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1. INTRODUCTION

Aluminum brass alloys are utilized in water distri-
bution systems, seawater services, manufacturing of 
condensers and heat exchangers due to their excellent 
resistivity to oxidation and corrosion [1, 2]. Moreover, 
aluminum addition can lead to a decrease in the oxi-
dation of zinc during casting due to the formation of 
a protective oxide layer on the surface of the melting 
brass [3]. The Cu-Zn-Al alloys are also well-known 
for their shape memory effect, excellent electric per-
formance, appropriate heat conductivity, and easy 
manufacturing. They have the potential for use in the 
biomedical, automotive, aerospace and microsystems 
industries [4-6]. 

Lead is added to brasses to improve their machin-
ability through a reduction in cutting force and better 
chip breakage [7]. This element, however, is toxic and 
harmful to human health. Silicon has been introduced 
as a substitute for Pb in brass alloys [8-10] since var-
ious pieces of legislation have been validated to pro-
hibit or decrease the consumption of lead in different 
countries and for different applications. 

Brass systems that contain �+ß’ phases in their mi-
crostructures are called duplex brasses. It is believed 
[11, 12] that an increase in the percentage of the ß’ 
phase (which has an ordered body-centered cubic 
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(BCC) structure) in the microstructure can lead to an 
improvement in the machinability of the alloy. Sev-
eral researchers have made efforts to augment the ß’ 
phase fraction in the microstructure to produce lead-
less free-cutting brasses by the addition of Si [11, 13], 
Sn [14] or heat treatment regimens [12]. Vilarinho et 
al. [15] observed that the addition of Al to a 60Cu-
40Zn brass caused the cutting and feed forces to in-
crease due to an increase in the fraction of ß’ phase in 
the microstructure. They also found that the ß’ phase 
can aid chip fragmentation only if the lead is present 
in the microstructure. This conclusion was in contrast 
to prior viewpoints [11-13]. 

Machining is one of the manufacturing processes 
that is affected by the properties of the workpiece ma-
terial and cutting conditions (cutting speed, feed rate 
and depth of cut) [16]. In this paper, the effect of the 
addition of Al and Si on the microstructure, mechani-
cal properties and machinability of 65Cu-35Zn brass 
is investigated. More specifically, the role of ß’ phase, 
hardness, UTS and toughness in the machinability of 
Al and Si brass samples have been studied. 

2.EXPERIMENTAL PROCEDURE

Brass alloys with 0, 0.83, 1.87, 2.28 and 3.62 
wt% Si or 0, 1.89, 3.65 and 4.72 wt% Al were pre-
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pared in a resistance-heated furnace by adding high 
purity commercial Si and Al to 65Cu-35Zn alloy. 
The alloy was melted and heated to 1020 °C while 
covered with borax �ux to prevent the oxidation of 
zinc during the process. The liquid alloys were then 
poured into cylindrical sand molds with a height of 
200 and a diameter of 30 mm and were allowed to 
solidify and cool to room temperature. The compo-
sition of the resulting alloys, determined by mass 
spectroscopy, is shown in Table 1.

A specimen was cut from the bottom of each 
casting and was ground carefully to obtain a �at 
surface. The specimens cut from samples B, S1, S2, 
S3, and A1 were electro-polished (15 s at 27 V) and 
electro-etched (4 s at 1 V) with standard phosphoric 
acid using a Struers LectroPol-5 device. The speci-
men from sample S4 was ground, polished to 1 µm 
and etched using 2 vol% Nital etchant. Samples A2 
and A3 were ground, polished to 1 �m and etched 
by 2.5 g Fe

2
O

3
 + 25 mL HCl + 50 mL H

2
O. 

In order to identify the phases formed during the 
solidification, X-ray diffraction (XRD, Xpert) was 
conducted. Microscopic investigations were carried 
out using a LEICA DMLM light optical micro-
scope and a Camscan scanning electron microscope 
(SEM) fitted with an Oxford Inca EDX for micro-
analysis. Determination of the phase fractions was 
carried out using ImageJ 1.50f software. A linear in-
tercept method was used on the optical micrographs 
to estimate the average grain size.

The Vickers micro-hardness test (MH3 mi-
cro-hardness tester) was utilized in order to determine 
the hardness of each phase in different samples. Mi-
cro-hardness tests were measured under a load of 50 
mg for 15 s. The macro-hardness of the whole of the 
sample was also measured using the Brinell hardness 
method under a load of 62.5 kN for 60 s. 

Tensile testing of the alloys was carried out using 
a GOTECH GT-7001-LC tensile test machine in ac-
cordance with the ASTM E8 standard [17] at ambient 
temperature. The tensile specimens were round with a 
diameter of 6 mm and a gauge length of 30 mm and 
were tested with a uniform rate of 5 mm min-1. The 
data were collected in the form of load-extension and 
were then converted into engineering stress-strain 
curves using standard equations.

A TN50A lathe machine was used for the ma-
chining operation. The machining tests were carried 
out using no lubricant and DNMG 150608-PM in-
serts with the grade of YBC351. The insert is in-
dexed based on ISO 1832. The cutting forces (i.e., 
main cutting force, thrust force, and feed force) were 
measured by a piezoelectric dynamometer KIS-
TLER 9257B. The experiments were conducted at 
a feed rate of 0.11 mm rev-1, cut depth of 0.5 mm 
and various cutting speeds of 33.4, 47, 66.8 and 94 
m min-1. The experiments were repeated three times 
for each machining condition. All tests were carried 
out under the rake angle of 0o. 

3.RESULTS

3.1.Microstructural Analysis and Phase Characterization  

Fig. 1a shows the microstructure of the base yel-
low brass (sample B). The lighter and darker phases 
were identified by the XRD pattern shown in Fig. 2a 
to be � and �’, respectively. The � phase was a solid 
solution of Zn in Cu with a face-centered cubic (FCC) 
structure, and �’ was an ordered intermetallic com-
pound with an approximate stoichiometry of CuZn 
which formed from the disordered � when the alloy 
was cooled below 460 °C [18]. Fig. 1b shows a high-
er magnification of this sample which demonstrates 

Table1. Chemical composition of the as-cast samples

Sample Cu Zn Si Al Ni Fe Pb

B 65.4 34.52 0 0 0.04 0.02 0.02

S1 66.07 33.01 0.83 0 0.05 0.02 0.02

S2 64.97 33.07 1.87 0 0.05 0.02 0.02

S3 64.69 32.94 2.28 0 0.05 0.02 0.02

S4 64.34 31.96 3.62 0 0.03 0.03 0.02

A1 62.92 35.1 0 1.89 0.04 0.03 0.02

A2 61.01 35.26 0 3.65 0.04 0.03 0.01

A3 60.54 34.66 0 4.72 0.04 0.03 0.01
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Fig. 1. Optical micrographs of the Si alloyed samples: (a) base metal, (b) higher magnification of  

(a), samples (c) S1 (0.83 Si), (d) S2 (1.87 Si), (e) S3 (2.28 Si) and (f) S4 (3.62 Si)

Fig. 2. XRD patterns obtained from samples (a) B, (b) S1, (c) S2, (d) S3 and (e) S4
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the � phase has nucleated in the � matrix at the grain 
boundaries, preferably at grain edges (three-grain 
junctions). The microstructure of sample S1 (contain-
ing 0.83 wt% Si) is shown in Fig. 1c. The � and �’ 
phases formed a typical basket-weave microstructure. 
The XRD peaks corresponding to the �’ phase ob-
tained from this sample (shown in Fig. 2b) became 
larger than those obtained from sample B.

The microstructures of samples S2 and S3 (with 
Si content of 1.87 and 2.28 wt%, respectively) are 
shown in Figs. 1d and 1e, respectively. The XRD 
spectra obtained from these two samples, shown in 
Figs. 2c and 2d, respectively identified the lighter and 
darker phases in Fig. 1d to be � and �’, respectively. In 
Fig. 1e, the small needle-like phase was identified to 
be � which nucleated at the boundary of the �’ grains. 
The XRD spectra also showed that the intensity of the 
� phase decreased as the Si content of the alloy in-
creased. The � phase had a Widmanstätten morphol-
ogy in these two samples. The Widmanstätten precip-
itates had an intergranular morphology in sample S2 
while they formed a needle-like structure at the grain 
boundaries in sample S3. More specifically, in sam-

ple S2 the Widmanstätten � plates nucleated and grew 
both at the grain boundaries and inside the grains (Fig. 
1d), whereas in sample S3 this phase (which formed 
about 29% of the microstructure) was observed only 
at the grain boundaries (Fig. 1e). 

Figs. 1f and 2e show the microstructure and the 
XRD spectrum, respectively, obtained from sample 
S4, which had a high Si content of 3.62 wt%. This mi-
crostructure consisted of globular � phase dispersed 
almost homogeneously in the �’ matrix. The � phase 
was an intermetallic with a stoichiometric formula of 
Cu5Zn8 [19].

The micrograph of sample A1 with 1.89 wt% Al 
containing Widmanstätten precipitates with intergran-
ular morphology and the XRD pattern of the sample 
are depicted in Figs. 3a and 4a. The Widmanstätten 
structure contained randomly oriented plates. Such 
microstructure has been observed previously [20].

Microstructures of the alloys containing 3.65 and 
4.72 wt% Al (samples A2 and A3) contained ß’ phase 
with a hexagonal structure (Figs. 3b and 3c). The 
XRD patterns obtained from these samples are also 
illustrated in Figs. 4b and 4c.

Fig. 3. Optical micrograph of the Al alloyed samples (a) A1 (1.89 Al), (b) A2 (3.65 Al), and (c) A3 (4.72 Al)

Fig. 4. XRD patterns obtained from samples (a) A1, (b) A2 and (c) A3
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The effect of Si and Al on the fraction of 
phases formed during the solidification is summa-
rized in Figs. 5 and 6, respectively. The fraction of 
� phase decreased and that of �’ phase increased 
as the concentration of Si in the alloy increased 
from 0 to 2.28 wt%. The fraction of � phase de-
creased to zero and that of � phase increased to 
68% when the Si content of the alloy increased 
to 3.62 wt% (sample S4). Adding 1.89 wt% Al to 
the base brass (sample A1) increased the �’ phase 
fraction from 15 to 57% and when the concentra-
tion of Al increased to 3.65 (sample A2) or higher 
(sample A3) the whole of the microstructure con-
sisted of �’ phase.

Fig. 5. Effect of Si on the fraction of phases formed during 

solidification 

Fig. 6. Effect of Al on the fraction of phases formed during 

solidification

The effect of Si and Al content on the average 
diameter of the grains (ADG) is shown in Figs. 7 
and 8, respectively. For silicon brass alloys, the 
ADG showed a rapid decrease from about 57 µm 
to about 11 µm as the Si content of the alloy in-
creased from 0 to 1.87 wt%. A further increase in 
the Si content caused this parameter to increase 
again to about 20 µm for the alloy that contained 
3.62 wt% Si. For aluminum brass alloys, the ADG 
decreased with the addition of 1.89 wt% Al. The 
single-phase samples A2 and A3 showed an in-
crease in their ADG to about 294 and 341 µm, 
respectively.

Fig. 7. Effect of Si addition on the average diameter of 

grains for Si-added samples

Fig. 8. Effect of Al addition on the average diameter of 

grains for Al-added samples 
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3.2. Mechanical Properties

The data obtained from the hardness tests 
are shown in Fig. 9. The hardness of the base 
brass was 76 HB, which increased almost lin-
early to about 293 HB (almost four folds) as 
the Si content of the alloy increased from 0 
to 3.62 wt%. The increase in the Al content 
of the alloy also increased the hardness of the 
samples with an almost linear trend, but with 
a more gradual slope. The hardness increased 
to about 142 HB as the Al content of the alloy 
increased to about 4.72 wt%.

Fig. 9. Effect of Al and Si on the Brinell hardness of the 

alloyed brass samples

The hardness of each phase for samples 
containing various amounts of Si and Al is 
shown in Fig. 10. It is obvious that the hard-
ness of the various phases is quite different. 
The hardness of �’ phase (118 – 187 HV) 
was more than that of � (75 – 100 HV) and 
� was measured to be the hardest phase (454 
HV). This Figure also shows that the hard-
ness of � and �’ phases increased as the Si 
or Al content of the alloy increased. Howev-
er, compared to Al, the addition of Si had a 
more dramatic effect on the increase in the 
hardness of the phases.

 

Fig. 10. Effect of Si and Al addition on the internal 

hardness of each phase 

The effect of Si and Al addition on the ultimate 
tensile strength (UTS), elongation, toughness and 
yield stress of the samples is depicted in Fig. 11. 
The addition of Si up to 1.87 wt% caused the UTS 
of the sample to increase from 302 to 508 MPa. 
This mechanical property decreased sharply when 
more Si was added to the alloy and reached to 110 
MPa for sample S4 which contained 3.62 wt% Si. 
The addition of Al to the base brass, up to 3.65 
wt%, caused the UTS of the sample to increase al-
most linearly from 302 to 594 MPa and remained 
almost the same when the Al content increased to 
4.72 wt%. The trend in the change of yield stress 
with the addition of Si and Al on the yield stress of 
the alloy was the same as that of UTS.  

The elongation of the samples decreased as the 
concentration of Si (up to 2.28 wt%) or Al (up to 
3.65 wt%) in the alloy increased. This property 
did not change significantly when more Si or Al 
was added to the alloy. Compared to Al, the rate 
of decrease in the elongation of the samples was 
more dramatic when Si was added to the alloy. 
The toughness of the alloy did not change signifi-
cantly up to 0.83 wt% Si or 1.89 wt% Al. This 
property decreased sharply when more Si or Al 
was added to the alloy, up to 2.28 and 3.65 wt%, 
respectively, but did not change significantly 
again when the concentration of these two alloy-
ing elements increased further. Similar to the case 
of elongation, compared to Al, the addition of Si 
had a more significant effect on the decrease in the 
toughness of the alloy.
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3.3. Machinability Investigations

The effect of cutting speed on the cutting force 
components (main cutting force, thrust force and 
feed force) of different samples with various con-
centrations of Si and Al is shown in Figs. 12 and 
13, respectively. The addition of Si, up to 1.87 
wt%, caused the main cutting force for all cut-
ting speeds to decrease. This parameter increased 
again when more Si (up to 3.62 wt%) was added 
to the alloy. Sample S4 with 3.62 wt% Si caused 
the main cutting force to be less than that of the 
base metal only at cutting speeds of 47 m min-1 or 
lower. The main cutting force stayed at the same 
level as the cutting speed variation for samples S2 
and S3 with 1.87 and 2.28 wt% Si, respectively. 
Additions of Si to the base brass resulted in an 
increase in the thrust and feed forces in all cut-

ting speeds. These two forces increased further as 
more Si was added to the alloy.

Among the Al-added samples, sample A1, 
with 1.89 wt% Al, was the only sample that 
showed the main cutting force lower than that of 
the base brass. Samples A2 and A3, which had mi-
crostructures consisting of only �’ phase, required 
relatively high main cutting forces during the ma-
chining. The main cutting force for samples B, A2 
and A3 decreased as the cutting speed increased, 
whereas this parameter increased in sample A1 
with an increase in cutting speed. 

The thrust and feed forces showed a small 
increase when 1.89 wt% Al was added to the 
alloy. In samples formed by single �’ (i.e., 
samples A2 and A3) the thrust and feed forces 
increased significantly compared to those of 
samples B and S1. 

Fig. 11. Effect of Si and Al content on the (a) UTS, (b) elongation, (c) toughness and (d) yield stress of the samples
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Fig. 12. Variation of cutting forces with cutting speed for 

Si-added samples

Fig. 13. Variation of cutting forces with cutting speed for 

Al-added samples
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Fig. 14 shows the SEM micrographs of the 
chips obtained from machining samples S1 and 
S2 with a cutting speed of 94.2 m min-1. Both 
chips had saw-teeth morphology. The teeth of the 
chips from sample S1 were less regular than those 
of sample S2. Moreover, during the machining, 
the chips from sample S2 were observed to break 
more easily than those of sample S1. 

The micrographs of the chips obtained from 
sample A1 at cutting speeds of 33.4 and 94.2 m 
min-1 are shown in Fig. 15. At a cutting speed of 
33.4 m min-1, the morphology of the chips became 
serrated along the free side. However, at a cutting 
speed of 94.2 m min-1, the chips became more 
continuous during the machining operation. 

Fig. 14. SEM micrographs of the chips obtained from 

machining with a cutting speed of 94.2 m min-1 from (a) 

sample S1 and (b) sample S2

Fig. 15. SEM micrograph of the chips obtained from 

sample A1 machined with a cutting speed of (a) 33.4 and 

(b) 94.2 m min-1

4. DISCUSSION 

The main cutting force is the most important 
force component during turning operation. This 
force spends most of the cutting power since most 
of the relative motion of the tool and the work-
piece is in the direction of cutting. There is no 
movement in the direction of the thrust force and 
the movement in the direction of the feed force 
is negligible compared to the cutting direction. 
However, thrust and feed forces cause the tool to 
bend and torsional moments to occur during the 
machining. These forces, therefore, can induce 
shear stresses in the tool and affect its life.

(a)

(a)

(b)

(b)
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Machining operations bring about high strain 
rates in the range of 103-107 s-1. At these high 
strain rates, the velocity of dislocations through-
out the lattice and the density of these defects 
increase, resulting in a significant increase in the 
temperature [21]. In this case, no heat can transfer 
in a short time and material starts to deform local-
ly in narrow bands which are known as adiabatic 
shear bands [22].  

The source of the shear localization is the pres-
ence of inhomogeneity in the microstructure of 
the material, which can result in the non-uniform 
generation of stress and strain during deformation 
[23]. The inhomogeneity in the microstructure 
arises from the presence of particles of a sec-
ond phase, the inclusion-matrix interface, grain 
boundaries [24] and bifilms produced during cast-
ing operation [25]. These irregularities in the mi-
crostructure can give rise to stress concentration 
and void formation. 

Under severe dynamic loading, the voids grow 
and coalesce along with the shear bands inducing 
void sheets [24]. Having reached a critical value, 
the void sheets lead to micro-cracks aligning in 
the direction of shear [26]. Depending on the na-
ture of the material and the intensity of the com-
pressive stress exerted by the tooltip, micro-cracks 
can display two behaviors: 1) propagate and con-
nect with each other causing fracture to form on 
the free side of the chips and the formation of cat-
astrophic shear chips (see Figs. 14b and 15a) or 
2) to be closed by high compressive stress formed 
from the tooltip or locally welded due to the high 
heat generation, causing the formation of continu-
ous chips (see Figs. 14a and 15b) [26, 27]. 

Besides the presence of shear bands, the brit-
tleness of the material can play an important role 
in the machinability of metals. The concentration 
of elements added to samples S2 and A1 was al-
most the same (1.87 wt% Si and 1.89 wt% Al, re-
spectively). However, Fig. 11c indicates that sam-
ple S2 (with the toughness of about 14 MJ m-3) 
was much more brittle than sample A1 (with the 
toughness of about 135 MJ m-3). The more fragile 
nature of sample S2 caused this sample to require 
a smaller main cutting force for machining com-
pared to sample A1 (an average of about 62 and 
73 MPa, respectively (see Figs. 12a and 13a). 

The cutting speed also in�uences the fractur-

ing tendency of the material. The chips obtained 
from samples A1 and S1 showed better fracturing 
behavior (i.e., less main cutting force required) at 
lower cutting speeds (Figs. 12a and 13a). These 
two samples had similar hardnesses (Fig. 9) and 
very close ultimate tensile stresses, elongations 
and toughnesses (Fig. 11). They also showed a 
similar trend in terms of the main cutting force 
required during machining with cutting speed 
variation (see Figs. 12 and 13). Samples A2 and 
A3, which formed from a single �’ phase, could 
behave more homogeneously under deforma-
tion due to the lack of the presence of the second 
phase particles. They had a low potential for the 
void formation and fracturing. However, at high 
cutting speeds, which is equivalent to high strain 
rates (due to faster material deformation), more 
shear bands could form and thus thermal soften-
ing could take place, which in turn resulted in a 
decrease in the main cutting force needed for the 
machining of these samples.

Thermal softening was also observed in sam-
ple B. In this sample (with 15% �’), the �’ phase 
nucleated and grew only at the � grain boundaries 
(see Figs. 1a and 1b). Therefore, the homogeneity 
of the microstructure was higher than that of sam-
ples S1 and A1. For these two samples, the second 
phase (�’) nucleated and grew both at the grain 
boundaries and the interior of the grains, creating 
more interfaces between the phases.

Widmanstäetten structures have low toughness 
and cause the microstructure to become brittle 
[28]. The � phase in sample S2 had an intergran-
ular Widmanstäetten structure (see Fig. 1d) and 
hence had a lower toughness compared to sam-
ple S1 which had a basket-weave microstructure 
of � + �’, Fig. 1c (about 14 and 135 MJ m-3, re-
spectively, see Fig. 11c). The deterioration of me-
chanical properties became more severe when the 
Widmanstäetten structures nucleated and grew 
along the grain boundaries [29].

It has also been said that the critical strain for 
beginning the formation of shear bands is less for 
lamellar microstructures compared to single phase 
microstructures [30]. Samples S2 and A1 were 
formed from Widmanstäetten � plates in �’ matrix 
and had lamellar microstructures. This kind of mi-
crostructure is more sensitive to the formation of 
shear bands, which can lead to a low main cutting 
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force, especially at low cutting speeds.
The results of this study showed that sample 

S3, with Widmanstäetten needles along the grain 
boundaries, had better machinability compared 
to the base alloy which had no Widmanstäetten 
structure. 

According to the data of this research, the im-
provement in machinability of the Si alloyed sam-
ples could continue up to a Si content of 1.87 wt% 
in which the UTS had the highest value. Past this 
critical concentration, the machinability became 
worse due to a drop in the UTS of the material. 
Increasing hardness led to a decrease in the main 
cutting force up to 146 HB. After this point, the 
increase in the hardness of the material could not 
help the machinability due to a decrease in the 
UTS. 

It is suggested in the literature [15, 31] that 
the �’ phase enhances the breakage of chips and 
improves machinability. This research, however, 
found that the percentage of �’ phase in the mi-
crostructure is not the only structural factor af-
fecting machinability. Samples A2 and A3, which 
consisted of only �’ phase, required higher main 
cutting forces, thrust force and feed force for ma-
chining compared to sample A1 in which the �’ 
phase consisted about 58% of the microstructure 
(see Fig. 6). 

The results of this study suggest that not only 
the presence of brittle phases (such as �’ phase) in 
the microstructure is essential for good machin-
ability, but also the morphology and hardness of 
the phases involved have a significant effect in 
this regard. For Si brass alloys, sample S1 con-
taining about 26% �’ phase and sample S4 con-
taining 32% �’ phase and 68% brittle � phase in 
their microstructures could not improve the ma-
chinability remarkably (see Fig. 12). However, 
samples S2 and S3 containing phases with Wid-
manstäetten morphologies improved the machin-
ability significantly. 

Overall, the authors believe that a fine-grained 
�+ß’ microstructure can achieve better machin-
ability due to the presence of more inhomogene-
ity in the microstructure which results in better 
fracturing behavior through the void formation 
mechanism. 

5. CONCLUSIONS

1. A duplex brass (obtained from both Si or Al 
addition) with randomly oriented � plates in �’ 
matrix was found to have better machinability 
compared to the other microstructures.

2. Both Si and Al initially enhanced the UTS and 
toughness of the brass samples, which led to 
an improvement in the machinability by re-
ducing the main cutting force required for ma-
chining. The role of Si in the reduction of the 
main cutting force and chip breaking was more 
significant than Al.

3. The results of this study suggest that not only 
the presence of brittle phases (such as �’ phase) 
in the microstructure is essential for good ma-
chinability, but also the morphology and hard-
ness of the phases involved have a significant 
effect in this regard

4. The addition of 1.87 wt% Si could decrease 
the main cutting force between 28-37 percent 
depending on the cutting speed. The positive 
role of Si continued to the point that UTS had 
the highest value.

5. The addition of 1.89 wt% Al decreased the 
main cutting force between 10-34 percent. The 
positive role of Al continued to the highest val-
ue of toughness of the alloy.
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