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1. Introduction 

Having good corrosion and wear resistance, electrical and 
thermal conductivity, and excellent antibacterial properties 
make brass alloys to be commonly used in industries, such as 
electric and electronic, automotive, and sanitary [1]. Most of 
the copper alloys including all types of brass contain Lead 
elements in their chemical composition. However, currently,
these alloys are permitted to have up to 4 %wt. of Lead element 
according to the directive on the restrictions of the use of certain 
hazardous substances, RoHS, and the directive on end-of-life 
vehicles, ELV, approved by the European parliament and 
council [2,3]. Since Lead is toxic even at low exposure levels 
and has been found to have acute and chronic effects on human 
health plants, animals, and micro-organisms [4]. Nonetheless, 
as the significance of sustainable production is turning out to be 

progressively perceived, further administrative activities and
restrictions could be anticipated in the future.

Although lead content is not preferred due to its negative 
effect on human health, from machining point of view, lead 
content helps machinability of brass alloy by substantially 
increasing chip breakability [5]. But in the meantime, 
researchers are trying to come up with optimized cutting 
parameters and conditions for lead-free and low-lead brass 
alloys.

Schultheiss et al. [5] focused on evaluating the machinability 
of leaded CuZn39Pb3 brass as compared to lead-free alternative 
CuZn21Si3P. An improved understanding of the difference in 
machinability was obtained by comparing the properties and 
behavior of these two materials in machining. Amaral et al. [1] 
investigated the machinability of three different brass alloys 
(leaded, medium-leaded, and minimally leaded) in external 
turning process with polycrystalline diamond inserts. They 
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Abstract

This study presents machining process and resulting surface integrity properties of brass alloys including leaded (CW617N), low-leaded 
(CW511L) and lead-free (CW724R). Experimental data on cutting forces and cutting temperatures are presented to assess machining of these 
alloys. Surface quality, subsurface microhardness and microstructures of machined brass alloys are considered to assess surface integrity 
properties. Higher subsurface deformation was observed in low-leaded and lead-free brass materials compared to leaded brass materials. This 
present study reveals that machining process results in deformation twinning on the surface and subsurface of specimens. The role of machining 
parameters on performance measures and surface integrity aspects is also presented in this work. This work illustrates that machining parameters 
have a notable effect on measured machinability outputs. It should be noted that lead content has a strong influence on surface integrity aspects 
including microhardness and twinning of machined brass alloys.
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focused on cutting forces, chip morphology, and surface 
roughness in their study. Their results demonstrated the 
decrease of machinability with the lead reduction, with higher 
cutting forces and longer chips. Taha et al. [6] studied the 
machinability of Pb-free brasses with Si from 1 to 4 %wt., 
which were prepared using Cu 60/Zn 40 and Cu 80/Si 20 Pb-
free master alloys. The machinability of the investigated alloys 
was tested based on cutting force, tool wear, surface roughness, 
and chip type. According to their results, increasing the silicon 
content results in increasing the tool wear by 140%, machined 
surface roughness by 25%, while the chip type changed from 
continuous to discontinuous type, and the cutting force was 
reduced by 50%. Nobel et al. [7] carried out an experimental 
investigation on the influence of material properties, lead 
content, and tool design on natural and forced chip formation, 
flow, and breakage in free orthogonal cutting of brass alloys 
including CuZn38As, CuZn41.5, CuZn21Si3P as well as lead 
contents (CuZn41.5 Pb=0.003–0.19 %). Zoghipour et al. [8] 
presented experimental results of the machining performance of 
lead-free, low-lead and leaded brass alloys in terms of cutting 
forces, surface roughness, and burr height during milling 
operations. Moreover, their study also takes the edge radius of 
cutting tools into account and its role in machining the 
performance. Empirical equations were derived to predict the 
machining behavior for each material. In another work [9], they 
studied drilling process of hot forged lead-free brass alloys by 
using a form cutting tool. They investigated the cutting forces, 
dimensional accuracy, and surface quality of the holes 
considering the tools with different geometries, feed rates, and 
rotational speeds on hot forged lead-free brass alloys with 
various copper content. Furthermore, artificial neural network
modelling, and genetic algorithm-based optimization methods 
have been used to predict and optimize the machining process 
and related responses. 

In this paper, both machining performance measures such as 
the cutting forces, cutting temperatures, and surface integrity 
aspects including surface quality surface and sub-surface, 
microhardness and microstructures have been extensively 
investigated during external turning of leaded (CW617N), low-
leaded (CW511L) and lead-free (CW724R).

2. Methodology

2.1. Materials and experiments

Three different types of brass alloys consisted of leaded 
CuZn40Pb2 (CW617N), low-lead CuZn38As (CW511L), and 
lead-free CuZn21Si3P (CW724R) with 35 mm diameter and 
250 mm length were used as workpiece in this work. The 
mechanical properties and chemical composition of the test 
materials are given in Table 1 and 2. The microstructural and 
phases of the mentioned materials are shown in Fig. 1. It is seen 
that CW617N and CW511L are composed of  and  phases, 
while CW724R is consisted of   and  The black spots on 
the CW617N are illustrative for the existence of Lead element.
Kistler dynamometer type 9129AA was deployed in order to 
measure the cutting forces at a sampling rate of 100 Hz for 25 
seconds.

Table 1. Chemical composition of the studied brass alloys [10]

Material Cu Zn Pb Si As P Sn Fe Ni Al

CW617N %Max 57.0 Rem. 1.6 - - - - - - -
%Min 59.0 Rem. 2.5 - - - 0.3 0.3 0.3 0.05

CW511L %Max 61.5 Rem. - - 0.02 - - - - -
%Min 63.5 Rem. 0.2 - 0.15 - 0.1 0.1 0.3 0.05

CW724R %Max 75.0 Rem. - 2.7 - 0.02 - - - -
%Min 77.0 Rem. 0.09 3.5 - 0.10 0.3 0.3

Table 2. Mechanical, physical, and microstructural properties of the studied 
brass alloys [10]

Material E(GPa) ρ (g/cm3) Structure Machinability
CW617N
CW511L
CW724R

96 8.43 + %95
100 8.25 + %80
100 8.41 ++ %40

To accomplish reliable results, two repetitions of tests were 
performed for each set of the chosen cutting parameters, and the 
average value of the measured main cutting force was 
considered in the assessments. The experiment parameters are 
illustrated in Table 3. Optris PI 400i thermal camera was used.

Fig. 1. Microstructure of (a) CW617N; (b) CW511L; (c) CW724R.

The integrity of the machined surfaces was evaluated by 
Keyence digital optical microscope and SEM (Scanning 
electron microscope). Optris PI 400i thermal camera was used 
for measuring the temperature with a rate of 80 frames per 
second. MHVD 1000 IS microhardness tester was used to 
measure hardness in accordance with ASTM E 384 standards
Micro-hardness tests were performed under 25 g applied load 
for 10 seconds. Surface roughness evaluations were performed 
by Mituoyo SV-3000 contracer.

Fig. 2. Experimental setup.
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Table 3. The cutting parameters used during the experiments

Vc (m/min) ap (mm) f (mm/rev) Cutting condition

200
1

0.1

Dry0.15

400 0.2
0.25

3. Results and discussion

3.1. Temperature

The temperature measurements during the machining 
process for the mentioned brass alloys at Vc=200 m/min are 
presented in Fig. 3. The variation of the temperature of the 
generated chips arising from the cutting process is illustrated as 
a function of feed rate and cutting speed in Fig. 4. The 
temperature was measured for CW511L as 191 °C and 212 °C, 
whereas the lowest one has been measured for CW617N as 
123 °C and 137 °C in 200 m/min and 400 m/min, respectively.
It is evident that the generated temperature has been boosted 
with the increase in feed rate and cutting speed. It is of interest 
to note that the addition of Lead element is considered as 
resulting in enhanced machinability through improving the 
chip breaking [5]. Thermal conductivity values of CW617N, 
CW511L, and CW724R are 113, 114, and 35 W/(m·K), 
respectively [10]. The generated chips of CW511L are long and 
lamellar. CW724R has smaller chips as compared to CW511L. 
In contrast, the chips of CW617N are discontinuous, short, and 
easily broken. Although, almost similar thermal conductivity 
values of leaded and low-lead brasses, the formation of chips 
has played a major role in the generated temperature on primary 
and secondary zones of the cut. Long and interbedded chips 
result in gathering of the material on the tip of the cutting tool 
and higher temperatures. Therefore, the convenient chip 
removal process, the more generated temperature is removed.

Fig. 3. Temperature measurements during external turning at Vc=200 m/min.

Fig. 4. Average cutting temperature; (a) Vc =200; (b) Vc =400 m/min.

3.2. Cutting Forces

The resultant cutting forces of the mentioned materials are
shown in Fig. 5. Average resultant force was observed in 
machining of CW511L as 396 N and 424 N for cutting speed 
of 200 and 400 m/min, respectively. However, the lowest 
values were measured for CW617N as 113 and 126 N. It is 
clear that the existence of Pb element results in lower cutting 
forces by keeping more lubricant on its surface helping in the 
reduction of the wear or friction during the contact. 

Fig. 5. Average resultant cutting forces; (a) Vc=200; (b) Vc=400 m/min.
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Moreover, with the increase of feed rate, the cutting forces have
also increased.  Notwithstanding the increase in cutting speed, 
the average resultant forces have not exposed serious variation 
in terms of the measured value. Furthermore, melting point of 
CW724R and CW511L are 750 and 900°C, respectively [10].
Therefore, softening during machining can be another reason 
for the lower cutting forces of CW724R with respect to 
CW511L. Additionally, this obtained result can be traced back 
to the silicon-rich κ-phase in the material’s microstructure. The 
κ-phase possesses a higher hardness than the α- and β-phase in 
silicon-free brasses, and, moreover, it has a BCC lattice 
structure as confirmation of [7] results.

3.3. Surface roughness

Fig. 6 demonstrates the surface roughness cross-area of the 
brass alloys with the standard Gaussian filter. The highest value 

of Rz is measured for CW617N as 10.3 μm at f=0.25 mm/rev 
and Vc=400 m/min. However, the lowest one is obtained for 
CW724R as equal to 2.7 μm at f =0.1 mm/rev and Vc=200 
m/min. From the figure, it can be deduced that, Rz values of 
machined surfaces increase with the raise in the Pb element in 
the alloying composition. In other words, an enhancement on 
the machined surface is obtained by decreasing the Lead 
percentage in terms of surface roughness. This can be attributed 
to the low solubility of Lead and segregation in the entire 
microstructure and grain boundaries. Moreover, low melting 
temperature, Tm = 327.5 °C leads to behaving as a lubricant 
during machining [11]. Furthermore, in spite the feed rate 
which has affected the Rz value, not a particular variation is 
observed with the change in cutting speed.

Fig. 6. Surface roughness of machined brass alloys at a) Vc=200 m/min and b) Vc=400 m/min.

3.4. Microhardness

Fig. 7 shows the microhardness variation of the machined 
sub-surfaces after turning operation. The highest hardness 
value was measured for the CW724L as 176 and 164 HV for 
200 and 400 m/min of cutting speeds, respectively. These 
values for CW511L were approximately 172, 154, and these 
were 128, 108 HV for CW617N at 200 and 400 m/min of 
cutting speeds. It is obvious that the hardness has increased 
37%, 84% and 49% as compared to as-received surface for 
CW617N, CW511L and CW724, respectively. Considering the 
effect of Pb content on surface and sub-surface hardness 
variation after machining, notable results are obtained. It 

should be noted that Pb content play a significant role on 
hardness increase on machined surface of brass alloy. Indeed, 
lead content directly impacts on machinability of these 
materials and thus hardness variation occurs on the machined 
surface. The higher Pb content, the lower hardness increase 
resulting from machining. These results show a good 
correlation with the resulting force results for brass alloys with 
various Pb content presented in the previous section of this 
paper. In general, it is observed that hardening occurs in all 
cutting conditions indicating that the surface of the material 
experienced intense work hardening achieved by plastic 
deformation. Furthermore, the hardness of the machined 
surface increases with the increase of feed rate because of 
raised contact area between the tool and material and generated 
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friction and increase of the material flow on the rake face of the 
tool and its consequences [12]. Increasing feed rate results in 
increased mechanical work and energy during the cutting 
process that eventually causes the increased rate of work 
hardening on the surface and subsurface of the specimen. This 
is the main reason for the increased hardness on the surface and 
subsurface of the specimen when machining them with the 
higher feed rate [12]. But dominant effects on hardness 
variation comes from Pb content of brass alloy as shown in 
Fig.7.

Fig. 7. Measured microhardness; (a) CW617N; (b) CW511L; (c) CW724R.

3.5. Surface and sub-surface microstructure

Fig. 8 represents the SEM images of leaded, low-lead, and 
lead-free brass alloys. From the images, it can be seen that the 
surface of all types of brasses has irregularities including 
hardening of the surface and subsurface along with 
deformation twinning. The low-lead and lead-free brasses have
strong directionality, and their surface is uniform and clearer 
compared to the leaded brass. In fact, corresponding to the 
machined surfaces of low-lead and lead-free brass alloys as 
compared to leaded ones, twinning is being nucleated and the 
work-hardening is very smooth as an indication of deformation 
twinning. Further research on the surface and sub-surface 
deformation and chemical analysis may clarify a brighten
hypothesis on the deformation type and shape.

Fig. 8. Surface microstructure; (a) CW617N; (b) CW511L; (c) CW724R.

4. Conclusion

The carried-out research formed fundamental knowledge on 
the generated temperatures, cutting forces, microhardness, 
surface and sub-surface microstructure of brass alloys 
considering the effect of Lead. A significant enhancement in 
chip breakability and decrease in cutting forces, generated 
temperature, surface, and sub-surface microhardness is 
obtained by the existence of Pb. Overall, replacing low-lead 
and lead-free with leaded brass alloys will bring about higher 
cutting forces, tool wear, power, and longer chips. In other 
words, the higher machining cost of the low-lead and lead-free 
brasses as compared to the leaded brass will be unavoidable.
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