
Vol.:(0123456789)

Journal of Sustainable Metallurgy (2026) 12:971–993 
https://doi.org/10.1007/s40831-025-01371-1

REVIEW ARTICLE

Trends and Challenges in Lead‑Free Brass Alloy Development 
for Machining Applications: A Systematic Literature Review

Bernardo L. Ribeiro1,2   · José Monteiro1,2 · Mariana Truta1,2 · Rúben F. Santos1,2   · Maria Barbosa3   · 
Elsa W. Sequeiros1,2 

Received: 8 September 2025 / Accepted: 2 December 2025 / Published online: 14 January 2026 
© The Author(s) 2026

Abstract
Lead (Pb) is widely used in brass alloys (Cu–Zn) to enhance machinability, as its deformation into needle-like particles 
promotes chip breakage by initiating cracks. However, growing awareness of Pb’s toxicity has led to strict environmental 
regulations and growing demand for sustainable, lead-free alternatives. This systematic review, conducted following the 
PRISMA 2020 framework, consolidates recent research on the development and performance of machinable lead-free brass 
alloys. A comprehensive search was performed in the Web of Science, ScienceDirect, and Scopus databases, identifying 93 
studies for full-text analysis. Various strategies have been identified for the development of lead-free brass, including process 
optimization, heat treatments, direct Pb substitution, and novel alloy design. The review highlights significant progress in 
achieving acceptable mechanical and machining performance, although trade-offs in cost, corrosion resistance, and large-
scale manufacturability remain. The consolidated key findings offer a structured basis for future alloy design and promote 
consistent evaluation of microstructural, mechanical, and machining properties.
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Introduction

Copper–zinc (Cu–Zn)-based alloys, also known as brass 
alloys, are among the most widely used engineering materi-
als due to their corrosion resistance, low friction coefficient, 
forgeability, and machinability [1]. The Cu/Zn ratio can 
highly influence the properties of such alloys. However, due 
to the increasing industrial demands, other elements are usu-
ally added to improve the alloys’ overall performance [2, 3]. 
Lead (Pb) has been commonly added to brass alloys (~ 2–4 
wt%) to aid in subtractive manufacturing, as it enhances fun-
damental processing properties, such as machinability. Pb 
is virtually insoluble in the Cu–Zn system, leading to the 
formation of spherical Pb-rich inclusions [4], which, thanks 
to their low melting point, provides a sort of self-lubricant 
effect.

Gane [5] and Wolfenden et al. [6] associated machinabil-
ity improvement to the weak interface between the matrix 
and lead particles, promoting the formation of a Pb-thin 
monolayer. Alternatively, Johansson et  al. [7] showed 
experimentally that lower cutting forces result from the Pb 

particles’ deformation. The highly deformed particles elon-
gate along the shearing plane, transitioning from spherical to 
flake-like structures within the brass matrix. This facilitates 
discontinuous chip formation as they act as crack initiation 
points. Therefore, the Pb-positive effect on brass’s machina-
bility is observed and supported by three significant observa-
tions: excellent chip breaking and control, low tool wear, and 
low cutting forces [8–10].

Pb-bearing brasses are prevalent in the manufacturing 
of diverse forged and extruded products, from automotive 
components to pipe fittings, keys, and locks [11]. However, 
despite the worldwide recognition of Pb being extremely 
harmful to human health [12–14], its use is currently still 
observed for components in direct contact with drinking 
water, which can be considered treacherous due to the poten-
tial for Pb’s leaching [15].

Several organizations have issued regulations and guide-
lines to limit the maximum Pb content in brass components 
to address this hazard. Some examples are the EU Directive 
2020/2184 of 16 December 2020 [16], which revises the 
maximum lead content in drinking water to 5 µg/l—half 
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of the previous limit, which resulted in the creation of a 
dynamic list of alloys approved for use in contact with drink-
ing water—the 4MS Common Composition List [17]. Other 
regulations have also been presented to control the maxi-
mum Pb content in different products/components, mainly 
for the automotive and electronic industries, and how these 
must be reported and managed as waste. Some examples of 
these directives and regulations are the Registration, Evalua-
tion, Authorization, and Restriction of Chemicals (REACH) 
[18], the End-of-Life Vehicles Directive (ELV) [19], and the 
Restriction of the Use of Certain Hazardous Substances in 
Electrical and Electronic Equipment (RoHS) [20].

The brass industry operates within a closed-loop circular 
economy since its alloys are 100% recyclable [21]. Brass 
scrap recycling is crucial in reducing energy consumption, 
lowering the industry’s carbon footprint, and providing 
a strong economic incentive by enabling the recovery of 
75–90% of the alloys’ original value [22]. Quantitatively, 
it is possible to state that brass production uses more than 
90% secondary raw materials (scrap) [23]. However, given 
the increasingly stringent regulations on the Pb content, 
the brass scrap’s circular economy can collapse due to the 
increasing difficulty in incorporating leaded brass scraps in 
the productive cycle [24].

From both economic and industrial points of view, the 
immediate substitution of lead by lead-free solutions is not 
cost-effective, due to high cutting tool wear and consequent 
difficult reincorporation into the life cycle [25]. Therefore, 
a compelling need to achieve innovative and productive 
machinable lead-free brass solutions persists. Consider-
ing this problem, the development of new lead-free brass 
alloys with a sustainability-based framework has become 
imperative.

This review article provides a systematic overview of 
current strategies for developing lead-free brass alloys 
with enhanced machinability, suitable for cost-effective 
industrial applications. Previous reviews have largely 
focused on qualitative descriptions of alloy compositions 
and processing methods, without offering a structured or 
quantitative comparison of machinability performance. 
This study addresses that critical gap by evaluating 
existing approaches through a consistent framework of 
machinability metrics, thereby enabling a more rigorous 
assessment of their practical suitability.

Methods

The present systematic review and analysis of the included 
studies were carried out according to the PRISMA 2020 
guidelines [26] for conducting and reporting systematic 
reviews.

For this study, the Web of Science (WoS), Science 
Direct (SD), and Scopus (S) databases were used as 
sources of high-quality sample identification until Febru-
ary 26, 2025. The search query applied in each database 
is shown in Table 1. Additionally, alerts were set up to 
monitor the publication of new relevant articles, which 
were included if they met the inclusion criteria.

In addition to the search queries presented in Table 1, 
advanced filters available within each database were 
applied to refine the results. Specifically, records were 
limited to those of the following: (i) published from 2010 
onward, (ii) written in English, and (iii) classified as origi-
nal research articles (gray literature, reviews, and non-
original publications were excluded). After duplicate iden-
tification and removal, title and abstract screening were 
undertaken by three researchers using the CADIMA web 
application [27] to screen the initially identified publica-
tions. A full-text examination was carried out for the final 
eligibility assessment.

Data extraction was undertaken independently by the 
same three researchers using a pre-piloted form in Micro-
soft Office Excel, followed by a group discussion. Data 
points included author, year of study, study objective and 
methodology, alloy compositions, study findings, and 
future work perspectives (if applicable). The PRISMA 
2020 checklist for both manuscript and abstract is avail-
able as Appendix A and Appendix B, respectively.

Results

Based on the methodology employed, a total of 682 results 
were identified across the three selected databases. After 
duplicate identification, 114 studies were removed, lead-
ing to the title and abstract screening of 568 studies. From 
the screened studies, 93 studies proceeded to the full-text 
analysis. Figure 1 summarizes the overall identification 
and screening process.

From these 93 publications screened, it is possible to sub-
categorize them into three main categories for the develop-
ment/tailoring of lead-free alloys through (i) alloying and 
particle/particulate additions, (ii) machining parameters 
optimization, and (iii) heat treatments, where 38 studies 
were selected for this review. 13 additional studies were 
also included to further analyze and enrich the study of 

Table 1   Key search criteria

Context Link Keywords

Objective “Brass” OR “copper-zinc” OR “Cu–Zn”
Constrain AND “lead-free” OR “Pb-free”
Application OR “Machining” OR “Machinability”
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the high-entropy brass alloys (HEBAs) approach. From the 
screened publications, an analysis of the number of publi-
cations per year (Fig. 2a) and the occurrence of keywords 
(Fig. 2b) was carried out. The data indicate a predominant 
emphasis on alloy design approaches, while machining 
optimization and heat treatments are gradually attracting 
increased attention as researchers seek to enhance the per-
formance of lead-free brass alloys for industrial applications. 
In the keyword analysis, a threshold of three occurrences 
was applied to the initial set of 140 keywords, resulting in 
13 keywords meeting this criterion. As shown in Fig. 2b, 
“lead-free brass” and “machinability” are both highly rep-
resented and strongly interconnected, highlighting their 
central relevance to the selected research domain. The 
terms “microstructure,” “mechanical properties,” “chip 
formation,” and “surface roughness” emerge as the most 

frequently employed evaluation criteria in the development 
of such alloys. In opposition, heat treatments are compara-
tively underrepresented, suggesting that future investigations 
could benefit from a more in-depth exploration of their role 
in improving machinability and overall alloy performance.

Discussion

As previously stated, the Pb’s role during machining 
mainly consists of the deformation of spherical particles 
into needle-like structures, which will act as crack initia-
tion points. Thus, the principal approach for the develop-
ment of novel lead-free alloys has been focused on the 
formation of low-melting-point and/or soft precipitates 

Fig. 1   PRISMA flow diagram of the study selection process [26]
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that could replicate the Pb’s morphology evolution dur-
ing machining [28].

The brass matrix is also highlighted as a relevant char-
acteristic to evaluate. The Cu/Zn ratio of conventional 
brasses mainly dictates the final alloy’s matrix. Due to 

the minimal atomic size difference between Zn and Cu 
(~ −4%), a maximum solubility of ~ 35 wt% Zn in Cu’s 
face--centered cubic (FCC) structure, known as ɑ phase, 
is verified, leading to an efficient solid solution strength-
ening effect [29–31]. Single-phase ɑ-brasses exhibit 

Fig. 2   a Year of publication dis-
tribution of the selected articles 
and b keywords analysis
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a considerably lower ultimate tensile strength (UTS) 
(< 350 MPa), when compared with other brass classes, 
alongside a significant elongation (> 30%). However, a 
higher corrosion resistance is observed due to high Cu 
content [29, 31]. For higher amounts of Zn (35 < Zn 
wt% < 45), at room temperature, the formation of an 
ordered body-centered cubic phase (BCC), known as 
β’ phase, is also observed, producing the alloys known 
as duplex brass. The peritectic reaction, L + � → � , at 
approximately 903 °C, justifies the formation of this dual-
phase structure. However, it is essential to note that the 
solidification path does not end with the peritectic reac-
tion mentioned above; with the decreasing temperature, a 
disorder-order transformation of the β (BCC_A2) to a β’ 
(BCC_B2) structure is observed [32]. At room tempera-
ture, the deformation potential of these alloys is limited 
owing to the hard β’ phase, which also reduces the corro-
sion resistance of duplex brasses when compared to single-
phase α-brass alloys. The formation of such microstruc-
tural features increases UTS (> 350 MPa) at the detriment 
of elongation (40–10%) and corrosion resistance. There-
fore, duplex brasses are usually heat-treated to minimize 
the presence of such microstructural features [29, 31]. The 
previously described phase transformations can be better 
understood through the analysis of the Cu–Zn phase dia-
gram, as shown Fig. 2.

Due to the versatility of brass alloys, depending on 
the final application, a single-phase α-brass alloy may be 
required to ensure a superior corrosion resistance (e.g., 
sanitary applications), or a duplex brass may be neces-
sary for superior mechanical performance (e.g., automo-
tive applications). Thus, the alloy’s matrix may be adjusted 
to the final purpose. Nonetheless, Pb-like precipitates or 
particles are essential to enhance machinability, whether 
generated through alloying with additional elements or by 
the ex situ or in situ incorporation of alternative reinforc-
ing phases. Other approaches are also found in the current 
literature, such as optimizing machining parameters and 
tailoring microstructures through heat treatments.

Current Commercially Available Alloys

Brasses are widely used, yet two main applications stand 
out: plumbing components or other kinds of components 
in direct contact with water, and automotive components. 
Based on each application, two distinct groups of alloys can 
be found, mainly dezincification resistance brass (DZR) and 
free-cutting brass (FCB), respectively. According to the ISO 
6509 standard [34], DZR is an alloy with a maximum dezin-
cification depth below 100 μm and 100–300 μm for forged 
and extruded products, respectively. FCB corresponds to 
alloys capable of high-speed machining with minimal tool 
wear and smooth surface finishes [35].

As an attempt to compare the alloys’ machinability, a 
quantitative machinability index is utilized. This param-
eter considers several factors: tool life, surface finish, chip 
formation, cutting forces (often presented in the form of 
power consumption), and metal removal rate. Therefore, the 
machinability index can be calculated as a relative percent-
age of any previously stated variable to the free-cutting brass 
CuZn38Pb3 (CW614N), which is assigned a value of 100% 
[36, 37]. Despite the clear distinction between these two 
groups, some alloys can present both DRZ and FCB char-
acteristics, such as CuZn36Pb2As (CW602N) alloy, where a 
low dezincification depth is paired with a high machinability 
index (~ 80%).

With the removal of Pb from these alloys, a decrease is 
observed in the machinability index to less than 50% for Pb 
wt% < 1, resulting in a considerable decrease in productiv-
ity and an increase in manufacturing costs in alloys such 
as CuZn38As (CW511L) and CuZn42 (CW510L). Si-brass 
CuZn21Si3P (CW724R) was initially proposed as a novel 
lead-free brass for both applications, but failed to achieve 
the intended machinability, as it will be discussed in the fol-
lowing section. The relationship between the machinability 
index and the Pb wt% content, as previously stated, is shown 
in Fig. 3.

Regarding mechanical properties, ultimate tensile 
strength (σUTS), yield strength (σYS), and elongation (A), 
the current leaded and lead-free solutions present overall 
similar performances. However, when comparing the lead-
free alloys, a general hardness increase and ductility are 
observed with the improvement of the machinability index, 
as observed between the CuZn42 and CuZn21Si3P alloys 
(Table 2).

Without Pb particles, these alloys rely on an increased 
dispersion of harder phases such as β,’ κ, and γ to assist the 
chip breaking mechanism, but it comes with a trade-off of 
lower ductility and increased wear of cutting tools, making 
it crucial to investigate machinable and cost-effective lead-
free solutions.

Machining Parameter Optimization

Machinability is one of the characteristics most affected by 
Pb restrictions. Therefore, the pursuit of novel machinable 
alloys and the understanding of the influence of machining 
parameters on machinability, including these character-
istics, have been at the forefront of research. However, 
the study of different cutting tools, as an alternative or 
complementary path, has also been explored [41, 42]. 
Nonetheless, machinability is not easily assessed due 
to the complex interaction between different machining 
parameters and material behavior, leading to a focus on 
machining parameter optimization itself.
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Nobel et al. [43] conducted an extensive study on the 
influence of material properties, Pb content, and tool design 
in chip formation and breakage during machining operations. 
In this work, three different alloys were used (CuZn38As, 
CuZn41.5 and CuZn21Si3P), with five lead contents tested 
(0.003, 0.011, 0.05, 0.19, and 1.9 wt% Pb) for the CuZn41.5 
alloy. Machinability assessments were carried out through 
free orthogonal cutting tests in two stages: (1) varying the 
cutting speed (vc) from 25 to 150 m/min while maintaining a 

constant feed of 0.2 mm and (2) varying the feed force from 
0.1 to 0.4 mm with a constant vc of 150 m/min. As expected, 
with the increase of Pb content, lower shear strengths were 
observed, allowing for more efficient chip breakage. For low 
vc (25 m/min), no alloy with a Pb content below 0.19 wt% 
exhibited chip breakage, highlighting the Pb influence in the 
machinability of brasses. Regarding cutting forces, it was 
observed that a general decrease occurred until.

Fig. 3   Cu–Zn equilibrium 
phase diagram. Simulated with 
Thermo-Calc software [33]

Table 2   Benchmark of current leaded and lead-free market solutions

* Minimal values for each alloy/property according to EN 12164. **Recommended the use of a chip breaker during machining operations

Alloy designation σUTS [MPa]* σYS [MPa]* A [%]* HBW Microstructure Machinability
index [%]

References

CuZn38Pb3 CW614N 360 220 20 90—135 α + β’ + Pb particles 100 [38–40]
CuZn36Pb2As CW602N 280 200 30 70—135 α + Pb particles 80
CuZn35Pb1.5AlAs CW625N 280 200 30 70–135 α + Pb particles 55
CuZn38As CW511L 280 200 30 70–135 α 30
CuZn42 CW510L 360 220 20 90—160 α + β’ 50
CuZn21Si3P CW724R 500 300 15 130—220 α + κ + γ 80**
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100 m/min, where the biggest decrease (~ 26%) was 
observed for the CuZn38As alloy. When comparing the dif-
ferent CuZn41.5 alloys, the researchers concluded that the 
increase in β’-phase fraction, justified by the Cu substitu-
tion for Pb, promoted a decrease in cutting forces and an 
increased chip breakage.

Johansson et al. [7] studied the effects of lead content 
on cutting forces (Fc) and friction coefficient (µr), using a 
constant depth of cut (ap) of 2 mm in turning tests. For this 
work, two different alloys were selected, CuZn42 and CuZ-
n38Pb3. The lead-free alloy presented a constant friction 
coefficient in the range of vc and feed rate (f) employed. 
On the contrary, the friction coefficient of the CuZn38Pb 
alloy was considerably fluctuating from 0.2 to 0.55. Through 
the analysis of cutting forces for each f used (0.1, 0.2, and 
0.3 mm/rev), it was found that cutting forces are mostly 
independent of the vc. Comparing the studied alloys, the 
lead-free alloy exhibited higher cutting forces than the CuZ-
n38Pb3 alloy, indicating lower machinability, as expected.

As an attempt to correlate the alloys’ composition with 
both cutting forces and vc, the experimental data from the 
above-mentioned studies [7, 43] were plotted as shown 
in Fig. 4. For this assessment, the f was fixed at 0.2 mm/
rev, allowing for a more accurate comparison. Firstly, as 

expected, highly leaded alloys (CuZn39Pb3) exhibit low 
cutting forces for the whole range of vc studied. Yet, beyond 
50 m/min, the cutting force tends to stabilize, suggesting that 
at higher vc, cutting forces become largely independent of 
such a variable. In contrast, other alloys show more varied 
behavior, with some displaying gradual decreases or fluctua-
tions, but a general decrease in cutting force.

Besides the β-phase ratio and Pb content, several param-
eters regarding the machining operation are believed to 
influence machinability. Tascioglu et al. [44] evaluated sur-
face integrity by correlating cutting forces generated during 
machining with surface deformation. Similar cutting forces 
were observed for cutting speeds of 200 m/min and 400 m/
min, validating a possible stabilization of cutting forces for 
high cutting speeds. Yet, it was reported that the lowest cut-
ting forces (106, 191, and 160 N for the CuZn40Pb2, CuZ-
n38As, and CuZn21Si3P alloys, respectively) were obtained 
for the lowest f studied (0.1 mm/rev). Overall, with the f 
increase, from 0.1 to 0.25 mm/rev, at least an 80% increase 
in cutting force is observed for all the alloys and, alongside 
this phenomenon, a surface roughness increase of more than 
180% is also present. The machined specimens had a signifi-
cant increase in hardness up to a 100 µm depth from the sur-
face (37%, 84%, and 49% for the CuZn40Pb2, CuZn38As, 

Fig. 4   Machinability index evolution with the Pb wt% content [38–40]
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and CuZn21Si3P alloys, respectively), paired with twin for-
mation for the low- and lead-free alloys; however, no further 
investigations were carried out regarding the role of such 
subsurface deformation on the machining performance.

In an attempt to statistically optimize machining param-
eters, Das et al. [45] studied the machinability of lead-free 
brass components with ANOVA after the experimental 
machining trials were carried out. High-speed micro turn-
ing tests were performed by varying vc (25, 100, and 175 m/
min), f (3, 6, 9, and 12 μm/rev) and ap (30, 40, 50, and 
60 μm), allowing its correlation with both surface topogra-
phy, burr height (height related to the raised edge of material 
on the specimen edges formed after machining operations), 
and chip formation.

The statistical analyses highlighted the general contri-
bution of vc for both average surface roughness and burr 
height, where its contribution was 56.86% and 64.61%, 
respectively. The increase in surface roughness with increas-
ing cutting speeds was primarily attributed to lower friction, 
smaller uncut chip thickness, and overall work hardening of 
the specimen. Despite burr height not being a commonly 
assessed parameter in machining studies for brass alloys, 
it was observed that the increase in burr height could be 
associated with the difficult chip breakage, induced by lateral 
plastic deformation of the workpiece during machining. As 
expected, the chip breakage was unfavorable due to the rapid 
plastic deformation of the lead-free alloys’ matrix.

In addition to the parameter complex interaction and 
contributions, objective functions were obtained through 
regression analysis, allowing for the prediction of work-
piece characteristics. Based on this analysis, the most 
attractive combination of process parameters was vc equal to 
125 m∕min, f of 3 μm∕rev, and a ap of 40 μm. This approach 
could be implemented for a quicker process optimization in 
industrial environments, since larger amounts of data (from 
compositions, processing conditions, etc.) could be added 
for a more accurate prediction.

Toulfatzies et al. [46] conducted a study with the goal of 
optimizing the main cutting force by investigating its corre-
lation with ap, f, and vc, through the Taguchi method and an 
ANOVA. This approach allows for the consideration of com-
plex and multiple interactions between the studied param-
eters, resulting in a more accurate process optimization.

Thus, since one of the variables considered in the pre-
sented design of experiments (DoE) is the materials’ chemi-
cal composition, the optimal solution for minimizing cutting 
forces was the Pb-richer alloy, CuZn39Pb3 alloy. The opti-
mal parameters for this alloy were established when paired 
with a vc of 247 m/min, an ap of 0.5 mm and a f of 150 mm/
min. Therefore, it is considered a more relevant and accu-
rate approach for process optimization, the construction of 
a DoE for each alloy, allowing for the process optimization 
specific to an alloy/application. Additionally, the ANOVA 

revealed that vc plays a minimal role (~ 3.6%) in the cut-
ting force, while ap is the parameter that influences the final 
main cutting forces most (~ 64.4%). Regarding the surface 
roughness optimization, the lowest value was determined for 
a vc of 1750 rpm, an ap of 0.5 mm, and a f of 150 mm/min 
for the CW511L alloy. Based on the ANOVA, f is the main 
parameter influencing the final roughness (~ 55.3%).

This approach for optimization can allow for perfor-
mance tailoring based on complex interactions between 
parameters. Furthermore, it is possible to define multiple 
objectives through these advanced statistical approaches and 
determine the ideal solution based on the balance between 
single-parameter optimization; therefore, they should be 
highly utilized for future research on machining parameter 
optimization.

Table 3 summarizes the key findings of the studies ana-
lyzed in Sect. “Machining Parameter Optimization”. The 
vast range of machining parameters significantly hinders 
the comparisons between studies, and the lack of consistent 
evaluation criteria also limits the assessment of the effect of 
isolated variables and alloy-specific findings. General guide-
lines should be defined based on machinability optimiza-
tions, using multiparameter statistical analysis paired with 
well-defined processing windows.

Heat Treatments for Microstructure Design

Heat treatments have also emerged as a critical processing 
step for enhancing the machinability of lead-free brasses, 
alongside the optimization of machining parameters. Micro-
structure tailoring can be achieved by a precise control of 
heating and cooling cycles, inducing beneficial microstruc-
tural changes, such as the formation of a controlled amount 
of the β’-phase in predominantly α-phase matrices.

As previously mentioned, it is observed that both α-and 
duplex brasses tend to show higher machinability when 
higher amounts of β’-phase are present, due to their higher 
hardness when compared to the α-matrix. Toulfatzis et al. 
[47] studied the microstructural tailoring through several 
post-processing heat treatments in an attempt to promote 
the controlled growth of the β’-phase, while maintaining 
mechanical properties within the respective EN alloys’ 
standard. In this study, three different alloys were con-
sidered: CuZn38As (CW511L), CuZn42 (CW510L), and 
CuZn36 (C27450), where three different temperatures (700, 
775, and 850ºC) and three different staging times (15, 60, 
and 120 min) were used. Figure 5 shows the evolution of the 
β’-phase fraction and the hardness with the respective heat 
treatments. Generally, it can be stated that with the increase 
of both soaking time and temperature, the β-phase fraction 
increases because it becomes more stable at higher tempera-
tures. This increase is pronounced for the CW510L alloy, 
due to its higher Zn content, which allows it to enter the 



980	 Journal of Sustainable Metallurgy (2026) 12:971–993

fully β-phase domain at higher temperatures. In terms of 
hardness evolution, a slight decrease in hardness (~ 20–25%) 
is observed for the CW511L and C27450 alloys, associated 
with the α-phase grain size growth for the shortest soaking 
time. However, with the increase in both time and tempera-
ture, an increase in hardness is observed due to the β-phase 
formation. Grain size and aspect ratio, among others, were 
not covered, although recent studies have mentioned their 
influence on dezincification performance [48].

In a subsequent study, the same authors [49] assessed 
the machinability of each heat-treated alloy that presented 
the highest amount of β’-phase, this being the follow-
ing: CW510L—775ºC for 60 min; CW511L—850ºC for 

120 min; and C27450—850ºC for 120 min. Through turn-
ing operations, the chip morphology, power consumption, 
cutting force and surface roughness (Rt – “Peak to Val-
ley”) were assessed to fully understand the effect of these 
heat treatments on the final alloys’ machinability. Table 4 
summarizes the effect of heat treatments on each assessed 
parameter.

Overall, it is possible to affirm that the heat treatment was 
clearly efficient in improving machinability for the CW511L 
alloy, mainly explained by the microstructure tailoring into 
an almost duplex brass. However, it is important to consider 
that such an alloy is DZR. The obtained duplex structure 
reduces the alloy’s dezincification resistance; therefore, 
it cannot be considered a solution for such applications. 
Regarding the remaining studied alloys, no significant altera-
tion was observed in terms of cutting force, power consump-
tion, or roughness. However, a clear change in the chip mor-
phology was observed. A transition from a ribbon-like to 
a conical helical chip, for all the studied alloys, translates 
as a significant improvement of the machining conditions. 
This can be associated with the elimination of possible chip 
entanglement on the cutting tool, which can lead to addi-
tional manufacturing costs (increased machine down times, 
decrease of the tool life, etc.).

Brans et al. [50] researched the influence of the mate-
rial production route on the machinability of lead-free 
brass CuZn40. By varying the amount of heat treatment 
and work hardening, four different samples of CuZn40 
were produced from a previously extruded cylinder with 
a 10.3 mm diameter. The first specimen (V1) consisted 
of a cold-drawn sample with a diameter of 10 mm, while 
the second specimen (V2) had a higher degree of cold 
drawing, resulting in a sample with a diameter of 8 mm. 

Table 3   Summary of Sect. “Machining Parameter Optimization” key findings

Alloys νC f ap Findings Reference

CuZn38Pb3
CuZn42

20–200 m/min 0.05–0.3 mm 2 mm As the Pb content increases, lower shear strengths are 
observed

A general decrease in cutting forces occurs up to cutting 
speeds of 100 m/min

[7]

CuZn38As
CuZn41.5
CuZn21Si3P

25–150 m/min 0.2 mm 0.4–0.8 mm The leaded alloy exhibits an almost constant friction 
coefficient across the range of parameters evaluated, 
along with overall lower cutting forces

[43]

CuZn40Pb2
CuZn38As
CuZn21Si3P

200, 400 m/min 0.1–0.25 mm 1 mm An increase in feed rate results in at least an 80% rise in 
cutting force, accompanied by higher surface roughness

[44]

CuZn42 100–175 m/min 0.003–0.012 mm 0.03–0.06 mm With increasing cutting speed, both the average surface 
roughness and burr height increase, which is associated 
with reduced friction during machining

[45]

CuZn42
CuZn38As
CuZn21Si3P
CuZn37

165–247 m/min 0.5–2 mm 150–500 mm/min The depth of cut plays a critical role in the variation of 
cutting forces, while cutting speed has the greatest 
influence on surface roughness

[46]

Fig. 5   Cutting force evolution with the cutting speed for different 
conventional alloys [7, 43]
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The third specimen (V3) underwent similar processing to 
the second, except it received an extra heat treatment for 
120 min at 500ºC. In the last specimen (V4), the heat treat-
ment was the first step, conducted at 550ºC for 120 min, 
followed by cold drawing, resulting in a diameter of 
10 mm. Figure 6 shows the microstructure for each vari-
ant produced.

The microstructure analysis verified that V1 and V4 
present similar globular microstructures, while V2 and V3 
present elongated β’-phase. Due to the final heat treatment, 
V3 did not present microstructural anisotropy. V1 and V4 
presented similar phase fractions, with β’-phase represent-
ing 19% and 18%, respectively, while V2 presented the 
highest β’-phase fraction with 28%, and V3 had the lowest 
with 12%. Machinability evaluation revealed the role of 
harder phases (β’-phase) for machinability improvement. 
V1 and V4 presented similar behaviors, as expected by 
the previous microstructural and mechanical observa-
tions. Yet with the increase of the β’-phase fraction, it 
was observed that the lowest cutting force (784 N) was 

against the highest value (862 N) in V3, which presented 
the lowest β’-phase fraction.

Sathiskumar et al. [51] studied the effect of heat treat-
ment on brass alloy 272 (CuZn37) and analyzed the varia-
tion in material removal rate (MRR) and surface roughness 
(Ra) to assess its influence on the alloy’s machinability. 
ANOVA statistical analysis was employed throughout this 
work, enabling the correlation of several parameters with 
the respective outputs. The machining tests indicated an 
increase in MRR from 29.27 mm3/s to 40.32 mm3/s and an 
overall decrease in machining time for the heat-treated sam-
ples, improving the desirability value (a statistical parameter 
used to optimize multiparameter operations where 100% 
corresponds to the most desirable solution) from 54.6% to 
71.9%. However, the absence of microstructure analysis, 
the description of the heat treatment, and the assessment of 
other relevant machining parameters (e.g., cutting forces) 
hinder comparison with other studies.

Two other studies [52, 53] addressed the optimization of 
the heat treatment for lead-free alloys; however, they did not 

Table 4   Results of lead-
free brasses before and after 
the selected heat treatment 
processes [48]

* Chip morphology classification according to ISO3685: 1 needle chip, 2 arc chips, 3 conical helical chips, 
4 washer-type helical chips, 5 ribbon chips

Material Chip morphology* Power consumption [W] Cutting force 
[N]

Rt[µm]

CW510L Class 4 1900 540 78.6
CW510L_HT ↑ Class 2 ↓ 2020 ↑ 530 ↓ 79.5
CW511L Class 5 1600 446 40.1
CW511L_HT ↑ Class 3 ↑ 1420 ↑ 431 ↑ 26.0
C27450 Class 5 1390 346 49.2
C27450_HT ↑ Class 3 ↓ 1460 ↓ 373 ↓ 59.4

Fig. 6   Evolution of β’-phase fraction and hardness with heat treatments [47]
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cover machinability evaluation (cutting force measurements, 
roughness, etc.), which also hinders the direct comparison 
with commercially available alloys and their further indus-
trial acceptance.

An overview of heat treatment studies for lead-free 
brasses is shown in Table 5. Overall, it was possible to iden-
tify a significant variability in the experimental methodolo-
gies adopted across studies. Besides the expected variation 
in heat treatment temperature and holding time, which is 
normally defined based on the alloy’s composition, a wide 
range of testing approaches, parameters, and evaluated cri-
teria is observed. This heterogeneity poses a considerable 
challenge to the direct comparison and correlation of find-
ings among studies.

For instance, while certain reports focus primarily 
on mechanical properties such as hardness, others assess 
machinability criteria, such as cutting forces or surface 
integrity parameters including roughness (Ra and Rt). The 
inconsistency in both the choice and definition of evalu-
ated criteria complicates the identification of general trends 
linking heat treatment conditions to resulting machinability. 
Moreover, a variation in testing configurations and inconsist-
ent machining parameters was identified. This methodol-
ogy selection directly influences heat generation, tool wear, 
and surface finish, further limits the ability to derive unified 
conclusions, as these methods impose distinct stress and 
thermal conditions on the material. Altogether, the lack of 
standardized assessment protocols hinders the development 
of a coherent understanding of how heat treatment modifies 
the machinability of brass alloys.

Alloy Design

With the need for the removal of Pb from brass alloys, 
research has also shifted toward identifying alternative alloy-
ing elements and reinforcements to improve machinability. 
A key focus has been the introduction of soft intermetallic 
phases that replicate the effects of Pb particles in leaded 
brasses.

The incorporation of graphite was initially proposed by 
Imai et al. [54] in the Cu-40Zn brass through powder metal-
lurgy (PM). The brass composite presented a homogeneous 
microstructure with graphite particles, where no significant 
dissolution of carbon into the brass matrix (α and β-phases) 
was observed, and a similar volume fraction of Pb parti-
cles in a 3.2 wt.% Pb conventional brass. Despite the poor 
interface bonding between the matrix and graphite parti-
cles, drilling times similar to those of leaded brass (10 s) 
were achieved, incorporating 1 wt.% graphite (20–15 s), 
displaying a lubricant effect of graphite soft particles. To 
improve mechanical and machining performance while 
enhancing interface bonding of brass/graphite particles, 
Ti additions were studied by Zhang et al. [55]. However, 
with the increase in Ti content, the formation of Cu2Ti4O 
particles and Ti nanoclusters increased gradually, deterio-
rating alloy ductility up to ~ 35% with the addition of 1.9 
wt.% Ti, despite improving machinability (~ 16% decrease 
in cutting forces). This phenomenon may be associated with 
the solid solution strengthening and the formation of nano-
precipitates. Imai et al. [56] also studied the combination of 
graphite and Bi addition to the Cu-40Zn brass through PM, 
since both additives present a low solubility in the Cu–Zn 
matrix. Through SEM–EDS analysis, it was shown that 
Bi-islands and graphite islands formed separately. These 

Table 5   Summary table of the heat treatment studies analyzed

Material Heat treatment Type of test f ap Evaluated criteria Reference

T [ºC] t [min]

CuZn38As – CW511L 850 120 Cylindrical 
Turning

150–500 mm/
min

0.5–2.0 mm β-phase fraction;
Power consump-

tion;
Cutting Force

[47, 49]
CuZn42 – CW510L 775 60
CuZn36 – C27450 850 120

CuZn40 (cold draw) 500 120 Orthogonal 
Cutting

25; 150 m/
min

0.01; 0.5 mm β-phase fraction;
Cutting Force;
Chip Classifica-

tion;
Roughness – Rt

[50]
CuZn40 (cold draw after HT) 550 120

CuZn37 (not disclosure) Cylindrical 
Turning

0.1–0.3 mm/
rev

0.5; 1; 
1.5 mm

Material Rate 
Removal;

Roughness – Ra

[51]

CuBi0.6Zn29 (homogeniza-
tion, followed by deforma-
tion and annealing)

800 120 - - - Hardness [52]
350; 400; 450 15

CuZn21 300; 400; 500; 600 15 - - - Hardness [53]
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microstructural features allowed for the approximation of the 
lead-free machining time (between 10–20 s per 5 mm-depth 
hole) to drilling times for leaded brass (consistently around 
10 s per 5 mm-depth hole); however, a significant decrease 
in ductility (from less than ~ 20 to ~ 50%) was verified. In 
contrast to the previous study, Li et al. [57] demonstrated 
that the incorporation of small amounts of Cr, Fe, Ti, and 
Sn (0.7, 0.3, 0.6, and 1 wt.%, respectively) promoted grain 
refinement by the precipitation of nanoprecipitates while 
strengthening the graphite/brass interface. This combina-
tion of graphite reinforcements and grain refiners enabled 
the development of an alloy with high σUTS (~ 700 MPa), 
good performance of machinability (60–80% of leaded brass 
machinability), and acceptable ductility (~ 12%). Building 
on the concept of replacing Pb with graphite particles, Zhou 
et al. [58] proposed cast brasses containing cementite parti-
cles (Fe3C), in situ formed by the incorporation of cast iron 
scrap, followed by graphitization annealing. This approach 
facilitated the in situ formation of graphite particles, thereby 
eliminating the possible risk of graphite particle flotation 
in the melt, and highlighting structural similarities between 
cementite and short-range atomic group ordering in melts. 
Machining tests revealed improved chip segmentation and 
lubrication compared to conventional lead-free brass alloys; 
however, no further investigation was carried out into the 
mechanism of graphite particles for improved machinabil-
ity. Despite several efforts to develop graphite reinforced 
brasses, the lack of interface bonding with the matrix, the 
technical complexities, increased associated costs with pro-
cessing methods, and regulatory obstacles linked to non-
standard alloy compositions are still drawbacks to the indus-
trialization of such technology.

Another highly investigated approach uses Si as a stabi-
lizer of β and β′ phases, moving the peritectic reaction to 
lower Zn content and higher temperatures. Doostmoham-
madi et al. [59] studied the Si influence, up to 1.7 wt%, on 
the microstructure and hardness of a Cu-40Zn brass. The 
initial duplex brass transforms into a fully β′ microstructure 
with the addition of 1.2 Si wt%, while also achieving grain 
refinement of ~ 80% of the initial grain size. Thermodynami-
cally, the authors demonstrated that the electron-to-atom 
ratio (e/a) increases with the Si content, thereby decreasing 
the stacking fault energy (SFE) and favoring the formation 
of β-phase. Additionally, due to the hardness increase with 
the Si content, a machinability improvement of the initial 
alloy was predicted. However, no experimental machinabil-
ity evaluation was performed. Oishi et al. [60] and Sasuki 
et al. [61] employed the same Si-alloying approach to a 
duplex brass with 1 wt.% Si. These studies proved that, with 
an increase in the Cu content (62.5 wt.%), this approach 
could develop machinable lead-free brass alloys, depicted 
by the low cutting forces and sound chip breaking mecha-
nism, with similar mechanical performance (σUTS, σYS and 

A of 580 MPa, 415 MPa, and 25%, respectively). Schultheiss 
et al. [62] proceeded to study the machinability of Si-brass 
alloys in more detail. Besides the clear differences in σUTS 
and σYS between the leaded (525 and 201 MPa, respectively) 
and the lead-free alloy (717 and 342 MPa, respectively), the 
abrasiveness of the Si-brass was 1.6 times higher, leading to 
a shortened tool service life during machining operations. 
This phenomenon was confirmed by increased cutting forces 
from 220 to 300 N, increased cutting resistance from ~ 1500 
to ~ 2000 MPa, and a longer chip length.

Taha et al. [63] also showcased the formation of γ-phase 
as small precipitates at the grain boundaries alongside other 
microstructural features; however, with a 4 wt.% Si addition, 
an almost duplex β’ + γ brass alloy was obtained. Addition-
ally, the presence of Si allowed the formation of other brittle 
phases, such as κ-HCP and ε-Cu15Si4, promoting an overall 
strength reduction and an increase in both tool wear and final 
roughness. Despite the clear drawbacks of Si-brasses, these 
alloys are still presented as one of the few commercially 
available lead-free solutions.

Beyond traditional alloying methods, recent research 
highlighted the potential of composite reinforcement as 
an effective strategy for enhancing both the machinabil-
ity and mechanical performance of lead-free brasses. This 
approach relied on the incorporation of reinforcements that 
could replace the role of Pb during machining or promote 
the formation of new microstructural features that could per-
form that role. Clinktan et al. [64] studied the incorporation 
of boron carbides (B4C) into a silicon brass CuSi4Zn14; 
however, despite the grain refinement effect and increase of 
grain dislocations, no machining study was carried out to 
assess the suitability of such a developed composite. Peng 
et al. [65] proposed the reinforcement with Ti3AlC2 parti-
cles. Initially, the β’-phase fraction would increase with the 
reinforcement content increase due to the Al diffusion during 
sintering. Regarding mechanical performance, an increase 
in hardness (~ 150%), bending strength (~ 47%), paired with 
a decrease in the wear constant (~ 70%), was shown with 
the incorporation of 5 wt% of Ti3AlC2. However, the wear 
resistance increase could not represent a universal improve-
ment, since it could also be translated into a shorter tool life 
during machining operations.

Semih et al. [66] proceeded to the reinforcement with two 
different additives, Si and molybdenum disulfide (MoS2), 
since both are widely available commercially and are far 
less toxic than Pb. With the increase of MoS2, there was an 
increase in the β’-phase fraction, leading to both hardness 
and tensile strength increase, while decreasing the alloys’ 
ductility. Machinability trials demonstrated that brittle inter-
metallics promoted a more effective chip breaking mecha-
nism, while exhibiting a significant lubricating effect, as 
shown by the ~ 78% decrease in overall Ra.
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In addition to this novel approach to alloy design, several 
studies have been conducted through more conventional 
design approaches, such as the addition of small amounts 
of other alloying elements. Rajabi et al. [67] assessed the 
effect of Sn on the microstructure and machinability of 
Cu-30Zn brass alloy. It was shown that a transition from a 
duplex brass into a fully β’-brass occurred, and for the high-
est Sn contents, 11.4, 13.9, and 17.4 wt%, the formation of 
γ-phases was observed. In addition to the hardness increase, 
promoted by the formation of β’ and γ-phases, a grain refine-
ment effect was also observed. Suksongkarm et al. [68] com-
bined Sn and Bi additions through a sustainable approach, 
resorting to recycled Bi-Sn solder alloys. Identical micro-
structural evolutions were observed; however, with the Bi 
addition, spherical Bi-rich particles were also present. With 
this combination, machining forces decrease (around 40%), 
and favorable, shorter chips were obtained, presenting this 
as a viable approach. Similarly, the study of Atsumi et al. 
[69] demonstrated the synergetic effect of Cr and Fe on the 
previously studied alloying elements. These additions facili-
tated the formation of Cr-Fe intermetallics and Bi particles, 
enabling the achievement of 75% of the machinability typi-
cally associated with leaded brass. However, the absence of 
chip morphology characterization and surface roughness 
data hinders direct comparison with other studies on the 
machining performance.

The main shortcoming in the current literature regard-
ing the development of lead-free brasses lies in the lack of 
comprehensive information on their machinability. In addi-
tion, there is a general inconsistency in the methodologies 
used to evaluate machinability, with variations in cutting 
conditions, tool materials, and evaluation criteria. These 
discrepancies make it difficult to perform a reliable quanti-
tative comparison between different alloy compositions. For 
instance, different studies [70, 71] investigated the influence 
of Ti, and Ti in combination with Sn, on the microstruc-
tural evolution and mechanical properties of 60/40 brass 
produced via PM. Chen et al. [72] examined the formation 
and impact of Ni₂Si precipitates through the alloying of Ni 
and Si, while Li et al. [73] evaluated the incorporation of 
Fe-rich scrap and Al to promote the development of iron-
based precipitates. Although these studies present innovative 
approaches for the design of lead-free brass alloys, mainly 
by the formation of different precipitates that could replicate 
Pb’s role, machinability remains unassessed. This is a criti-
cal parameter for industrial implementation and subsequent 
commercial viability.

In contrast with the previously presented studies, some 
studies are highlighted due to their systematic evaluation of 
crucial properties. For example, two different studies from 
Adineh et al. [74, 75] evaluated the effect of Mg, Sb, Si, and 
Al through a consistent and complete approach, comprising 
microstructural, mechanical, and machinability assessments. 

With the increasing alloying element content, the β’-phase 
fraction increased, and for high contents of Mg and Sb, the 
formation of other intermetallic structures was observed. On 
the other hand, higher Si contents (greater than 1.87 wt.%) 
promoted the stabilization of the γ phase. Paired with the 
formation of such phases, a hardness increase (2.88 × the 
initial value) was observed. Regarding machinability, the 
assessment of the three cutting force components: main cut-
ting force (Fc), thrust force (Ft), and feed force (Fa), through 
a piezoelectric dynamometer, allowed the calculation of the 
resultant cutting force (Fm) through Eq. 1.

With this approach, not only were the tool wear and chip 
breaking mechanisms analyzed, but also the resultant cut-
ting force necessary to produce the intended machining. It 
was shown that overall, Mg and Sb significantly increase the 
cutting forces during machining operations. On the other 
hand, up to 2 wt% Al and 1 wt% Si promoted a machinabil-
ity improvement, with a decrease of 10–34% and 28–37% in 
the cutting forces, respectively. To compare the previously 
presented machining studies, the Fm was plotted against the 
main alloying element (Fig. 7). Generally, a decrease in the 
resulting force is observed for all the alloying element con-
tents, except for Si and Al. The behavior of Si and Al could 
be associated with the formation of harder phases. To better 
isolate the influence of each alloying element, more precise 
comparative methods—such as calculating the specific cut-
ting pressure (Kc) — would be advantageous, as they help 
eliminate the impact of machining parameters like ap and 
vc. [76]. On the other hand, it is observed that most of the 
studies limit alloying element addition to 4 wt%. This could 
represent a new opportunity window to study the potential 
benefits of larger alloying additions (> 5 wt%) for the devel-
opment of alloys with improved machinability and overall 
performance.

To illustrate the variability of machining parameters 
employed, two separate tables—Tables 6 and 7—are pre-
sented as an overview of the selected studies, encompassing 
composition, parameters, and evaluation criteria. From the 
identified drilling studies (Table 6), it is evident that the 
same type of tool and certain parameters were consistently 
used; however, the evaluation criteria are less comparable 
due to differences in machining operations, and no chip 
classification was reported. In contrast, Table 7 summa-
rizes turning studies and those that did not explicitly assess 
machinability. In these cases, chip classification appears as 
the most frequently used criterion for evaluating machinabil-
ity. Overall, the wide variation in vc, f, and ap hinders direct 
comparison between studies in which cutting forces were 
measured, as each parameter combination promotes distinct 
machining responses, as previously discussed.
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c
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Another promising avenue for alloy design has been the 
application of medium-entropy alloy (MEA) or high-entropy 
alloy (HEA) design concepts to brass systems. The HEA 
concept was first introduced by two independent researchers, 
Cantor [77] and Yeh [78], at the beginning of the twenty-
first century, primarily motivated by a desire to advance 
metallurgical science toward the center of phase diagrams, 
rather than relying solely on traditional alloying methods 

built around a single primary element. Based on the ΔSconf, 
it is possible to subdivide these materials and alloys into 
three distinct groups: conventional alloys, such as steels, are 
presented as low-entropy alloys (ΔSconf < 1R); superalloys 
reported as medium-entropy alloys (1R < ΔSconf < 1.5R); 
and, finally, the HEA (ΔSconf > 1.5R), with R being the per-
fect gas constant [79, 80]. Initially, research in this field has 
predominantly focused on the development of single-phase 

Fig. 7   a Optical microscopy 
images and b EBSD inverse 
pole figure maps for each mate-
rial variant. Adapted from [50]

Table 6   Overview of drilling studies

Addition Amount Base Alloy Type of test Drill diameter RPM Force Evaluated criteria Reference

Graphite Up to 1 wt.% CuZn40 Drilling 4.5 900 9.8 N Time to produce a 
5 mm-depth hole

[54]
Graphite + Bi Graphite: 0; 0.25; 

0.5 wt.%
CuZn40 Drilling 4.5 [56]

Bi: up to 3.3 wt.%
Cr, Fe, Ti and Sn 0.7, 0.3, 0.6, and 1 

wt.%, respec-
tively

CuZn40 Drilling 4.5 14.7 N [57]

Bi Bi: up to 3 wt.% CuCr0.3Fe0.2Sn0.6Zn40 Drilling 4.5 98 N [69]
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alloys. This focus was primarily driven by the implementa-
tion of semi-empirical criteria based on the Hume-Rothery 
rules, which enabled a more precise prediction of solid solu-
tions [81]. This emphasis was justified by the purported core 
effects, such as the entropy effect, lattice distortion effect, 
sluggish diffusion, and the cocktail effect, which were 
believed to distinguish HEAs from conventional alloys [81, 
82]. However, due to the lack of evidence that these charac-
teristics are exclusive to single-phase structures, there has 

been a significant surge in interest in the development of 
multiphase alloys. This shift has been driven by the imple-
mentation of strengthening concepts, such as precipita-
tion strengthening. The concept of Complex Concentrated 
Alloys or Compositionally Complex Alloys (CCAs) emerged 
from this change in alloy development strategies. Despite 
this progress, numerous challenges related to the design, 
development, and industrialization of such alloys remain 
to be overcome [83, 84]. Unlike conventional alloys, the 

Table 7   Overview of turning and additional alloy design studies

Addition Amount Base alloy Type of test νC [m/min] f [mm] ap [mm] Evaluated criteria Reference

Graphite + Ti Graphite: 0–1.9 
wt.%

CuZn40 Turning  ~ 11.8 0.1 0.5 Cutting Forces
Chip Classification

[55]

Ti: 0.5; 1 wt.%
Fe3C 5 wt.% of eutectic 

cast iron
CuZn40 Turning 35 0.1 0.5 Chip Classification

Surface Morphology 
analysis

[58]

Si Up to 1.7 wt.% CuZn40 - - - - - [59]
1 wt.% Cu62.5Si1P0.07PbZn Turning 40 0.11 1 Cutting Forces

Chip Classification
[60]

3 wt.% Cu75.5Si3Zn Turning 40 0.11 1 Chip Classification [61]
3 wt.% Cu76Si3PZn Turning 400 0.05–0.3 0.5–2.5 Cutting Forces

Chip Classification
Tool Wear
Surface Integrity
Energy Consump-

tion

[62]

Up to 4 wt.% CuZn40 Turning 22.6—104 0.08–0.2 0.5–1 Cutting Forces
Chip Classification
Tool Wear
Surface Rough-

ness—Ra

[63]

B4C Up to 12 wt.% CuSi4Zn14 - - - - - [64]
Ti3AlC2 Up to 5 wt.% CuZn40 - - - - - [65]
Si + MoS2 Si: 0.5–1.7 wt.% Cu63Sn3Zn Turning Chip Classification

Surface Rough-
ness—Ra

[66]
Mo: 0.2–0.4 wt.% 50 0.2 1
S: 0.15–0.63 wt.%

Sn Up to 17.4 wt.% CuZn30 Turning 33.4–94 0.11 0.5 Cutting Forces
Chip Classification
Surface Rough-

ness—Ra

[67]

Sn + Bi Si and Bi up to 2 
wt.%

CuSi0.5Zn38 Turning 50 0.1–0.4 0.4–0.8 Cutting Forces
Chip Classification

[68]

Ti 1 wt.% CuZn40 - - - - - [70]
Ti + Sn Ti: 1 wt.% CuZn40 - - - - - [71]

Sn: 0.6 wt.%
Ni + Si Ni: 1.5 and 3 wt.% CuZn20 - - - - - [72]

Si: 0.3 and 0.6 wt.%
Fe + Al Fe: 0.6 wt.% CuPb1Zn39 - - - - - [73]

Al: up to 0.7 wt.%
Mg Up to 1.79 wt.% CuZn35 Turning 33.4—94 0.11 0.5 Cutting Forces

Chip Classification
[74]

Sb Up to 2.34 wt.%
Al 1.89 wt.% CuZn35 Turning 33.4—94 0.11 1 Cutting Forces

Chip Classification
[75]
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most formidable challenge in HEA/CCA development is the 
identification and selection of alloys from the vast array of 
possible combinations, which depend on the type, number, 
and content of each element. Several approaches can facili-
tate alloy design and development, such as ab initio Density 
Functional Theory (DFT) calculations [85–87]. However, 
the CALculation of PHAse Diagrams (CALPHAD) method-
ology is considered the most practical technique for predict-
ing and developing these alloys [88].

Currently, few researchers have employed the HEA and 
CCA concepts for the development of new brass alloys. 
For example, Laws et al. [89] were the first to introduce 
the concept of high-entropy brass alloys (HEBAs), in 
which several as-cast and heat-treated alloys based on the 
[CuMnNi]aAlbZncSnd (60 < a < 80; 20 < b + c + d < 40) 
were studied. The alloy based on the system [CuMnNi]aZnc 
showed the lowest hardness, ranging from 100 to 250 HV, 
and lower σYS, ranging from 140 to 215 MPa, while associ-
ated with an extremely high ductility (~ 60%). These obser-
vations were mainly justified by the single FCC structure or, 
in some cases, by the low amount of a BCC phase, which 
can be associated with the α and β’ phases of conventional 
brass alloys. However, with the addition of Al and Sn, it was 
observed that an overall mechanical performance increase 
of the alloys was observed, which can be associated with the 
superior solid solution strengthening and with the formation 

of [Cu,Mn,Ni]3[Al,Sn] intermetallic structures, increasing 
the hardness to values around 300–350 HV.

Later, Nagase et al. [90] employed thermodynamic alloy 
design parameters based on the Hume-Rothery rules to 
develop HEBAs based on the CuxZnMnNi (x = 1, 2, 3, 4), 
Cu2ZnMnNiSny, and CuZnMnNiSnz. Following such alloy 
design, CuxZnMnNi (x = 1, 2, 3, 4), CuZnMnNiSn0.2, and 
Cu2ZnMnNiSn0.45 were produced through metallic mold 
casting. These new alloys presented higher hardness, rang-
ing from 180–400 HV, associated with σYS higher than 
300 MPa. Regarding microstructural evolution, the authors 
developed an alloy map of constituent phases in the stud-
ied alloys, which aids in understanding the depicted alloys. 
On this same topic, Chen et al. [91] showed the possibil-
ity of resorting to CALPHAD simulation to aid with the 
alloy design. To prove such a concept, the same composi-
tions of the study mentioned above were simulated through 
a Scheil with Back Diffusion model, showcasing that most 
of the results were consistent with the experimental results 
(except for one alloy), since all ternary partial systems in the 
Cu–Zn-Mn-Ni–Sn quinary system were not assessed in the 
database used. Additionally, Lv et al. [92] studied the corro-
sion behavior of these HEBAs and showed that these alloys 
present similar corrosion mechanisms and oxide corrosion 
structures that were already depicted for the dezincification 
of conventional brass alloys.

Fig. 8   Effect of alloying elements on the resultant cutting force (Fm)
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Chaskis et  al. [93] have explored the alloy 
Cu50Al20Zn25Sn5, employing CALPHAD methodology, 
to predict phase formation and optimize the multiphase 
microstructure required for enhanced machinability. A 
multiphase alloy containing a major Cu-rich (α’) matrix 
reinforced with a secondary Zn-rich (β’) phase and pure Sn 
(γ’) was developed (Fig. 8). The last microstructural feature 
can be expected to replicate the Pb effect during machining 
operations, as it presents high Sn content (> 85 at.%) with 
a considerably low melting point (~ 230 ºC). Preliminary 
findings, in terms of mechanical performance, show that the 
developed alloy presented a hardness of 532 HV 0.2, which 
is considerably beyond the maximum hardness observed in 
the current brass solution in the market. This higher hard-
ness may represent drawbacks in further alloy processing 
or application; however, no machinability or dezincifica-
tion tests have been conducted, so further alloy evaluation 
is still necessary. CALPHAD approaches have already been 
adopted for different sectors, and it is important to highlight 
the possibility of expanding such an approach to achieve a 
high-throughput screening of compositions, allowing for a 
more informed alloy composition selection [94].

Despite not explicitly mentioning the HEBAs concept, 
several studies have developed alloys that could fall in this 
category due to their high Cu and Zn content. These studies 
have identified several additional elements (Fig. 9), such as 
Co [95, 96], Si [97], Cr [98], Fe [99], Ti [100], and Pb [101, 
102] as potential alloying elements. This versatility opens a 
significant opportunity for developing novel lead-free brass 
alloys within the Cu–Zn system (Fig. 10).

This approach leverages the idea that a finely tuned mul-
tiphase structure, reinforced with secondary precipitates or 
insoluble particles, cannot only match but potentially surpass 
the chip breaking capabilities of traditional leaded alloys 
through the incorporation of high-alloyed brass alloys. How-
ever, most of these studies do not indicate specific applica-
tions, suggesting that if well-defined target properties are 
established for an application-driven design approach, novel 
and capable DZR and FCB could be obtained.

Conclusion and Future Directions

The pursuit of machinable and high-performing lead-free 
brass alloys reflects a concerted effort by both scientific and 
industrial fields to address critical environmental, health, 
and performance challenges linked to conventional leaded 
brasses. Pb incorporation must be discontinued due to the 
heavy restrictions being implemented, creating a need for 
novel solutions that are both compliant with the new regu-
lations and attractive to industrialization. Through this sys-
tematic review, it was possible to identify three complemen-
tary fronts where recent efforts have been focused on the 

following: (1) machining operations optimization through 
the assessment of chip breaking mechanisms, chip morphol-
ogy, cutting forces, etc.; (2) heat treatments for microstruc-
ture tailoring, mainly for manipulation of α:β’ ratio; and (3) 
on the material side, several approaches on alloying, rein-
forcement, and high/medium-entropy alloy design;

Alloy design strategies that incorporate reinforcements 
present a potentially attractive route for enhancing machina-
bility. However, their industrial application remains limited 
due to high costs, processing complexities, and generally 
poor interfacial bonding with the matrix. In contrast, Pb 
substitution and entropy-based approaches have emerged as 
promising alternatives for developing novel, sustainable, and 
machinable lead-free brasses. Nevertheless, further research 
is required to comprehensively assess their machinability 
and facilitate their adoption in industrial applications. To 
promote a more sustainable and cost-effective alloy devel-
opment, researchers could focus on low-melting-point (e.g., 
Al and Sn) and low-cost elements. The incorporation of 
such elements might lead to the formation of low-melting-
point precipitates that replicate Pb-precipitates’ role during 
machining operations, while simultaneously decreasing the 
alloy’s melting point. This also contributes to a reduction 
in energy consumption in several steps of parts production, 
including melting, casting, and machining.

Additionally, both heat treatments and machining param-
eter optimization should be considered for a further tailoring 
of both microstructural, mechanical and machining charac-
teristics, allowing for an application-driven design.

Finally, based on the present systematic review, some 
guidelines can be highlighted to lay the path for future 
research in the field of lead-free brass alloys:

1.	 Due to the synergistic effect of multi-alloying addition, 
novel alloy design approaches must be implemented, 
such as ab initio calculations and CALPHAD simula-
tions, for a better understanding of the role of each ele-
ment in phase transformation, mechanical performance, 
etc. This could lead to a new path of high-throughput 
composition screening, personalized alloy definition, 
and thermo-mechanical processing optimization, aim-
ing for application-driven design established on both 
experimental and thermodynamic data.

2.	 This review highlights a lack of standardized methodolo-
gies in machining assessments. To enhance comparabil-
ity between conventional and novel alloys, the authors 
recommend adopting experimental designs that align 
with machining parameters commonly reported in the 
literature. This could integrate the evaluation of cutting 
forces through turning tests with a vc of 50 m/min, f of 
0.1 mm (per rev), and an ap between 0.5 to 1 mm, allow-
ing for a full machinability assessment (cutting forces, 
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chips formation and machinability index based on the 
resultant cutting force).

3.	 Design of experiments, ANOVA, Taguchi method, and 
additional advanced statistical tools should be consid-

ered for a complex understanding of the multi-interac-
tions between machining parameters and machinabil-
ity characteristics of brass alloys. By considering both 
compositions, thermo-mechanical processing, machin-

Fig. 9   a Calculated mole frac-
tion diagram of the Cu50Z-
n25Al20Sn5 at. % system with 
Thermo-Calc Software and b 
alloy homogenized for 16 h at 
550 ºC, followed by furnace 
cooling. Adapted from [92]
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ing parameters and respective outputs (microstructure, 
mechanical properties and machinability variables), it 
is possible to define a robust optimization approach that 
saves both money and time in the industrial environ-
ment. This is achieved by the construction of in-house 
databases to provide accurate data to such statistical 
models.
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