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ABSTRACT

Commercially available lead-free brasses with improved machinability were investigated to elucidate the
microstructural mechanisms responsible for their enhanced interrupted chip formation. The study examines the
microstructure and chip characteristics of alloys belonging to the Cu-Zn-Si (CW724R) and Cu-Zn-Mg (CW732R)
lead-free systems and compares them with the standard CuZn42 (CW510L) and CuZn39Pb3 (CW614N) brasses.
The results indicate that improved machinability in these lead-free alloys is achieved either by increasing the
amount and hardness of the p phase through precipitation strengthening, as in the Mg-bearing CW732R alloy, or
by promoting the formation of hard constituents capable of replacing the f§ phase, as observed in the Si-bearing
CW724R alloy. Chip analyses from rough and fine turning tests revealed that CW724R develops a deformed chip
microstructure characterized by periodic deep cracks and localized shear bands traversing the entire chip
thickness, resulting in a discontinuous morphology comparable to that of the lead-bearing CW614N alloy. In
contrast, the Mg-bearing CW732R alloy, despite its higher hardness and larger § phase fraction, displayed a chip
morphology similar to the standard lead-free CW510L alloy under the machining conditions adopted here. These
findings appear to contradict earlier reports showing superior machinability in similar Mg-bearing brasses,
highlighting that the microstructural design of free-machining alloys must be carefully tailored to the specific

chip-removal technology and machining parameters.

1. Introduction

Cu-Zn alloys (brasses) are used in a wide range of industrial sectors
owing to their good corrosion resistance, machinability, plastic form-
ability during forging and extrusion, non-magnetism, and low friction,
paired with good mechanical properties. Typical applications include
plumbing and electrical fittings, architectural hardware, decorative
items, and various machined parts like screws, gears, and bearings.

Lead has been considered for decades as the reference element added
to brass to ensure improved machinability. Owing to the low melting
point (327,5°C) and complete immiscibility into copper, a dispersion of
globular Pb particles is formed at grain boundaries of the brass matrix
which exerts a twofold action: as a stress-raiser spot promoting chip
fracture, resulting in the formation of small discontinuous chips, and as a
lubricant for the chip surface that slides along the face of the cutting tool
[1,2].

The effects of Pb in brasses have been the subject of a large number of
investigations. There is full consensus about the importance of achieving
a homogeneous dispersion of fine (less than 5 pm) Pb particles to pro-
mote an efficient chip breaking action [3,4]. It is known that Pb tends to
collect mainly at a/p interphase boundaries assuming a spherical shape
at the liquid stage to reduce surface energy [5]. The optimal amount of
Pb for best machinability lays in the range 2.5-3.5 wt%, while an
increased content may lead to surface cracking during hot working due
to hot shortness [1]. In a recent study, Johansson and co-workers [2]
compared the machining behaviour of a CuZn38Pb3 alloy with a lead-
free counterpart CuZn42 alloy featuring comparable mechanical prop-
erties. They were able to demonstrate that the main action of Pb consists
in promoting initiation sites for crack nucleation of the chip at the pri-
mary deformation zone, leading to discontinuous chip formation during
machining. The lubrication effect expected by smearing of Pb on the tool
rake surface was indeed not so prominent, since Pb was almost absent

* Corresponding author at: Politecnico di Milano, Department of Mechanical Engineering, Via Giuseppe La Masa, 1 - 20156 Milan, Italy.
E-mail addresses: erfan.sharghivand@polimi.it (E. Sharghivand), l.bazzana@eredignutti.it (L. Bazzana), antonio.castetti@polimi.it (A. Costetti), n.mori@
eredignutti.it (N. Mori), massimiliano.annoni@polimi.it (M. Annoni), maurizio.vedani@polimi.it (M. Vedani).

https://doi.org/10.1016/j.matdes.2026.116270

Received 12 February 2026; Received in revised form 19 May 2026; Accepted 20 May 2026

Available online 22 May 2026

0264-1275/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0003-3626-5732
https://orcid.org/0000-0003-3626-5732
mailto:erfan.sharghivand@polimi.it
mailto:l.bazzana@eredignutti.it
mailto:antonio.castetti@polimi.it
mailto:n.mori@eredignutti.it
mailto:n.mori@eredignutti.it
mailto:massimiliano.annoni@polimi.it
mailto:maurizio.vedani@polimi.it
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2026.116270
https://doi.org/10.1016/j.matdes.2026.116270
https://doi.org/10.1016/j.matdes.2026.116270
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Sharghivand et al.

from the theoretical contact area at tool tip (corresponding to the sliding
region), while it was mainly found downstream, supposedly due to
rubbing of chips after separation from the workpiece.

Pb is a heavily regulated element due to health and environmental
concerns, especially for plumbing applications where, due to leaching
and corrosion, it can be transferred into potable water [6,7]. Therefore,
the development of lead-free brasses became a key research topic in last
times to ensure compliance with progressively more stringent regulatory
standards (see for instance ref. [8] for US regulations).

Efforts have been made into incorporating or promoting the forma-
tion of alternative soft second-phase particles in the microstructure of
brasses to reproduce the effects of Pb for improved machinability. Bis-
muth was considered as a first “green” heavy metal candidate which can
replace Pb owing to a similar low melting point and lack of solubility
into Cu. Suksongkarm and co-workers proposed the addition of Bi-Sn
obtained from recycled solder alloys to modify Cu-Zn-Si brass [9,10].
When added with a mass fraction of 2-4%, the 52Bi-48Sn dopant was
able to generate a homogeneous dispersion of globular phases mainly
embedded in the a phase of the brass matrix, which could prevent hot
shortness phenomena due to the formation of low-melting films of Sn at
grain boundaries, otherwise detected in simple Cu-Zn-Sn alloys.
Machinability tests demonstrated that the chip shape shifted from a long
continuous type to a more convenient discontinuous shape when adding
3 wt% of the Bi-Sn alloy to a Cu-38Zn0.5Si brass [10].

Researchers have also investigated experimental lead-free brasses
incorporating Ti [11], P [12,13], graphite [14], molybdenum disulfide
(MoSy) [15], Si [12,13,16-20], Mg [21-23], and Sb [22], as also sum-
marized in the review paper by Stavroulakis and co-workers [1]. From
these studies it can be inferred that an alternative strategy to the for-
mation of soft second-phase particles consists in increasing the amount
of p phase and its hardness to promote chip breaking effects during
machining. According to cutting theory, a moderate hardness difference
between alloy constituents can produce an inhomogeneous micro-
structure that promotes the formation of discontinuous serrated chips
and enhances alloy strength. However, when the hardness gap exceeds a
critical threshold, machining costs increase due to accelerated tool wear
[12,18].

Si has been extensively investigated as an additive for this purpose.
Nobel and co-authors compared the microstructure and machinability of
several brass alloys including a Si-bearing CW724R alloy [16]. Due to
the lower amount of Zn (21 wt%) and the additional Si (3,4 wt%), this
alloy showed a high fraction of « phase (60 vol%) and the presence of a
hard Si-rich K phase along with y-phase particles segregated at o grain
boundaries. Compared with other investigated lead-free brasses, this
alloy exhibited higher strength and improved machinability, reflected in
better chip breakage, lower cutting forces, and reduced tool tempera-
ture, though at the cost of increased tool wear due to the presence of the
hard phases. Taha and co-authors systematically investigated cast
samples of lead-free brasses with Si contents ranging from 1 to 4 wt%
[17,20]. By progressively increasing the amount of Si, the fraction of
phase initially increased replacing the a phase. With Si additions
exceeding 2 wt%, the fraction of p rapidly decreased while y phase and
other brittle intermetallics appeared. Consistently, the chip type
changed from continuous to discontinuous type and the cutting force
was reduced, but the tool wear increased by 140% as Si was increased
from O to 4 wt%. Si has also been used in combination with Al [18], Sb
[22], and their mixtures [10]. Si and Al can both promote a substantial
leftward shift of the - and y-fields in the Cu-Zn phase diagram. Addi-
tionally, Al can prevent Zn volatilization during casting by forming an
Al,03 film on melt surface [18]. The combination with Sb (up to 1,5 wt
%) would further increase the presence of & phase particles located at the
interior and at boundaries of the f islands, providing an efficient
strengthening effect [24]. Consistent findings on the role of Sb have been
reported in [22] for Cu35ZnSb alloys with Sb contents ranging from 0 to
2.34 wt%. The addition of Sb refined the microstructure and promoted
the precipitation of hard intermetallic particles, which reduced the
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toughness and ductility of the alloys. These changes improved machin-
ability by lowering cutting forces, decreasing energy consumption, and
altering chip morphology, albeit at the expense of increased abrasive-
ness and accelerated tool wear.

Finally, the effect of Mg on properties of brasses was investigated by
Atsumi and co-authors [21]. Cu40ZnMg alloys containing from 0 to 1.5
wt% Mg were fabricated by spark plasma sintering (SPS), followed by
solution treatment and extrusion. Increasing the Mg content promoted
the formation of an a—f duplex structure with a higher fraction of p
phase. In addition, fine Mg(Cu,Zn), intermetallics precipitated during
slow cooling after extrusion, contributing to grain refinement and, ul-
timately, enhancing tensile strength. Data about machinability for
Cu35ZnMg alloys with Mg contents ranging from 0 to 1.79 wt% are
available from the paper of Adineh and co-authors [22]. Similarly to Sb,
Mg was found to improve the machinability of the investigated alloys.
The sample containing 1,79 wt% of Mg showed the lowest cutting force
and best chip morphology.

To anticipate the progressively stringent regulatory standards,
several lead-free brasses with improved machinability have been pro-
posed on the market in recent years. However, limited scientific infor-
mation has been made available in the open literature so far on their
microstructure-related mechanisms inducing the claimed machin-
ability. It is therefore the aim of this paper to provide a significant
insight into the microstructural design and machining performance of
free-cutting brass alloys. Thus, the investigation will be based on the
performance of commercial alloys belonging to the Cu-Zn-Si (CW724R)
and Cu-Zn-Mg (CW732R) lead-free alloy systems, to be compared with
conventionally-used CuZn42 (CW510L) and CuZn39Pb3 (CW614N)
brasses.

2. Materials and experimental procedures

Several alloys in the form of commercially available extruded bars
with diameter of 18 mm have been investigated. The chemical compo-
sition of the materials, measured by a Bruker Q4 Tasman spark Optical
Emission Spectrometer (OES), is reported in Table 1. The phase stability
of the alloys was theoretically evaluated based on the measured com-
positions, using the Thermo-Calc® software, relying on the TCCU6 v6.2
database for Cu alloys.

Sample preparation for microstructural analysis involved mounting
longitudinally sectioned bar samples in epoxy resin, followed by
grinding with SiC abrasive papers up to 2000 grit and subsequent pol-
ishing with 3 um and 1 pm diamond suspensions. Metallographic etching
was performed using a solution consisting of 1 g FeCls, 25 ml HCI, and
70 ml distilled water.

The microstructure of the extruded alloys was initially examined by
optical microscopy using a Nikon Eclipse LV150NL light optical micro-
scope. For more detailed characterization, a Zeiss Sigma 500 field-
emission scanning electron microscope (SEM) was used, equipped
with Oxford Instruments Ultim Max EDS detector for energy-dispersive
X-ray spectrometry (EDS) and an Oxford Instruments C-Nano electron
backscatter diffraction (EBSD) detector for phase identification, and for
crystallographic orientation analysis.

Vickers hardness and microhardness measurements were performed
to evaluate the bulk hardness of the alloys and the hardness of their
individual phases, respectively. Tests were performed with loads of
2000 g and 10 g, using a dwell time of 15 s, on polished and slightly
etched samples. For each condition, the resulting microhardness value
was the average of at least five measurements.

Comparative machinability tests on the investigated alloys were
performed on a Haas Automation CNC lathe (model TL-1HE) under dry
cutting conditions, using TCGT 16T304F-AL carbide cutting inserts.
These inserts are suitable for non-ferrous materials and are character-
ized by nose radius of 0.4 mm, rake angle of 20° and clearance angle of
7°. Two distinct machining setups were adopted to reproduce typical
roughing and finishing turning operations, with the cutting parameters
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Table 1

Chemical compositions (in weight %) of the alloys investigated.
Alloy Cu Pb Sn Fe Si P Mg Zn
CW510L / CuZn42 57.99 0.12 0.24 0.13 41.53
CW614N / CuZn39Pb3 58.60 2.39 0.26 0.30 38.46
CW732R / CuZn41Mg 58.33 0.06 0.05 0.12 0.46 41.10
CW724R / CuZn21Si3P 75.77 0.06 0.15 3.22 0.05 20.82

summarized in Table 2. These parameters have been selected according c KC

to the tool manufacturer indications, without considering any adjust- Zne = m + 2 KiGi ¢ 100 1

ment for each specific alloy. The cutting speed reported in Table 2 refers
to the diameter of 17.9 mm, as 0.1 mm were preliminarily removed to
avoid any effects of surface oxidation or contamination. Each cutting
edge was employed for less than 10 s of machining time, to eliminate
effects of progressive tool wear on results. During the tests, the chips
generated were collected for subsequent analyses. Specifically, the chips
produced under all tested conditions were examined in terms of their
morphology and deformed microstructure by means of SEM and optical
microscopy performed on sectioned samples.

Roughness measurements of the turned surfaces were carried out
with an optical coordinate-measuring system Bruker Alicona uCMM.
The central area of each specimen was considered for the analyses,
applying a cut-off wavelength of 2500 pm.

3. Results and discussion
3.1. Phase composition

Simulations carried out to define expected phases in the investigated
alloys under equilibrium are summarized in Fig. 1. For each alloy, the
plot on left column shows the evolution of the main constituents with
temperature, whereas the plot on the right depicts the formation of
secondary phases on a magnified scale. The CW510L alloy represents a
standard Cu-Zn binary brass. Upon solidification (Fig. 1a), the primary
BCC B phase is first formed, followed by the partial solid-state trans-
formation into FCC o phase. It must be clarified that the predicted
fractions of a and f phases at low temperature (e.g. around 25 vol% of a
phase and 75 vol% of p phase at room temperature) strictly refers to the
achievement of equilibrium conditions, that can hardly be met under
real conditions. Secondary phases mainly consist in Fe- and Fe-Sn rich
intermetallics and in the residual Pb included in the alloy composition.

Alloy CW614N shows a similar phase evolution with temperature
(Fig. 1b) with the only difference given by the presence of a much higher
amount of the low melting Pb, which separates from the solidified Cu-
rich matrix and shifts to solid state only at temperature as low as
327,5°C.

The Mg-bearing CW732R alloy features a substantially similar
behaviour of the main phases (Fig. 1¢) with the additional precipitation
of the C15 Laves phase Mg(Cu,Zn); starting from 640°C on cooling, and
of (Cu,Zn),P phase right from the liquid phase.

When compared to previous materials, the CW724R alloy features a
significantly lower amount of Zn (20 wt%) and the presence of Si (3,2 wt
%). This latter is a strong f-stabilizer element and the combined action
of Si and Zn can be theoretically evaluated considering the Zinc equiv-
alent parameter given by equation 1 [15,18].

Table 2
External turning parameters adopted for the machinability tests of the investi-
gated alloys.

Spindle revolution Cutting speed Feed Depth of cut
speed (rpm) (m/min) (mm/ (mm)
rev)
Roughing 2000 112.5 0.2 1
Finishing 2000 112.5 0.1 0.3

Cozn+ Cou + >_KiG;

Being Cz, and Ccy the actual Zn and Cu contents in the alloy, and ZK;C;
the sum of the products of the fraction of i-element (C;) times its specific
coefficient (Kj). K; takes the values of 10, 6 and 2 for Si, Al and Sn,
respectively. For the investigated CW724R alloy, the Zneq value can
therefore be estimated as 63.5%, suggesting the presence of y phase. A
more detailed evaluation provided by the present simulation suggests
that the room temperature microstructure is made of a phase together
with a significant fraction of y phase and a reduced amount of FePy
(Fig. 1d). It is also to remark that the simulation would suggest the
presence at high temperature (till around 400°C) of a HCP phase with
composition roughly corresponding to Cuy(Zn,Si), whose residual
presence at room temperature is reasonably expected when the alloy is
cooled under non-equilibrium conditions. In Si-bearing brasses, this
HCP phase is identified as the K phase [19].

3.2. Microstructure

A collection of representative optical micrographs of the alloys
investigated is reported in Fig. 2. At low magnifications, the CW510L
and CW614N alloys (Fig. 2a and 2b) reveal the duplex o + p phase
structure (being p the darker phase in these optical micrographs). The
CW732R alloy still features a duplex o + p microstructure, with the
additional presence of tiny precipitates within the p islands, as depicted
in Fig. 2c. More detailed information about the microstructure of the
CW732R alloy are collected in Fig. 3. The EBSD phase map and the in-
verse pole figure suggest the preferential position of the o phase at the
boundaries of the primary p regions as isolated grains, or as plates
growing within § grains. The SEM images reported in Fig. 3c and 3d
paired with EDS microanalyses confirm the extensive precipitation of
submicrometric particles rich in Mg, Cu and Zn within the § grains, that
are assumed to match the Mg(Cu,Zn), phase reported by the Thermo-
Calc analyses.

Finally, the CW724R alloy shows a complex multi-phase structure
(Fig. 2d). EBSD results reported in Fig. 4a and 4b reveal the presence of
alternate and elongated islands containing grains of the FCC and HCP
crystal structure. Based on local compositions detected by EDS and on
suggestions provided by ThermoCalc results, these islands can be
recognized as being made of o and K phases, respectively. Specifically,
the Si-rich K phase would correspond to the nominal atomic composition
CugZn,Si [19]. SEM observations (Fig. 4c and 4d) linked with EDS an-
alyses, highlighted more clearly the presence of a third phase with cubic
crystal structure segregated at a grain boundaries, corresponding to the y
phase, in good agreement with other published research works [16,19].

The hardness and the associated abrasiveness of the investigated
alloys are key properties that provide valuable insights into the rela-
tionship between microstructural features and cutting performance. It
has already been highlighted that a moderate hardness difference be-
tween alloy constituents can promote the formation of discontinuous
serrated chips during machining, whereas an excessive hardness dif-
ference tends to increase abrasiveness, leading to accelerated tool wear
[12,18]. The abrasiveness of multiphase alloys toward cutting tools has
been quantified using equation 2, where Wy, is the abrasiveness
parameter, H is the average alloy hardness, V5 is the volume fraction of
the hardest phase, and Hy and H; denote the hardness values of the
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Fig. 1. Phases expected in the investigated alloys under the hypothesis of equilibrium conditions; (a) CW510L alloy; (b) CW614N alloy, (c) CW732R alloy, (d)

CWZ724R alloy.

harder and softer phases, respectively [12,22].

Wa = H+Vy(Hy — Hy)

@

Besides, it must be considered that for the assessment of the CW724R
alloy abrasiveness, the effects of both the K and the y hard phases must

be considered. Therefore, a modification of equation 2 was here pro-
posed (see equation 3) where V3 and Hj are the volume fraction and the
hardness of the additional hard phase, respectively.

Wa = H+ V,-(Hy — Hy) + V3-(Hs — Hy) 2)
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Fig. 2. Optical micrographs of the investigated alloys; (a) CW510L alloy; (b) CW614N alloy, (c) CW732R alloy, (d) CW724R alloy. Bar axes correspond to horizontal

direction in all images.

Table 3 summarizes the collected hardness and microhardness data of
individual phases, along with the evaluated abrasiveness index for the
alloys investigated. The lowest abrasiveness is recorded for the softest
lead-bearing CW614N alloy while higher values are estimated for the
Mg-bearing CW732R and Si-bearing CW724R alloys owing to their
higher bulk hardness and the contribution of the most abundant f phase
and harder K and y phases, respectively.

3.3. Machining tests

The evaluation of chip morphology offers valuable clues about the
chip-formation mechanisms, and ultimately about alloy machinability
for the specific turning conditions investigated. Figs. 5 and 6 depict
representative images of the chips collected after testing the investigated
alloys under roughing and finishing conditions, respectively. The higher

depth of cut and feed adopted for the first set of turned samples led, for
the CW510L and CW732R alloys, to thicker and curled chips, of the
semi-continuous type, featuring a straight shape and periodic in-
terruptions when reaching a length of around 100 mm. Instead, fully
discontinuous chips were produced when roughing the CW614N and
CW724R alloys, the former with tight helical shape that approached a
tubular aspect a few dozens of mm in length, the latter showing more
opened and shorter fragments. Higher-magnification side views of the
chips taken by SEM highlight the periodic shear planes generated during
cutting, separated by a distance of around 100 pm, irrespective of alloy
composition.

Larger differences in morphology were found in chips collected after
finishing (Fig. 6). Alloys CW510L and CW732R showed quasi-
continuous but finer chips, featuring curled shape. The CW614N alloy
kept the tubular morphology of the interrupted chips, with some
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Fig. 3. Details of the microstructure of the CW732R alloy, detected by EBSD phase distribution (a) and inverse pole figures (b) and by higher magnification FE-SEM
micrographs (c and d). In figure a, the red and blue domains correspond to a phase and f§ phase, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Details about the microstructure of the CW724R alloy, detected by EBSD phase distribution (a) and inverse pole figures(b) and by higher magnification FE-
SEM micrographs (c and d). In figure a, the red, yellow and green domains correspond to « phase, K phase and y phase, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Vickers’ microhardness of the alloys investigated and abrasiveness estimated by eq. 2 and 3.
Alloy HV32000 HV;p a HV;o B HV;p K HVys y Vi Vk Vy Wab
CW510L / Cu42Zn 141,6 + 5,0 133,8 + 3,5 179,9 £ 1,2 - - 0,50 — - 165
CW614N / Cu39ZnPb3 138,9 + 2,5 124,5 + 5,5 171,4 + 15,8 - - 0,23 - - 151
CW732R / CuZn41Mg 167,4 + 3,7 130,2 + 2,9 171,9 + 6,6 - - 0,55 - - 190
CW724R / CuZn21Si3P 207,6 £ 5,4 168,7 + 15,6 — 260,9 + 22,5 440* - 0,21 0,0047 233

* Data from[18].
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Fig. 5. Representative images of chip morphology produced according to roughing conditions for (a) CW510L alloy; (b) CW614N alloy, (c) CW732R alloy, (d)

CW724R alloy.

similarities to those of the rough machining tests (see Fig. 5b). Finally,
alloy CW724R shifted to a semi-continuous helical chip morphology.

At higher magnification, the saw-tooth appearance of the chips
showing the distinct shear bands was still clearly visible, despite the
shorter values of depth of cut and feed adopted. However, the average
pitch distance revealed to be more alloy-dependent, increasing with the
order: CW614N, CW732R, CW510L, CW724R.

The saw-tooth appearance of the chips, also identified as segmen-
tation in the literature, highlighted in Figs. 5 and 6 is clearly confirmed
by the images collected in Fig. 7 showing the sectioned chip samples
created under roughing and finishing conditions. Such chip sections
additionally allow observing the distorted microstructure and the main
shear planes responsible for chip formation during cutting. The highest
amount of shear deformation is observed at the chip bottom surfaces
owing to the sliding action with friction against the tool rake face. The
comparison among the materials machined under roughing conditions
(Fig. 7, left-hand images) indicates that the CW724R alloy undergoes

only limited shear along the tool-workpiece sliding interface, presum-
ably due to its higher hardness, whereas all the other alloys exhibit
extensive deformation of their microstructural constituents within a
layer of approximately 20 um beneath the exposed surface.

The morphology of the chips along the free surface opposite the
tool-chip sliding interface provides insight into the chip-breaking
mechanisms of the investigated alloys. Examination of the rough-
machined, sectioned chips indicates that the CW510L and CW732R al-
loys (Fig. 7a and 7c, respectively) develop only limited visible shear
bands, consistently with their predominantly continuous chip
morphology. Deformation tends to localize at the boundaries between
the a-p islands, although fracture of single-phase domains is not un-
common. In contrast, chip formation in the CW614N alloy (Fig. 7b) is
strongly governed by the presence of the Pb globules, as expected. Fis-
sures extending through the entire chip thickness, along with extensive
cavitation, are clearly visible and are presumably initiated by the soft Pb
particles during deformation. The Si-bearing CW724R alloy exhibits
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Fig. 6. Representative images of chip morphology produced according to finishing conditions for (a) CW510L alloy; (b) CW614N alloy, (c) CW732R alloy, (d)

CW724R alloy.

deep cracks and localized shear bands traversing the microstructure
along sharp, well-defined paths, without any marked indication of
preferential propagation routes. This behaviour is likely dictated by the
apparent brittleness of the alloy subjected to the stress field generated
ahead of the deformation zone by the cutting tool. These observations
can largely be extended also to the chips produced under fine-turning
conditions. However, it is worth noting that the CW724R alloy dis-
played comparatively fewer cracks and reduced microstructural distor-
tion within the deformed chips, consistent with the transition from a
discontinuous to a continuous chip morphology (compare Fig. 5d and
6d).

Finally, Fig. 8 presents a set of representative images of the machined
surfaces. As expected, the surface morphology is primarily governed by
the selected machining parameters. The pitch distance between adjacent
grooves corresponds to the applied feed rate, 0.2 and 0.1 mm/rev for
roughing and finishing operations, respectively. At a finer scale, exten-
sive smearing of the material exposed on the cut surface can be observed

within the grooves. The longitudinal striations resulting from tool-tip
imperfections are generally continuous. The only exception is alloy
CW614N (Fig. 8b), which exhibits stepped and irregular features which
are assumed to be connected to the repeated chip-breaking and sepa-
ration events induced by the presence of the Pb particles. The surface
roughness values measured along the bar axis after turning are reported
in Table 4. For the alloys considered in this study, modifications in
chemical composition and resulting microstructure appear to have a
limited influence on surface roughness, whereas machining conditions
play a dominant role. A possible exception is observed for the CW724R
alloy, which exhibited slightly higher roughness under roughing con-
ditions, likely due to the onset of mild vibrational effects during
machining.

4. Discussion

Machining by chip removal remains one of the most widely
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Fig. 7. Optical microscope images of sectioned chips produced according to roughing (left) and finishing (right) turning conditions for (a) CW510L alloy; (b)

CW614N alloy, (c) CW732R alloy, (d) CW724R alloy.

employed methods for shaping mechanical components. It is well known
that machining operations producing long, continuous chips are unde-
sirable since such chips may entangle around the workpiece or tool,
raising safety concerns for operators and potentially damaging the
machined surfaces. Conversely, the extremely fine fragmented chips
produced by lead-bearing alloys are also not ideal in industrial envi-
ronments, as they may become airborne and be inhaled. In addition, fine
chips tend to disperse and accumulate within machine components,
leading to malfunctions, particularly in electrical systems and electronic
circuits [15]. Therefore, strict control of chip morphology and frag-
mentation mechanisms via machining parameters, tool geometry, and
alloy microstructure, is essential for ensuring efficient and safe

manufacturing conditions. Both the literature and the results presented
in this work clearly indicate that improved chip fragmentation in brasses
is promoted by the severe shear strain developing in the cutting region,
by the localization of deformation along specific shear bands induced by
the dual-phase o + p microstructure, and by the presence of Pb globules,
which introduce microstructural discontinuities that facilitate crack
nucleation [15,18].

Alternative approaches in lead-free brasses rely on generating hard
and brittle constituents capable of disrupting matrix continuity, thereby
assisting chip breakage. In the alloys investigated here, this was ach-
ieved either through a dispersion-strengthening mechanism in CW732R,
where Mg(Cu,Zn), particles precipitate within the p phase, or through
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Fig. 8. Morphology of the machined surfaces of samples produced according to roughing (left) and finishing (right) turning conditions for (a) CW510L alloy; (b)

CW614N alloy, (c) CW732R alloy, (d) CW724R alloy.

Table 4
Roughness values obtained in roughing and finishing turning on the tested
alloys.

Alloy Ra (pm) roughing Ra (pm) finishing
CWS510L / Cu42Zn 2.80 0.60
CW614N / Cu39ZnPb3 2.66 0.55
CW732R-DW / CuZn41Mg 2.63 0.64
CW724R / CuZn21Si3P 3.49 0.77

the addition of Si, which stabilizes the K and y phases, both significantly
harder and more brittle than the § phase in more conventional brasses.

Although machinability improvements are always dependent on
specific machining conditions and parameters, the turning tests carried
out in this study demonstrated that according to a chip control
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criterium, CW614N and CW724R alloys feature the formation of
discontinuous and short chips. Chip morphology and fragmentation
behavior can indeed be tailored by the aforementioned strategies. In
particular, the brittle phases formed via Si addition were highly effective
in promoting chip fragmentation during rough turning (Fig. 5d and 7d),
whereas fine turning resulted in the formation of semi-continuous he-
lical chips.

The Mg-bearing CW732R alloy, despite its higher hardness and
larger fraction of the p phase (Table 2), exhibited a chip morphology
broadly comparable to that of the CW510L alloy under the machining
conditions adopted in this study. Nevertheless, previous investigations
have shown that alternative turning regimes can significantly reduce
cutting forces and promote the formation of short tubular chips [22,23].

Across all the investigated materials, a clear trend was observed:
transitioning from finishing to roughing conditions (i.e., increasing feed
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and depth of cut) promoted the formation of more fragmented chips (see
the comparison between Fig. 6 and Fig. 5). In line with this trend, it is
reasonable to hypothesize that a further increase in the material removal
rate—achieved by increasing feed and/or depth of cut—may also induce
the expected transition toward shorter, more discontinuous chips in the
CW732R alloy.

Therefore, the present results only appear to contradict the prom-
ising machinability reported for similar Mg-bearing brasses in the
literature, further confirming that machinability assessments are
strongly dependent on the specific processing conditions. In this context,
SeuB and co-authors investigated the machinability and other relevant
properties of a Mg-bearing CW732R alloy and reported good machin-
ability, even without or with only minor adjustments to the cutting
parameters. For completeness, they also noted that, in grooving opera-
tions, the use of appropriate tools equipped with chip-breakers is
advisable [23]. Overall, these findings confirm that the microstructural
design of free-machining alloys must be closely tailored to the specific
chip-removal technology and machining parameters employed. In
principle, the microstructure-governed shear mechanisms that rule chip
formation are expected to qualitatively hold across all machining pro-
cesses based on similar chip-generation architectures (e.g., turning,
drilling, and milling). Turning is the process that most closely approxi-
mates the ideal conditions of orthogonal cutting. For this reason, it was
selected as the machining technology for the present investigation.
However, it is well established that even minor variations in tool ge-
ometry, cutting parameters, lubrication conditions, and system stiffness
can lead to significant quantitative differences in machining perfor-
mance. In the case of milling, the most important distinction lies in its
discontinuous nature, which inherently leads to chip segmentation.
This, together with the resulting differences in thermal behaviour,
makes it more complex to predict the response of the tested alloys. As for
drilling, the process involves a different geometry and more complex
thermal conditions, further complicating the quantitative extension of
the obtained predictions.

Considering surface topology, Fig. 8 proposes a comparison of the
surface aspect left after machining of the investigated alloys. The
representative SEM images of the machined alloys highlight a compa-
rable macroscopic texture of the surfaces, as ruled mainly by the
machining parameters. A further interesting aspect specific for the
machined CW614N alloy, consists in the presence of periodic striations
or steps perpendicularly oriented to the kerf created by the tool (see
Fig. 8b). These striations are supposed to be generated by the abrupt
chip fracture induced by the dispersion of Pb particles. The assumption
is also supported by the comparable distance among these striations and
the shear band spacing depicted in Fig. 7b. Somehow, the good
machinability of this alloy is related to the chip breakage that also leaves
a signature on the surface.

Finally, a side effect of introducing hard constituents in these lead-
free alloys is the increased abrasiveness toward cutting tools. The
abrasiveness estimates reported in Table 3 confirm that CW732R alloy
and CW724R alloy are expected to impose a greater demand on tool
wear resistance. On the positive side, these hard constituents also
contribute to the strengthening of the alloys. Although a detailed anal-
ysis of mechanical properties is beyond the scope of the present work,
several studies have reported strength data of lead-free brasses, for
example [12,13,17,18] for Si-bearing alloys and [21,23] for Mg-bearing
ones. All published data consistently indicate increased ultimate tensile
strength and yield strength compared with both the standard CW510L
alloy and the lead-bearing CW614N alloy, with only a modest reduction
in fracture elongation.

5. Conclusions
Lead-free brasses with enhanced machinability belonging to the

Cu-Zn-Si (CW724R) and Cu-Zn-Mg (CW732R) alloy systems were
investigated and compared with the more conventional CuZn42
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(CW510L) and CuZn39Pb3 (CW614N) brasses. The analysis of the
microstructure-related mechanisms responsible for the machinability of
these alloys led to the following conclusions.

- Thermo-Calc simulations combined with microstructural in-
vestigations revealed that in CW510L and CW614N alloys the pri-
mary p phase forms upon solidification, followed by partial solid-
state transformation into the FCC o phase. In the lead-bearing
CW614N alloy, the low-melting Pb separates from the Cu-rich ma-
trix during solidification and enters the solid state at temperatures as
low as 327.5°C. The Mg-bearing CW732R alloy develops a similar o
+ B microstructure, with additional precipitation of sub-micrometric
Mg(Cu,Zn), particles within the § grains. In the CW724R alloy, the
combined effects of Si and Zn suppress the formation of the p phase in
favour of the K phase (nominal stoichiometry CugZn,Si), along with
limited fractions of y phase segregated at grain boundaries.

- The introduction of Mg- and Si-bearing phases in CW732R and
CW724R alloy, respectively, increases the hardness contrast among
microstructural constituents, which is assumed to enhance machin-
ability by promoting chip discontinuity. An abrasiveness parameter
toward cutting tools was estimated for these multiphase alloys,
suggesting a moderate increase in expected tool wear compared with
the reference lead-free alloy.
Chip morphology analyses under both roughing and finishing con-
ditions elucidated the dominant chip-formation mechanisms. As
expected, the reference lead-free CW510L alloy produced semi-
continuous chips during rough turning and continuous curled chips
during finish turning. In contrast, the benchmark lead-bearing
CW614N alloy consistently generated tightly curled, fragmented
tubular chips. The Mg-bearing CW732R alloy, despite a higher
hardness of the p phase due to submicrometric precipitates exhibited
semi-continuous chips under the rough turning and continuous
curled chips under the finish turning conditions here investigated.
Finally, the CW724R alloy, which exhibited the largest hardness
increase due to the presence of Si-containing phases, produced
discontinuous chips during rough turning and semi-continuous chips
during finish turning.
Metallographic examination of chip cross-sections provided further
evidence of the underlying chip-formation mechanisms. In CW510L
and CW732R alloys limited evidence of shear bands was noted,
consistently with their predominantly continuous chip morphology.
Deformation localized at the boundaries between the o—f islands,
although fracture of single-phase domains was not uncommon. In
CW614N alloy, chip formation was strongly influenced by fissures
initiating at Pb globules and propagating across the entire chip
thickness. The Si-bearing CW724R alloy exhibited segmented chips
with deep cracks and localized shear bands crossing the micro-
structure along sharp and well-defined paths, without any clear
indication of preferred propagation routes.
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