 
reached the production stage before the end of the 
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\ ar was the coftting of tail pipes for the exhaust 
ys tems of the amphibious tnlCk, or "D UC". One 

section of this pipe was 9 fL long by l %-in . in inside 
diftmeter, with S-shaped curves at each end. Two 
other sections wer e approximately 3 ft and 2 f t 
long, respectively, with 2 H-in. inside diameters. 
It is considered significant that the coating could 
be applied satisfactorily to such complex shapes. 
These pipes were originally fabricated of uncoated 
low-carbon steel and failC'd rapidly in service, 
tluough cOlTosion. Not only high operating tem
peratures, but also proximity to, and contact 
with, ocean water con tributed to the corrosion. 
Tests showed that coating A - 19 provided sa tis
factory protection. 

VIII. Potential Uses of Coatings 

In addition to the usc of the new coatings for 
tbe protection of low-carbon sLeel in various mili
tary exhaust systems, there are a number of other 
possible applications where the new coatin~s, or 
modifications thereof, migh t be benefieial in pro
longing the life of steel parts that are subjected 
to relatively severe temperature conditions. A 
list of such poten tial applications would include 
the following: (1) D omestic sLove par ts, sueb as 
grates or burners, (2) indlJ strial furnace parts, 
sucb as muffles, dampers, or burners, (3) parts for 
heat interchangers, (4) heat bames for continuous 
enameling furnaces, (5) annealing boxes, and (6) 
mufflers and tail pipes for buses, trucks, and 
au tomobiles. 

IX. Summary 

A new type of ceramic coating for the protec
tion of mild steels in high-temperature service 
was developed during tlw war at the National 
Bureau of Standard s, and was used by the Army 
and Navy on the exhaust systems of certain air
craft and other vehicles. Laboratory and service 
tests have shown these new coatings to be superior 
to conventional porcelain enamels for high-tem
perature service. The outstanding featureE of the 
coatings are (a) high resistance to chipping under 
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repeated severe thermal shock, (b) protection of 
the metal against oxidation during prolonged 
exposure in air at temperatures up 1,0 about 
1,250° F, (c) freedom frum the cracking and 
blistering produced in con ven tional porc lain 
enamels under comparable conditions of high 
temperatures and se vere thermal gradien ts, and 
(d) a mat surface that does not show highlights 
and, therefore, decreases the visibili ty. 

To prepare these coatings, a mL"Xture of a 
special grade of calcined aluminum oxide and a 
conventional type of ground-coat fri t is ground 
with water to appropriate fineness and is then 
applied to the metal, dried, and fired according to 
well-known methods. Th e eoatings may be 
used on low-carbon steel in an u nprecedently tbin 
application of only 0.002 to 0.003 in. 

Specifications were issued y the armed serv
ices, and the coaLing was used in regular produc
tion during the war on a number of exhaust parts 
by both the Army and Navy. 

ModificaLions of these ceramic coatings are 
possible and may find a usc for lower tempera
ture applications. 

Th e de \Telopment of the new type of coaLing 
through the stages of laboratory study, service 
tests, and regular production was made possible 
by the cooperation of several agencies. The 
Navy Bureau of Aeronautics, Army Air Forces, 
and, Army Ordnance D epartment participated in 
the service testing of the new coatings in parallel 
with conventional types submitted by manufac
turers. Several of the manufacturers and the 
Porcelain Enamel Institute were instrumental in 
promoting the use of porcelain enameled exhaust 
systems and participated in arrangemen ts for 
some of the comparative tests, especially by the 
Tank Automotive Cen ter. In addition, a num
ber of aireraft companies cooperated by making 
extensive tests of the new NBS coatings in direct 
comparison with conventional porcelain enamels. 

VVASHINGTON, November 4, 1946. 
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