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STATEMENT OF PROBIH

l. Non-ferrous copper base alloys find many
applications in industry. Among these alloys one finds
the tin bronzes rather widely used for many vurposes,
and by delving still farther one finds pressure cast-
ings as one of theilr important epplications. In many
foundrises the percentage of rejections due to leskage
or porosity is quite high. This is obviously very costly
since leaksge is genergally only found after machining.

It is with a view to determine the causes for leakage

in pressure castings and to devise methods for its pre-
vention that the work described in this thesis was un-
dertaken, It is not intended to cover the subject com-
pletely. Hurthermore, the author wi shes to direct at-
tention to the fact that the work was conducted primarily
to increase the knowledgg on the behavior of these alloys
under certain controlled conditions and that no attempt
was made to adhere to existing specifications other than
chemical composition.

2. Porosity in any casting whether ferrous
or non-ferrous 1s undesirgble. Its importance depends
on the purpoée for which the cagting is made. For ex-
ample, castings which are required to withstand steam,

hydraulic, or pneumatic pressure must not be porous.
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Conversely, a reasonable amount of porosity is not
objectionabls in structural and other castings which
are not used under pressurs.

3., This investigation covers non-ferrous
pressure castings in which porosity is extremely im-
portant. The primary purpose of the study is to es-
tablish the reasons for porosity and to devise methods
for its prevention. The object of this report is (1)
to review the literature on non-ferrous vressure cast-
ings and, {(2) to present the data, results, and con-
clusions from work done by the author.

¥NOTN PACTS BEARING ON THE PROBILEM ( THENRETICAL

CONSTDERATTONS )

(8) Introduction

4., There are several non-ferrous slloys
commonly used for the manufacture of pressure castings.
Two of these slloys seem to be more extensively used
thet the others, and for the purpose of simplification
they shall hersafter be referred to as composition "G"
and composition "M". Actuaslly these 2lloys have many
trade names; for example, composition "G is sometimes
called "G" bronze, gun metal, 88-10-2, 88-8-4, etc.,
and composition "M", leaded tin bronze, steam or valve

bronze, commercial 88-10-2, etc. The nominal chemical
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composition of composition "G" is 87.25 mer cent copper,

9 per cent tin, 3 per cent zine, and 0.75 per cent nickel.
The nominal chemical composition of composition "M" is
88.0 per cent copper, 6.5 per cent tin, 4.0 per cent

zine, 1.5 per cent lead, and 1.0 ver cent nickel permiss-~
ible. These alloys are somewhat similsr in chemical com-
vosition. Although the lead contained in composition "
increases machinability, the tensile strength is lowered
by the lead in combination with & lower tin content. How-
ever, from the standpoint of cost of materials composition
"M" is less exvmensive.

5. An extensive search of the literature failed
to revesl any substantiating evidence in regesrd to which
of the two alloys 1s better for pressure castings. One
voint of view is that the lead in composition "M" tends
to fill the cavities formed during the process of sol-
idification which resnlts in a less norous casting. Al-
though this report covers only composition "G", some
investigations sre in vrogress in which an attempt is
being made to determine which of the two alloys is pre-
ferable for pressure casting purposes.

6. The lack of preesure tightness may arise
from a number of causes, such as cracks, cold shuts,

blowholes, and sand inclusions. All of these faults



can be avoided by proper foundry technigue. However,
gas pvockets and minute intercrystalline csvities or
channels are more difficult to eliminate.

(b) Gas Porosity

7. The possible sources of gas porosity are:
(1) absorbed gases may be present in the raw materials
or absorption mey take place during the melting process;
(2) 1nsoluble mold gases may be trapped in the metal
during casting; snd (3) metallic oxides present in the
molten metal when cast may be reduced to form carbon mon-
oxide eand carbon dioxide which are trapped during solid-
ification.

8. The solubility of some gases in molten
bronze increases with temperature, and during soligifica-
tion the solubility decreases., Thus it is possible for
any precipitated gas to become trapped internslly to form
gas cavities, Investigations have been made on the effect
on porosgity of various gases which might be csrried in
with the raw materials or absorbed during the melting
process., Dsniels (6) stated that carbon dioxide, nitro-
gen, and carbon monoxide have no effect on composgition
"G" and that hydrogen causes unsoundness. Jenkins (18)
in his review of the litersture on composition "G" sug-

gested that sulphur dioxide, carbon dioxide, and carbon



monoxide asre the occluded furnace and melting gases
which form cavities. Bolton and Teigand (5) ran =
practical foundry test involving over 100,000 castings
(composition "G" and similar bronzes) and found that
by melting under s neutral or slightly oxidizing at-
mosphere & greater number of pressure~tight castings
were produced than under a highly reducing atmosphere
averaging 7 per cent carbon monoxide. Daniels (6)

and Jenkins (18) confirmed the work of Bolton and
Weigand (6). Bailey (19) suggested that hydrogen and
water vapor also might have a deleterious effect on
pressure castings. Claus and Bauer (17) studied the
influence of gas solubility on inverse segregation in
tin bronzes ard concluded that neutral gases, carbon
monoxide plus carbon dioxide and nitrogen have & normsl
influence, while hydrogen gives extreme inverse segre-
gation; that hydrogen sulfide, which rescts to form
cuprous sulfide and hydrogen, has the same effect as
hydrogen; and that sulphur dioxide, which forms cuprous
sulfide and stannic oxide, has no effect. They found
that phosphorus and lithium tend to reduce the dissolved
uncombined hydrogen and decrease the segregation while
zine and sluminum have little Influence. High internal

gas oressure, developed by the evolution and entrapment



of dissolved gases during solidification, was consid-
ered to be the cause of inverse segregation. Bailey
(19) showed data proving that the hydrogen solubility

in molten copper depends not only on the temperaturs,
but also upon the oxygen content of the copper. In
other words, the higher the oxygen content, the lower
the hydrogen solubility. There is a maximum oxygen con-
tent, however, which, if exceeded, lowers the hydrogen
solubility but 1tttle. When the molten charge contained
hydrogen a grester degree of unsoundness was observed iﬁ
seand castings than in chill castings; the spparent ex-
planation is that a chill casting retains more of the
gas in solution than a sand casting.

9. Only those absorbed gases which are sol-
uble in molten bronze and whose solubillty increases
with temperature are to be considered as sources of
trouble, Gases absorbed during the melting process
which are soluble in bronze at roomr temperature natur-
ally will not cause unsoundness or porosity. And, it
seems highly improbablg that insoluble gases could be
held in susSpension in molten bronze becguse of their
bouyancy in liquids.

10. Mold gases which are trapped during the
casting and solidification process may come from a num-

ber of possible sources, for example, steam from green



sand, air held in the pores of the sand, gases from
the interstices of chills, carbonic oxides originsting
from ignition of carbonaceous mold facing materizls
and core compounds, and gaseous hydrocarbons from the
decomposition of organic bonding compounds (18). Some
of these gases are dissolved but most of them remsin
insoluble in the form of distinct bubbles. If the metsl
i8 too viscous to allow the gases to escape, they will
be retained in the form of blow holes distributed ir-
regularly throughout the casting but often confined to
the surface (7).

11. The formation of tin oxide is considered
by some writers to be harmful in composition "G" and
particularly in "M". The vresence of tin oxide is us-~
vally accompanied by porosity and low tensile strength.
It seems probable that the metalllic oxides are reduced
by dry core binding material and produce oxides of
carbon which sre trapred with the freezing metal around
the core, under the surface of the casting {18). This
trouble 1s encountered more fregquently in bronzes of
high lead content (11).

(¢) Intercrystalline Shrinkage Porosity

12. Some writers feel fhat intercrystalline

shrinkasge porosity is caused by slow or prolonged
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freezing with consequent sluggish feeding of sections.
The copper-tin equilibrium disgram shows an extremely
wide freezing range of apnroximately 150°C (302°F) for
a tin content of 9 per cent. During solidificetion
bronze contracts congiderably. Thus the dendrites
which are formed occupy less space than the ligquid from
which they are formed and voids are left around themn,
If new 1liquid is available during solidification the
spaces tend to fill, but if, for any reason, the supply
of liquid is cut off, conbtraction cavities will result.
It is obvious that due to the wide cooling range a con=-
siderable depth of metal from the dodling face of the
casting will''be freezing at the same time and the feed-
Ing ligquid will have to traverss a long network of den-
drites to £i1ll the cavities (7,16). Bolton and Welgand
(5) stated that the gas rejected in the crystal inter-
gstices during crystallization prevents feed back of the
metal and causes shrinkage by preventing feed through
back pressure. Dews (7) stated thet cavities are formed
primarily by contraction and while they may provide 1odg-
ing places for liberated gases, they are not formed
through any action of the gases.

13. It seems8 logical that even in the absence

of dissolved gases intercrystalline shrinkage cavities
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may be formed by contraction during solidificatioﬁ, and
that intercrystaslline shrinkage porosity may be con-
trolled by the rate of solidification. This seems to
point to the importance of casting temperature; for
example, 1f the casting temperature is well sbove nor-
mal, the contrasction during solidification will be great-
er than if cast at a normal temperature. Consequently,
if 1t is impossible to feed the contraction cavities
with ligquid metal the unsoundness of the resultant cast-
ing will be increased. Karr end Rewdon (2) and
Carpenter and Elam (3) showed that casting temperature
has, through its Influence on rste of solidification, &
greater effect on soundness of composition "G" then any
other factor. Primrose (1) and Thews (15) concluded
that soundness, ultimate strength, and degree of elonga-
tion depend upon the rate of solidification. Smalley
(4) showed that casting at too low a temperature re-
sults in poor‘physical properties which may be attri-
buted to entrapped oxides and ges and impropser feeding.
14. Since this report is primarily concerned
with the causes for porosity in composition "G" and
with methods of attack for the elimination ofpporosity,
o attempt is being msde to discuse in detail those

factors which have only a minor influence on porosity.
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However, it seems worthwhile to mention some of the
methods employed to produce satisfsctory castings. The
castings are designed to maintain a cast finish where
possible and to allow for 2 minimum amount of machining
when machining is necessary. This procedure does not,
by any means, reduce porosity, but it does take advan-
tage of the pressure~tight skin on the surfsce of the
casting chilled by the mold. From the standpoint of
design and molding there are several important factors
to be considered, for example, the coring of heavy
bosses, the maintenance of uniform thickness through-
out and the use of ample fillets when changes in sec-
tions or right angle bends are necessary, the selesction
of the propsr type and size of gates, and the proper
use of chills (9,18). Careful selection of raw materi-
als and scrap are made to avold possible contamination
by undesirsble elements, gases, or oxides. Melting zand
casting procedures are carefully controlled, and permis-
sible elements, such as nickel (10,13) and phosphorus
(7,8,14) are added, These alloying elements are con-
sidered beneficisl to the production of pressure caste
ings when properly used.

EXPERIMENTAL PROCEDURE

(a) Study of Gas Porosity

- 10-



15.. The literature in genersl sgrees that re-
ducing gases are s source of porosity in compdsition "G"
castings, although there is a difference of ovpinion in
regard to the gas or group of gases which may be con-
tained in the raw materials or scrap, or which may be
absorbed during the melting process and evolved during
golidification. In view of this, the following experi-
ments were performed to detexrmine the effect on porosity
in composition "G"™ of the varlous gases which might be
present in the atmosphere during melting.

16, Some experimental melts wsre made in vacuo
to determine the feasibility of using virgin metals in
the proper proportions Por composition "G", Consider-
able difficulty was experieunced 1ln retsining the zinec
in the molten metal. The zinc which vaporized was car-
ried off through the vacuum system and it was deposited
along the way as it became cool enough to condensae. 1In
order to avoid this loss of zinec the following procedurs
was devised which proved to be guite satisfactory for
the entire series of experiments.

17, A preliminsry melt which contained more
bhan the desired amount of zinc was sand caét. Three-
pound syecimens cut from the prelimlinary melt were
vacuum melted in & graphite crucible and rsmelted in

a8 graphite crucible under certain controlled gas atmos-
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vheres. A different specimen was melted under each of
the following gas atmospheres: hydrogen, water vapor,
air, sulphur dioxide, carbon dioxide, nitrogen, oxygen,
and carbon monoxide. The excess zinc was purposely add-
ed to the preliminary melt to compensate for zinc losses
which occurred during vacumm melting. It is to be noted
that the svecimens cut from the vreliminary melt were
melted in vacuo before melting under controlled gas at-
mospheres., This procedure was followed because it was
felt that the sand cast specimens might contain certain
gases or oxides which would influence results when melt-
ing under controlled gas stmospheres. In other words,
by following this procedure all sSpecimens were brought
to a standsrd cuality and thus the results obtained sfter
melting under different gas atmospheres weres comparable,
18. The preliminary melt was made of virgin
metals in a high frequency 1lift coil induction furnace
using a No. 60 semi-conducting crucible having a cspac~
ity for 180 pounds of bronze. The metal was cast at
1140°C (2084°F) into & green sand mold. The resultant
casting weighed approximately 117 pounds including gates
and risers. The main body of the casting consisted of
three cylinders, each 1-3/4 inches in dismeter and 30

inches long. The casting was sand-blasted, thoroughly
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cleaned, and cut into lengths each weighing about 3
prounds. The chemical analysis of & representative Sam-
ple of the alloy showed that it contained 85.52 per cent
copper, 8.71 per cent tin, 0.75 per cent nickel, and 4.73
per cent zine,

19. In order to arrive at the desired zinc con-
tent (3 per cent) the specimens were weighed before and
after vacuum melting and the loss in weight taken as loss
of zine. By this method the approximate zinec content
could be calculated. The charge was remelted if the zino
content was too high and discarded if too low,

20, Melting in wvascuo and under controlled gas
atmospheres was done in graphite crucibles machined out
of Acheson graphite electric are furnace electrodes, four
inches in diasmeter. The crucibles were 2-1/2 inches out-
side diameter, b inches overall length, 2 inches inside
dismeter at the top, tapered 4-1/2 inches in length to
1-3/4 inches inside diameter at the bottom. A graphite
hopper 5 inches ovserall length was placed over the cru-
cible so that the entire charge could be loaded at once,
thereby preventing interruptions when melting. A graphite
1id was placed over the hopper. Both the 1id and the hop-
per also served to eliminate drastic temperature gradients

during solidification., The crucible, hopper, and 1id were
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placed in a quartz tube closed at one end, 12 inches
long, 3-1/2 inches outside dismeter, and 1/8 inch wall
thickness. A water-cooled bronze cap was fitted to the
open end of the quartz tube and sealsd with s rubber
gasket. The cap had two convenient ovenings, one of
which was closed when melting under vacuum, and when
melting under gas atmospheres one opening was used as

an inlet and the other as an outlet. A high frequency
induction furnsce was used for melting and a Beach-Russ
two-stage rotary oil pump was used to »nroduce the vacuum,
The total time for a vacuum melt was 60 minutes - 30 min-
utes for evacuating the furnace, 25 minutes to melt the
charge, and the charge was held 5 minutes in the molten
condition after which the powef was cut off and the metal
allowed to cool to room temperature in vacuo,.

21. The procedure fof melting under gas atmos-
pheres was as follows. Commercial grades of hjdrogen,
sulvhur dioxide, carbon dioxide, nitrogen,and oxygen were
employed. In order to insure their purity the gases were
chemically treated to remove thoss impurities which might
influence results., Hydrogen was passed over palladiumiz-
ed pumice at 100°C (212°F) to convert oxygen to water
vapor. It was then passed through concentrated sulphuric

acid and calcium chloride to remove the water vapor before
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entering the enclosed heating chamber. Sulphur dioxide
received no special treatment. Carbon dioxide wss passed
over calcium chloride., Witrogen was passed ovef copper
filings at 6000C (1112°F), through concentrated sulphur-
ic scid, and over calcium chloride in the order named.
Oxygen was bubbled through & cuprous chloride solution
to remove carbon monoxide, and then over calcium chloride
to remove water vapor. Water vavor was produced by run-
ning steam generated by boiling water through the heating
chamber. Carbon monoxide was vroduced by continuously
dropping concentrated formic acid into concentrated sul-
phuric acid. Any acid fumes and water vapor carried
with the carbon monoxide were removed by vassing through
concentrated sodiuwm hydroxide and calcium chloride. 1In
all cases, excepting the melt in air, the exhaust gas
was bubbled through water to maintain a constant pres-
gsure and to prevent suction of air into the system
shonld a drop in internal vressure occur.

22. The flow of gas was maintained for at
least thirty minutes before stasrting the furnace and
was continued until the metsl cooled to room temperature.
The metal was held molten for thirty minutes reaching a
meximum temperature of approximately 1100°C (2012°F).

It golidified in about fifteen minutes and cooled to
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room temperature in three hours. The resultant speci-
mens were halved lengthwise through the diameter,
polished, and photographed. Density determinations
and chemicgl snalyses were made,

(b) Study of Intercrystalline Shrinksge Porosity

Effect of alloying elements

23. In studying gas norosity, cavities were
observed even in specimens melted in vacuo prior to
melting vnder controlled gas atmospheres. Assuming
that by melting in vacuo no gases would be present, it
seemsS reasonable to deduce that some other factor camsed
the porosity. Therefore, it was felt that this type of
porosity might be natursl for cast composition "G" and
that some alloying element or elements were the contri-
buting factors. -

24, To prove this, the following experiments
were performed., Five vacuum melts were mede using the
set-up described in paragraph 20. Virgin metals of
high purity were used for s 3-pound charge of each com-
position shown in Plate 2. It is to be noted that in
each successive charge copper is substituted for by onse
or more elements comprising composition "G", and thet
the last charge is the alloy itself. The specimens

were processed In the menner outlined in paragraph 20.
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Influence of pouring temperatures

25, The inportance of pouring temperatures,
often referred to as casting temveratures, was empha-
sized in the literature. Some experiments were under-~
teken to confirm statements in the literature, while
others were made to determine the relationship between
pouring temperatures and goundness, tensile strength,
and elongation.

26. IPMive heats, numbered from 22 to 26 inclu-
sive, were run. Two were composition "G" containing no
nickel, two were composition "G" containing the nominal
nickel percentage, and one was a modification of com=-
position "G" in which 6 per cent nickel was substituted
. for 6 per cent tin. The composition of each heat is
shown in RFigure 3. The melting was done in an A jax-
Northrup 1lift coil type induction furnace having a ca-
pracity for a No. 70 crucible., Seventy-pound charges
were melted in a No. 40 crucible. Zach charge consisted
of 30 per cent scrap and the balance virgin metal,
Tickel was added in the form of a 50 per cent copper and
50 per cent nickel master alloy. The scrap metal, copper-
nickel master 2lloy, and virgin copper were melted first.
The molten metal was covered with charcoal and heated

above the initial pouring temperature. The tin was added
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followed by zinc. The crucible was removed from the
furnace, the metal cooled to the desired pouring tem-
perature, and cast.

27. Details of the casting are shown in
Plate 11 and Plate 12, Figure 1. The molds were nade
of No. O Albany green sand containing from 7 to 8 per
cent moisture. The tensile test specimens were cut
from each casting and densgity determinations were made
on each specimen before maching to 0.506 inch dismeter.,

(¢) Hydraulic Pressure Testing

28. An attempt was made to correlate pressure
tightness with density by first determining densities of
hollow cylinder castings as cast and as machined to sigze
and then subjecting them to hydraulic ﬁressure. Two
melts were made in a No., 60 semi-conducting crucible,
using the same equipment and following the same melting
and casting procedure outlined in paragraph 26. Compo-
gition "G" containing no nickel was used. The details
of the hollow cylinder casting are shown in Plate 10 and
12, Figure 2. The hollow cylinders were machined to 2-
1/2 inches outside diameter, 2-1/4 inches inside diameter,
and 4 inches length for testing, the excess length being
cut off the top section of the cast cylinder., Plate 13

shows the device used for hydraulic ﬁressure testing.
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(d) Density Determinations, Voids and Soundness

Calculations

29. Observed density vsalues were determined
by the conventional displacement of wster method. The
values obtained were at 20°C (68°F). It was found
that densities of smsll samples taken from various sec-
tions of a casting varied considerably. Thersefore, in
8ll cases observed densities of the entire specimens
were measured. In other words, in determining the den-
slty of a tensile test specimen the whole specimen was
weighed in air and in weter end the density computed.
This gave an average observed density value for the
tensile test specimen., The same vrocedure was followed
in density determinations of hollow ¢ylinder csstings,
and specimens obtained from vacuum and controlled gss
atmosphere experiments. In order to calculate per cent
volds or per cent soundness, it was necessary to deter-
mine the maximum densities of the alloys studied.
Specimens of sach alloy were cut into one-inch cubes,
and cold compressed and annszled until maximum and con-

stant density values were obtained. Three methods of
determining density were used: (1) displacement of
water, (2) welghing a Xmown volume in air, the volume

determined by measuring the dimensions with a micrometer
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caliper, and (3) X-ray diffraction. The results obtain-
ed from the latter were wused, since they were more con-
gistent than the resuvlts obtained from the others.

Table 4 lists the alloys studied and the corresponding
maximum density values.

30. Before leaving the subject of density de~
terminations, a few words should be included in regard to
density.as a measure of porosity or unsoundness, If a
casting or specimen has & denslity equal to the maximum
density, it can be said that the specimen is 100 per cent
sound or contains zero per cent voids. On the other hand,
if the density is less it 18 obvious that the specimen is
not 100 per cent sound and necessarily contains a certain
percentage of voids to make up for the volume occupied,
In other words, the observed density of a specimen is an
indication of its soundness or porosity. The maximum
dengity varies, Bf course, with the composition. Thus
in presenting data showing the effects of variations in
composSition or the effects of other varigbles on poros-
ity, obeserved density values must be compared with the
maximum density obtalnable for the particular composi-
tion. The percentage of voids may be computed from the

following formula.

Volds, ver cent = Dﬁax. - Dobs. x 100

Dnax,

- 20 -



Dnax., is the maximum density and Do’os. is the observed
density as described in p=ragraph 29. The fipures
shown ae soundness (per cent) were determined by sub-
trecting voids (per cent) from 100. Thus & perfectly
sound casting would be 100 per cent sound, and s cast-
ing containing 10 pexr cent voids would be 90 per cent
sound,

DISCUSSION OF RESULTS

(a) Study of Gas Porosity

3l. The chart in Plate 1 represents the dats
obtained from the study of gas porosity desgoribed in pre-
ceding pasragraphs. Hydrogen and water vapor caused the
most porogity, sulphur dioxide and eir Tollowed with a
decided drop in porosity, and cerbon dioxide, nitrogen,
oxygen, and carbon monoxide caused porosity in the order
given with carbon monoxide csusing the least, It is in-
teresting to note the relstive positions of the two bars
marked "Leaky Castings.” They represent hollow cylinder
castings having the least porosity of 24 tested which
lesked when subjected to the hydraulic pressure test,

In other words, & further reduction of porosity seems
necessary to obtain pressure-tight castings,

32, This discussion covers only the possi-

bility of porosity caused by gases absorbed from the
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materisls or during the melting process and precipitasted
during solidification. There is another type of gas
porosity which may occur during the cssting and solidifi-
catlon processes. This is in the form of occluded gases
which appear near the skin of the casting only and are
probably a result of insoluble gases formed by hot metal
contacting the sand mold surfaces and which are trapped
during solidification. These may be almost any of the
gases discusses, and although such blowholes are unde-
sirable, they are not too serious s defect if other Pasc-
tors governing porosity are proverly controlled, since
this type of porosity is usuwally found near the casting
surface only and not throughout the casting. Thus, if
the balance of the casting 1s sound, it would be diffi-
cult to force ligquid through the casting if the channels
formed by a series of cavitiss are absent.

33. Porosify found throughout a cesting might
result from precipitated gas which was dissolved prior
to casting, and obviously can cause leakage, particularly
if the porosity is of such magnitude to provide conven-
ient channels for the liquid or gas. It is interesting
to consider in detsll some aspects of absorbed gas po-
rogity which are inclmded in Plate 1. The melt repre-

gented by the bsr marked "Vacuum"” (melted only under
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vacuum) csn be assumed to be free of gas. By melting
under vscuum in & graphite crucible metallic oxides
would be reduced fo oxides of carbon, and these gases
and others, if present, wounld be removed through the
vacuum system. KEven though the "Vacuum" melt is gas-
free 1t has a certain gmount of porosity (indicated by -
the per cent volds or per cent soundness of the metal)
due to some other cause. Since the specimen was pre-
pared under carefully controlled conditions s8ll vari-
ables, incluvding éas, were e€liminated. Therefore, the
other cause for porosity can only be attributed to in-
tercrystalline shrinkage which will be discussed later,
If it is assumed that "Vacuum" has zero gas porosify,
then a line drawn parallel to the horizontal axis in
Plate 1 through the uppermost point of the bar marked
"Vacuvum™ will be the zero point for gas porosity for

all of the gas melts. The bsr "Vacuum" has two upper-
most points one shadéd and the other unshaded which
were determined by using maximum density values obtained
by different methods mentioned above. If a line is
drawn through either point, comparisons must be made
with corresponding points on bars representing soundness
of the various gases. If the dotted line AA' is consid-

ered as the zero gas porogity line the effect of the
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various gsses8 on porosity is more noticeabls. Carbon
monoxide seems to hsve no effect and can be considered
as either insoluble or soluble from room temperature to
1100°C (2012°F). The former is mrobably correct. Oxy-
gen, nitrogen, csarbon dioxide, sulphur dioxide, and air
show gradual incresses in vorosity due to gas. The per
cent voids of specimens melted under water vapor and
hydrogen is more than twice thet of the vacuum melted
specimen, 1ndicating a marked influence of these two
gagses on porosity. Water vapor probasbly breaks down to
form oxygen and free hydrogen, and it is quite likely
that hydrogen alone is dissolved in the molten metal
and precipitates during solidification to ¢suse porosity.
24, Table 1 shows the chemical composition
and heat numbers of the specimens charted in Plate 1.
Plates 7 and 8 show cross-sectional photographs of the
gspecimens charted in Plate 1. The effect of hydrogen
and water vapor on porosity is obvious. A number of
small cavities are evident in the specimens melted un-
der alr and suvlphur dioxide. There 1s no apparent ef-
fect of carbon monoxide, oxygen, nitrogsn, and carbon
dioxide on porosity. The chemical analysis of the speci-
men melted under sulphur dioxide shows 0,10 @ér cent

sulphur which was vicked up during the melting process.
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Examination under the microscope revealed the presence of
sulphides which seemed 1o have no bearing on porosity.

35. Before lesving the discussion of gas poros-
1ty, a short discussion of the prsctical application of
these findings to foundry practices is in order. Virgin
metals and scrap used in making the alloys are possible
sources of gases, which may be carried over from previous
refining or melting operations. Furthermore, they may
come from moisture, oil, or corrosion products on the sur-
face of the materials, Some or all of these, when heated,
may ultimately break down to water vapor or hydrogen or
both, and become absorbed by the morten metal. PFurnace
atmospheres in coal or coke fired natural draught pit
type furnaces, o0ll, gas, or induction furnaces, may have
hydrogen or water vapor present. Bailey (19) presented
g chart showling gas atmospheres for a number of differ-
ent types of copper melting furnaces including some of
those mentioned above which showed that in most cases the
hydrogen content varied between 0.0 and 2,0 per cent, but
the water vapor was much higher, in one case having as
mueh as 20,7 per cent. If the fluxes, deoxidizers, or
charcoal contain moisture, they also may be sources of
gas porosity.

36, In view of the similarity in chemical com-



positions between comvositions "M" and "G" it is very
probable thst the results obtained from the study of gas
porosity on composition "G" caen be epplied to composition
"M".

(b) Study of Intercrystalline Shrinkage Porosity

Effect of alloying elements

37. DPlate 2 shows the per cent voids and per
cent soundness of a series of five alloys melted, sol-
idified; and cooled in & graphite cruecible in vacuo.

The reletively low percentage of voids found in the first
three alloys from the left side of the chart is worthy of
note. These alloys do not contain tin. The percentage
of voids found in the fourth and fifth alloys from the
left side of the chart ranges from 4 to 30 times as much
as the first three alloys. It is to be noted that the
fourth and fifth alloys contain tin and that the fifth is
composition "G",

38. Cross-sectional photographs of these alloys
axre shown in Plate 9. The alloys having low percentage of
voids and no tin show a pipse in the center of the gpeci-
men, while the alloys containing tin and having a high per-
centage of voids show no pipe whatsoeﬁer. It is obvious -
that the shrinkage in the alloys showing the pipe is ex~

ternal as evidenced by the pipe, whersas in the slloys



containing tin, no external shrinksge is evident. Con-
sequently, since some shrinksge has to take plsce, it
can be assumed to be internal in the form of minute cav-
ities. This ig verified by the fact that the nercentage
of voids is relativelj high and that minute cevities are
discernible under the microscope.

39. 1In view of the results obtained from these
data it seems that regardless of precise foundxry control,
it 1s impossible to manufacture castings entirely free of
voids or porosity. It remains to be proved by hydrsulic
testing whether or not it is necessary for castings to be
free of porosity if they are to be pressure-tight. How-~
ever, it must be borne in mind that this factor is a nat-
ural pheriomenon which camnot be easily controlled and pre-
gsents a considerable handicep in the mamufacture of pres--
sure-tight castings.

Influence of pouring temperstures

40.‘ Plate 3 shows the influence of pouring tem-
perature on soundness for three compositions. Two are
essentiglly composition "G", one with and one without
nickel., The third composition is & modification of com~
vosition "G" In which 6 per cent nickel is substituted
for 6 per cent tin. Since the element tin has been shown
to be a cause of intercrystalline or internsl porosity in

composition "G", it was felt that by substituting some
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other slement for tin, internal vorosity could be reduced.
The substitution of nickel was msde nrimarily to decrease
intercrystalline shrinkage porosity and at the dame time
retain or improve all of the physical and corrosion re-~
sistant properties for which composition "G" is noted.

41, There are further advantages in substitut-
ing other élements for tin., In view of the present war
conditions a satisfactory substitute for tin, a strategilc
materisal, would be an important development. In the case
of the modified composition "G" in which 6 per cent niokel
was substituted for 6 per cent tin the cost of the alloy
wonld be lowered since tin costs roughly twice as much as
nickel.

42, From the two curves in Plate 3 representing
composition "G" two important observations can be made:
(1) soundness increases rapidly as the temperature de-
creagses to 1150°C (2012°F) and is constant at lower tem-
peratures; (2] the presénce of 0.6 to 0.7 per cent nickel
shows higher soundness at 1150°C and under, although the
pouring temperatures sabove 1150°C seem to be more critical.
Pouring temperature hag: little influence on soundness of
the modified composition "G" alloy contalning 6 per cent

nickel.
43, In Plate 4 pouring temperature is plotted
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against nhysical properties. Agsin the drastic effect
of pouring temmeratures is to be noted on composition
"G". As the temperatures drop to 1150°C, the physical
properties increase sharply, and as the temperature
drops below 1150°C, the physical properties decrease,
The physical properties of the modified composition "G"
decreass with pouring temperature, but the change is
not sharp, nor is there a2 critical pouring temperature,
44. Plate 3 and Plate 4 afe combined in Plate
S with soundness plotted versus tensile strength and the
pouring temperatures inserted at each point on the curves.
The curves representing composition "G" show meximum ten-
sile strength and soundness at a critical pouring temper-
ature. Composition "G" containing from 0.6 to 0.7 per
cent nickel shows improvement in soundness over composi-
tion "G" containing zero per cent nickel with no apparent
change in tensile strength. The modified composition "G"
alloy shows relatively little change in soundness with
pouring tempersture, although some loss in tensile
strength is to be noted with lower pouring temperatures.
However, the tensile strength values on the whole are
equivalant %o or higher than the maximum tensile strength
values obhtained on compogition "G", Table 2 shows the

date used for preparing Plates 3, 2, and 5. In sddition,



the average density of each specimen is included.

4¢5. From the obeservstion wmsde on the curves
(Plates 3, 4, and 5), the importance of accurstely con-
trolling pouring temperatures of commosition "G" in %he
foundry can be sppreciated. In order to obtain maxi-
mum soundness snd maximum physicel properties a casting
has to be poured within a very narrow tempersture range.
In view of the similarity of composition "G" and comgo -
sition "M" it would seem that pending further investi-
gation of the latter alloy, the effect of pouring tem-
peratures would be relatively the ssme. The modified
composition "G" containing 6 per cent nickel does not
seen to be affected by pouring temperatures. This may
be due to the lower 1in content of the alloy. An alloy
of this type would be of considerable hely to the found-
ry since it would eliminste one of the important factors
in the manufacture of pressure~-tight castings by remov-
ing the critical relationship between porosity and pour-
ing tempersture.

(c) Hydraulic Pressure Testing

46. Table 3 shows the data obtained from the
hydrsulic pressure tests. It is to be noted that only
one specimen, 10A, satisfactorily withstood pressure.

The balance leaked at 100 pounds pressure or less. Some
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of the other specimens had a higher soundness value than
10A but leeked when tested. Becsuse of the deviationm of
results no definite conclusions were drswn. Further work
is contemplated on this type of testing with a viewlto the
correlation of per cent soundness with pressure tightness,
It is felt that some changes in the design of the test
casting will be necessary before safisfactory resulits can
be obtained. Gardner and Sseger (20) conducted similar
hydrsulic pressure tests on cast red brass (85 per cent
copper, 5 per cent zine, 5 per cent tin, and 5'per cent
lead) with fairly good results. Plate 6 shows the effect
on sowndnsess of two differently shaped snd designed cast-
ings of i1denticel composition.

SUMMARY AND CONCLUSIONS

47, Tin causes intercrystalline shrinkage poros-
ity in composition "G". This obviously suggests a change
in composition or perﬁaps even a substitution of other
alloylng elements for tin.

48, Hydrogen and water vapor cause gas porosity
in composition "G". Sulphur dioxide seems to have a minor
deleterious effect, whille carbon dloxide, nitrogen, oxygen,
and carbon monoxide cause 1lifttle, if any, gas ﬁorosity.

49. TImproper pouring temperatures cause porosity

in composition "G". Maximum soundness and physical prop-
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erties can only be obtained within a very narrow pour-
ing temverature range, which is difficult to control in
sctual foundry practice.

50, HModified composition "G", in which 6 psr
cent nickel is substituted for 6 per cent tin, decreases
the effect of pouring temperature on soundness and phys-~
ical properties. In other words, high soundness values
and good physical properties can be obtained over a wide
pouring tempersture range, which shonld aid considerably
in the production of pressure castings.

51. Design and shape of casting influences

soundness.
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Gas
Atmosphers

Vacuum
cO
Og
N2
COo
S0,

Alr

B0

Hp

Leaky

Castings

Chémical Anslysis of Alloys
Melted Under Gss Atmospheres
(See Plste 1)

Heat
Number

9

16
18
19
13
14
15
17
12
20
21

TABLE 1

%
87.156
87.35
87.43
87.41
87.09
87.09
86.89
§7.23

87.36

87.23

87.78

%Zn

2.76
2.63
2.59
2.79
2.98
2.80
2.83
2.78
2.70
3.66
2.84

0.10



Specimen
No.

w3y UL KMNaH

Effect of Pouring Temperature on
Various Physicel Properties

Heat Pouring
Number Temper-

aturs

og

22 1240
B 1150
" 1050
23 1280
" 1175
" 1050
24 1230
" 1160
w 1050
25 1300
" 1140
" 1050
26 1325
n 1200
" 1100

TABLE 2

Average
Density

Percent
Sound-

gms8./c.c. ness

st 200¢*

8.536
8.639
8.623

8.331
8.531
B8.674

8.014
8.597
8.780

7.928
8.795
8.762

8.728
8.736
8.704

95.6
96.8
96.6

93.3
95.6
97.2

90.1
96.6
98,7

88.9
98.6
98.2

97.8
97.9
97.5

Tensile

Strength

1bs/sq.
in*

33,100
41,700
30, 300

24,900
36, 400
33,200

26,300
40,500
31,000

27,400
41,800
26, 400

42,500
41,500
37,800

represents average of two specimens tested.
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TABLE 3
Hydraulic Pressure Testing Data
on Hollow Cylinder Specimens
(Composition "G")

Chemical Analysis:

7 Conper 4 Tin % Zinc
87.2 8.8 3.7
Heat No. 20 87.8 9.0 2.8
Heat No. 21
Pouring Speci- As Csast Machined Pressure Test
TempeY- men Density Percent Densigy Percent
ature No. at 20°C Sound- at 20°C Sound-
¢ gms./c.c. ness gms./c.c. mness 100 lb. 600 1b.
1300 1A 8.148 91.3 7.958 89.2 NG
" 1B 8.170 91.6 8.080 90.6 NG
n 6A 7.761 87.0
" 6R 7.753 86.9 7.464 83,7 NG
1210 2A 8.309 93,1 8.129 91.1 NG
" 28 8.2856 92.9 8.023 89.9 NG
1200 BA 8.493 95.2
n 8B 8.465 94.9 8.340 93.5 NG
1125 104 8.531 95.6 8.319 93.2 0)4 0)4
” 10B 8.534 95.7 8.346 93.5 NG
1110 3A 8.463 94.9 8.389 93.8 NG
" 3B B8.471 95.0 8.284 92.9 NG
1050 4 8.440 94.6 8.366 93.8 NG
" AB 8.428 94.5 8,428 94.3 NG
" 124 8.572 96.1 8.374 93.9 NG
" 12B 8.549 95.8 8.343 93.6 NG

* Only specimens withstanding 100 1b. ver sq. in. pressure were
tested at 600 1lb. per sg. in. pressure.

NOTE: Specimens numbered 1A, 1B, 24, 2B, 34, 3B, 44 and 438
were taken from Heat No. 20, and specimens numbered
64, 6B, 84, 8B, 10A, 10B, 12A, and 12B were taken
from Heat No. 21,



TABLE 4
Maximum Density Values
Chemical Compositions

llax. Density
X-Ray Diffrasection

% Cu %2n ZSn A Method
87.4 2.9 9.6 0.0 , 8.928 gms./c.c,
87.4 3.1 9.5 0.0 8.928 " "
85.8 3.3 10.2 0.7 8.900 "
87.4 2.9 9,1 0.6 . 8,922 " Y

gg.2 - 2.8 3.1 5.9 g.028 " "
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FULL SIZE CROSSSECTIONAL VIEW OF SPECIMENS USED FOR FREFARATION OF CHAR 7, PLATE 2
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DETAILS OF HOLLOW CYLINVER TEST CASTING
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TENSILE TEST HOLLOW CYLINOER
IFLECIMEN  CASTING TEST CASTING

FIG 2
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HYORAULIC FPRESSURE TEST7ING DEVICE
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