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ABSTRACT 

Replacing tin by nickel in composition G improves 
porosity and does not impair mechanical properties. The 
corrosion rate in quiescent Severn River water is not 
affected by changes in co~position, but in high velocity 
water it increases as tin is replaced by nickel. 

The mechanical proJ;erties of comj)oai tion 1,1 and 
red brass are not impaired oy re,1acihg tin by nickel, 
but no marked improvement 1n porosity was noted. 
C01npcsition governs the corrosion rate in high 
velocity water and does not influence it in quiescent 
water. 

In the addenda methane 1s shown to be a 
source of porosity in bron~e, and the corrosion rate of 
various standard and modified bronze compositions in sea 
water at Wilmington, North Carolina .cafter one year's 
exposure was shown to be approximately the same. A 
complete record of corrosion tests completed and in 
progress is incorporated in six tables. 



AUTHORIZATION 

1. The study on non-ferrous castings was authorized 
by Bureau of Engineering Project Oreer No. 140/39 dated 23 
November 1938, which read as folloWS': "Study the causes 
and devise remedies for porosity and Jeakage in non-ferrous 
castings". 

2. Evidence was presented in NRL report M-1650 dated 
29 August 1940 to show that the substitution of nickel for 
tin in composition G tended to reduce intercrystalline 
shrinkage. Accordingly, authorization to determine the 
possibilities of replacing tin by nickel in compositions 
G, Mand s-c aid red brass was granted in Bureau of Ships 
letter {QP/Castings (DYs-2)} to NRL, 23 January 1941. 

3. Authority to perform sea water corrosion tests at 
Annapolis, Maryland and Wilmington, North Carolina was 
given the Naval Engineering Experiment Station and The 
International Nickel Compaoy~ respectively in the following 
letters: Bureau Ships to Director, EES {QP/Castings (DYs-Dw)) 
dated 5 May 1941, Bureau o~ Ships to Dire~tor, NRL, (JJ46-10 
(3692)) dated 10 May 1941, and Bureau of Ships to Director, 
NRL (JJ46-(9)(354)), dated 13 May 1942. 

4. The Naval Research Laboratory prepared all specimens 
and seiected most of the alloys. The remaining alloys were 
recommended by representatives of the Bureau of Ships and 
The International Nickel Company. A record of the corrosion 
studies complBted and in progress is included in the appen­
dix. 

STATEMENT OF PROBLEM 

5. It has been shown that intercrystalline shrinkage 
porosity was considerably reduced when 6 ~ercent nickel 
replaced 6 percent tin in composition µ(lJ. This was con­
sidered to be extreme1y important 1n connection .with the 
manufacture of bronze castings which are required to with­
stand hydrostatic II"essure, because it was felt that the 
number of rejections due to leakage would be reduced. Al­
though nickel bronzes were then used to a limited extent 
commercially, not £00 much was kno,m about their internal 
soundness or about their mechanical properties and sea 
water cor;osion resistance, all of ~ich must be considered 
in the choice of material for many marine applications. 
Therefore a systematic investigation was undertaken to 
determihe'the effect of replacing various amounts of tin by 
nickel on these II'operties of compositions G and Mand red 
brass. 

s. The purpose of this report is (1) to present 
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evidenc~ on the effect of replacing tin by nickel on 
- porosity, tensile properties and sea water corrosion resis­

tance of composition O and M, and red brass, (2) to out­
line the status of sea water corrosion testing completed and· 
in progress both at the Naval Engineering Experiment Station, 
Annapolis, Maryland and at The International Nickel Company 
test racks, Dow Chemical Company, Wilmington, North Carolina, 
and (3) to outline research planned and 1n progress at this 
laboratory. 

KNOWN FA9TS AND THEID.lR~T~CAL C9NSIDERA~IONS 

7. Leakage or the lack of pressure-tightness has been 
attributed to porosity of which there are two general types,. 
intercrystalline shrinkage and gas porosity. Leakage has 
also been attributed to such defects as cracks, cold shuts 
and sand inclusions. Gas and intercrystalline shrinkage 
porosity are rather difficult to eliminate. 

(a) Gas Porosity 

8. Gas porosity in general may be a result of {l} 
the precipitation of gases soluble in the liquid state but 
practically insoluble in the solid state, (2) the entrap­
ment of insoluble mold gases while casting and during solidi­
fication, and (3) the reduction of metallic oxides while 
casting to form carbon monoxide and carbon dio-xide which may 
ultimately be entrapped. Gas porosity takes the form of 
spheres in which the metal in direct contact with the gas 
remains bright and clean, and is generally scattered 
throughout the sections or is segregated at the metal sur­
face, or both. Unless convenient channels exist between 
gas poclcets from metal surf ace to surface or unless there 
are channels extending from surface to surface on gas free 
castings, leakage would not be expected when the castihg is 
subjected to hydrostatic pressure. 

{b) Intercry-stalline Shrmkage Poro-si_ty_ 

9. Intercrystalline shrinkage cavities, generally 
tetrahedral in shape under the microscope, are located at 
dendrite interfaces. They are formed even under carefully 
controlled la~1~tory conditions when melting and solidi­
fJing in vacuo 1 thereby negating the posiibility of this 
type of porosity being due to precipitated or entrapped 
gases. In view of this fact, one logical explanation for the 
cause of intercrystalline shninkage porosity is based on the 
wide freezing range of copper-tin alloys containing approx­
imately 9 percent tin. Slow or prolonged freezing generally 
occurs in sand castings. Thus, with a wide cooling range 
a cons1derab1e depth of metal from the cooling face of the 
casting will be freezing at the same time and the feeding 



liquid must traverse a long network of dendrites to fill 
the cavities. Since the cavities are not formed as a 
result of precipitated or entrapped gases, only one other 
possi bill ty eiiis ts to which their formation can ' be a ttr1-
buted, namely contraction. 

10. The amount of 1ntercrystalline shrinkage porosity 
can be controlled by controlling the rate of solidification, 
i.e. if the casting temperature is above norm.al, the con- . 
traction during solidification will be greater than if cast 
at a normal temperature. Tin bronzes Jroduce the fewest 
in tercrys talline shrinkage cavities when they a re poured 
at temperatures as low as it is practicable to insure good 
mold reproduction and to avoid cold shuts. However, the 
tin bronze sand castings cannot be produced entirely free 
from contraction cavities even when the most favorable 
casting temperatures are employed which is evidenced by the 
fact that maximum den:,i ties for given c ompos1 t1ons a re not 
obtained. (Compare P+ates land 2). It maybe that the 
highest density obtainable at normal pouring temperatures 
is sufficient to produce pressure-tight castings but it is 
possible to obtain this density within a limited pouring 
range only; too low a pouring temi:e ra ture resul.ts in such 
defects as cold shuts, incl us.ions and poor mold reproduc­
tion while too higha pouring temperature results in many 
intemal eav1t1es. Complicated castings are poured at 
temperatures wmich are determined by the thinnest section. 
The pouring temperature may be much too high for the 
heavy sections and 1:11 exce.ssi ve cavity form.a tion will re­
sult in the heavy sections. Chilling the heavy section 
will help, ·but the pouring temperature of these alloys must 
be held within narrow limits. When 6 percent tin is re­
placed by 6 percent nickel in composition G~ maximum cast 
density may be obtained over a wide pouring r1:11ge. Thus. 
a sensitive casting alloy is converted to a more flexible 
foundry composition. Two dis tine "t advantages are 
immediately gained: (1) pouring temperature is no longer 
criticai. and (2) the rate o! solidification 1n castings 
having both heavy and light sections is also less critical 
so long as the principles of directional solidification 
are followed. 

( c) ·ReprQµuc1'b'-l1ty of results 

ll. The many variables encountered in the foundry 
msk e results dif f 1cul t to re produce • In producing large 
numbers of castihga a certain percentage is always rejefted 
due to porosity, low mechanical properties, cold shuts, 
poor mold reproduction, leakage, or other defects. Even 
if t~e molding practice, melting technique and alloy content 
are carefully controlled from one heat to another, varia­
tions in density and mechanical pr~pert1es occur. By 



averag1ng the results of a number of tests, trends become 
apparent which are often misleading, particularly 1n casting 
studies, unless the standard deviations from the mean are 
considered. 

12. For example, suppose that it is desired to deter- . 
mine how the Jorosity of a bronze is affected by variations 
in pouring temperature. After data from several heats h'1ve 
been accumulated, the variations in density for the dif­
ferent pouring temperatures are averaged arithmetically. 
An average density-pouring temperature curve may then show 
that porosity increases very little with increases in pour­
ing temperature, while the standard deviations from the 
mean densities may be narrow at low pouring temperatures 
and wide at high pouring temperatures. Thus, the mean 
density-pouring temperature curve of an alloy may shan 
desirable characteristics although the standard deYiations 
may indicate that the density becomes critical at high 
pouring temperatures, for example, plate 3, density-pouring 
temperature curve for o~r. 

EXPERIMENTAL PRO.CEDURE 

{a) Compositions Used 

13. Since the replacement of 6 percent of the tin by 
nickel in composition G was found to produce an alloy which 
gave lower porosity over a wide pouring temperature range, a 
study of 1ts corrosion resistance and that of other nickel 
bearing bronzes was undertaken. Heats of composition G were 
made in which 3, 6, 7.5 and 9 percent ot its nominal 9 
percent tin were replaced by the same wei~ht percent of 
nickel. The effect of nickel on composition 111 and red brass 
also was studied. The effect of pouring temperature on 
porosity, tensile properties and fluidity was determined as '.; 
well as the effect of composition on the corrosion resistance 
to Severn River water. 

(b) Porosi tv_. }4e~?anical Propert~es and Flu;!ltt-:r 

Foundry technique: 

14. Melting charges consisted of the highest qua­
lity virgin metals, selected Naval Research Laboratory 
Foundry scrap of known camposition and a master alloy 
of copper-nickel for nickel additions. several heats were 
made of virgin metals alone while the others were pre­
pared from scrap and virgin metals. The properties of 
the virgin metal heats were approximately the same as those 
of the heats made from virgin metals and scrap. General 
foundry practice was simulated 'b.y using : charges. .eons.1sting 



of both v1rg1n metals and selected scrap. 

15. All charges for castin~s to be used for the 
determination of density and tensile properties were melted 
in a 210 pound capacity 11ft coil type, high frequency in­
duction .:t'urnece,.. dharges· for co~-<>sie-n epe>e·imens -a-nd .Tluidity 
spirals were melted eitner in the induction furnace, or in 
a 120 pound capacity stationary, crucible type, oil fired 
furnace depending upon the size of the charge. The oil 
fired furnace was operated w1 th a slightly oxidizing at­
mosphere, while no attempt was made .to control the atmos~ 
phere in the high frequency furnace exce~t by means of the 
usual charcoal cover. Clay-graphite crucibles were used in 

·both furnaces. 

16. Virgin copper, s e lee ted scrap and the copper• 
nickel master alloy (when required) were melted together. 
Tin was added to the molten metal {if necessary) and suf..; 
ficient zinc was added to balance the comoosition and com­
pensate for melting losses. The melts were stirred a few 
minutes before pourin§ the first mold. The metal was heated 
to approximately 1300 C (23720F) when the crucible was re-
moved from the furnace. After skimming the metal was 
pour~d into three molds at 1250°c (228~F), 11so0 c (21020F) 
and 1050°c (1922°F), respectively. 

17. Match plate patterns were used for the molds 
which were made of Albany green sand (Grade 00) or its 
equivalent containing ·from 6 to 8 percent moisture. The 
molds were allowed to air dry at least 24 bgurs before 
casting. The standard bronze test castingl~)(Fig. lOA, 
Plate 9) was used extensively for all compositions so that 
the tests would be comparable to accepted foundry practice. 
Because of its rather CQmplicated design, the standard 
aluminum test casting, \3l(F1g. llA, Plate 9) was also used 
for teats on composition G, G-1, _and G-2. An asterisk 
affixed to the composition ietter*signifies that type llA 
mold was used, e.g. o*, G-l, G-2. Since type lOA test 
casting shavs merely the properties or the metal, type llA 
test casting was used in addition because it gives properties 
more representative of those in a complicated casting. In 
order to avoid possible variations,the same melting, 
molding and casting techniques were employed for each heat. 

Fluidity tests: 

18. The running characteristics of the basic com­
positions were compared with those of the modified com­
positions by IJ18lll}8 of the Naval Research Laboratory 
fluidity test\2J. The fluidity curves were obtained by 
plotting spiral lengths in inches versus pouring tempera­
ture. 
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Five different pouring temperatures between 1100°c (2012° 
F) and 1300°c (2372°F) were selected, and enough different 
heats (a minimum of four) were run to establish an average 
curve fo.r each composition. Fluidity spirals were poured 
when the desired pouring temperatures were reached on 
cooling. 

Density determination: 

19. "As cast" density of both rough tensile speci­
mens from each mold was determined by the conventional 
displacement of water method and standard 0.505 inch 
threaded end tensile · specimens were used. Maximum den­
sity values (Table 1, Plate I) were determined by x-ray 
diffraction with a back reflection camera. To insure 
internal soundness and homogeneity one inch cubes of the 
"as cast" alloys were reduced 75 percent by cold com­
pressing and annealing. These specimens were then 
trimmed to 1/4 inch by l inch by 1 inch coupons, polished 
and etched before exposure. 

Compilation of data: 

20. In order to determine the effect of pouring 
temperature on density, tensile strength and elongation, 
several heats were run for each CQmposition (Tables II 
and III). Standard deviations (4J were calculated after 
the mean values had been computed. The cross-hatched areas 
in Plates 2, 3, 4 and 5, within which 68 percent of the 
observations fall, show the standard deviation from the 
mean curve which is the heavy line drawn through the center 
of each area. 

(c) Resistance to Corrosion 

21. Compositions G and Mand red brass are well 
known for their excellent resistance to sea water cor­
rosion. Therefore, when a change in composition to im­
prove internal soundness is considered, it is necessary 
to determine what effect the changes will have on sea 
water corrosion resistance as well as on mechanical 
properties. 

22. Accordingly,a series of alloys was tested for 
resistance tocorrosion in the brackish water of the 
Severn River, at the U. s. Naval Engineering Experiment 
Station, Annapolis, Maryland. 

23. The composi t1on of a one-gallon sample of 
water taken during the summer months is elven in Table IV, 
and except for temporary dilution due to unusually heavy 
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~ainfall or spring thaw, can be accepted as typical. 

24, The ratio, epm. Mg +7f epm. Catt, is 4 .83 for the 
Severn River water and 4.60 for sea water, indicating that 
these waters differ in concentration rather than consti t­
uents. 

25. The test specimens were rectangular plates and 
hollow cylinders with finely machined surfaces and were 
completely submerged in water in wooden tank!! or earthen­
ware crocks of large capacity during the tests. Water 
pumped directly from the river to a large gravity ti;nk 
flowed continuously to these containers. An auxiliary 
source of supply was available to avoid shut-downs due to 
pump failure or necessary overhaul. A semi-automatic, 
thermostatically controlled steam heater maintained the 
temperature of the water between 75 and 85 deg.rees F. 

. -
26. The rectangular specimens were tested at zero 

velocity and at 30 ft. per second; the cylindricalspeci­
mens were tested at 15 ft. per second. A velocity of 30 
ft. per secllSd is higher than normatlY encountered. The 
modified composition G alloy containing 6 percent nickel 
was tested in the "as cast", the ~•aged" and the "annealed" 
conditions. The heat treatments were As follows: the 
"aged" samples were water quenched after 6 hours at 1400°F 
and aged 6 days at 7000F; the "annealed" samples were 
furnace cooled after 6 hours at 1400°F. All other alloys 
were in the "as cast" condition. 

Preparation_6f Test Specimens: 

27. The specimens for the tests w.ere cut from plates 
and hollow cylinders cast in green sand molds. The plates 
were 6 inches long by 4 inches wide by l inch thick, and 
the cylinders were 20 inches long by 2-3/8 inches outside 
diameter by 1 inch inside diameter. Strips cu~ from the 
pl.ates were machined to i/4 inch think by 15/ 16 -inch wide. 
Three specimens of eacb alloy were {%' epared from the 
plates; two were 6 !ne)les long and one was 4 inches long. 
Holes were drillied at on~ end· of these specimens for 
fastening in the co:r:roetonapP,•ratus. Specimens from the _ 
cylinders were machined ~ e-6/l.6, inches outs1d$ diamet~r, ·l-
172 inches inside a1J~eter,lrl/f inches long, 

Method of Test: 
28 . Two specimen~. 6 inches long by 15/16 incn wide, 

of each alloy,spaced 3/4 in~h apari, were suspended from 
glass fods in a l~rge wooden tank o! slowly moving Severn 
River water. Tbe test ptece~, which were notionless 



during the test,were removed from the tank after 40, 80 
and 125 days, scr~bbed with a bristle brush under tap 
water, dried and weighed. 

29. Specimens, 4 inches long by 15/16 inch wide, were 
bolted at 30 degree interYals on both sides of a micarta 
wheel 12 inches in diameter ·by 1/2 inch thi~k. 'rhe speci­
mens on one side of the wheel were directly opposite those 
on the othe~ side and projected 2 inches beyond the cir­
cumference of the• wheel •. , Tile.: test pieces were held in 
place with 1/4 irich bolts. and pins, one bolt and pin ho·ld­
ing two specimens • . The pins were made of hard rubber and 
the bolts were positively insulated from the specimens 
with a combined bushing and washer of micarta for each 
specimen. 

30. The wheel was securely fastened to the center 
section of a horizontal monel metal line shaft which 
passed through a covered wooden tank fitted with stuffing­
boxes. The section of shaft holding the wheel and · 
specimens could be removed by means of flange couplings. 

31. The shaft was r evo 1 ved be tween 385 and 420 rpm, 
At this speed, the velocity of the projecting ends of the 
specimens was between 28 and 31 ft. per second. Only one 
specimen of each alloy was tested,ms space was not available 
for duplicate samples. 

32. The specimens were removed from the wheel after 
28 and 69 days, acrubbed•with a bristle brush in tap 
water, dried and weighed, 

33. Four cylindrical specimens were assembled into 
p:Lpea with a micarta ·ring between adjacent specimens and 
at each end of the column. Each column of specimens was 
held concentrically on the reduced section of a monel 
metal shaft l•l/4 inches in diameter by 12 inches long. 
Pressure from a nut at one en& of the shaft forced the 
column against a shoulder and -held the specimens tightly 
together. The micarta rings insulated the specimens from 
one another and from the shaft. Ordinary rubber bands 
were successfully used between the specimens and rings to 
obtain a water-tight joint. 

34. Each shaft of four specimens was screwed onto 
the shaft of a vertically mounted motor and revolved at 
1500 rpm. At this speed, the surface velocity of the 
specimens was approximately 15 ft. per second. After 
28 days the specimens were removed, washed off under tap 
water, dried and weighed. 
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DISCUSSION OF RESULTS 

( a) Porosity 

35 • Since t.i'1e density of a porous casting- is less 
than thedensity of a non-porous casting, the degree of 
porosiiy may be estimated by a conparison of the densities 
of the alloy cast under different conditions or with its 
maximum density. To determine the maximum density of 
some alloys it is necessary to resort to the procedure 
employed on the G series, (Table I and Plate l). The 
change in maximum density resulting from the replacement 
of tin by nickel is surprisingly small in view of the 
difference in dens~ty of these elements. A comparison 
of the ~aximum denatties determined by x-ray methods with 
the densities of the east alloys indicates a porosity of 
about one percent for G, G-1 and G-2, even under 'the most 
favorable conditions. 

36. A suit4ble alloy for the foundry wouldl::'e one 
that could be produced consistently free of porosity, 
even when subjected to variations in pourine temperature 
or adverse conditions which.frequently occur in the foundry 
from day to day. Since density is a measure of poros1 ty, 
an increase in "as cast" density or the · maintenance of a 
constant and high "as cast" density over a wide pouring 
temperature range shouldrepressnt a potential reduction· 
in the number of castings rejected due to leakage. There­
fore, if the density remains unchanged and can be repro­
duced within very narrow limits {narrow standard de­
viations) when subjected to variations in pouring tempera­
ture a definite improvement in s oundneas characteristics 
has been attained. Plates 2 and 3 show the effect of 
replacing tin by nickel in compCB ition G, Plate 4 shows 
the.effect of nickel on composition M, Plate 5 shows the 
possible influence ,on red brass, and Plate 6 is a compos­
ite of the mean (average) curves for data recorded on 
Plates 2, 4 and 5. 

37. If the density can be held constant over a 
~ide pouring temperature range and the sea water corros­
ion resistance maintained, it is necessary for the 
alloy to meet only the mechanical requirements of the 
basic composition in order to be a satisfactory re­
placement. In Plate 2 (lOA test mold) a constant hiBh 
density is maintained by alloy G-2 within very narrow 
limits over a wide pouring temperature range, while in 
Plate 3 (llA test mold) the same trends are shown for 
allo,sG-1* and G-2*• Although the trends of the mean 
curves for composition Gare similar, a striking 
difference in the standard deviations of the density-



pouring temperature curves exists between Plates 2 and 3. 
(If the suggestion is true that type llA test casting may 
give a more re pre sen tati ve pie ture of the properties of 
complicated castings, the soundness will be very in­
consistent from casting to casting andfrom day to day). 
The density-pouring temperature data from types 10A 
and llA test castings check very well for composition 
G-2, and this alloy seems to be desirable from the 
standpoint of soundness. In Plate 4 compositions M, 
H-1 and M-2 show a decrease in density with an increase 
in pouring temperature. The curves are similar to, but 
steeper than, those for composition G. The replacement 
of tin by nickel (M-1) decreases the standard deviation 
and moves the mean curve a 11 ttle upward but does not ·· 
affect the slope of the mean curve. The substitution of 
nickel for copper (M-2) moves the mean curve upward but 
does not affect its slope. The standard deviation is 
about the same as it is for composition M. In Pla te 5 
even though only three heats were run on red brass the 
trends are indicated. Only one heat of R.B,•l Was run 
because the resistance to corrosion of the alloy in 
Severn River water did not compare favorably with the 
resistance to corrosion of the basic eompostion. There 
is no indication that the replacement of tin by nickel 
will produce the same results as obtained in the G 
series, although . it is likely that the mean curve would 
have moved upward. By comparing the mean density-pouring 
temperature curves (Plate 6) of the basic compositions, 
G and M 11nd red brass, 1 t maybe Sf)en that as the lead 
content increasesfrom O percent in composition G to 5 
percent in red brass, the density which remains constant 
with variations in pouring temperature for composition 
G becomes critical to pouring temperature for composition 
M and red brass. 

38. In Table III the density of the 7.5 percent 
and 9 percent·nickel bronzes remained constant when the 
pouring temperature was varied. However, in view of the 
poor sea water corrosion resistance and low tensile 
strength of these alloys, work was discontinued. 

_(b) Mechanical Propertie_s 

$9~, Having shown a m&ans by which internal soundness 
may be improved, the next question is, can the modified 
compositions meet the minimum mechmical requirements 
listed below for compositions G, Mand red brass? 



Composition G 
Composition M 
Red Brass 

Tensile Strength 
P.S.I. 

40,000 
34,000 
30,000 

Elongation Percent 
in two inches 

20 
22 
20 

In Plate 6 the mean 'tensile strength- and elongation­
pouring temperature curves a.how that these requirements 
can be met. Plates 2 and 4 show - the standard deviations 
for composition G and M and their modifications. In 
Plate 2 the tensile strength of composition G-2 is a 
little lower th.an compositions G and G-1, however the 
standard deviations for G-1 and G-2 are much smaller 
th.an for G. The elongation of compos·ition G-2 is also 
lower, but again the standard deviation is much smaller 
than for both G and G-1. Although the progressive re­
placement of tin by nickel results in less variation 
in properties, the mechanical properties of the alloys 
seem to be lowered somewhat. The mechanical properties 
of composition Mare not lowered vhen tin is replaced 
by nickel (Plate4). The tensile strength of M-1 and 
M-2 and the elongation of M-2 are very :much more stabi­
lized. Plate 5 shows that the mechanical pr1perties of 
one heat of R.B.-1 were a little higher than the basic 
composition (R.B.) and that the same trends with pour­
ing temperature are probable. 

40. In Plate 3,llA test mold, a non-standard type 
for bronze, was used. Pouring temperature has less 
effect on the mechanical properties than apfI$red from 
the smaller amount of data reported earlier J. 
Additional data show that the mechanical properties 
are less sensitive to pouring temperature, 'out the 
average values of 11A test mold data when compared with. 
lOA test mold data ares omewhat lower than the minimum 
requ:irements .particu1ar1y at the 1ow temperature end 
of the pouring range. Ins pi te of the low mechanical 
properties, the densities of G-1* and G-2* are still 
satisfactory, while Git- shows a very wide standard 
deviation. Though the mechanical properties fall 
below the minimum requirements when tested under non­
standard conditions, compositions G-1* and G-2* are 
equal t~ or superior to ,composition G*• 

( c) Fl,uidi tv · 

41. There~lacement of 6 percent tin by 6 percent 
ni eke 1 in compos 1 tion G :markedly lowers the fluidity, 
(Plate 7, curve G-2). Likewise, the replacement of 2.5 
percent tin by 2.5 percent nickel in red brass lowers 
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the fluidity somewhat, (curve R.B.-1). Other additions 
or replacements of tin by nickel in bronze have no marked 
influence on fluidity. It follows that for compositions 
G-2 and R.B.-la pouring temperature higher than normal 
for the basic compositions isrequired. 

(d} Microstructure 

42. Several pieces of each composition, cut from 
the ends of the tensile bars before pulling, were 
examined microscopically (Plate 8). All compositions 
except G-2 show,d the typical cored stf~cture with 
intercrystalline shrinkage cavities at the dendrite 
interfaces. G-2 showed noevidence of coring and there 
was a marked lack of intercrystalline shrinkage 
porosity. This further su-ustantiates its high •tas cast" 
dens1 ty. 

(e) General 

43. Complicated castings have been satisfactorily 
made from composition G-2 in the foundry of the Naval 
Research Laboratory and elsewhere. It has been reported 
to be a more satisfactory alloy than composition G for 
the manufacture of pressure-tight castings. Standard 
tin bronze molding practice has been found suitable, 
with pattern shrinkage, and gating and r 1ser1ng methods 
virtually the same. No composition shown in Table II 
appeared to be subject to gas porosity except 0-2 which 
was found to occasionally oontain sub-aut'face pin hole 
gas _porosity. Best results were obtained, however, 
with this composition by melting without a cover under 
slightly oxidizing conditions in an oil fired furnace. 
The gas . porosity seemed to be associated with melting 
under a charcoal cover or in the high frequency in­
duction furnace or both, 

(f) Resistance to Corrosion 
·• . ·. 

Motionlt.ess rectangulr specimens; 

44. The results of this test are shown graphically 
in Plate 10. The corrosion rate is expressed in milli­
grams per square inch per day. The open and the two 
natched columns represent the successive test periods of 
40, 80 and 125 days, respectively. The progressive 
replacement of tin by nickel produced no definite change 
in the corrosion rate of the composition G and Min 
quiescent Severn River water. Heat-treatment had little 
effect on the corrosion rate of the 6 percent nickel, 3 
percent tin alloy {0•2). A definite _but small increase 
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in the corrosion rate of the 85-5-5-5 alloy was produced 
by the ::=substitution of 2.5 percent nickel for an equal 
quantity of tin, 

45. The character of the corrosion product which 
formed on these specimens is closely related to the 
composition of the alloy. Specimens of the regular 
compositions, that is, those containing no nickel, were 
covered with a thin, tenacious and protective film. As 
the tin content of the alloys was decreased and replaced 
by the equivalent in nickel, the corrosion film changed 
to a thi~ scale of low tenacity. The corrosion product 
was completely and easily removed from the one "tin-free" 
9 percent nickel alloy of the composition G group. 

Rotating rectangular specim~ns: 

46. The results of this test are shown gr~ hie ally 
in Plate II. The corrosion rate is expressed in milli­
grams per square inch per day. The open and the solid 
columns represent the successive test periods of 28 
and 69 days, respectively. 

47. The corrosion rate of composition G increased 
gradually as the tin content of the alloy was decreased 
and replaced by nickel j_up to 4 percent. When the tin 
content became less than 6 percent, the corrosion rate 
increased rapidly. The c~rrosion rate of the alloy 
containing 6 percent nickel and 3 percent tin (G-2) was 
not appreciably decreased by heat treatment. 

48. The substitution of 1 percent nickel for 1 
percent tin in composition M (M-l)had little effect on 
the corrosion rate, but when the · tin content was reduced 
to 3.5 percent by substitution of nickel, the corrosion 
rate was increased about nine times. The corrosion rate 
of the red brass alloy containing 2.5 percent nickel 
and 2.5 percent tin (R.B.-l)was several times greater 
than that of the standard composition. 

49. The appearance of the test specimens was an 
excellent index to their corrosion rates. The specimens 
of the composition G series showed increasing corrosion 
damage as the nickel content increased. The samples 
containing between O and 3 percent nickel showed little 
evidence of attack. severe corrosion damage first 
appeared on the alloy with 4 percent nickel. Corrosion 
damage was r.1ore severe on the samples with 6 percent and 
9 percent nickel. These compa:1itions appairently lack 
the ability to form a protective film at such high water 
velocity, as the macrostructure was clearly visible. 

-13-



50. The three alloys of the composition M class 
also showed increasing corrosion attack . as the nickel 
content was increased. The alloy of the regular 
composition showed no evidence of corrosion damage. 
Slight corrosion damage was visible on the leading •::.edge 
of the alloy c:mts:ining l percent nickel (M-1). The 
alloy with 3.5 percent nickel was without film 
protection, with the macrostructure clearly visible. 
Of the tv.o 85-5-5-5 alloys,the one '.,.with 2.5 percent 
nickel was without film protection with the macrosturc­
ture revealed. The alloy of standard composition was 
not visibly damaged. 

Rotating cylindrical ~pecimens: 

51. The results of thts test are shown graphi­
cally in Plate 12. The corrosion rate is expressed in 
milligrams per square inch 9er day. The specimens were 
removed after 28 days, washed off in tap water, dried 
and weighed • 

52. Compositions G and M containing 0.75 percent 
and l percent nickel re spec ti ve ly, had slightly lower 
corrosion rates than the "nickel-free" compositions. 
The corrosion rates were increased by further sub­
stitution of nickel. The substitution of 2.5 percent 
nickel for 2.5 percent tin increased the corrosion 
rate of the 85-5-b-5 alloy. · 

53. The alloys with the lower corrosion rates 
were covered by a smooth., glazed film; those with 
h,1:gher rates were covered with a coarse., dull film. 
The least tenacious film formed on the specimens of the 
composition cy group containing 6 percent nickel (G-2). 
~!.os t of the film was removed from these specimens 
incleaning. A dull red film completely ~overed the 
"tin-free", 9 percent nickel, composition G alloy. 

Silicon l;)!'onze : 

54. Although no data on . cast silicon bronze are 
presented, the. corrosionrate compared w 1th the 
corrosion rate of the alloys in Plates 10, 11 and 12 
has been reported previously ( 5) •. The composition 
of the silicon bronze tested is given in Table Ia, 
Item 2, Alloy No. 13. The corrosion rate in 
quiescent Severn River water which was 0.825, 0.830 
and 1.05 milligrams per square inch per day for 40, 
80 and l~ day tests, respectively.,exceeded that of 
the standard aria modified compositions. ~he corrosion 
rate when the ;.specimen was moving 30 ft. per second was 
5.1 and 10.0 milligrams per ~quare inch per day for 28 
and 69 day tests, respectively, and it exceeded the 
corrosion rate of the standard compositions in both the 
28 and 69 
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day tests. However, the corrosion rate of the silicon 
bronze was exceeded in the 28 day test by "as cast" 
G-2 • Jjod1f1ed compos 1 tion G in which the 9 percent tin 
was replaced by 9 percent nickel ,modified composition 
Min which 3.5 percent tin was ~eplaced by ~.o percent 
nickel, and R.B.-1. The corrosion rate of the silicon 
bronze exceeded the corrosion rate of a 11 compositions 
in the 69 day test excepting R tB.-1 with which 1 t was 
identical. Ing eneral, the corrosion rate of the 
silicon oronze exceeds the corrosion rate of the standard 
and most of the modified compositions. 

SUMMARY 

(a) Composition n 

55. The replacement of tin by nickel in composi­
tion O decreased inhercrystalline shrinkage porosity. 
Phy~ical properties which meet composition G 
specifications were obtained in!ll.l alloys except those 
containing 7.5 and 9 percent nickel. 

56. The amount of tin which can be replaced by 
nickel depends on corrosion conditions. The corrosion 
rate of the motionless rectangul•r specimens in Severn 
River water was not affected b:r: chemical composition, 
while the corrosion rate of the rectangular specimens, 
rotated at 30 ft. per second, increased as the tin content 
was decreased and replaced by nickel. A replacement of 
three percent tin by nickel seems to be maximum for this 
abnormally high velocity. The corrosion rate of the 
cylindrical specimens, rotated at 15 ft. per second, 
increased but 11 ttle as the tin content was decreased 
and replaced by nickel. No marked composition limit 
w~s indicated 1n this test, (The corrosion rates of the 
specimens rotated at 30 ft. per second were not consis­
tently higher than those f'or the speci.mens rotated at 15 
.rt. per second. 

_(b) Composition M and Red Brass 

57. The replacement of tin by nickel in 
composition Mand red brass did not effectively de­
crease intercrystalline shrinkage porosity, while all 
alloys met the physical property requirements for their 
respective basic compositions. 

58. Theoorrosion rate of the motionless rectan­
gular specimens in Severn River water was not affected 
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by variations in the chemical composition of composition 
M, but showed a definite, although slight, increase when 2.5 
percent tin was replaced by 2,5 percent nickel in red 
brass (R,B.-1). The corrosion rate of the rectangular 
specimens, rotated at 30 ft. per second, definitely in­
creased when 3.5 p,rcent tin was replaced by 3.5 percent 
nickel in compos it,1.on M, and when 2 .5 percent tin was · 
replaced by 2.5 percent nickel in red brass. A noticeable, 
but slight, increase in the corrosion rate of the cylin­
drical specimens was noted when the last two above 
nBntioned alloys were revolved at 15 ft. per second. 
Although no corrosion data were obtained on - composition 
M-2 it would seem that it would compare favorably with 
composition Min this regard in view of the present 
results. 

CONCLUSIONS 

59. (a) The replacement of tin by nickel decreases 
intercrystalline shrinkage porosity in composition G, 
but does not ,Appreciably decrease porosity in composition 
Mand red brass. 

60. (b) The replacement of tin by nickel does 
not appreciably lower the. physical properties of the 
basic cpmpoeitions excepting the 7.5 and 9 percent 
nickel alloys in the G series. 

G61. (¢) The extent to which tin ia replaced by 
nickel in composition G and M and r ed brass for marine 
~pplications is determined by the corrosion conditions. 

RECO-MMEND.&TIONS 

6ij. (a) A$ a conservation measure ana as a means 
of improving casting quality, it is sugr:ested that 
nickel replace tin inlronze of the compositions studied 
if the supply of tin becomes sufficiently acute to war­
rant such a repla~ement and if a supply of nickel or 
nickel scrap if-: available. 

63. (b) Provided materials are ivailable and 
since the replacement of tin by nickel improves in-
ternal soundness characteristics in composition Git 
is recommended that a closely supervised trial of 
composition G-2 be g 1 ven at one of the Navy Yard foundries. 
Castings which are required to withstand hydrostatic 
pressure should be selected. A sufficient number of a 
particular casting should be made t.o determine the 
possibilities of the alloy. Care must be taken that the 
casting is not to be used in connection with high Velocity 
water. 
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64.. ( c) Viork should be continued with a v:1 ew 
toward the elimination of gas porosity in composition 
G-2 and improving its resistance to corrosion in 
high velocity water with the introduction of certain 
elements that reduce corrosion. 

FUTURE :·RESEARCH 

65. A study of the molding and fou.pdry technique 
cf certain complicated cas~ings is in progress with a 
view to Jroducing sound pressure-tight castings. 

66. A study or the ~1dth of the.freezing .range 
as a means of predictipg casting qualities of new 
alloys is bei~g made. Fo~ example, aluminum bronze 
has a very narrow solidification range {approximately 
30°c) and it is usually internally so'Uild, freezes with 
a deep pipe, has a very fine gra±n apd unless pouring 
is accomplished with little or no turbulence cold 
shuts androlled surfac~ will result; while tin bronze 
has a very wide solidifaction range (approximately 
200°c) and is characterized by its coarse grain, little 
or no external shrinkage or pipe, smooth surface, no 
cold shuts unless the pouring temperature is too low, 
and much internal unsoundness due to shrinkage. 

6?. A study of the elimination of gas porosity in 
tin bronze and its modifications by foundry tests is 
in progress. 

68. A search for substi_tute alloys is still pro­
gressing. 
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ADDENDA 

PART II 
METHANE ABD PORO.:SITY 

(a) Introduction 

70. Such gases as hydrogen a ndwater vapor were 
shovm to cause much more po,rosi ty than s ulphur dioxf1e 
carbon monoxide, nitrogen, oxygena:id carbon dioxide } ' 
Sulphur dioxide IBeemed to have a minor deleterious 
effect, while the other gases except hydrogenandwater 
vapor produced little, if any, precipit~t~d gas porosity. 
Although no data ,were a-vailable, methane gas was bhought 
to affect tin bronze in a manner similar to hydrogen and 
water vapor. 

(b) Experimental P,rocedure 

from i~~ o~~gl!!!s~;d;?r>i~~t!~~ti!~tr~~:tt:h~b;~;~~i 
on porosity of the methane wrich is present should be 
investigated. Accordingly, a specimen of cbmposition G 
was melted and solidified under commercial methane from 
which the oxygen and water vapor had been :removed. -The 
set-up for this)determination is described in a pre­
ceding report(l on pages 5 and 6, paragraphs 20, 21 and 
22 . The density of the resultant 3 pound specimen was 
determined, !bllowed by sectioning lengthwise through 
the diameter for polishing and visual examination for 
voids. 

(c) Discussion of Resullts 

72. The de;nsity of the specimen melted and solidi­
fied under methane gas was 8.588 grams per c.ubic cent1 · 
meter and the percent voids wascalculated to be 3.8 by 
using 8.928 grams per cubic centimeter, as maximum 
density which was de terr.iined by:tthe x-ray diffraction 
method. Thus methane causes more porosity. than carbon 
dioxide anq less porosity than sulphur dioxide (Plate 1, 
reference (1)). The longitudinalcross section polished 
through the diameter showed the flaky type of cavi t1 illustrated for :water vapor in Plate 8, reference ( } • 
The cavities were not quite so large nor as abundant 
as those in the specimen melted under water , vapor, which 
is indicated by a comparison of the percent voids in each 
(water vapor:, 6.2 percent ...and methane, 3.8 percent). 
Methane can be responsible for some of the porosity in 
bronze castings, but to a i:rµnor extent only when 
compared with the effect of hydrogen and watervapor. 



The explanation for the cause of the porosity depends 
upon the ~tability of methane gas in the presence of 
carbon and molten bronze, and tne liquid and solid 
solubilities of methane or hydrogen or both in bronze, 
which may involve very complex reactions. 

PART II 

RESISTANCE TO CORR<::»SION 

(a) Preface 

73. Since resistance to sea w~ter corrosion is a 
very important requirement ·for bronzes vhich are used 
for marine ~,appiUcations, new substitute alloys which 
can replace the standard compositions e~en though they 
satisfy the mechanical requirements, must prove re­
sistant to sea water corrosion. For this reason an · 
extensive study of resistance to corrosion of standard 
copper alloys, modif'ied compositions and potential 
substitute copper alloys was undertaken. Some work 
which has been completed by the Naval Engineering 
'Experiment Station at Annapolis, Maryland, is incor­
porated in the main body of this report, while the 
work in progress at Annapolis, and at Wilmington,North 
Carolina, is outlined below as a matter of record. 

(b) Annapolis, Maryland 

74. Details of specimens submitted ~o the Naval 
Engineering Experi~ent Station are given in Tables Ia, 
IIa, aJid IIIa. Results of tests on the material con-
tained in Table·sia and IIa have been ... reported previously~) 
and are incorporated int he main body of this report. 
Results -of tests on specimens in ':Table IIIa, have not 
beenreported to this date, but work is in progress. 

(c) Wilmington, North Carolina 

75. The tests in slow moving sea water at the 
Dow Chemical Company, ·,-dlmington, North Carolina are 
under the auspices of the International Nickel Company. 
Details are given in Tableo IVa and Va. The tea ts on the 
specimens in Table IVa were begun in May 1941 and-were 
removed, cleaned and weighed in May 1942. The corrosion 
rate of each specimen is given in Table VIa. Photographs 
which were taken of these specimens upon removal fromithe 
aea water and after they had been cleaned are on file 
at the ~aval Research Laboratory. Since all specimens 
had approximately the same corrosion rate after one 
year's exposure and since the photographs did not show 
any striking difference, they are not being included in 
this report, nor are conclusions being presented. 
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F'IRST TP.AR (1941-1942). 

Orl11nal wt.. u of Wt. Lou Arter Corro• 1. on Rate 
Allo, ~-t Specialn ft. 

-· 1942 
347 lla,y• Expoaun Ilg/Sq. Jn/0.,-

No. lo. No •. ..... 411. ..,._. 
G,.,,s. G,..s. Gms. 

1 66 l JO$$ ~9 6 . O.lJ 

l 66 2 Jlh6 .3142 L 0.09 

2 6~ 2•A )120 )117 ) 0.07 

2 6S 2-8 3107 )102 s O,ll 

3 6li 1 )Olla )029 5 o.u 

3 61. 2 3039 .)O)L s O.ll 

" 63 l Joeo m-, J 0.07 

4 63 2 2993 2995 •2 +o.04 

s 61 2-A 296S '962 3 0. 07 

s 61 2-8 .302.3 3019 L 0. 09 

6 62•8 )-A 3070 .:;<)ul1 6 0.1) 

6 62-~ 3-B 296L 29Slt 10 O. ? 

6 62•E 2-A 2'958 2 SO O.l 

6 62- 2-B 300S 3000 . ll 

6 62- E 3-4 3077 "}072 r: o.n ,; 

6 62-E J-B )111 )l.66 9 0.2 

7 67-Jt. l 3146 Jl.h2 6 .1.3 

7 67-A .2 3117 31.47 0 o.oo 
e 6a 5 )01 .3 1011 l 0.02 

a 68 6 3042 )037 5 . lJ 

~ 70 1 3167 .3160 7 0 .15 

9 70 2 297S 2967 e o.1e 
10 73 l 2910 29C5 5 .ll 

10 7 2 2sie2 291 ) . 01 

ll 6 l )013 2;182 31 o. 
11 9 2 JlJ,2 .L B o.l.8 

12 71 l J21 , J211 L 0 . 09 

12 l 2 )JO 3297 .11 

13 7~ l ~?60 27 9 l 0.02 

13 72 2 2615 2!ll) 2 o.oti 

S.e '?a l• IVA for det.alla. 
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EFFECT OF SUBSTITUTING NICKEL FOR TIN IN RED BRASS (10A TEST MOLD) PLAT£ 5 



~ 
:i 
u 
« 
le 
cri 8. :IE 
(l) 

I 
► .... 
in z 
w 
0 

....: 

~ 
(:> 

~ 35000 
~ 
en 
~ 30000 

. iii z 
~ 25000 

i u 
15 
G. 

~ 
0 

5 • 9 .., 

G M 

~ 

•-• ., 
~ 

1M 

• ... -- --

lliO. IOIO 
IIOI 1111 IHI 

POURING TEMPERATURE 
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