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Permanent Mold Casting of Copper-Base Alloys for Plumbing Applications

M. Sahoo, M. Sadayappan and F. A. Fasoyinu

Abstract

The lead content of drinking water has been restricted to less than 15 ppb by the Environmental Protection Agency (EPA) in
USA. This has led to extensive research and development work at the Materials Technology Laboratory (MTL) of CANMET, a
Canadian Government research laboratory, on the development of low-lead and lead-free copper alloys for plumbing applica-
tions. Attentionhas also been focused on the environmentally friendly and energy efficient permanent mold casting process to
minimize the disposal of foundry sand contaminated by lead due to the use of leaded alloys in the non-ferrous foundries.

A new series of alloys called SeBiLOY contaning Bi and Se been introduced to replace lead in the leaded alloys. This paper
addresses some important casting characteristics such as fluidity, hot tear resistance, mechanical properties and microstructuref
lead-free alloys such as SeBiLOY III and low-lead alloys such as silicon brass, silicon bronze and yellow brass in gravity perma

nent mold casting.

1. Introduction

Plumbing fittings in North America have traditionally
been produced by sand casting process using leaded cop-
per-abse alloys, such as C83600 and C84400 with a nom-
inal lead content of 5 and 7% respectively. This is
contrary to the practice in Europe where permenent mold
casting 1s more common to produce plumbing fittings in
leaded copper-base alloys are also facing several envi-
ronmental concerns. One of them is the sand contam-
ination by lead, which can be declared a hazardous
material depending on the lead content and the disposal
of such foundry sand is expensive. There is also the con-
cern of lead contamination in the drinking water supply.
Over the years, the U. S. Environmental Protection
Agency (EPA) has been limiting the lead content in pota-
ble water. Effective November 1992, the limit has becn
set at 15 part per billion (ppb0. As a result of such restric-
tions, lead content of plumbing fitting must be reduced
substantially.

The problems associated with the lead contamination
of foundry sand can be minimized significantly by chang-
ing the production technique of plumbing fittings from

sand casting to permanent mold casting. Other advan-
tages of the permenent mold casting process are better
surface finish, improved mechanical properties, closer
dimensional control and energy efficiency. Thus, a com-
bination of low-lead (if possible lead-free) copper-base
alloys and permenent mold casting would minimize both
the sand disposal problem commonly encountered in
sand-casting foundries, and the lead problem 1n drinking
water.

Bismuth and selenium could be used to enhance the
machinability of copper-base alloys and replace lead.
Extensive research and development work has led to the
introduction of three Bi and Se added alloys (BeBiLOY).
Of these SeBiLOY I (C89510) and SeBiLOY II
(C89520) have been developed to replace the sand cast
leaded red brasses, C83600 and C84400. The third alloy,
SeBiLOY III (C89550) is the substitute for leaded yel-
low brass and suitable for permanent mold cast condition.

Since 1991, research at the Materials Technology Lab-
oratories (MTL) of the Canada Centre for Mineral and
Energy Technology (CANMET) has been aimed at pro-
moting the permanent mold casting technology kfor cop-

per-base alloys and to develop low-lead and lead-free
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alloys for plumbing fittings and the projects were cost-
shared with various organizations, namely, International
Copper Association (ICA), Copper Development Asso-
ciation (COA), American Foundrymen's Society (AFS),
Brass and Bronze Ingot Manufacturers (BBIM) and Sele-
nium and Tellurtum Development Association (STDA).
The effective casting fluidity, hot tear resistance and cor-
rosion behaviour in hard and soft water of alloys such as
silicon brasses (C87500 and C87800), silicon bronzes
(C87600 and C87610), high-zinc yellow brass (C85800)
and SeBILOY III (C89550) have been evaluated. In addi-
tion, prototype plumbing fittings have been produced in
these low-lead and lead-free alloys. This paper sum-
marizes the important findings of this work since details
have already been published elsewhere[1-34].

These lead free alloys were also used to produce pro-
totype plumbing fittings.

The solidification ranges of these alloys are shown in
Table 2. As shown, the yellow brasses (C85800 and
C89550) have narrow freezing range and other two are

long freezing range alloys.

3. MICROSTRUCTURE

The typical microstructure of all the alloys consists of
primary o dendrites and a eutectic mixture of o and J.
The interlocking dendritic structure changes into a feath-
ery non-dendritic structure upon the addition of alumi-
num. The general features of the micorstructure of all the

Table 2. Solidification Range of Alloys

2. ALLOY CHEMISTRY Alloy No. Temperature,”C
Liquidus Solidus Range
The nominal composition oranges and sim compo- 85800 89 871 28
sitions of the alloys studied at MTL are presented in Table 89550 82 560 32
C87500 916 821 95
1{1,2,6-9]. Although the lead content of the alloys have C27300 916 801 95
varied between 0.1 and 2%, some of the alloys werrfe C87600 971 860 111
cast without lead to evaluate the casting characteristics. C87610 971 860 111
Table 1. Chemical Composition Range of Alloys
Alloy AlloyNo. Zn Pb Sn Si Al Fe Mn Other
C85800 31-41 1.5 1.5 0.25 0.5 - -
High-Zn yellow brass Aim 1 35 0.5 1.0 - 03 - -
Aim 1 35 1.0 1.0 - 0.3 - -
B1:0.7-2.0
SeBiLOY III C89550 3240 0.2 1.5 - 0.5 0.7 1.0 S6:0.07-0.25
Aim 1 36 - 1.5 - 0.3 0.5 0.7
C87500 12-16 0.5 - 3.5-55 - - -
, Aim 1 14.0 0.5 - 4.0 0.1 - -
Si-brass
C87800 12-16 0.15 0.25 3.8-4.2 0.15 0.15 0.15
Aim 1 14.0 0.1 . 4.0 0.1 - -
C87600 4-7 0.5 - 3.5-5.5 - - -
Aim 1 5.5 - - 4.5 - - -
Aim 2 5.5 0.5 - 4.5 - - -
, Aim 3 5.5 - - 4.5 0.3 - -
Si-bronze ]
Aim 4 3.5 0.5 - 4.5 0.3 - -
C87610 3-5 0.2 - 3-5 - 0.20 0.25
Aim 1 4.0 0.2 - 4.0 - - 0.25
Aim 2 4.0 0.2 - 4.0 0.3 - 0.25

(4)
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Fig. 1. Optical micrographs showing the effect of aluminum on
the structure of SeBiLOY III (2) 0% Al and (b) 0.4%
Al, 100X.

alloys are summarized as follows:[1,2,6,25]

* Aluminum appeared to promote the formation of
feathery dendrites in all the four alloys.

* Increasing lead content in silicon brass, silicon bronze
and yellow brass, even in the presence of aluminum,
changes the feathery fine structure in to a coarser den-
dritic structure.

* In the case of SeBiLOY III, the newly introduced yel-
low brass with bismuth and selenium replacing lead, the
micorstructure consists of the classical interlocking den-
drites. Addition of aluminum changes the structure to a
fine feathery structure. This is shown in Fig. 1.

- Bismuth in SeBiLOY Il is found as discrete particles.
Selenium is found as copper-selenide or bismuth-selenide
and distributed evenly in the alloy matrix. The distri-
bution of bismuth in SeBiLOY III is shown in Fig. 2.

(5)

SEM micorgraph showing bismuth distribution in
BeBiLOY III, 1000X.

Fig. 3. Optical micrographs of SeBiLOY III with (a) 1.1%
bismuth and (b) 1.7% bismuth, 100X.

* The microstructure of SeBiLOY III gets refined with
increasing amount of bismuth. Theis is opposite to the
trend observed for lead addition in other alloys. The typ-
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ical microstructure showing the effect of increasing bis-

muth content are shown in Fig. 3.

4. CASTING FLUIDITY

The effective casting fluidity of permanent mold silicon
brasses (C87500 and C87800), silicon bronzes (C87600
and C87610), yellow brasses (C85800) and SeBiLOY III
(C89550) has been evaluated using a commercial casting
machine with tilt pouring facility. One plate casting hav-
ing a dimension of 5" long x 2" wide x0.125" thick was
poured and the superheat to fill the casting was taken as
the measure of fluidity. Another measure is the height of
the plate filled at a selected superheat. The test mold,
experimental procedure and variables involved are dis-
cussed in detail elsewhere[1,8,9]. The highlights of the
fluidity work are the following.

* The fluidity increased with melt superheat for each
alloy.

* The presence of aluminum and lead had a significant
effect on the fluidity of the silicon brasses, silicon bronzes
and high-zinc yellow brass. Aluminum always improved
the fluidity. Addition of only 0.3%Al was found to be suf-
ficient to produce maximum fluidity[28,32].

- By contrast, lead reduced the fluidity of the silicon
brasses and silicon bronzes significantly. However, it had
no adverse effect on the fluidity of the high-zinc yellow
brass in the presence of aluminum[5,20].

* The effect of bismuth on the casting fludity in
SeBiLOY III is similar to that of lead in yellow brass. The
fluidity decreases with the bismuth level and at a bismuth
content of 1.9% the plate casting could not be filled com-
pletely[6,25]

- The effects of base composition as well as lead and
aluminum of fluidity could be explained in terms of the
dendrite form in these alloys as discussed above.

» Alloys with feathery dendrites or small rounded den-
drite arms had better fluidity than those with conventional
interlocking dendrites.

» The mold temperature did not have a significant effect
on the fluidity in the range 150 to 225°C.

* A mold rotation speed of 23 degrees per second was

(6)

Table 3. Casting fluidity

Alloy type Ranking (from best to least)
No Pb, Al, Bi Silicon bronze (C87600 and C87610)
Silicon brass (C87500 and C87800)
High-zinc yellow brass (C85800)
SeBiLOY III (CR9550)
No Pb, with Al Silicon bronze (C87600 and C87610)
_ Silicon brass (C87500 and C87800)
High-zinc yellow brass (C85800)
With Pb and Al Silicon bronze (C87600 and C87610)
Silicon brass (C87500 and C87800)
High-zinc yellow brass (C85800)
With Bi and Al SeBilLOY III (C89550)
2507
Q2001
-
2 150
g 100
b 501
o-

Hl Silicon Bronze 1 Silicon Brass OYellow Brass B SeBiLOY 1l

Fig. 4. Effect of Al and Pb on Casting fluidity

found to optimize mold filling.

* The slloys studied could be ranked, in the order of
decreasing fluidity, as shown in Table 3 and the effect of
aluminum, lead and bismuth on the casting fluidity is
illustrated in Fig. 4.

* In general, the silicon bronze has excellent fluidity.
SeBiLOY III has lower fluidity than leaded yellow brass.

5. HOT TEARING

The hot tearing resistance of the alloys was evaluated
by casting a hollow cylinder, 51 mm inside diameter, 6.4
mm thick and 57 mm in length. A metal core, with cool-
ing channels for air circulation, was used to produce max-
imum stress at the base of the cylinder[1,9]. Hot tearing
normally occurs when the casting is stressed at a stage
where it is partially liquid. A typical cup casting and a cut
section of the cup revealing the hot tear cracks are illus-
trated in Fig. 5.

The hot tearing characteristics of the alloys could be

summarized as follows:[1,2,9,25]
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Fig. 5. Photographs of (a) cup casting and (b) section of the cup showing the hot tear cracks, used in hot tearing studies

* High-zinc yellow brass: no hot tearing at 0.5% Pb but
extensive hot tearing at 1.0%Pb.

- SeBiLOY III: Bismuth affects the hot tearing. Alloy
with less than 1% bismuth is free from hot tearing. Higher
bismuth contents promote hot tearing. However, if the
melt superheat temperature is maintained below 140C,
hot tearing could be prevented even in alloys containing
1.9% bismuth.

- Silicon bronze: hot tearing over all the range of tem-
peratures investigated at 0.5%Pb. Alloy C87610
(0.2%Pb, 0.25%Mn) did not exhibit any hot tearing at
lower pouring temperatures.

- Silicon brass: no hot hearing at 0.10%Pb but exten-
sive hot tearing at 0.26%Pb.

All these data show that none of the alloys tested exhib-
ited hot tearing at low lead and bismuth contents. How-
ever, lead promotes hot tearing above 0.5% wt. In the
case SeBiLOY II1, the bismuth limit was found to be 1%
above which hot tearing occurred. The freezing range of

the alloys does not appear to be the controlling factor.

6. GRAIN REFINEMENT

The hot tearing resistance of many cast alloys could be

improved by grain refinement. Grain refinement
increases the number of grains which are very fine in size.
The last liquid to solidify will then be spread over a wider

area which could resist the stresses at the final stages of

Fig. 6. Macrographs of yellow brass (C85800) in (a) unrefined,
(b) 0.01% boron refined and (c) 0.025% boron refined

conditions, 5X.

solidification. This was proven for many alloys and grain
refinement is being used in aluminum and steel to prevent
hot tearing and improve mechanical properties.
Copper alloys, as shwon earlier are prone to hot tearing
and efforts were made to prevent these defects. Grain
refinement behaviour of these four alloys was studied in
detail. Three major refiners, boron, zirconium and FKM
2000, were tried. The effect of boron addition in yellow
brass is shown in Fig. 6. The major findings are listed in
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Table 4. Grain refinement of permanent mold cast copper alloys

Alloy Refiner Addition, % Structure
Yellow Brass Boron 0.01 Fine
0.025 Coarse
FKM 2000 0.01 Coarse
0.03 Partial
0.04 Fine
Zirconium 0.02 Partial
SeBiLOY III Boron 0.01 Coarse
0.02 Coarse
FKM 2000 0.01 Coarse
0.04 Coarse
Zirconium 0.03 Partial
0.055 Fine
Silicon Brass Boron 0.02 Coarse
0.03 Coarse
FKM 2000 0.1 Coarse
Zirconium 0.01 Partial
0.05 Fine
Silicon Bronze Boron 0.02 Coarse
FKM 2000 0.1 Coarse
Zirconium 0.01 Coarse
0.04 Fine

Table 4 and highlights of the grain refinement work are
given below[5-7,27,29,30,34].

1. Boron refined the structure of leaded yellow brass.
Tin content was not a factor in deciding the grain refiner.

2. Iron, in excess of 0.05%, in boron refined yellow
brass promotes the formation of hard spots.

3. SeBiLOY III with low tin contents was refined by
boron. Zirconium refined the alloy with~1% tin content.

4. Silicon brass and silicon bronze were refined by zir-
contum.

5. The hot tearing resistance of all the four alloys was

enhanced by grain refinement.

7. MECHANICAL PROPERTIES

The mechanical properties, UTS, 0.5% yield strength
and % elongation, were measured using permanent mold
cast ISO test bars. In all cases minimum six test bars were

tested and the average properties are reported in Table 5
and highlights of the findings are discussed below

(8)

Table 5. Mechanical properties of selected alloys

Alloy  Alloy No* UTS Mpa 0.15\4"/;‘:8 Elongation %
C85800 Aim 1 334 190 10
Aim 2 359 192 13
C89550 Aim 1 398 233 12
C87500 Aim 1 519 249 15
C87800 Aim 1 534 229 24
C87600 Aim 1 422 265 6
Aim 2 369 195 12
Aim 3 429 252 8
Aim 4 369 209 10
C87610 Aim ] 323 146 16
Aim 2 401 246 7

Note: *-See Table I for the chemical composition

[10,11,25,29,34].

+ All the four alloys show good strength coupled with
reasonable ductility.

» Silicon brass possesses high strength and ductility fol-
lowed by silicon bronze, SeBiLOY III and yellow brass.

- The strength of lead containing silicon bronze (Aim 2
& 4 in C87600) is lower than that of lead-free silicon
bronze but it has higher ductility.

- Aluminum improves the strength but reduces ductility
in silicon bronzes.

- As mentioned before, grain refinement did not

improve the mechanical properties.

8. MACHINABILITY

For machinability testing, ingots of size 3.8 cm X 7.6
cm X 30.5 cm (1(1/2)" X 3" X 12") were cast. The cast iron
molds used for these castings were coated with zircon
wash and heated to 200C[18].

Two test blocks of size 3.8 ccn X 7.6 cm X5 cm(1(1/
2)" X 3" X 2") were cut from the bottom of the machin-
ability ingot. The cut surfaces were milled to produce par-
allel surfaces. The machinability was determined by
measuring the time (s) and energy (J) consumed while
drilling a 12.7 mm (0.5in.) diameter by 25.4 mm (1in)
deep hole. Test parameters included using a newly sharp-
ened drill bit for each hole dnlled, drilling 6 holes per

block and averaging results, maintaining a block tem-
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Table 6. Mechinability rating of selected alloys

Energy Index

Alloy Condition Time, S

Consumed, ] Time Energy
C36000 3% Pb 20.6 2050 100 100
0% Pb 140 10948 15 19
C89550 0%Bt 83.6 6429 25 32
057%B1 575 2466 36 83
0.67%B1  51.2 2743 40 75
1.13% Bi  36.1 2115 57 97
1.89% Bi 29 3899 71 53
C87500 0% Pb 40 1954 52 105
C87600 0% Pb 39 2640 53 78
0.2% Pb 36 2435 57 84

perature of <40C, and collecting a sample of the drilling
for visual analysis. In order to obtain a machinability
index, a test block of free-machining brass (alloy
C36000) was tested and assigned a rating of 100%. All
values obtained from the test castings were indexed
against the free-machining brass. The machinabilit rat-
ings are tabulated in Table 6.

The time and energy indices show a increasing trend
for all the alloys investigated with increase in lead or bis-
muth contents. The energy rating increases at a higher
rate as compared to the time index. The ratings indicate
that lead improves the machinability of silicon bronze and
free machining brass and for SeBiLOY III, bismuth
increases the machinability[6, 7, 18,25]. The enerby con-
sumed to machine silicon brass is lower than that required
for free machining brass indicating superior machin-
ability. Also, the machinability of SeBiLOY III with
~1.2% bismuth is close to that of free machining brass.
However, all thest alloys have lower rating in time index
indicating the machining time will be longer as com-

pared to free machining brass

9. CORROSION BEHAVIOUR

Potentiodynamic polarization technique was used for
the experimental determination of corrosion currents of
all the alloys in permanent mold-cast condition. Such cor-

rosion studies were carried out in soft water at pH5 and 8

(9)

Table 7. Some corrosion rates of selected alloys

Alloy Leo/aod, Cor;c:;g?ngate, Leached Zinc, ppb
pH5 pH6 pHS8 Dayl Day 15Day 30

C85800 1.5 12 4 10 5 24
C89550 - 2.5 0.6
C87500 0.5 8 2.5
C87800 0.1 8 3 55 29 36
C87600 0.5 32 39 80
C87610 0.2 3 1.6 15 20 7

for silicon brass, silicon bronze and yellow brass
[1,2,12,14]. In case of SeBiLOY III the solutions were
of pH 6 and 8[6]. Leaching of lead from selected alloys in
the form of flat pieces instead of faucets was studied
according to the proposed procedure given in NSF stan-
dard #61, Section 9. This was done only for leaded alloys
and not for SeBiLOY III. Dezincification behaviour of

the alloys was established in cupric chloride solution
maintained at 75 * °C (ISO Test) for 24 hours. Some of
the results are presented in Table 7.

The highlights of the corrosion studies are as follows:

- The corrosion rates from polarization studies indicate
that, SeBiLOY III (C89550) is more corrosion resistant
than yellow brass (C85800), silicon brass and silicon
bronzes. |

» Addition of aluminum improved the corrosion resis-
tance of silicon brass and silicon bronze alloys.

- Leaching of lead as per proposed NSF#61 method
showed the leaded alloys studied gave a leach rate of lead
content less than 5 ppb after 60 days of exposure. How-
ever, the lead leached from silicon bronzes were higher
than 5 ppb.

- All the alloys were also tested in different water con-
ditions. The data is available in earlier reports
[2,3,6,7,12,15].

10. PROTOTYPING

The gravity permanent mold casting machine (IMR
C30) was used to produce prototype components. The die
halves are mounted in the two hydraulically operated
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Fig. 7. Photographs of the faucet castings with gating and risers (a) double faucet and (b) single faucet

arms of the equipment. The casting sequence such as
mold dipping, hold time and casting ejection could be
programmed. However, the casting operation is semi
automatic with manual pouring.

Considering the size of this IMR machine at MTL, it
was decided to cast a 10.2 cm spout washroom faucet[2,
16]. To this end, a mold was designed and machined from
a gray cast iron block. It was was designed to cast two
faucets. Each mold half was 29.5 cm wide, 25.7 cm high
and 6 cm thick. The sprue and runner were 1.6 cm In
diameter. The ingate was 1.6 cm by 3.2 mm. The com-
plete faucet casting is shown in figure 6(a). The silicon
brass, alloy C87800, with and without lead but containing
about 0.3.%Al appeared to be the preferred alloy to pro-
duce the washroom faucets with this double faucet mold
design. The silicon bronze, alloy C87600, could also be
used despite the hot tearing tendency. However, one has
to be very careful about the coating thickness in the cav-
ity, gates and risers and the pouring temperature. The rec-
ommended casting parameters such as coating thickness,
mold temperature, mold rotation and pouring temperature
are presented elsewhere[2,16].

Due to the build-up of zinc oxide in the gates of the
double cavity faucet mold. sound faucets were produced
only occasionally in the high-zinc yellow brass (C85800).
A new single cavity mold was designed and machined
from a gray cast iron block to produce a washroom faucet
[4,7,33]. The riser had to be enlarged to eliminate shrink-

age porosity. A typical faucet casting is shown in Fig.

(10)

6(b) with the gating and risering system. This mold was
used to produce faucets from SeBiLOY III also.

The mold halves were heated to 300C before casting
operation and coated with a insulating mold wash. The
mold temperature was maintained between 220 and
240°C. The molds were mounted in the casting machines
and could be dipped in to the water and graphite slurry
between the casting cycle to cool the molds, remove the
zinc oxide deposition and coat the mold wit lubricating
graphite. In both gravity and low pressure processes shell
cores were used.

The casting was removed after 30-45 seconds after
ensuring that the solidification was complete. The mold
temperature was measured and molds were dipped in the
water and graphite slurry if required. The core was placed
in the cavity and mold was closed to receive metal. The
melt temperature was maintained between 1000-1020C.
The faucet castings were cleaned after removing the
cores. The inlet and outlets of the faucets were machined
and threaded to secure the water pipes for pressure tight-
ness evaluation at 100 psi.

The results from the pressure tightness testing indicate
that all the alloys possess good pressure tightness. The
faucets that failed the water pressure testing exhibited
some casting defects such as hot tearing and shrinkage.
These problems were related to the casting design as well
as the shell sand core used in this investigation rather than
the alloys themselves. The shell core sand with a high

resin content (~2.7%) induced hot tearing and gas poros-
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ity and led to poor core collapsibility. The castings had to
be soaked at 450C to remove the cores in this inves-
tigation. Low resin cores were easy to remove and hot
tearing could be eliminated. These defects can be elim-
inated by proper mold design and choice of appropriate

core formulation.

11. CONCLUDING REMARKS

The casting characteristics of yellow brass, SebiLOY
[11, silicon brass and silicon bronze were established for
permanent mold casting process. The fluidity data indi-
cate that silicon bronze is better than other alloys inves-
tigated. However, this slloy is much more prone for hot
tearing. Both lead and bismuth at hihger levels promote
hot tearing. Grain refinement of these alloys could elim-
inate hot tearing.

The silicon brass have higher strength and ductility fol-
lowed by silicon bronze, SeBiLOY III and yellow brass.
Lead reduces the strength of the alloys. The machinability
of these alloys is also enhanced by lead or bismuth. How-
ever, lead-free silicon brass and SeBiLOY III could
achieve high machinability ratings than any other alloys
tested.

The corrosion testing indicates that SeBiLOY III is bet-
ter than other alloys. The lead leach test indicated that
except silicon bronze all other alloys would satisfy the
new EPA regulations.

The work on the production of the washroom faucets
shows that sound faucets can be produced by proper mold
design, coating application and adjusting the casting
parameters.

These observations show that the silicon brasses, sil-
icon bronzes and high-zinc yellow brasses (C85800) are
ideally suited for permanent mold casting to produce
plumbing fittings. The SeBiLOY III is also suitable for
permanent mold casting. However, additional work 1s

needed to improve its casting fluidity.
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