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a b s t r a c t

In the present work, the effect of Bi in the lead free yellow brass alloy is studied, due to a
crack formation during the solidi“cation process. Visual inspections, optical microscopy
(OM) and scanning electron microscopy (SEM/EDS) studies were carried out, also simula-
tions in ProCast v.2008 were made in order to determine the failure analysis. Results
showed that the crack is localized in the last solidi“cation zone, which lead a hot tearing
formation and observing a high Bi concentration in such zone.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Recently copper alloys containing lead are being replaced by bismuth [1] also some other elements as C [2] and Si [3] on
these alloys have been studied; this is due to the current restrictions on lead content in components used in potable water
applications. Bismuth replacement promotes castability changes; other reported problems on this family of alloys are “ne to
severe cracks during machining [4] . These cracks cause reduced strength and loss of pressure tightness. The interaction of
bismuth with copper and grain boundary elements such as zinc, micro segregation and wetability [5] could have been pos-
sible reasons for crack formations, also Bi and Pb particles on the boundary grain play an important role on improving
machining [6,7] . It is very well known that if diffusion coef“cient is rapid there will not be any concentration gradient in
the liquid phase, however due to back diffusion phenomena and concentration will be increased in the liquid phase, this seg-
regation can be represented using a Gulliver…Scheil equation [8] :

Cliquid ¼ Co
1

ð1 � fsÞ1� k
ð1Þ

also [9] interfacial energy is recognized to play a key role in a wide range of metallurgical and materials phenomena, from
wetting and sintering through to phase transformations and coarsening could have been possible reasons for crack
formations.

The purpose of the present study was to determine the cause of a failure presented in a bismuth yellow brass casting and
understand the effect of casting conditions on the failure formation on the tap. During the casting process the defect tap
percentage was around 80%, after visual inspection, the investigation analyzed the damage zone using a stereoscope, and
microanalysis with an Scanning Electron Microscope, simulations with a commercial software ProCast v.2008 were made
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at different process conditions, “nding that mould and melt temperatures were the most relevant parameter to control this
defect.

2. Experimental procedure

A preliminary microstructure comparison was made between a lead and a free lead, bismuth, yellow brass alloys in the
same casting in order to study the effect of bismuth in the alloy, Fig. 1. The casting process was made in a semiautomatic
equipment, on a Cu…Ni permanent mould consisted of two lateral parts and a sand core, the experimental procedure param-
eters were established and are showed in Table 1. Liquid metal was poured into the mould cavity during 3.7 s at 1100 � C with
an inlet of 1 kg/s; during the “lling the mould was tilted for 15 s from the selected angle to the vertical position at a constant
angular velocity, and solidi“cation process took 376 s.

A visual inspection was performed to characterize the failure of the component, after that, the failure was studied by opti-
cal microscope and scanning electronic microscope (SEM), energy disperse spectroscopy (EDS), Fig. 1, in order to see the
crack morphology and identify the elements involved in its formation.

Commercial software ProCast was used to simulate the “lling and the solidi“cation behavior of the yellow brass alloy
(37.91 Zn, 0.084 Sn, 0.044 Fe, 0.031 Ni, 0.017 Si, 0.032 Sb, 0.97 Bi, 0.729 Al and Cu balance in wt%). The parameters used
in the simulation are shown in Table 1, using a heat transfer coef“cient of 1000 W/m 2 K between metallic mould and casting.

3. Results and discussion

The results of the analysis by SEM/EDS show the morphology and distribution of the precipitates on the alloys. Fig. 1a and
c correspond to the 1.5 wt% Pb yellow brass alloy, it shows a round-like morphology with a better distribution of the Pb pre-
cipitates, also, semi-quantitative elemental analysis of a round-like Pb particle is shown, and the matrix. On the other hand,
Fig. 1b and d show a microstructure for the 0.97 wt% Bi yellow brass alloy, with a more irregular size of bismuth particles,
worse distribution and larger grain size are found; also, a semi-quantitative elemental analysis of the Bi particle and the ma-

(a) (b)

(c) (d) 

Fig. 1. Yellow brass alloys, SEM micrographs with the analysis by EDS for (a) Pb and (b) Bi; optical microstructures for (c) Pb and (d) Bi alloys.
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trix, Fig. 1b are presented. Change of morphology and distribution is explain in terms of interfacial energy [10] , since lead
and bismuth melt at a much lower temperature than copper…zinc, the solubility of these in solid copper…zinc is almost
nil, Fig. 2a, and so they segregate to the solid…liquid interface, using a segregation Shield model, Fig. 2b, substitution of
Pb by Bi increases the interfacial solid liquid energy and so decreases the dihedral angle at the grain boundary [11] and this
may cause penetration of liquid Bi on the solid grain boundaries, as seen in Fig. 1b. On the other hand diffusion coef“cient of
Bi is smaller than Pb in copper at the same process conditions [11,12] Fig. 3 a, this causes a higher concentration of Bi during
solute distribution in the liquid interface.

3.1. Visual inspection and microscope analysis

Fig. 4a shows a localized crack failure on the surface of the casting (white circle), this crack sometimes could be seen after
machining, and it may be caused by some of the reasons mention above and could be controlled changing casting process
parameters, for example, “lling temperature, tilt angle and mould temperature.

Table 1
Parameters of processing.

Time of “lling 3.70 s
Velocity of “lling 1 kg/s
Temperature of “lling 1100 � C
Initial “lling angle with respect to the vertical position 10 �
Angular velocity 5.33 � /s
Time of solidi“cation 376 s
Heat transfer coef“cient 1000 W/m 2 K
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Fig. 2. (a) Schematically Bi…Cu…Zn phase diagram at 25� C and (b) liquid composition segregation of Bi by Scheil model increases as fraction solid, fs
increases.

Fig. 3. Diffusion coef“cient vs temperature.
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(a)                      

(c)                     

                    (b) 

                   (d) 

(e) 

Fig. 4. (a) Crack in casting (defect in circle). (b) Piece simulated in ProCast, micrograph of the defect by SEM at (c) 50 � (d) 250 � bismuth distribution and (e)
analysis of the crack zone by EDS.
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Fig. 4c correspond to the SEM micrograph of the transversal section of the crack at 50 � resulting of a hot tearing, where it
seen an increase of bismuth concentration close to the crack. Fig. 4d shows the bismuth segregation in the matrix of the al-
loy, which is explain in terms of solute distribution in solid…liquid interface, “nding higher concentrations in the last zone in
solidifying, Fig. 4b, the EDS spectrum, Fig. 4e having up to 40 wt% Bi, promoting embrittlement during machining.

Simulations were performed on ProCast for better understanding of the process; Fig. 5 shows the temperature distribu-
tions ( � C) and the metal ”ux during the cast: Fig. 5a shows the casting tilted 10 � (respect to horizontal plane) at 2.4 s; Fig. 5b
shows the piece “lled at 3.6 s, and Fig. 5c and d shows the solidi“cation process at 7.6 and 50 s respectively; until reaching
90� (vertical position). Fig. 4b shows the zone where the crack appears and corresponds to the last zone to solidify where a
hot tearing is seen and the bismuth tends to segregate due to its low diffusion coef“cient and its very los coef“cient partition,
k, as temperature decreases during solidi“cation Bi expands above 3% of its volume during this process and promoting
embrittlement during machining. Solution to this problem was decrease the back diffusion problem increasing solidi“cation
velocity, for doing this mold and liquid metal temperatures were decreased and so decreasing solute distribution.

4. Conclusions

An analysis of the permanent mold casting process parameters was made for a yellow brass piece proposed for its use in
“ttings, replacing the lead content of current alloys for bismuth.

A crack was found due to the conditions of process control. The crack location corresponds to one region last in solidify
areas, as seen on the simulations made by ProCast.

An analysis by SEM/EDS showed the presence of a high concentration of bismuth in this area. According to experimental
observations it is proposed that during cooling, there is a hot tearing in an initial stage, so bismuth is segregated to the solid…
liquid interface area causing embrittlement during machining. To avoid this failure, process parameters were change; in this
case it is necessary to decrease temperature of liquid metal and the mold.

Fig. 5. Temperature distribution at different times during the casting process beginning with an angle of 10 � with respect to the horizontal at (a) 2.4, (b) 3.6,
(c) 7.6 s and after arriving at the vertical position to (d) 50 s.
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