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Abstract: This study investigated the critical high-temperature deformation of the low-lead (Pb)
Cu38Zn3Pb alloy. Moreover, the dezincification mechanism of this alloy for high-temperature
applications was evaluated. The results reveal that tensile temperatures influence the phase
structures of the brass alloy matrix. Many voids and holes formed at the phase boundaries above
400 ◦C due to the hard-brittle β’ phase which transformed into the softer β phase, thus causing
low-strength and high-ductility values. High strain rate deformation promotes more obvious
intermediate-temperature brittleness in the brass alloy. The Cu38Zn3Pb alloys display the lowest
impact toughness between 400 ◦C and 600 ◦C. Long-term hot working caused dezincification
in the brass alloy, thus deteriorating its ductility. The influences of thermal dezincification on
the mechanical properties of the alloy must be considered during processing or heat treatment.

Keywords: high-temperature deformation; Cu-Zn-Pb alloy; dezincification;
intermediate-temperature brittleness

1. Introduction

Brass alloys are composed of copper (Cu) and zinc (Zn), which form a substitutional alloy.
The strength and wear resistance of the alloys can be improved through the use of a solid solution of
Zn in Cu. According to a previous report [1], the tensile strength of brass generally increased with an
increase in Zn content when the Zn content was less than 45 wt.%; while the Zn content in the brass
exceeded 45 wt.%, and its strength deteriorated rapidly. The most used brass in industrial application
contains a Zn content of 30–45 wt.% [2,3], and its performance can be improved through adding alloy
elements (Al, Sn, Ni, Fe) [4–6]. To improve the applicability of free-cutting brass, this study reduces
lead (Pb) content and adds Fe and Sn to fabricate the Cu-38Zn-3Pb (Cu38Zn3Pb) alloy and evaluate its
thermal resistance.

Brass with less than 45 wt.% Zn is usually used in industrial applications. It can be divided into α

brass, α + β’ brass, and β’ brass, and their microstructures are influenced by Zn content. The strength
of α brass after a solution treatment is higher than that of pure Cu, and has excellent ductility at room
temperature; the texture of β’ brass is hard, but its toughness is poor. Therefore, α + β’ brass can
undergo a larger load than α brass, and its applications are wider. Moreover, the high-temperature
β phase is softer than the low-temperature β’ phase, which causes α + β’ brass to have a better hot
workability [7]. In recent years, lead-free or low-lead free-cutting brasses have been investigated,
among which Cu-Zn-Si and Cu-Zn-Bi alloys are mainly used [8,9]. However, the cost of lead-free
or low-lead free-cutting brass is high, and its high-temperature strength remains to be improved.
Therefore, α + β’ brass with 38–40 wt.% Zn, a low content of 1–2 wt.% Pb and traces of Fe and Sn
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was used in this study, which explores the influences of hot working conditions on the mechanical
properties of brass.

Metals are subjected to high-temperature plastic processing, which causes dynamic recovery
and dynamic recrystallization to occur [10,11]. Cu is a low stacking fault energy metal, thus indicating
a low dynamic recovery and obvious dynamic recrystallization under high-temperature strain [12].
The addition of Zn to the brass used in the present study will reduce the stacking fault energy
and dynamic recovery, causing obvious dynamic recrystallization to improve high-temperature
formability [13]. In general, the displacement of dislocation in metals is easier with an increase in
temperature, causing an easier deformation and a high ductility. However, an intermediate-temperature
brittleness phenomenon was found in Cu alloys [14]. The dual-phase brass (40 wt.% Zn) has a
higher tensile strength than the single-phase brass (30 wt.% Zn) at room temperature. The strength
and toughness of both brass alloys decreased significantly when the temperature exceeded 400 ◦C.
However, the impact toughness of the dual-phase brass recovered when the temperature was increased
to 500 ◦C [15]. For the brass with a Pb content above 1 wt.%, intermediate-temperature brittleness
appeared significantly at low temperatures due to softened Pb, which resulted in a decrease
in the strength of the grain boundary [16]. The processing technology for brass that can be directly
hot-worked at high temperatures is novel. Therefore, this study conducts a high-temperature impact
test, as clarifying the effect of intermediate-temperature brittleness on brass is important for academic
research. Moreover, Zn atoms in brass will be released under long-term hot working, which influence
the mechanical properties of the material [17]. Notably, the critical conditions and diffusion mechanisms
of the dezincification in brass have not yet been clarified.

Therefore, in this study, the low-Pb dual-phase brass alloy was fabricated, and the effects of various
temperatures and strain rates on the mechanical properties of the alloy were explored. Moreover,
the influences of hot working conditions on the fracture mechanism and the dezincification of the brass
alloy were investigated. The results can also be used as a data base for practical applications.

2. Materials and Methods

A hot extruded low-lead Cu38Zn3Pb alloy (α + β’ phase brass) rod (JIN JIA SING Industry
Corporation, Taoyuan, Taiwan) was used in the present study, and the chemical composition is
presented in Table 1. The tensile and impact specimens fabricated using the alloy rods were shaped,
and the dimensions of these specimens are displayed in Figure 1. Tensile and impact tests were
used to evaluate the influences of various temperatures on the deformation resistance and impact
toughness of the given alloy specimens. The tensile temperatures were configured at 25–600 ◦C for
10 min to conduct tensile tests with an initial strain rate set of 1.67 × 10−3 s−1 by a universal material
tester (Hung Ta Instrument Corporation, Taichung, Taiwan). For the impact toughness, the given
specimens were heated at 25–750 ◦C for 10 min using the Charpy impact test. A pendulum with a
weight of 25 kg, a length of 0.75 m, and an initial angle of 120◦ was used for the impact test. An impact
angle was obtained after the impact test, and the impact energy corresponding to each temperature
was calculated. Moreover, the dezincification test was configured at 700 ◦C for 1 h and 12 h to explore
the phenomenon of zinc release, and the effects of dezincification on the mechanical properties of
the Cu38Zn3Pb alloy specimen.

Table 1. Chemical composition of Cu-38Zn-3Pb alloy (wt.%).

Element Zn Pb Fe Sn Ni Cu

wt.% 38.10 3.30 0.22 0.21 0.12 Bal.
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during the hot working process [18]. Furthermore, the liquid Pb phase penetrated the phase 
boundaries, thus influencing the mechanical properties of material. Based on the aforementioned 
results, it is necessary to clarify the influences of hot working conditions on the processing 
characteristics of α + β’ brass. 

Figure 1. Dimensions of tensile and impact specimens.

The following steps were conducted to investigate the effects of high-temperature tensile
and impact tests on microstructural evolution: The alloy specimens were polished using up to
#4000-grit SiC papers, and etched through 2 wt.% FeCl3 ethanol solution. Then, the microstructural
morphologies of the resulting specimens were observed through optical microscopy (OM) (OLYMPUS,
Tokyo, Japan). After the tensile and impact tests, the fracture surface and subsurface morphologies of
the specimens were observed using scanning electron microscopy (SEM) (HITACHI, Tokyo, Japan)
to clarify the mechanism of fracture. The phase composition of the dezincification of the specimen
surface was examined using an X-ray diffractometer (XRD) (Bruker, Madison, WI, USA). Moreover,
the given alloy specimen was examined by secondary ion mass spectroscopy (SIMS) using a CAMECA
IMS-7f analyzer (CAMECA, Genevilliers, France) with an O2 primary ion beam to examine the effect
of long duration heating on dezincification.

3. Results and Discussion

3.1. Influence of Temperature on Plastic Deformation

A macrograph image of the low-lead Cu38Zn3Pb alloy rod is displayed in Figure 2a. The material
used for the present study corresponds to a high-Zn content Cu38Zn3Pb alloy. At room temperature,
two main phases appear in the alloy specimen along the extrusion direction (ED) plane; these phases
correspond to the α and β’ phases, respectively; see Figure 2b. The trace amount of Pb was not solidified
in the alloy matrix and was distributed at the boundaries between the α and β’ phases. The present
Cu38Zn3Pb alloy corresponds to α + β’ brass [7], which causes the alloy to have a better hot workability.
However, the β phase in the alloy matrix is transferred into the β’ phase during the hot working
process [18]. Furthermore, the liquid Pb phase penetrated the phase boundaries, thus influencing
the mechanical properties of material. Based on the aforementioned results, it is necessary to clarify
the influences of hot working conditions on the processing characteristics of α + β’ brass.
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Figure 2. Cu38Zn3Pb alloy: (a) Macrograph, (b) Microstructure images.

The deformation resistances of the Cu38Zn3Pb alloy specimen at different temperatures were
determined through the tensile test displayed in Figure 3. The stress–strain curves obtained from
the tensile specimens of the given alloy subjected to a tensile test at 25 ◦C to 600 ◦C are displayed in
Figure 3a. The results revealed that the tensile strengths of the given specimens at 25 ◦C to 300 ◦C
were higher than 500 MPa, and the ductility did not significantly change; see Figure 3b,c. The tensile
strength of the specimen decreased substantially with an increase in temperature, and its ductility
increased. The plastic deformation exhibits a total elongation of more than 20%, but the uniform
elongation decreased. This finding revealed that the alloy used in the present study showed a
weakened high-temperature tensile strength, and had a brittle behavior of low uniform deformation.
In this case, the test result is not consistent with the literature that reported the brittle behavior of
reduced elongation at intermediate-temperature [19]. The deformation resistance of the given alloy at
intermediate-temperature needs further investigation to clarify the material deformation characteristics.

The fracture surface and subsurface morphologies of the specimens after the tensile test were examined
to analyze the tensile fracture behavior of the Cu38Zn3Pb alloy at different temperatures; see Figure 4.
Many dimples formed on the fracture surface at room temperature (25 ◦C). The dimple structures decreased
and the proportion of cleavages increased with an increase in temperature, thus indicating that the fracture
behavior tended to show brittle failure. At temperatures of 500 ◦C and 600 ◦C, the fracture surface still
showed brittle fracture morphology. This indicates that the Cu38Zn3Pb alloy has high-temperature
brittle failure behavior. Subsurface observations of the tensile specimens below 300 ◦C reveal that a
material fracture did not proceed along a specific interface, but occurred in the α or β’ phase, which is
a transgranular fracture. For the 400 ◦C tensile specimen, the α phase is round and its boundary is
complete, which indicates that the fracture tended to occur at the phase boundaries and in the β’ phase.
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Many voids and holes can be found at the phase boundary, which is attributed to a sliding between the α

and β’ phases [20]. In an environment above 400 ◦C, the ductility of the specimens increased due to an
increase in temperature which deteriorated the phase boundary strength. Moreover, the hard and brittle
β’ phase transformed into the softer β phase at high temperatures (>400 ◦C), thus decreasing the strength
and improving the ductility.Metals 2020, 10, x FOR PEER REVIEW 5 of 13 
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Figure 4. Fracture surface and subsurface morphologies of Cu38Zn3Pb alloy specimens after tensile
test at different temperatures.

Tensile tests of 500 ◦C with higher strain rates (1.67 × 10−1 s−1 and 1.67 × 10−2 s−1) were
performed to understand the plastic deformation and rheological properties of the Cu-Zn-Pb alloy at
high temperatures. The tensile strength of the Cu38Zn3Pb specimens increased, and their ductility
decreased with an increase in the strain rate; see Figure 5. Subsurface observation of the tensile
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specimen with a low strain rate reveals that many gaps and holes were observed at the grain
boundaries, indicating an obvious sliding phenomenon. More cleavage in the phase was observed
during high strain rate deformation. Tensile toughness of the alloy specimens can be obtained
through calculating the integrated area under the stress–strain curve. The toughness is higher at a
low strain rate, indicating that the formation of voids and holes can help energy absorption during
fracture. Grain boundary sliding accompanied atomic diffusion; thus, the low strain rate allowed
the atoms to sufficiently diffuse, resulting in the formation of gaps and holes in the grain boundaries,
which provides the required ductility during deformation. This is the main deformation mechanism at
high temperatures. Therefore, the subsurface morphology of the tensile specimen with a high strain
rate exhibits low ductility.
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3.2. High-Strain and High-Temperature Plastic Deformation Characteristics

Figure 6 displays the impact toughness as a function of the test temperatures pertaining to the given
alloy specimens. The impact toughness of the alloy specimen at room temperature was similar to that
of 200 ◦C. The impact toughness of the specimens gradually decreased with an increase in temperature,
and reached their minimum values in the range of 400–600 ◦C. Then, the impact toughness value
started to increase when the test temperature exceeded 600 ◦C. This finding confirmed that the impact
brittleness of the Cu38Zn3Pb alloy existed between 400 ◦C and 600 ◦C.

Fracture surface and subsurface observations of the given alloy specimen obtained after the impact
test are displayed in Figure 7. The results observed that the fracture mechanism of the alloy specimen below
400 ◦C corresponded to the transgranular failure due to a low relative temperature and high strain rate.
The existence of voids and holes can be observed at 600 ◦C, and the cracks extend from the grain boundary.
This indicates that the deformation of the alloy has a phase boundary sliding phenomenon. The fracture
morphologies of the specimens were transformed into transgranular failure again at temperatures above
700 ◦C. Moreover, many fine particles were present on the formed boundaries, and energy dispersive
spectroscopy (EDS) (HITACHI, Tokyo, Japan) analysis confirmed that these fine structures were Pb
particles; see Figure 8. The voids existed between the grain boundaries. This result reveals that the Pb
existing in the voids melted at high temperatures, thus causing molten Pb to penetrate the grain boundaries,
which resulted in a decrease in phase boundary strength. This indicates that the intermediate-temperature
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brittleness of the given alloy has a specific temperature range, and the brittleness behavior becomes more
obvious with an increase in the strain rate.Metals 2020, 10, x FOR PEER REVIEW 8 of 13 
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Figure 8. Impact fracture surface and EDS analysis of Cu38Zn3Pb alloy specimen at 600 ◦C.

3.3. Mechanism of High-Temperature Dezincification

According to a previous report [21], Zn in the Cu-Zn alloy easily escaped at high temperatures
due to its high vapor pressure, which reduced the Zn content in the material and thus influenced
its structure. In addition, the dezincification behavior of brass occurred easily in a high Zn content
β solid solution, which diffused outward from the grain boundaries, causing a loose Cu-rich layer,
and thus decreased the mechanical properties of the alloy [16]. The macrograph images of the tensile
Cu38Zn3Pb specimens obtained after high-temperature heat treatment are displayed in Figure 9a.
The surface of the 12-h-heated specimen displays an obvious film peeling. This finding confirmed
that the composition of the peeled film was ZnO, indicating that the alloy specimen had been severely
dezincified. Moreover, Cu, Zn, and Pb contents of the alloy specimen surface where the ZnO film
had peeled off were detected using SIMS to clarify the influence of dezincification on structural
characteristics; see Figure 9b. The Zn content pertaining to the surface of the 12-h-heated specimen is
slightly higher than that pertaining to the surface of the given specimen. This finding can be attributed
to a residual ZnO film that was detected on the specimen surface. The Cu content of the 12-h-heated
specimen surface is lower than that of the given specimen surface, but the Pb content is higher.
The dezincification behavior caused a large amount of Zn to diffuse towards the specimen surface.
This result caused the precipitation of Pb which accumulated on the specimen surface where the ZnO
film had peeled off, and thus the Cu migrated towards the alloy matrix; see Figure 9c.

The mechanical properties of the 1-h and 12-h-heated specimens were also determined through
the tensile test; see Figure 10. The tensile strength of the 12-h-heated specimen is slightly lower than
that of the 1-h-heated one, and the elongation is approximately 19% lower. This indicates that long-term
high-temperature exposure increases dezincification, causing the accumulation of high-content Pb on
the specimen surface, which results in the deterioration of the mechanical properties of the specimen.
To summarize, for the processing and heat treatment of the Cu-Zn alloy, the influences of thermal
dezincification on its mechanical properties must be considered.
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4. Conclusions

The mechanical properties and fracture mechanisms of the α + β’ phase brass alloy after
high-temperature tensile and impact tests were investigated in this study. The tensile strength of the alloy
decreased as the tensile temperature was increased, and its ductility increased. High temperatures
(>400 ◦C) led to a sliding grain boundary and reduced the grain boundary strength. Moreover,
the β’ phase was transformed into a high-ductility β phase when the temperature exceeded 400 ◦C,
which greatly improved ductility. The impact test confirmed that the Cu38Zn3Pb alloy demonstrates an
intermediate-temperature brittleness phenomenon in the range of 400–600 ◦C. A high strain rate led to
more obvious brittleness behavior of the alloy. A large amount of Zn was released from the alloy after a
long-term high-temperature heat treatment, resulting in the formation of a ZnO film on the specimen
surface. The precipitation of a Pb layer obtained after the dezincification caused the Cu38Zn3Pb alloy
specimen to exhibit less elongation.
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