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Abstract: The recent environmental/health and safety regulations placed restrictions of use of
hazardous substances on critical manufacturing sectors and consumers’ products. Brass alloys
specifically face a challenging issue concerning the elimination of lead (Pb) which has been a critical
element affecting both the machinability and overall quality and efficiency of their manufacturing
process. The adaptation of novel materials and processing routes in the green economy constitutes
a crucial decision for competitive business and industry growth as a worldwide perspective with
substantial industrial and social impact. This paper aims to review the emergent innovative and
sustainable material solutions in the manufacturing industry, in line with environmental regulations,
by highlighting smart alloy design practices and promoting new and innovative approaches for
material selection and manufacturing process optimisation. In this review we analyse the processing,
structure and machinability aspects of leaded brasses and underline the major guidelines and research
methodologies required to overcome this technical challenge and further improve the mechanical
properties and machinability of lead-free brass alloys. Various alloying and processing strategies were
reviewed together with the most important failure types, as they were extracted from the existing
industrial and technological experience, covering more than 20 years of research in this field.

Keywords: leaded brasses; lead-free brasses; eco-friendly; machinability; brass failures; design-of-
experiments

1. Introduction

Cu–Zn alloys (brasses) are widely used industrial materials because of their superior
properties such as high corrosion resistance, low friction coefficient, non-magnetism, good
plastic deformability (forgeability) and machinability [1–4]. Lead (Pb) has been commonly
added to brass alloys to ensure pressure tightness and improve the machinability of the
alloy, directly affecting cutting-tool life [5–7]. Owing to its low solidification temperature,
lead acts as a filler for micropores that form during casting. Subsequently, these lead parti-
cles improve the machinability of brasses through their dual functionality as a lubricant
and a stress concentration point, promoting the formation of small discontinuous chips
and minimising tool wear [8]. As such, leaded brasses have seen use in a wide range of
applications such as the base screw machine material for architectural hardware, cosmetics,
musical instruments, screw machine parts, valves, fitting and general fasteners, while also
being extensively used for plumbing applications [9]. Nevertheless, the health hazards asso-
ciated with lead resulted in the implementation of stricter regulations for permissible lead
content levels in brass products. More specifically, as leaded brasses have been extensively
used for plumbing applications, particulate lead could be traced in drinking water due to
the gradual corrosion of the brass components. Additionally, particles originating from
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solders used in plumbing led to the further contamination of the potable water supply. The
gradual intake of particulate lead would elevate the blood lead levels, eventually leading
to poisoning with devastating effects to human health. These include slower cognitive de-
velopment in children, hypertension and even renal failure [10–16]. Thus, the development
of lead-free brasses became a focal research point to ensure compliance with the regulatory
standards and improve quality of life [17,18].

From a purely manufacturing–economic standpoint, substitution of lead-containing
brass with a lead-free alternative does not appear to be an economically viable option, but it
is technically possible, satisfying the requirements of the enforced legislation [19]. As such,
efforts were made into incorporating soft second phase particles (SPPs) in the microstructure
of copper–base alloys to attain the positive effects of Pb. Soft SPPs reduce shear ductility
allowing for the formation of small chips, resulting in lesser machining power demands
and a temperature reduction in the cutting tool, extending tool life. Such particles also
reduce the shear strength of the brass at the secondary shear zone through the provision of
internal lubrication, improving surface finish and further reducing the forces applied on
the cutting tool [20]. In turn, this challenge sparked significant interest for the development
of brass systems that enable the formation of said particles through the incorporation of
various alloying elements such as bismuth (Bi), graphite, magnesium (Mg) silicon (Si), tin
(Sn) and titanium (Ti) [21–23]. C. Yang et al. proposed the development of novel brass
compositions by including beta (β) phase stabilisers and solid-solution strengtheners while
simultaneously reducing the Zn content to enable the manifestation of high-strength and
proper machinability [24]. The main drawback of these design routes however is the
deviation from standardised compositions, requiring for additional approval requirements
by International Organizations and Regulatory Authorities to be adopted in the supply
chain. An alternative pathway towards improving the machinability of lead-free brasses
through optimising the heat-treatment process of standardised compositions was proposed
and investigated by Toulfatzis et al. [25]. This is achieved through a partial or complete
suppression of the beta (β) to alpha (α) phase transformation by water quenching post heat-
treating, resulting in beta-dominant microstructures. This microstructural modification
allows for a shift in the fracture mechanism enabling intergranular fracture, thus promoting
easier chip breaking and lower power consumption [26]. However, although interesting
in nature, both approaches to this technical challenge are still in their infancy and require
further development before they meet industrial implementation. It is thus equally as
important to investigate both novel alloy design approaches that yield suitable material
properties and their viability for incorporation in an industrial manufacturing process.

The primary microstructural features of conventional and modern brass rods have
been extensively highlighted and discussed in relation to behaviour during machining [27].
Factors such as the chip size, cutting tool type and wear, cutting force, surface roughness
and testing methodology play an important role in the optimisation of cutting processes
in terms of time and cost [28–30]. In this direction, optimisation algorithms have been
applied to investigate the optimal number of passes and the corresponding parameters
such as speed, feed rate and depth of cut in each pass for multi-pass and multi-criterion
plain turning problems [31]. This optimisation could be achieved by fractional factorial
designs, preventing any potential complications arising from the use of analysis of variance
(ANOVA) even in small samples [32,33]. The machinability of various alloys can also
be reviewed, evaluated, and optimised using neural networks; however, noise factors
generated during the machining process are known to cause errors in such computational
efforts [34,35]. Therefore, it becomes clear that a precise data extraction process needs to be
facilitated, minimising the relevant noise factors to enable more advanced computational
tools. As such, the introduction of automated image processing tools would be beneficial
to aid the data acquisition process especially in cases where segmented chip formation is
observed [36]. The methodology of Taguchi Design of Experiments (DOE) applied using
orthogonal arrays is very efficient in statistics for small sampling rates, constituting an
optimisation technique for improving reliability [37,38]. Fractional factorials in robust de-
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sign methodology designs have been extensively reviewed by Arvidsson and Gremyr [39].
The fundamental principle of robust design is to improve the quality of a product through
minimising the property variation causes without their exclusive elimination [40]. This
can be achieved by a joint product-process optimisation to disassociate the end-properties
from the various causes of variation. As reported by Manna and Bhattacharyya, these
causes were affected due to the noise factors associated with parameter design [40]. In
their work, the signal to noise factor was used as a measure of the quality, and orthogonal
arrays were used to study many design parameters simultaneously. Various examples
of similar scientific work based on the practical design of experiments (DOE) methodol-
ogy have been published in recent years [41]. These investigations considered the size of
the experiments, the applied design, the number of factors that influenced the response
variable and the sector of application of the experimental design. Viles et al., presented a
real case of design of experiments focusing on the preliminary stages of experimentation,
e.g., how to choose the best response analysis, how to evaluate the crucial factors and
what the data sample collection should be [42]. Engineers may encounter key barriers in
their trial to use DOE methodologies, so an exhaustive literature review was performed
to classify these barriers [43]. Numerous scientific articles have verified that there is a
gap between theoretical development of DOE and its effective application in industry [44].
Therefore, a simple methodology was proposed to facilitate the implementation of DOE in
companies, through a framework that follows the traditional DMAIC (Define–Measure–
Analyse–Improve–Control) steps of ‘Six Sigma’ as a generic problem-solving methodology.

In this paper, a brief and concise review of conventional leaded (Pb-ed) as well as
modern lead-free (Pb-free) brass alloys was realised, evaluating the alloys in terms of their
microstructure, mechanical properties and machinability. The principles governing the
manifestation of an optimal combination of properties in leaded brasses are laid out in
detail to be used as a foundation for novel lead-free brass development, evaluation and
optimisation. Furthermore, the state of the art concerning novel lead-free brass design is
presented and summarised to facilitate the benefits and drawbacks associated with each
material design approach. We believe that highlighting the efforts of various research
groups around the globe concerning brass design, thermomechanical processing and
machining is a crucial step for tackling this critical technical challenge. The introduction
of innovative and sustainable material solutions in the manufacturing industry that are
aligned with environmental/health and safety regulations. To the best of the authors’
knowledge, no such updated and comprehensive review focused on machinable brass
alloys has been published so far. The authors’ team incorporate long term expertise in the
field of research of copper and copper alloys processing and properties counting more than
20 years, where a considerable amount of papers have been published and reviewed in the
current study.

2. Chemical Composition of Leaded and Lead-Free Brass Alloys

The elemental chemical analysis of the alloys presented within our work and the
related references are listed in Tables A1–A9 (Appendix A).

3. Microstructure, Mechanical Properties and Processing Relationships

3.1. Leaded Brasses

3.1.1. Microstructure

The phase structure of leaded (Pb) brass alloys is governed by a variety of mechanisms.
As mentioned previously, Pb addition in conventional brass alloys serves to improve their
machinability. Pb preferred accumulation sites are mainly the α/β interphase boundaries
(Figure 1). Depending upon the casting and thermomechanical process (TMP) parameters,
Pb as a liquid phase during metal forming tends to reduce its surface energy by attaining a
spherical shape [27]. To further minimize their interfacial energy. the Pb globules coalesce,
forming coarse islands arranged at the α/β interfaces. Pb coalescence increases mean
particle size and reduces the Pb particle distribution density, with an adverse effect on
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machinability [27]. On the contrary, fine and uniform lead distribution enables superior
machining behaviour through better chip fracturing and minimises tool wear, while an
increased volume fraction of Pb or a non-uniform particle distribution may cause surface
cracking during hot working due to hot-shortness [45]. However, hot shortness can also be
induced from the excess heat generated in the brass billet from the friction between the brass
billet and the container during the extrusion process [25]. As mentioned, the α/β interphase
boundaries constitute high interfacial energy sites and thus potential Pb accumulation
areas [27,46,47]. When machined, an (α + β)-brass has better chip breaking properties than
a pure α-alloy. Further machinability improvements are attained by increasing the length
of interphase boundaries, which in turn depends on the β-phase content and the size of
the α-phase crystals. Higher β-phase volume fraction and finer α-crystals (for a constant
α-phase content) tend to create longer interphase boundaries acting as Pb concentration
sites [27,48]. Therefore, lower temperatures would be used during an extrusion process to
enable the formation of extended α/β interfaces, an increase in strength and improve the
machinability [47,48]. As Pb forms near the end of the solidification process, its particle
size and distribution are primarily affected by the casting and solidification conditions,
while the phase structure (volume fraction, grain size) is mainly influenced by the extrusion
conditions (e.g., temperature, extrusion ratio, speed and cooling rate) [49].

Figure 1. (a) Optical micrograph and (b) SEM micrograph showing the typical microstructure of
CuZn39Pb3 (CW614N) brass [50].
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3.1.2. Thermomechanical Processing

The sawing performance of brass bars (CuZn39Pb3) and its relationship to Pb particle
size, distribution and the phase structure was reported in a previous study [49]. In this
work the presence of β-phase reduced the overall ductility of the alloy and therefore en-
hanced the segmentation of the machining chips. Holler et al. examined the influence of
the extrusion parameters on the phase structure in CuZn40Pb2 [51]. They showed that the
percentage of β-phase decreased with an increasing billet temperature and extrusion ratio,
while the grain size decreased with decreasing billet temperature and increasing extrusion
ratio. Both the grain size and β-phase fraction were less influenced by the extrusion speed.
Nevertheless, a study by Loginov et al. concluded that brasses with compositions similar
to those mentioned above could benefit greatly from increasing the extrusion temperature
to 780–800 ◦C as the TMP would be taking place entirely within the beta single phase
region ensuring better property uniformity [52]. Kunčická et al. further highlighted the
importance of maintaining controlled manufacturing processes by studying the failure of
CuZn40Pb2 brass fittings from a computational and experimental standpoint. They un-
veiled that an inhomogeneous temperature profile during the manufacturing process may
produce residual stresses in the cooler regions and initiate undesired phase transformations
which eventually lead to the manifestation of forming defects [53]. In another case, they
investigated a hot-die forged component [53,54]. There, failure originated from a region
characterised by plastic flow instability and inhomogeneous stress distribution deeming
the area prone to the generation of defects. The cracked region was also characterised by a
localised depletion of β phase in favour of the formation of the α phase, thus decreasing
the ductility. Sub-micron oxide particles were also present within the crack which were
detrimental for the ductility and the cohesive toughness of the material [55].

According to Pantazopoulos and Vazdirvanidis, the beta (β) phase formed in the
CuZn39Pb3 alloy may exhibit a characteristic plate-like type morphology possessing differ-
ent orientations among the various grains [27]. Such morphological characteristics may
be considered beneficial for chip-breaking during the machining process. Chandra et al.
investigated the intergranular and interphase cavitation in binary alpha/beta brass at
600 ◦C during superplastic deformation [56]. The process of cavitation was associated with
grain boundary sliding. Cavity nucleation occurred at points of stress concentration and
such as the sliding interfaces between α–β boundaries rather than on α–α and β–β inter-
faces [56]. Hentati et al. investigated an incidence of cracking of CuZn39Pb2 during hot
forging [57]. The forgeability of the alloy was significantly affected by the work hardening
capacity. A decrease in ductility was observed as a result of work hardening and α-phase
size reduction during a hot stamping process at 750 ◦C. Microhardness tests confirmed
that stamping increased the brass hardness, while the size of α-phase also decreased. The
reduction in α-crystal size and subsequent hardness increase degraded the ductility of
the material, causing cracks during the forming process. Such cracks could have been
caused from residual stresses generated during TMP. On the other hand, a heat treatment
at 300 ◦C for 1 h had a positive contribution in both tackling the cracking problem and
enabling an increase in elongation to fracture up from 22% to 28% [57]. Blaz et al. showed
that the reduction in the flow stress during hot deformation of a CuZn39Pb3 alloy resulted
from dynamic recovery and dynamic recrystallisation occurring during operation above
~677 ◦C [58]. Fine Pb particles did not fully inhibit the grain coarsening during dynamic re-
crystallisation at higher deformation temperatures. During hot deformation above ~727 ◦C,
α → β phase transformation was found to overlap with the structural softening process,
resulting in effective grain coarsening followed by effective flow stress reduction. All of
the cases presented here further strengthen the fact that attaining a proper microstructure,
appropriate mechanical properties and avoid in-process defects or failures heavily depends
on the careful control of the TMP.
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3.1.3. Mechanical Behaviour

Pantazopoulos and Toulfatzis studied the mechanical behaviour and fracture mech-
anisms of conventional leaded brasses [59]. A comparison between the CuZn39Pb3 and
CuZn36Pb2As brasses showed that the former contained a significantly higher volume
fraction of the β-phase than the latter. The beta (β)-phase (CuZn) is an ordered intermetallic
phase possessing a body-centred cubic (BCC) crystal structure. This phase is characterised
by a higher hardness but less ductility compared to the α-phase which refers to a Cu-based
solid solution with the face-centred cubic (FCC) crystal structure. Therefore, the CuZn39Pb3
brass which is a dual phase (α + β) brass containing ~35% β-phase exhibits higher strength,
hardness and lower total elongation than the near single α-phase CuZn36Pb2As brass.
As expected, the CuZn39Pb3 brass had higher yield strength and tensile strength, but
lower elongation compared to the CuZn36Pb2As brass [46]. Upon investigating the side
views of the fractured specimens in tension, a ductile fracture mechanism was uncovered
in both compositions. The reduction in area was also higher in the CuZn36Pb2As brass
compared to CuZn39Pb3, indicating that post-uniform elongation was more pronounced
for the CuZn36Pb2As brass [46]. This deviation between the two specimens was attributed
to a more extended region of non-uniform elongation in the case of the CuZn36Pb2As brass
and was indicative of pronounced post-necking deformation during tensile testing. As
the microstructure of the aforementioned specimen consisted primarily of α-phase grains
with a uniform distribution of a small percentage of β-phase, it was found to be more
resistant to micro-void growth and coalescence under tri-axial stress leading to substan-
tially higher post-uniform elongation and higher reduction of area during necking [59].
Hardness measurements indicated a more homogeneous hardness profile (lower hardness
gradient) to CuZn39Pb3 brass compared to the CuZn36Pb2As brass [46]. In this research,
the CuZn39Pb3 alloy was characterized by higher hardness values (core ~136 to surface
~149 HV) as compared to CuZn36Pb2As (core ~104 to surface ~136 HV). The topographic
features of tensile fracture surfaces of CuZn39Pb3 and CuZn36Pb2As alloys were studied
using Scanning Electron Microscopy [59]. In this study, a mixed-mode fracture combining
dimple formation and planar faceted fracture induced by a quasi-cleavage process was
identified in the case of CuZn39Pb3 alloy. On the other hand, the CuZn36Pb2As alloy
exhibited a typical ductile fracture consisting of fine equiaxed dimples. Pantazopoulos
investigated the mechanical properties of the CuZn39Pb3 leaded brass [8]. Appreciable
ductility was observed prior to fracture through the formation of a localised neck. The
subsequent fracture was primarily ductile, and the resulting matched surfaces consisted
of interconnected shear cracks. The final metal forming process, cold drawing, led to
hardness inhomogeneities due to heterogeneous plastic deformation between the surface
and core [8]. Tensile testing at higher temperatures during quasi-static and static loading
revealed that the flow stress decreased proportionally to the testing temperature which
was expected. The presence of brittle phases (such as β′) together with their morphology
is also related to better machinability [60]. Nevertheless, a significant decrease in the
ductility between 200 and 400 ◦C was observed, owing to the partial or complete melting
of Pb [46].Moreover, the strain rate sensitivity index increased proportionally to the test-
ing temperature without enabling relevant increases in ductility to take place due to the
hot-shortness mechanism [61].

Generally, copper alloys tend to exhibit a reduction in ductility between 300 and 600 ◦C
through a phenomenon called intermediate temperature embrittlement (ITE). This is due to
a change in the involved fracture mechanism from transgranular to intergranular fracture
as exposure to intermediate temperatures enables grain boundary voiding. Eventually,
the ductility of the alloy is restored once the intermediate temperature range is exceeded,
enabling dynamic recrystallisation and an operative grain boundary mobility. This effect is
enhanced by the presence of alloying elements in the grain boundaries that reduce their
structural integrity by encouraging void generation and growth along grain boundaries [62].
In the case of leaded brasses, however, this effect is further amplified due to the synergistic
effect of liquid metal embrittlement (LME) where, as previously seen, the partial or complete
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melting of lead may introduce a liquid phase between crack faces. As such, the local
cohesion of the alloy is modified and the kinetics of dynamic embrittlement related to
ITE are accelerated as the presence of the liquid phase promotes the rapid diffusion of
impurities and void mobility within the grain boundaries [62,63].

The mechanical behaviour of CC763S brass during cyclic loading was investigated
by Flegeau et al. under torsional stress. They pinpointed that the fracture mechanism
consisted of both ductile and brittle characteristics, with crack growth taking place along
α/β grain boundaries where the concentration of intermetallic compounds and pores
was the highest. Generally, a higher dislocation density was identified in the interphase
α/β boundaries, while α grains remained relatively vacant of dislocations. Subsequently,
the interphase boundaries were deemed as the crack nucleation points [64]. In their
investigation, Johansson et al. also highlighted the interesting mechanical properties of
the CW724R brass compared to the CW614N. The alloy was characterised by Rp0.2 and Rm
values of 441.4 MPa and 811.9 MPa, respectively, compared to 254.9 MPa and 561.5 MPa for
the high-lead counterpart while retaining similar levels of ductility.

3.2. Eco-Friendly Brasses (Pb-Free)

3.2.1. Novel Lead-Free Brasses

The absence of Pb and potentially other alloying elements directly affects the mi-
crostructure of Pb-free brasses. As such, the introduction of soft intermetallic phases
that could imitate the effects caused by Pb particles in leaded brasses became a focal
research point. The addition of iron (Fe) alongside silicon (Si) was investigated by Johans-
son et al. [65], attempting to formulate a low-Pb variant of the CW614N brass. Although,
the Fe4Si intermetallics were formulated, their intergranular precipitation points did not
enable similar effects as in the case of Pb to come into play [65]. Atsumi et al. investigated a
high-strength brass (Cu-40% Zn) alloy with magnesium (Mg) fabricated through a powder
technology process to uncover the effect of the Mg addition on the microstructural prop-
erties of extruded α–β duplex brass alloys [23]. In this work, pre-mixed Cu-40% Zn alloy
powder with 0.5–1.5 mass% pure Mg powder (Cu-40% Zn + Mg) was consolidated using
spark plasma sintering (SPS). The SPSed Cu-40% Zn + Mg specimens consisted of α–β
duplex microstructure containing Mg(Cu1-xZnx)2 intermetallic compounds (IMCs) with a
mean particle size of 10–30 µm. Initially, Mg was completely dissolved in the α–β duplex
phases through a heat-treatment at 700 ◦C for 15 min. Thus, to disperse fine IMCs on α–β
duplex phase matrix, the SPSed Cu-40% Zn + Mg specimens were pre-heated to achieve
a solid solution condition and were afterwards immediately extruded. They studied the
tensile properties of the extruded Cu-40% Zn + 1.0% Mg brass and reported an average
yield strength (YS) of 328 MPa, ultimate tensile strength (UTS) of 553 MPa and elongation
of 25% [66]. The extruded Cu-40% Zn + 1.0% Mg alloy outperformed the conventional
binary brass alloy, exhibiting 229 MPa yield strength (YS) and 464 MPa ultimate tensile
strength (UTS). The strengthening mechanism of this wrought brass alloy was attributed
to the grain refinement due to the pinning effect produced by the fine Mg(Cu1-xZnx)2
precipitates forming at interphase boundaries. The extruded specimen exhibited fine α–β
duplex phases containing very fine precipitates of the above Mg(Cu1-xZnx)2 IMCs with
0.5–3.0 µm in diameter [66]. The fracture surfaces of both extruded specimens consisted
of fine dimples owing to the evident extremely fine α–β duplex phase structures. The
hills and valleys of the extruded Cu-40% Zn fracture surface indicated that the crack paths
preferentially followed the primary powder particle interface region. On the other hand,
such hills and valleys were never observed in the extruded Cu-40% Zn + 1.5% Mg specimen;
however, some fine particles were observed on the fracture surface [66]. Atsumi et al. also
investigated the microstructural properties of the Cu-40Zn-0.5Ti ternary alloys having
undergone a solid solution treatment [23]. The specimen was pre-heated at 700 ◦C for
15 min and subsequently extruded consisting of a fine and uniform α–β duplex phase
structure with an average grain size of 2.14 µm. Furthermore, fine Ti-based particles with
a mean size of 0.5 µm were densely dispersed in the matrix [23]. Atsumi et al. reported
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that the extruded Cu-40%Zn-0.5 Ti alloy had a mean yield strength of 304 MPa, ultimate
tensile strength of 543 MPa and elongation of 44% [23]. Cu-40%Zn-0.5Ti brasses revealed
satisfactory strength and good ductility. The high strength of the wrought brass alloy was
mainly due to the fine grain size of α and β phases caused by the precipitation of fine
Ti-based particles at the grain boundaries [23]. In a previous research Li et al. reported that
remarkable grain-refinement and strengthening effects were achieved by the addition of Ti
to 60/40 brass through a powder metallurgy process route [67]. However, Ti segregated
to the powder particle interface at elevated temperatures, significantly deteriorating the
mechanical properties of the BS40–1.0Ti. To inhibit this segregation behaviour of the Ti in
the BS40–1.0Ti, the addition of Sn was investigated. Ti was incorporated in the formation of
CuSn3Ti5 particles at the grain boundaries, rather than segregating at the powder particle
interface, leading to significant grain refinement and enabling strengthening effects on
the BS40–0.6Sn1.0Ti brass. These results showed that the introduction of Sn via powder
metallurgy to BS40–1.0Ti brass can effectively impede the segregation of Ti and stabilise
the mechanical properties at high processing temperatures [67].

An investigation attempting to introduce both Ti and graphite (Gr) to the Cu-40Zn
brass showed that the sole addition of Gr to the alloy would yield a better cutting perfor-
mance alongside a progressive deterioration of the mechanical properties. Nevertheless,
the combination of both additives should enable precipitation and dispersion strength-
ening mechanisms to manifest through the formation of nano Ti clusters and Cu2Ti4O
particles, thus maintaining reasonable mechanical properties [68]. The concept of Gr glob-
ules incorporation as a microstructural constituent was previously studied by Zhuo et al.
through the introduction of cementite (Fe3C) particles in the alloy and a subsequent heat
treatment to enable the Fe3C to undergo a graphitisation process [69]. Si has also been
extensively investigated as an alloying addition to replace Pb. It acts as a β and β′ phase
stabiliser and enables the formation of Widmanstätten-type α phase nucleating from the β

interface. Moreover, conducting a solution heat treatment followed by water quenching
would further suppress the diffusional nature of the β → β′ transformation, resulting in
a martensitic transformation instead. The ease of this process is directly related to the
Si content. This concept was explored by Alirezaei and Doostmohammadi and used to
design a high-hardness Cu30Zn-Si brass [70]. For the design of novel Pb-free brasses the Zn
equivalent rule has been used extensively to predict the formulating phases in said alloys
(Equation (1)) [24,71].

X(%) = 100%
(CZn + ∑ Ci ·Kk )

(CZn + CCu + ∑ Ci ·Kk )
(1)

where X% is the fictitious zinc equivalent, CZn and CCu the Zn and Cu contents in the
specific alloy of interest and ΣCi·Ki the sum of the products of content Ci and the fictitious
Zn equivalent Ki of each alloying element. As such, dual phase or single-phase brasses can
be designed and compositionally fine-tuned to achieve an ideal combination of properties.
Yang et al. used this approach to design an α + β Cu-39Zn-Si-Al brass and manufacture
it through low-pressure die casting (LPDC). By altering the processing parameters, they
were able to significantly alter the average grain size of the β phase and the morphology of
the α phase. Their investigation led to the design of a microstructure consisting of fine β

grains and a higher content of rod-like or granular α phase allowing for the manifestation
of superior mechanical properties, namely a YS of 359.8 MPa, UTS of 598.9 MPa and
an elongation of 15%. Nevertheless, the present composition has not been evaluated in
terms of machinability [72]. Expanding upon the concept of Al and Si-containing brasses,
D. Suksongram et al. sought to create a high-hardness dual-phase β + γ CuZnSiAlSn brass
through the addition of antimony (Sb). According to their research, increasing amounts
of Sb up to 1.5 wt.% would enable the inter and intragranular formation of increased
amounts of γ phase to the β phase resulting in a significant hardness increase. This could
be attributed to an increased solid solution strengthening effect taking place due to the
incorporation of Sb within the γ phase. Nonetheless, upon reaching 2.0 wt.% Sb content, a
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high-Sb intermetallic phase would form, reducing the hardness of the investigated alloying
system by roughly 17% [73].

Chandra et al. found that both the ductility as well as the flow stress of α–β brass is
significantly affected by the addition of Cerium (Ce) [74]. Ce decreased the solubility of Zn
in the α (FCC) phase between 475 ◦C and 675 ◦C, consequently shifting the α/(α + β) region
of the phase diagram towards lower Zn concentrations. More specifically, the addition
of 0.07 wt.% of Ce decreased the α/β ratio from 70:30 to 55:45, improving the ductility
and decreasing the flow stress up to a factor of three, at the tested temperature range.
Moreover, the hindering effect of Ce addition on Zn solubility indirectly contributed to
an expected increase in stacking fault energy (SFE) of the α-phase, improving dislocation
mobility. Atsumi et al. investigated the mechanical properties of the high-strength, Pb-free
machinable α–β duplex phase Cu–40Zn–Cr–Fe–Sn–Bi alloys [75]. The extruded Cu–40Zn–
Cr–Fe–Sn–Bi alloys consisted of α–β phases containing the fine, uniform Cr–Fe IMCs and
Bi particles. The average yield strength (YS) and ultimate tensile strength (UTS) of the
extruded Cu–40Zn–Cr–Fe–Sn–Bi alloys were 288 MPa and 601 MPa, respectively. These
alloys exhibited YS and UTS that were 29% and 40% higher than that of conventional
machinable brass Cu–40Zn–Pb alloy. The extruded Cu–40Zn–Cr–Fe–Sn–Bi alloys also
maintained 75% of the machinability of the Cu–40Zn–Pb alloy [23]. Fontaine and Keast,
compared a lead-free Bi-containing brass (EnviroBrass C89520) to a conventional brass
C84400 [5]. In this work, the large difference in grain size was attributed to the dependence
of grain growth on alloy chemistry, while the excess concentration of Sn around the particles
and at the grain boundaries was due to ‘coring’, a well-documented phenomenon. However,
the presence of Sn prevented the segregation of Bi to the grain boundaries and inhibited
hot-tearing phenomena during processing involving Bi segregation. It was not clear at
this stage how the presence of Sn prevented the segregation of Bi. Either the wetting
behaviour of Bi was different in a Cu–Sn alloy than in pure copper or an excess of Sn at the
boundaries prevented the segregation of Bi. Scanning transmission electron microscopy
(STEM) coupled with electron dispersive X-ray spectroscopy (EDS) did uncover traces of
Bi segregation at the boundaries in the brass, even though Bi segregates strongly in pure
copper alloys [5]. Further analysis regarding the Bi addition as a possible replacement
for Pb was conducted by Thomson et al., who modified the C93700 to replace Pb with
Bi. Bi was noted to accomplish a similar role as that of Pb in the present alloying system.
Indeed, Bi proved to be a possible replacement, achieving similar mechanical properties as
the Pb case. Increased amounts of Bi would be detrimental for the mechanical properties
instead. Nevertheless, the morphological characteristics of Bi deem it inferior to Pb by
comparison, specifically for bearing applications. The Pb-containing alloy also exhibited
greater fatigue resistance compared to the Bi cases. Lastly, tribological testing showed that
the Bi-containing compositions induced higher friction forces than those encountered in the
Pb-containing alloy. However, the friction forces of the Bi-containing compositions showed
less fluctuation compared to that encountered in the Pb-containing alloy [76].

Basori et al. modified the Cu-29Zn brass through the addition of manganese (Mn).
The progressive addition of Mn increased the volume fraction of the β-phase in the mi-
crostructure as Mn acts as a β-phase stabiliser. Furthermore, the increased Mn content had
a minimal effect on twin formation during deformation, while dislocation motion through
slip was inhibited due to the pronounced solid solution strengthening effect of Mn [77].
Quan Li et al. showed that the microstructure of the hot extruded Sb-Mg lead-free brass
was composed of α, β phases and (Sb, Mg)-containing intermetallic compounds [78]. In
this research, the developed Sb-Mg brass was compared to the HPb59-1 brass (CuZn40Pb2)
in terms of its mechanical properties and was found to be a suitable replacement, reducing
the cost and environment impact of the material. Basori et al. noted that in the Cu-29ZnMn
system, the progressive addition of Mn was directly associated with an increase in hardness,
Rp0.2 and Rm. An unexpected trend was obtained regarding the maximum elongation of
the samples where Mn additions over 3 wt.% would reduce negatively impact ductility.
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Nevertheless, an addition of up to 3 wt.% Mn had a positive effect instead. This was
attributed to the increased β-phase presence at higher Mn contents [77].

3.2.2. Conventional Lead-Free Brasses—Microstructure and Mechanical
Properties Optimisation

Toulfatzis et al. studied the fracture behaviour of lead-free brass alloys for machining
applications [79]. In this work, the mechanical behaviour under static and dynamic load-
ing of three lead-free brass alloys CuZn42 (CW510L), CuZn38As (CW511L) and CuZn36
(C27450) lead-free brass alloys in comparison to the conventional CuZn39Pb3 (CW614N)
leaded brass alloy was studied. The fractographic evaluation was performed on impact
tested brass samples to identify the involved fracture mechanisms and their relation to the
alloy microstructure. The action of the dimpled fracture mechanism was evident to all the
studied alloys; however, the dimple size and distribution exhibited a considerable variation
signifying differences in the evolved plastic deformation prior to failure. The largest dim-
ples were detected in the case of CW511L and C27450 alloys, which is consistent with their
higher values of impact energy and fracture toughness. In this study, it was also shown that
the CuZn42 (CW510L) lead-free brass alloy is a potential candidate in replacing the conven-
tional CuZn39Pb3 (CW614N) leaded brass, combining high tensile strength and tolerable
fracture toughness, due to the high presence of the β-phase in the alloy microstructure.
The fracture toughness of CW510L and CW511L lead-free alloys, after post-processing heat
treatment, was assessed via impact and Crack-Tip-Opening-Displacement (CTOD) testing
and presented in Ref. [80]. Moderate improvement in impact energy and CTOD values
were obtained for heat treated CW510L brass, showing a salient fracture mode, exhibiting a
dominant intergranular crack propagation [80]. Similarly, Kozana et al. manufactured a
CuZn39 alloy using various casting techniques. They observed significant differences in
the hardness and Rm values of all samples while the only condition altered was the casting
mould [81]. G. Iecks et al. carried out investment casting trials on the C35ZA and C30ZA
alloys with the addition of aluminium (Al). Due to the segregation of the alloying elements,
a finer microstructure was formed with greater hardness compared to other regions of
the casting. A thinner cast component exhibited a fine β-phase Widmanstätten structure
because of the higher cooling rate. The fineness of Widmanstätten structure is also directly
affected by the Al content resulting in variations of hardness [82].

Microstructural evolution studies during severe plastic deformation (SPD) conditions
are also important to discern the characteristics and evolution of the phases evident in
dual phase brasses throughout the thermomechanical processing of the material [83]. Dhin-
wal et al. investigated the microstructural changes of a dual phase brass during severe
plastic deformation (SPD). The α phase formed mechanical twins with each successive
pass resulting in a more random crystallographic texture. The β-phase grains formed
an interconnected structure. The overall grain size of the material was also significantly
reduced [84]. Kozana et al. attempted to manipulate the microstructural characteristics
of the CW511L brass using different casting moulds. Due to the differences between the
moulds in terms of the heat transfer coefficients, various microstructures were obtained,
the point of variation being the average grain size of the constituent microstructural fea-
tures [81]. Toulfatzis et al. attempted to modify the microstructure of the CW510L, CW511L
and C27450 brasses to improve their machinability by retaining an increased metastable β-
phase fraction. This was accomplished by heat treating the alloys at temperatures between
700 and 850 ◦C for 60–120 min and then immediately subjecting the material to a water
quench to suppress the β to α phase transformation. In turn, the increased volume fraction
of β phase allowed further strengthening of the alloy at the cost of ductility. Specifically, in
the case of the CW510L the amount of β phase present in the microstructure increased from
60% to 100%, whilst reaching 35% and 20% from an initial 5% and 2% for the CW511L and
C27450 brasses, respectively, under the ideal heat treatment conditions (Figures 2 and 3, see
Ref. [25]). As previously encountered in research investigating similar para-equilibrium
conditions, Widmanstätten α-phase was present in the case of CW510L [85].
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Figure 2. Optical micrographs of the (a) CuZn42, (b) CuZn38As, (c) CuZn36 alloys before heat-
treating and (d) CuZn42, (e) CuZn38As, (f) CuZn36 alloys after the heat-treatment process [25].

Figure 3. SEM micrographs on longitudinal sections showing the microstructures of (a) CuZn42,
(b) CuZn38As and (c) CuZn36, after the selected heat treatment condition [25].

3.3. Failure Types Encountered in Leaded and Lead-Free Brass Components

As a wider range of brasses becomes integrated into the production line, the matter of
component failure and the underlying principles dictating the manifestation of such inci-
dents need to be highlighted. Generally, different types of brasses are more susceptible to
different modes of failure owing to their processing route or service life and are extensively
analysed in the work by Pantazopoulos [86] and Gupta et al. [87]. However, failure modes
that are particularly related to the chemical composition of brasses are further expanded
below to provide a potential alloy design direction.

3.3.1. In-Process Failure Modes

The failure of brasses during their thermomechanical processing can be attributed to
factors owing mostly to the parameters involved in the casting, extrusion or cold-drawing
process [86]. Nevertheless, there are also cases that are dependent exclusively on the alloy
composition, with the most prominent one being hot-shortness.

Hot-Shortness

Hot-shortness occurs during the extrusion process in cases where the extrusion tem-
perature is amplified due to the friction between the billet and the container. In turn, this
causes SPPs with a low melting point such as Pb particles and regions exhibiting notable
chemical segregation to partially melt or become hot short resulting in the possible for-
mation of tears in close proximity to the metal surface [45,86,88]. In cases where novel
brass compositions are designed, aiming to replace the Pb particles with a different type of
SPPs, this failure mode becomes particularly important. This becomes apparent in cases
where Pb has been replaced by Bi. As Bi migrates to the grain boundaries and has a low
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melting point overheating the brass component can yet again cause hot-shortness [89–92].
Therefore, a suitable SPP melting point needs to be one of the main points of alloy design
to pre-emptively address hot-shortness. This can also be entirely circumvented through
the complete elimination of SPPs in cases where the machinability of the brass would not
be compromised.

3.3.2. In-Service Failure Modes

Brass components tend to fail during service mostly due to corrosion-related phe-
nomena that are evident in most alloying systems. However, the increased Zn content
of brasses can lead to the manifestation of mechanisms almost exclusive to brasses such
as dezincification or enhance certain types of corrosion leading to failure such as stress
corrosion cracking (SCC) [93,94].

Dezincification

Dezincification may occur during the exposure of brass components to saline and
water environments (Figure 4). The mechanism is based upon the selective leaching of
Zn due to the electrochemical potential formulating through the interaction between Zn
and Cu atoms. This process is facilitated either through the exclusive interaction of Zn
with oxygen or chloride ions present in water or through the combined oxidation of both
Cu and Zn leading to the eventual establishment of an equilibrium between Cu ions and
metallic water and the subsequent deposition of metallic Cu on the brass surface. Therefore,
the base material is depleted of Zn leading to the formation a porous Cu-rich layer in the
form of red patches on the surface of the material. Dezincification has devastating effects
on the mechanical properties of the brass component. This corrosive mechanism can be
inhibited from an alloy design perspective through the introduction of tin and arsenic
as alloying elements or by controlling the Zn content as this effect is most prominent in
brasses containing between 15 and 30 wt.% Zn [86,87].

Figure 4. (a) BSE SEM Micrograph showing the dezincification area of a brass component. (b) Detail of
(a) [93].
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Stress Corrosion Cracking (SCC)

Stress corrosion cracking consists of the formation of intergranular cracks propagating
through a metallic material due to the combinatory effect of high residual stresses alongside
exposure to a specific corrosive medium and alkalinity. SCC manifests through the selective
corrosion of the base material along the more chemically active paths such as interphase
and grain boundaries compromising the material integrity in said points. Upon exposure
to additional external stresses, cracks form along the compromised regions leading to
the formation of additional free surfaces where the corrosion products are deposited and
further accelerate the process. SCC occurs mostly in dual-phase brasses with a Zn content
around 20–40 wt.%. This failure mode can be avoided by subjecting the component to a
low-temperature heat-treatment to erase residual stresses caused by the manufacturing
process in the component. In addition, laser shock peening has been proven to improve the
SCC resistance of the material by introducing compressive stresses. Furthermore, protective
coatings can be employed to further enhance the corrosion resistance of the material. As
the Zn content range where this effect occurs is extensive, there are limited alloy design
strategies that can be employed as of yet to alleviate SCC in brasses [86,87,95,96]. The frac-
ture caused by SCC usually follows an intergranular path with multiple branching patterns.
Typical SCC fracture surfaces and the corresponding EDS spectrum of a machinable brass
component are presented in Figure 5 [93].

Figure 5. (a,b) Backscattered Electron (BSE) micrographs showing the fracture surface of a brass
component showing intergranular morphology, (c) EDS spectrum of the fracture surface showing the
presence of oxides. See Reference [93].
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4. Machinability Evaluation

4.1. Chip Formation and Tool Wear

4.1.1. Leaded Brasses

Toulfatzis et al. investigated the machinability of CuZn39Pb3 and CuZn36Pb2As
brasses [46]. In this research, machinability was assessed qualitatively and quantitatively
by evaluating the chip size and morphology, and the corresponding cutting tool wear
land, employing a single point turning technique according to ISO 3685 [97]. Experimental
results indicated that the most critical factors affecting the chip formation quality during
brass bar machining were the type of copper alloy used (CuZn39Pb3 and CuZn36Pb2As
alloys) and the cutting speed, while it was not found to be sensitive to depth of cut and
feed rate variations [46]. It was evident that a significant variety of chip morphology was
produced by changing the turning conditions. The single needle, feathery and continuous
helical were representative forms that constituted a qualitative indicator of the machining
process performance [46]. The formation of shorter chips resulted in better surface finish,
lower tool wear and ease of operation, allowing higher cutting speeds, while chip fracturing
and removal led to the reduction in tool–chip contact, minimising the risk of built-up edge
formation [46].

Gane has shown that the addition of a small quantity of Pb to brass was very effective
in reducing friction, both in cutting experiments and in simple sliding-friction experi-
ments [98]. In addition, the ductility of brass was substantially reduced when Pb was
present. Both these factors contributed to the considerable improvement in machining
properties observed in lead-containing alloys. The reduced friction on the rake face of the
tool decreased the specific cutting energy by a factor of about two. As a result, the tool
temperature decreased and the tool life improved [98]. As the Pb particles became finer
(less than 5 µm) and their distribution more homogeneous, chip-breaking during cutting
became more pronounced, and, as a result, machinability improved. Chip fracture in short
pieces allows for ease of machining operation; maximum productivity, lower cutting forces,
better surface finish of the workpiece, closer tolerances of the final component and less
tool wear, thus longer tool life [98]. Preliminary machinability tests were performed by
Pantazopoulos in turning operation [8]. The turning speed was up to 395 rpm (the linear
speed was up to 0.165 m/s) using a cemented tungsten carbide insert as a cutting tool. The
chip size tended to increase by increasing the depth of cut, while no appreciable changes
were recorded by changing the feed rate. The depth of cut was constant within the turning
cycle (i.e., 0.4, 1.0, or 3.0 mm). The horizontal advancement of the tool per revolution was
defined as a function of the feed rate (0.25 or 0.50 mm/rev) [8]. Morphological observations
of the produced chips, using optical microscopy, indicated the absence of a flow-zone.
Segmented chips with intense shear fractures were produced during turning as a result
of the dual phase microstructure (α–β) and the distribution of Pb particles at interphase
boundaries. The presence of Pb decreased friction and temperature at the tool–workpiece
interface, therefore increasing tool life [8]. Cutting tool wear was principally controlled
mainly by the cutting speed and depth of cut used during machining experiments while
it appeared to be less sensitive to feed rate or the type of copper alloy variations [46].
Adhesion and sticking of the workpiece debris on the flank face intensified at higher cutting
speeds. Moreover, the flank zone revealed several typical wear features, such as abrasive
marks and chipping (edge fracturing), of increasing severity as the cutting speed increased
(from 2000 to 4000 rpm) [46].

As such, chipping caused the edge fracture of the machining tool, impairing cutting
edge sharpness and leading to tool blunting. This type of tool failure increased cutting
forces, resulting therefore in further degradation of the machining performance (longer
chips, higher fluctuations and chattering, part distortion), causing serious defects on the
machined surface quality. Severe damage phenomena such as thermal cracking or flaking
were not observed in this study [46]. Toulfatzis et al. determined the optimum cutting
conditions using non-parametric design of experiments methods applied in turning pro-
cesses of leaded brass bars (CuZn39Pb3 and CuZn36Pb2As) for industrial applications [46].
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Non-linear fractional factorial designs for the nine-run, three-level, four-factor saturated
orthogonal array (L9 = 34) were applied to collect sufficient data to investigate the multi-
response optimisation of two main machinability quality characteristics such as the chip
morphology and cutting tool wear. The study suggested that concurrent multi-response
optimisation gave rise to no specific effect. These optimal settings of the cutting parameters
for chip morphology could also be used for cutting tool wear optimization. Confirmation
experiments seem to verify the conclusion of this work [46].

Hassan et al. evaluated the influence of cutting parameters such as cutting speed,
feed rate and depth of cut in C34000 leaded brass using an analysis of variance (ANOVA)
methodology [99]. The purpose of ANOVA was to identify the important parameters
for predicting material removal rate. Feed rate was found to be the most significant
factor and its contribution to material removal rate was 42.77% within a 95% confidence
interval. As such, the feed rate was the most significant factor affecting the material removal
rate. The interaction between cutting speed and feed rate was found to be significant
with a contribution of 7.75%. The best results for optimal material removal rate were
achieved when C34000 leaded brass was machined at a cutting speed of 55 m/min, using
a depth of cut of 0.2 mm and a feed rate of 0.35 mm/rev. Johansson et al. investigated
brasses with both higher and lower Pb content. It was observed that the machinability
of the conventional leaded brass exceeded that of its lower Pb content counterparts by
a significant margin. It was however mentioned that the machinability of the CW724R
brass was tolerable compared to the original CW614N, while also exhibiting interesting
mechanical properties [65]. Thus, the importance of Pb as an addition cannot be overlooked
as it directly affects the machinability of the material to a significant extent.

4.1.2. Eco-Friendly Brasses (Pb-Free)

The design criterion for the Pb-free brasses typically concerns the introduction of a
soft intermetallic phase uniformly dispersed within the material. Upon contact with the
cutting tool, the intermetallic particles should act as a stress concentration point, leading to
the segmentation of the formulating chip. Li et al. studied the influence of Ti addition on
lead-free brasses [67]. They showed that BS40-2.2Bi alloy exhibited an excellent machin-
ability compared to the Cu40Zn3.2Pb conventional leaded brass. The average drilling time
increased with increasing Ti content from 0.3 wt.% to 1.0 wt.%. BS40-2.2Bi with 1.0 wt.%
Ti addition could not be penetrated by drilling for more than 180 sec. The different chip
morphologies obtained during drilling operations were used to evaluate the machinability
of the alloys produced. Compared with the chip shape of the conventional leaded brass
(Cu40Zn3.2Pb), BS40-2.2Bi exhibited a different morphology due to the substantial brit-
tleness of Bi affecting the fracture behaviour of the chip and the Ti addition to BS40-2.2Bi,
affecting the chip geometry considerably, which transformed into a continuous spiral shape
when the Ti content increased to 0.5 wt.% [67].

As the phase diagram indicates, both antimony (Sb) and magnesium can be dissolved
partly in copper forming intermetallic compounds with copper [78]. If these intermetallic
compounds were dispersedly distributed in the Cu-Zn system, such particles or strips
would disturb the metallic matrix continuity and make the chips rupture easily. Thus,
the cutting performance of the brass would be improved without the addition of Pb.
Additionally, the particles in Sb-Mg brass are not expected to produce stress concentration
during forming as they deformed plastically during extrusion, while improving the cutting
performance and mechanical properties of the alloy [78].

Toulfatzis et al. evaluated the machinability of the CuZn42, CuZn38As and CuZn36
lead-free brasses, comparing them to the conventional leaded CuZn39Pb3 brass [25]. Their
results reinforced the perception that an increased volume fraction of β-phase would enable
the generation of micro-cracks during the machining process owing to the formation of
shear bands. Nevertheless, the chip segmentation process was predominantly controlled
by the distribution of Pb particles. Expanding upon this concept, by subjecting the Pb-free
alloys to a series of heat treatments (at 775 ◦C for 60 min for CuZn42 and at 850 ◦C for 2 h for
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CuZn38As), a higher volume fraction of β-phase would be stabilised in room temperature
as previously discussed. As such, a mild improvement in machinability was to be expected.
Indeed, the alloys showed an improvement in machinability relevant to the increased
volume fraction of the β-phase and, specifically in the case of the CuZn38As alloy, surpass
the conventional leaded counterpart in terms of surface quality [20,21,25,35]. The chip
morphologies of the heat-treated lead-free brass alloys compared to the as received ones are
depicted in Figures 6 and 7, while the typical characteristic topographic patterns obtained
by optical profilometry is presented in Figure 8.

Figure 6. Chip morphology of the as-received (AR) and heat-treated (HT) CW510L-CuZn42 (a,b),
CW511L-CuZn38As (c,d) and C27450-CuZn36 (e,f) brass alloys [25]. Note: the decrease in Class
number denotes improvement in chip morphology [25].

Nobel et al. also studied the machinability of various lead-free alloys, i.e., CW510L,
CW511L and CW724R, correlating their machinability to the use of different cutting tool
materials [100]. CW724R lead-free silicon brass, in comparison to other lead-free brasses,
such as CuZn42 (CW510L) and CuZn38As (CW511L), showed improved machinability
concerning chip formation. However, CW724R caused higher tool wear due to the abrasive
nature of the Si-rich κ-phase when used alongside a TiAlN-coated carbide tool. In this study
the CW510L machining performance using various cutting tools with different coatings
(TiAlN, TiB2, DLC, CVD-diamond) was investigated. Adhesive and abrasive wear was
reduced by using DLC-coating among the tested PVD-coated tool systems. An additional
improvement of cutting performance was achieved using CVD-diamond coating which
exhibited exceptional abrasive wear resistance, while adhesion on the rake and flank face
was minimised. Polycrystalline diamond tools (PCD) provide another alternative with
significant abrasive wear resistance and low adhesion properties. However, the production
demand for long tubular chips restricts the use of PCD tools and poses the need for the
manufacture of such tools with favourable chip breaking geometry.

Experiments and simulations were implemented by Laakso et al. in order to in-
vestigate the effects of different cutting parameters on chip morphology of a low-lead
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brass [101]. This low-lead brass is not standardised but is compositionally close to the
standard CuZn38As (CW511L) lead-free brass. Based on these simulations and experiments
it was found that the use of a positive rake angle (+5◦), high cutting speed (300 m/min) and
low cutting feed rate (0.1 mm/rev) improved chip breakage from a continuous chip to a
chip of an average length of 4 mm. High cutting speeds favour chip breakage by increasing
chip brittleness due to the suppression of softening effects at high strain rate conditions.
Minimisation of cutting force and friction force is achieved by using a positive rake angle
(e.g., +5◦). Reduction in friction could be realised by decreasing of tool–chip contact area
by decreasing feed rate and/or depth of cut. Finite Element Modelling (FEM) simulations
agreed with the above results. Furthermore, in a very recent work, the influence of Zn
equivalent on the evaluation of chip morphology and machining surface quality of free
cutting silicon brasses were investigated by adding Pb replacers (Si and Al elements) [24].

Figure 7. Optical micrographs showing the morphology of chips generated during the machining
process of (a) CuZn42, (c) CuZn38As, (e) CuZn36 alloys before heat-treating (AR) and (b) CuZn42,
(d) CuZn38As, (f) CuZn36 alloys after the heat-treatment process, HT [25].
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Figure 8. Surface topography derived from profilometric measurements: (a) CW510L, as received,
(b) CW510L, heat-treated, (c) CW511L, as received, (d) CW511L, heat-treated, (e) C27450, as received
and (f) C27450, heat-treated [25].

The introduction of additional alloying elements may also enable the stabilisation
of various primary phases (i.e., the presence of α, β or γ phases in the Cu-Zn system) at
equilibrium. This effect can be expanded further through TMP, directly affecting the fracture
behaviour and consequently, the chip-breaking properties and machinability performance
of novel compositions [102,103]. Taha et al. showed that, as the Si content increased from
0 wt.% to 1 wt.% in modern lead-free brasses (CuZn40), tool wear slightly increased as
well [104]. This was attributed to the decreased volume fractions of the softer phase α and
the respective increase in the harder phase β. In Si-containing brass alloys, the detrimental
effect of β phase on tool wear has been confirmed. The increase in Si content, from 1 wt.%
to 4 wt.% Si, led to a moderate increase in tool wear due to the increased volume fraction
of brittle λ, η, and χ intermetallic phases, albeit no significant effects of hardness and
microstructure changes were observed. It was also seen that chip formation changed from
continuous to discontinuous type with decreasing cutting speed [104]. However, decreasing
the cutting speed is recommended as a method to achieve the desirable discontinuous
chip type as it results in lower productivity. By adding 4 wt.% Si to the unleaded CuZn40
brass, the chip formation process changed from the undesirable continuous type to an
acceptable long bevel and cylindrical long types. It was clearly shown that the chip type
was affected by the formation of hard secondary λ-phase precipitates rather than the
variation in mechanical properties [104]. Scientific research revealed the benefits of the
recycled bismuth–tin (Bi-Sn) solder addition in the lead-free brass alloy Cu-38Zn-0.5Si by
reducing the chip-size morphology [105]. The improvement of chip-breaking efficiency
was attributed to the presence of the κ-phase in CuZn21Si3P, as opposed to the effect of the
α-phase in CuZn38As brass. Likewise, the high percentage of β-phase in the microstructure
of CuZn41.5 resulted in the reduction in chip morphology. The influence of the coating type
(TiN, TiAlN, TiB2 and DLC on carbide tools) as well as the use of polycrystalline diamond
(PCD) tools on chip formation and workpiece quality was analysed for the evaluation of
machinability in three low-lead brass alloys (CuZn38As, CuZn42 and CuZn21Si3P). The
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machining problems were diminished using a diamond-like carbon coating, especially
through the reduction in the friction in the secondary shear zone [106]. A machinability
comparison between leaded (CuZn39Pb3) and lead-free brass (CuZn21Si3P) alloys was
implemented in a relevant work concerning tool wear during machining. Machining of
the lead-free brass alloy (CuZn21Si3P) resulted in longer chip size and, eventually, higher
tool-wear rates using cemented carbides. The use of coating on carbide tools, e.g., (Ti, V, Zr,
Hf, Nb, Ta), was recommended as a possible solution for overcoming excessive tool-wear
rates [107,108]. In terms of the chip morphology specifically, high-Si brasses are generally
found to produce discontinuous chip types while a lower Si content is associated with better
tool interaction and superior surface quality with the added benefit of greater mechanical
properties. Nevertheless, the produced chip is of the discontinuous type for the low-Si
brasses investigated in the present study [104].

4.2. Cutting Force and Surface Roughness

Vilarinho et al. uncovered several relationships concerning the influence of the chemi-
cal composition and the hardness on the different components of cutting forces [109]. The
suggested empirical relationships considered both the well-established effect of Pb on
the machinability behaviour already shown by several authors and the effect of various
alloying elements usually present in brass composition. Conventional alloys (CuZn36Pb3,
CuZn39Pb3), with and without additional alloying elements, showed lower values of
cutting forces (Fz) than the modern brass alloys of the studied ternary systems, Cu-Sn-Zn,
Cu-Al-Zn and Cu-Fe-Zn [109]. However, in some cases conventional alloys exhibited
similar or higher values of feed and depth forces in relation to modern brasses. The cut-
ting forces used for machining modern brass alloys of the ternary systems studied in this
work were affected by the type and content of each alloying element. Comparing the
development of residual stresses on the CuZn21Si3P and CuZn39Pb3 brasses showed the
retainment of lower residual stresses in the Si-containing alloy and achieving better abra-
sion resistance, although higher cutting forces were required. This could also point towards
better fatigue and stress-corrosion cracking resistance, but additional investigations are
required [110]. When comparing the machinability conventional leaded brasses to their
Pb-free counterparts, it becomes apparent that in both cases the depth of cut and feed rate
are the most vital parameters influencing the resulting cutting force and surface roughness.
The optimisation of said parameters enables the control of both machinability criteria and
thus their investigation is of the utmost importance [111]. Scientific research revealed
the benefits of the recycled Bi-Sn solder addition in lead-free brass alloy (Cu-38Zn-0.5Si)
by reducing the required cutting forces in machining [105]. The influence of the coating
type (TiN, TiAlN, TiB2 and DLC on carbide tools), as well as the use of polycrystalline
diamond (PCD) tools on machining forces, was analysed to evaluate the machinability
in three low-lead brass alloys (CuZn38As, CuZn42, and CuZn21Si3P). The machining
problems were diminished using a diamond-like carbon coating, especially through the
reduction in the friction in the secondary shear zone [106]. Machining the lead-free brass
alloy (CuZn21Si3P) required higher cutting forces using cemented carbides. As such, the
use of coating on carbide tools such as (Ti, V, Zr, Hf, Nb, Ta) N was recommended as a
possible solution for reducing the cutting forces [107,108].

Concerning the alloys of the Cu–Sn–Zn system, the lowest values of cutting and feed
forces were obtained for Sn contents that led to a dual-phase β–γ microstructure. On
the other hand, the presence of Al in alloys of the Cu–Al–Zn system had the opposite
effect to that of Sn, rising the cutting force as its content increased [109]. In this ternary
system, the highest values of cutting force Fz were always obtained for alloys with a β–γ
or pure β structures. Regarding Cu–Fe–Zn alloys, no relationship was found between the
Fe content and the machinability parameters. Additionally, no significant correlations were
made between the cutting forces and the chemical composition when expressed in terms of
effective Cu content. However, a minor correlation between the feed force and the effective
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Cu content on conventional alloys was established, although the authors indicated that
further studies would be needed to confirm this behaviour [109].

Gaitonde et al. employed Artificial Neural Networks (ANN) to study the effect of
cutting speed, feed rate and the required amount of minimum quantity of lubrication (MQL)
on two aspects of machinability, namely the specific cutting force and surface roughness
in turning of CuZn39Pb3 brass using a K10 carbide tool [112]. In their study, a multilayer
feed forward ANN was employed trained by EBPTA (Error-Back Propagation-Training
Algorithm). The training patterns required for an input–output database generation were
obtained through turning experiments conducted as per Full Factorial Design (FFD). 3D
surface plots were generated to analyse the interaction effects of process parameters and
the following conclusions were drawn from the present investigation. The minimum
specific cutting force existed at high MQL (160–170 mL/h) with medium range of cutting
speed (210–220 m/min), Additionally, the specific cutting force was found to be minimal
at a higher feed rate (0.20 mm/rev) with a low MQL (100 mL/h). The specific cutting
force was highly sensitive to feed rate variations for all values of MQL. The minimum
surface roughness resulted in high MQL (160–180 mL/h) with low cutting speed values.
Lastly, the surface roughness sharply increased with increasing feed rate irrespective of
MQL [94]. They employed the Taguchi method to determine the optimal process parameters
for simultaneously minimising the surface roughness and specific cutting force during
turning of CuZn39Pb3 brass with a K10 carbide tool [111,112]. In this work, the optimum
amount of MQL and the most appropriate cutting speed and feed rate were determined
using Analysis of Means (ANOM) and the relative significance of the parameters was
identified through ANOVA. The ANOM on multi-response S/N ratio indicated that an
optimum MQL of 200 mL/h, cutting speed of 200 m/min and a feed rate of 0.05 mm/rev
was necessary to simultaneously minimise surface roughness and specific cutting force.
ANOVA illustrated that feed rate was the most dominant parameter followed by MQL and
cutting speed in optimising the machinability characteristics. ANOVA also showed that the
error contribution was 0.55%, which clearly indicated the absence of the interaction effects
of process parameters on optimisation of multiple performance characteristics. Lastly,
validation experiments confirmed that the additive model was adequate for determining
the optimum quality characteristics at the 95% confidence interval. Utilising ANOVA
as means of analysis and optimisation was also explored in the work of Toulfatzis et al.
towards the improvement of machinability in CuZn42, CuZn38As and CuZn36 compared
to a conventional CuZn39Pb3 brass. To reduce the volume of experiments required for the
machinability trials, a DOE Taguchi method in conjunction with ANOVA was used. As such,
their statistical analysis converged on the use of a standard L16 orthogonal array. Their work
further demonstrated the efficiency of ANOVA in identifying the contributions of individual
machining parameters towards the optimisation of the cutting force within 90% accuracy
and, to a lesser extent, the surface roughness. Furthermore, the S/N response diagrams
showed that the depth of cut would be considered the most significant factor in the
machining process which was backed up through ANOVA [50]. Plots of S/N response and
data means for cutting force and surface roughness are presented in Figures 9 and 10 [50].
As was confirmed by the ANOVA results, the depth of cut is the most influential factor for
cutting force (Pp = 64.3992%) while feed rate is the most influential factor (Pp = 55,3085) for
surface roughness, see Tables 1 and 2 [50].

Taha et al. investigated the machinability based on surface quality and cutting forces
in lead-free silicon brass alloys [104]. In this work, the ease of machinability was derived
from the machined surface quality. This was evaluated by measuring the machined average
surface roughness (Ra) at selected cutting conditions using H20 and H123 tools. Evidently,
for all Si-containing brass alloys investigated, Ra was almost independent of depth of cut.
Ra increased as the cutting feed increased and gradually decreased as speed increased.
Minimum values of Ra were observed for leaded brass, followed by 1 wt.% Si and 2 wt.%
Si Alloys, and finally the leaded brass C37700. Even higher Ra values were observed for
3 wt.% Si and 4 wt.% Si alloys [104]. The Ra was found to increase by 40% as the silicon
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content increased from 1 wt.% to 4 wt.% Si. For all leaded and unleaded alloys, cutting
forces were proportional to the depth of cut.

In both cases, the machining behaviour was attributed to increased resistance of chip
formation as a result of the increase in the volume of the material removal. The cutting force
increased with increasing cutting speed up to a maximum of 50 m/min. This was attributed
to the increase in friction on the tool face caused by the chip flow. Further increase in speed
led to the decrease in cutting force, which was attributed to the increase in the cutting
temperature at high speeds, which in turn resulted in the decrease in the friction forces and
shear strength of the material due to thermally induced softening. Moreover, leaded brass
exhibited the lowest cutting force value due to the reduction in the coefficient of friction
between the chip and the tool face caused by the lubricating effect of Pb. The maximum
cutting force was measured for 1% Si and was attributed to the highest alloy strength [104].

Figure 9. Diagrams showing the responses of (a) S/N ratios and (b) data means when evaluated
against the cutting parameters which optimise the cutting force [50].
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Table 1. Analysis of variance (ANOVA) for the cutting force [50].

Factor Degrees of
Freedom

Sum of
Squares

(SS)

Corrected
Sum of

Squares (SS′)
Variance

Percent
Contribution

Pp (%)
Rank

Cutting Speed 3 19.0425 18.8254 6.3475 3.5728 4
Depth of Cut 3 339.5408 339.3238 113.1803 64.3992 1

Feed Rate 3 108.0831 107.8660 36.0277 20.4715 2
Material 3 58.8660 58.6489 19.6220 11.1308 3

Error 19 1.3746 2.2428 0.0723 0.4257
Total 31 526.9070 526.9070 100.0000

Figure 10. Diagrams showing the responses of (a) S/N ratios and (b) data means when evaluated
against the cutting parameters which optimise the surface roughness [50].



Metals 2022, 12, 246 23 of 31

Table 2. Analysis of variance (ANOVA) for the surface roughness [50].

Factor Degrees of
Freedom

Sum of
Square

(SS)

Corrected
Sum of

Squares (SS′)
Variance

Percent
Contribution

Pp (%)
Rank

Cutting Speed 3 7.3498 3.5422 2.4499 0.9460 4
Depth of Cut 3 91.6606 87.8530 30.5535 23.4625 2

Feed Rate 3 210.9051 207.0974 70.3017 55.3085 1
Material 3 40.4101 36.6025 13.4700 9.7753 3

Error 19 24.1149 39.3453 1.2692 10.5078
Total 31 374.4404 374.4404 100.0000

4.3. Employment of Vibrational Analysis towards Machinability Evaluation

An emerging trend towards achieving a proper surface finish alongside good economic
performance concerns the use of vibrodiagnostics to evaluate the machined components
integrity. The term vibrodiagnostics refers to the analysis of the vibrations generated during
the machining process. As different materials are characterised by different mechanical
and microstructural properties, these variations cause the manifestation of vibrational
differences during the cutting process. Specifically, in cases where the workpiece contains
for example hard intermetallic phases or inclusions, these irregularities may cause the
formation of unwanted vibrations which, in turn can contribute towards an increased
oscillation compared to that of a uniform material. Furthermore, tool wear can also be
identified through vibrodiagnostics as the geometry of the cutting tool edge is altered
during the machining process, generating vibrational differences compared to the initial
ones. Thus, by analysing the vibrational characteristics of the cutting process both the
workpiece and cutting tool characteristics can be optimised to enable more efficient machin-
ability [113–115]. P. Monka et al. applied such methodologies to optimise the cutting
parameters for novel milling tools. In this case study, an S-grade sintered carbide with
an AlTiN physical vapor deposition (PVD) coating was used to machine a 16MnCr5 steel.
Their analysis pointed at the potential for tool optimisation through modifying the tool
geometry [116]. In another study, vibrodiagnostics were used to evaluate the tap failure
during internal threads machining. Specifically tailored towards tool behaviour prediction,
their analysis showed that cutting tool wear was not affected only by the cutting speed but
the angle of the tap as well [117]. Similarly, vibrational studies can be used to unveil the
tribological characteristics of the newly formed material surfaces [81].

5. Conclusions and Further Research

The development of eco-friendly brass alloys constitutes a critical research field with
significant industrial and environmental impact going forward. Brasses are used in a
wide range of applications ranging from plumbing fittings to architectural hardware and
decorations. This is due to their superior machinability and corrosion resistance compared
to most other industrial materials. The machinability of said alloys has been heavily de-
pendent on the incorporation of Pb, which has traditionally been the key to their success.
However, as Pb is currently a heavily regulated substance due to environmental and health
concerns its substitution is of paramount importance. Through this review we explored
the various ways research has progressed relating to the assessment and resolution of
the aforementioned challenge. Two primary approaches for solving this problem were
evaluated. The design of novel brass compositions and a compositionally invariant route
dependent on a series of heat treatments. Compositional modification aims to replicate
the beneficial effects of Pb through the incorporation of second phase particles, while the
alternative route is intended to stabilise the β-phase. Overall, in terms of mechanical prop-
erties, novel compositions were shown to exhibit much improved mechanical properties
compared to the conventional ones. The flexibility pertaining to the inclusion of a wide
variety of alloying elements enables various strengthening mechanisms to manifest. Simi-
larly, the β-stabilised heat treated Pb-free conventional compositions showed an increase
in hardness and strength at the expense of ductility compared to conventional leaded
compositions. Regardless, most of the novel compositions were characterised by mediocre
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machinability compared to conventional leaded brasses, rarely combining both acceptable
mechanical properties and machinability. On the contrary, the heat treated conventional
Pb-free compositions showed a degree of machinability similar to the leaded compositions,
while retaining a good combination of mechanical properties and fracture resistance. It
has thus become clear that both approaches are characterised by complementary benefits.
As such, we believe that the optimal way towards the next generation of lead-free brasses
lies in the development of alloys that can utilise a combination of both aspects of design.
Therefore, we recommend the following pathways for further applied research, aiming at
the optimisation of the design and processing routes of lead-free copper alloys to surpass
the properties and functionality of the conventional leaded brasses satisfying in parallel the
requirements of environmental protection, human health and sustainable development:

(a) The compositional and microstructural design of novel lead-free alloys through com-
putational techniques such as ab initio calculations, CAPHAD (calculation of phase
diagrams) approaches alongside general thermodynamic/kinetics and finite element
modelling. Such approaches could assess novel compositions in terms of their thermo-
dynamic stability, constituent phases, mechanical properties and corrosion resistance
without the expense of physically manufacturing the alloys. Furthermore, these com-
putational approaches could be used alongside experiments to validate and assist in
optimization of the thermomechanical processing route of discovered compositions.

(b) Simultaneous “multi-objective” optimisation of the major quality characteristics (chip
morphology, power consumption, cutting force and surface roughness) utilising ad-
vanced statistical techniques, such as Desirability Functions (DFs) for the machinabil-
ity of lead-free brass alloys. The optimisation and validation of the cutting conditions
in industrial scale for the fabrication of exemplary final brass industrial component
by using complex machining operations (such as CNC machining center).

(c) Application of on-line monitoring techniques (e.g., vibration sensors/vibrodiagnostics)
might be also employed to forecast the cutting tool durability and service lifetime. In
addition, the incurred cutting mechanisms could be further predicted and quantified
using appropriate numerical simulation by Finite Element Analysis/FEA software.

(d) Comparative studies concerning the elemental leaching effects between novel lead-
free brasses and conventional leaded brasses. This is especially crucial in cases where
new alloying additions have been introduced and the resulting alloys have not been
investigated in terms of their corrosion performance. This research must be carried
out to conduct a risk assessment type study aiming to acknowledge and minimise
any impact of these new compositions may have on human health and environment.

Author Contributions: Conceptualization, A.S.P., A.I.T., G.A.P.; methodology, A.I.T. and G.A.P.;
literature review A.I.T., G.A.P., P.S.; writing—original draft preparation, A.I.T. and P.S.; writing—
review and editing, A.I.T., G.A.P., P.S.; supervision, A.S.P., A.I.T. and G.A.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available on request
from the corresponding author.

Acknowledgments: The encouragement and support of ELKEME management is highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.



Metals 2022, 12, 246 25 of 31

Appendix A. Chemical Composition of Machinable Brass Alloys

Table A1. Conventional leaded brass compositions.

Conventional Leaded Brasses

Alloy Composition Ref.

CuZn40Pb [4,7]
CuZn39Pb3 [8,19,26,27,29,45–50,58,59,64,78,82,104–106]
CuZn40Pb2 [51–55]
CuZn40Pb3 [6,7]
CuZn40Pb4 [7]
CuZn39Pb2 [47,48,57,102]

CuZn36Pb2As [46,50,59]

Table A2. Conventional lead-free (Pb-free) brass compositions.

Conventional Lead-Free Brasses

Alloy Composition Ref.

CuZn42 [25,30,79,80,91,104]
CuZn41.5 [31]
CuZn40 [7,23]
CuZn38 [25]

CuZn38As [24,25,31,50,80–82,92,93,104]
CuZn38Sn [81]

CuZn37 [108]
CuZn36 [25,50,79]
CuZn32 [64]

CuZn21Si3P [19,30,65,100,106–109]

Table A3. Novel brass compositions with an increased aluminium (Al) content (alloying elements
expressed in wt.%).

Novel Brass Compositions–High Aluminium (Al) Content

Cu Pb Ni Fe Sn Zn Al Si Ref.

Bal. - - - - 37.6 3.68 - [109]
Bal. 2.32 0.24 0.33 0.53 32.67 2.88 0.06 [109]
Bal. - - 0.028 - 30.2 1.66 - [82]
Bal. - - 0.03 - 33.7 1.51 - [82]
Bal. - - 0.033 - 34.2 1.49 - [82]
Bal. - - 0.032 - 34.5 1.48 - [82]

Al addition improves corrosion resistance, mechanical properties and in significant amounts can produce a
lightweight effect. Al also affects the stability of α/β/γ phases.

Table A4. Novel brass compositions with an increased lead (Pb) content (alloying elements expressed
in wt.%).

Novel Brass Compositions–High Lead (Pb) Content

Cu Pb Ni Fe Sn Zn Al Si Ref.

Bal. 4.23 0.24 0.33 1.08 32.28 1.57 0.06 [109]
Bal. 3.5 - - - 39.6 - - [61]
Bal. 3.04 0.02 0.17 0.06 37.96 0.02 - [3]
Bal. 2.9 - - - 38.8 - - [85]
Bal. 2.6 - 0.2 0.2 39 0.02 - [48]
Bal. 2.46 0.25 0.34 0.55 33.63 0.8 - [109]
Bal. 2.43 0.24 0.33 0.54 33.15 2.01 0.06 [109]
Bal. 1.65 0.25 0.36 0.54 33.75 0.84 0.1 [109]
Bal. 1.46 - 0.114 0.096 35.02 0.503 - [33]
Bal. 1.45 - 0.116 0.096 34.89 0.506 - [33]
Bal. 0.95 - 0.07 - 38.77 1.01 - [109]
Bal. 0.909 - 0.095 0.104 39.1 0.59 - [33]
Bal. 0.894 - 0.095 0.104 38.97 0.594 - [33]
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Table A5. Novel brass compositions with an increased tin (Sn) content (alloying elements expressed
in wt.%).

Novel Brass Compositions–High Tin (Sn) Content

Cu Pb Fe Sn Zn Ref.

Bal. 0.02 0.03 17.37 27.49 [103]
Bal. 0.01 0.04 13.89 26.74 [103]
Bal. - 0.06 11.36 26.72 [103]
Bal. 0.02 0.04 8.02 28.16 [103]
Bal. 0.02 0.05 5.43 28.63 [103]
Bal. - - 5.3 39.33 [109]
Bal. - - 1.0-4.0 38 [21]
Bal. - - 3.84 39.61 [109]
Bal. - 0.04 3.16 28.57 [103]
Bal. - - 1.78 31.53 [109]
Bal. - - 1.39 31.9 [109]
Bal. - 0.03 1.2 28.8 [102]
Bal. - - 0.95 34.22 [109]
Bal. - - 0.85 32.11 [109]
Bal. - - 0.78 39.93 [109]
Bal. - - 0.76 38.2 [109]

Sn addition may promote the formation of β′ enhancing both the machinability and hardness.

Table A6. Novel brass compositions with an increased bismuth (Bi) content (alloying elements
expressed in wt.%).

Novel Brass Compositions–High Bismuth (Bi) Content

Cu Fe Sn Zn Bi Si Cr Ref.

Bal. 0.22 0.58 40.83 2.85 - 0.22 [75]
Bal. - - 40.19 2.20 - - [17]
Bal. 0.23 0.6 40.64 2.02 - 0.26 [75]
Bal. - 2 38 2.00 0.5 - [105]
Bal. - 1.5 38 1.50 0.5 - [105]
Bal. - 1 38 1.00 0.5 - [105]
Bal. 0.23 0.60 40.81 0.99 - 0.26 [75]
Bal. - 0.7 38 0.80 0.5 - [105]
Bal. - 0.3 38 0.40 0.5 - [105]
Bal. - - 29.2 0.27 - - [77]

Bi addition operates similarly to the Pb addition, improving the machinability through chip segmentation and
providing cutting tool lubrication.

Table A7. Novel brass compositions with an increased titanium (Ti) content (alloying elements
expressed in wt.%).

Novel Brass Compositions–High Titanium (Ti) Content

Cu Pb Fe Sn Zn Si Ti Ref.

Bal. 0.02 0.09 0.03 39.6 - 1.03 [65]
Bal. - - 0.65 40.1 - 1.03 [67]
Bal. - - - 41.2 - 0.99 [67]
Bal. 0.16 0.58 0.41 38.9 0.13 0.71 [65]
Bal. - - - 39.0 - 0.50 [23]

Ti addition induces CuxTiy type particle precipitation, thus increasing the mechanical properties through precipi-
tation hardening and acting as a grain refiner.
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Table A8. Novel brass compositions with an increased silicon (Si) content (alloying elements ex-
pressed in wt.%).

Novel Brass Compositions–High Silicon (Si) Content

Cu Pb Ni Fe Sn Zn Al Si Ref.

Bal. - - - 1.04 34.78 - 3.68 [109]
Bal. - - - - 31.91 3.37 3.37 [109]
Bal. 2.27 0.25 0.4 0.53 31.77 0.8 2.34 [109]
Bal. 0.01 - 0.01 - 31 - 2.2 [73]
Bal. - - - - 39.77 - 1.73 [108]
Bal. 0.01 - 0.04 - 29 - 1.65 [73]
Bal. - - - - 35.98 1.6 1.6 [109]
Bal. - - - - 40.55 - 1.21 [109]
Bal. - - - - 39.49 1 1.11 [24]
Bal. - - - - 39.73 0.7 1.1 [71]
Bal. - - - - 38.42 0.68 1.1 [24]
Bal. - - - - 38.44 1.09 1.09 [109]
Bal. - - - 0.5 42 0.5 1 [73]
Bal. - - - - 38.37 0.34 0.95 [71]
Bal. - - - - 39.37 0.18 0.95 [24]
Bal. 0.01 - 0.04 - 30 - 0.93 [70]
Bal. - - - - 40.43 0.38 0.87 [71]
Bal. - - - - 38.75 0.9 0.85 [24]
Bal. - - - - 40.9 - 0.83 [102]
Bal. - - - - 39.13 0.69 0.78 [24]
Bal. - - - - 38.64 0.51 0.78 [72]
Bal. - - - - 36.92 0.27 0.78 [71]
Bal. - - - - 33.68 0.2 0.73 [71]
Bal. - - - - 38.91 0.5 0.69 [24]
Bal. - - - - 39.29 0.54 0.54 [109]
Bal. - - - - 38 - 0.5 [105]
Bal. - - - - 37.69 0.49 0.49 [109]
Bal. - - - - 40.67 - 0.34 [102]

Si addition produces fine intermetallic particles, improving machinability and mechanical properties. Si also
affects the stability of the α/β/γ phases in brasses.

Table A9. Novel brass composition with an increased content in antimony (Sb), graphite, magnesium
(Mg), manganese (Mn), carbon (C) and cerium (Ce) (alloying elements expressed in wt.%).

Novel Brass Compositions–Uncommon Alloying Element Additions
(Sb, Graphite, Mg, Mn, C, Ce)

Cu Fe Sn Zn Al Sb Bi Graphite Si Mg Mn Cr C Ce Ref.

Bal. 0.095 - 30.1 - - 0.173 - - - 1.26 - - - [77]
Bal. 0.063 - 29.1 - - 0.2 - - - 3.48 - - - [77]
Bal. 0.096 - 29.6 - - 0.204 - - - 5.83 - - - [77]

Bal. - - 35 - 0.0–
2.34 - - - 0.0–

1.79 - - - - [22]

Bal. - - 40 - - - 0–1.0 - 0.3–
1.9 - - - - [68]

Bal. - - 40 - - - - - 1 - - - - [59]
Bal. - - 39.2 - - - 0.0–1.0 - - - - - - [1]
Bal. 4.78 - 38 - - - - - - - - 0.22 - [69]
Bal. - - 38.6 - - - - - - - - - 0.07 [74]
Bal. - 0.5 41.6 0.5 0.4 - - 1 - - - - - [73]
Bal. - 0.5 41 0.5 1 - - 1 - - - - - [73]
Bal. - 0.5 40.6 0.5 1.4 - - 1 - - - - - [73]
Bal. - 0.5 40 0.5 2 - - 1 - - - - - [73]
Bal. 0.22 0.59 40.86 - - - - - - - 0.34 - - [75]

Sb addition improves machinability by promoting the formation of β′. Produces intermetallic particles which
compromise the mechanical properties but further improve machinability. Graphite addition acts similarly to Pb,
thus increasing machinability and providing cutting tool lubrication. Mg addition improves machinability by
promoting the formation of β′. Produces intermetallic particles which compromise the mechanical properties
but further improve machinability. Mn addition promotes the formation of β′ thus increasing the mechanical
properties and machinability. C addition operates similarly to graphite, as in the relevant research [68] it was
incorporated in the form of Fe3C and underwent a graphitisation process. Ce addition reduces the flow stress of
the brass.
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