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Abstract 
The objective of our study is to investigate the effect of rapid solidification 
technology using melt spun process from melt on environmentally free ma-
chining Al-0.1Zn alloys with tin-bismuth as free machining constituents. The 
main purpose of rapid solidification from melt is to have a high strength and 
thermal stability. Structural and thermal properties have been investigated by 
x-ray diffraction (XRD), scanning electron microscope (SEM) and differential 
scanning calorimetry (DSC) techniques. Tensile test machine is used to study 
the mechanical properties such as ultimate tensile strength, elastic constants, 
yield strength and critical shear stress for free machining alloys. We find the 
best free machining aluminum alloy that has excellent machinability qualities 
is Al-0.1Zn-0.5Sn-0.54Bi melt spun alloy because it offers excellent mechani-
cal properties. The highest values of tensile strength (431.5 MPa), yield 
strength (393.9 MPa), fracture strength (431.6 Mpa), toughness (15.8 × 106 
J/m3) generated from Al-0.1Zn-0.5Sn-0.54Bi alloy to meet the needs of free 
machining aluminum alloy applications. 
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1. Introduction 

Free machining aluminum alloys are well known in the art. These alloys typically 
include free machining compounds such as lead, tin, indium and bismuth or a 
combination of these elements for enhancing the machinability. More attention 
is paid to tin-bismuth system, since the levels of tin and indium have high prices, 
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lead to unattractive free machining aluminum alloys economically. Selection of 
suitable cutting tool grade and machining parameters depends initially on a 
number of work piece material parameters, such as microstructure and the 
chemical composition [1]. Variations in microstructure can have a large effect 
on machinability [2]. The influences of composition on machinability are often 
complicated by the combined effects of the alloying elements and micro consti-
tuents consisting the work piece alloy. Free machining aluminum alloys are well 
known in literature [2] [3]. These alloys typically include free machining consti-
tuents that are insoluble but nonabrasive and soft and they are useful, helping in 
chip breakage and tool life [2]. More specifically, at the point of contact between 
the material and the tool, softening and melting occur. Therefore, breakage takes 
place, chips are formed and material removal is enhanced. It is well known that 
chip breaking is enhanced by the addition of Pb [2] [3] [4] to conventional alu-
minum alloys, since Pb has a poor solubility in solid aluminum and forms a soft, 
low melting point phase. Traditional lead free aluminum alloys form long con-
tinuous strips or curls, which are totally unacceptable. Over the last years, atten-
tion has been paid to eliminate Pb and Pb containing products due to their tox-
icity. New lead free aluminum alloys with good free cutting machinability have 
been recently developed [5] [6] [7]. While the Bartges et al. patent provides im-
provements in free machining alloys by limiting the levels of lead and bismuth, 
the presence of tin adversely affects the alloys mechanical properties, particularly 
impact properties. In other words, adding tin only makes this alloy brittle and 
renders it unacceptable where impact properties in a particular application may 
be important. Another drawback associated with free machining alloys contain-
ing tin only is a lack of corrosion resistance in environments, where hot brake 
fluid is present. Brake system components made from tin containing free ma-
chining alloys exhibit excessive corrosion in the presence of brake fluid [8]. In 
addition, the addition of tin is believed to contribute to artificial ageing response 
and bismuth does not have any deleterious effects on the mechanical properties 
of alloys [9] [10]. However, the addition of tin decreases both the critical tem-
perature for tearing and the hot deformation resistance of a billet during extru-
sion, and these properties become more critical by increasing the amount of tin 
[9]. 

This paper aims to enhance the machinability of Al-Zn alloys with small trac-
es from tin and bismuth as free machining constituents. 

2. Experimental Procedures 
2.1. Materials and Sample Preparation  

Four free machining aluminum alloys of composition Al99.9-x-Zn0.1-SnX1-Bix2 
where X1 = 0.2%, 0.5%, 1%, 1.5% and X2 = 0.22%, 0.54%, 1.08%, 1.63% were 
prepared from pure Al, Zn, Sn and Bi (purity > 99.99%) using melt-spinning 
technique [11]. The alloys in the ceramic crucible are melted in an electric fur-
nace at 660˚C for 30 minutes. After heating for 30 minutes, the alloys become in 
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a molten state and then shoot the rotating copper wheel which possesses a linear 
speed of 31.4 m/s. The resulting aluminum alloys have long ribbons about 65 µm 
in thickness and 4 mm width.  

2.2. Sample Characterization 

Different techniques were used to investigate the structural properties of the 
melt spun ribbons including x-ray diffraction using Cu Kα radiation at room 
temperature. The microstructure analysis was carried out on a scanning electron 
microscope (SEM) of type (JEOL JSM-6510LV, Japan) operate at 30 KV with 
high resolution 3 nm. The melting temperature of these alloys was determined 
by differential scanning calorimetry with a heating rate 10 K/min. 

2.3. Sample Characterization 

Different techniques were used to investigate the structural properties of the 
melt spun ribbons including x-ray diffraction using Cu Kα radiation at room 
temperature. The thermal properties of free machining Al-0.1Zn-Sn-Bi alloys 
studied by differential scanning calorimeter, with a heating rate 10 K/min [12]. 
Scanning electron microscope (SEM) operate at 30 KV with high resolution 3 
nm was used to study the microstructure analysis.  

2.4. Mechanical Measurements 
2.4.1. Tensile Test Machine 
The tensile test machine is showed in Figure 1. The specimen is fitted in the 
laws of the testing machine and subjected to a tensile load. The applied load 
(stress) and the resulting elongation (strain) of the specimen are measured 
computerized. The process is repeated with increased load until the specimen 
breaks. Using these data a stress-strain diagram is plotted using computer set up 
contains software program to find out tensile properties. 

2.4.2. Microhardness  
The standard technique used for measuring the hardness of metals is Vickers 
hardness test. Vickers hardness is a measure of the hardness of a material, calcu-
lated from the size of an impression produced under load by a pyramid-shaped 
diamond indenter [13].  

3. Result and Discussion 

3.1. Structure  

Metal alloys prepared using rapid solidification from melt was reported by Pol 
Duwez et al. [12]. The X-ray diffraction (XRD) patterns of the melt-spun 
Al-Zn-Sn-Bi ribbons rapidly solidified from melt at (700˚C). X-ray diffraction 
patterns of Al-Zn-Sn-Bi alloys as indicated in Figure 2 show presence of two 
phases of the structure face centered cubic α-Al and intermetallic compounds 
Al0.403Zn0.597 of alloys. The details of the XRD analysis are shown in Table 1. By 
using Scherer Formula [14]:  
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Figure 1. Photographic view of tensile test machine. 
 

 
Figure 2. The XRD patterns of free machining Al-Zn-Sn-Bi alloys. 
 
Table 1. The details of the XRD analysis of free machining aluminum alloys. 

Particle 
size (nm) 

Lattice parameter (a) 

of Al phase (Å) 
Crystal system Phases Alloy 

343.1 4.051 FCC, Anorthic Al, AlZn Al-0.1%Zn-0.2%Sn-0.22%Bi 

330.6 4.055 FCC, Anorthic Al, AlZn Al-0.1%Zn-0.5%Sn-0.54%Bi 

317.9 4.052 FCC, Anorthic Al, AlZn Al-0.1%Zn-1%Sn-1.08%Bi 

320.5 4.055 FCC, Anorthic Al, AlZn Al-0.1%Zn-1.5%Sn-1.63%Bi 

 
0.9
cos

B
t

λ
θ

=                           (1) 

where: B is the broadening of diffraction line measured at half its maximum in-
tensity (radians), t is the diameter of crystal particle, 𝜃𝜃B is the Bragg angle and λ 
is the wavelength of x-ray. From x-ray analysis, adding Sn-Bi to Al-0.1wt% Zn 
alloy produced a change in its matrix microstructure (particle size, lattice para-
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meters and lattice distortion) and the shape of formed phases such as peak in-
tensity, peak broadness and peak position. A cubic crystal gives diffraction lines 
whose sin2θ values satisfy the following equation obtained by combining the 
Bragg law with the plane-spacing equation for the cubic system:  

2 2

2 2 2

sin
4h k l a

θ λ
=

+ +
                      (2) 

In Table 1 the lattice parameter a calculated from the sin2θ value for the high-
est-angle line, it was found approximately the same value (a = 4.054 Å). It is also 
indicated that the number of atoms/unit cell is the same approximately (3.8 
atoms/unit cell). 

3.2. Microstructure Analysis 

The microstructures of Al-Zn-Sn-Bi alloys are shown in Figure 3. As shown in 
Figure 3(a), the microstructure of free machining aluminum alloy Al-Zn-Sn-Bi 
is irregular grains. When the content of tin-Bismuth increases, the microstruc-
ture becomes finer as shown in Figures 3(b)-(d) and its distribution becomes 
more homogeneous and this greatly improved it’s mechanical properties. 
 

 
                      (a)                                   (b) 

 
(c)                                    (d) 

Figure 3. SEM micrograph of free machining Al-Zn-Sn-Bi alloy. (a) Al-0.1wt% 
Zn-0.2wt% Sn-0.22wt% Bi; (b) Al-0.1wt% Zn-0.5wt% Sn-0.54wt% Bi; (c) Al-0.1wt% 
Zn-1wt% Sn-1.08wt% Bi; (d) Al-0.1wt% Zn-1.5wt% Sn-1.63wt% Bi. 
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3.3. Thermal Properties 

The DTA curves obtained for the four Al-Zn-Sn-Bi alloys during heating with 
heating rate 10 K/min are shown in Figure 4. Figure 4 shows a single endo-
thermic peak corresponding to the melting reaction. From this figure the melt-
ing point (Tm), solidus temperature (Ts), liquidus temperature (Tl) and enthalpy 
of fusion (Hf) of these alloys were calculated and presented in Table 2. The 
melting point decreases continuously with tin-bismuth content due to presence 
of higher concentration of intermetallic compound and increasing its concentra-
tion. The enthalpy of fusion is higher at Al-0.1 Zn-0.5 Sn-0.54 Bi alloy due to 
presence of intermetallic compound. The enthalpy ΔH, Specific heat Cp and 
other thermal parameters of Al-Zn-Sn-Bi alloy varied. From Figure 4, the melt-
ing point of Al-Zn-Sn-Bi alloys is nearly the same which indicate the thermal 
stability of the free machining Al-Zn-Sn-Bi alloys.  

3.4. Thermal Diffusivity and Internal Friction 

Internal friction and thermal diffusivity of Al-Zn-Sn-Bi was studied via utilizing 
dynamic resonance technique. The internal friction Q−1 values which calculated 
from resonance peak shows in Figure 5. Internal friction measurement is one of 
sensitive ways that are suitable to examine microstructural changes and defect 
motion such as atomic diffusion, dislocation activity and grain boundary sliding. 
The free vibration is determined by the decay of measurement in amplitude of 
vibrations during free vibration. The internal friction can be calculated by [13]: 
 
Table 2. Thermal analysis of free machining aluminum alloys. 

Alloy Tm (K) Ts (K) TL (K) 
Ethalpy 

(j/g) 
Specific heat 
Cp (j/kg.k) 

Entropy change 
(j/g∙k) 

Al-0.1%Zn-0.2%Sn-0.22%Bi 933.43 927.10 942.97 117.6 7410.2 125.79 

Al-0.1%Zn-0.5%Sn-0.54%Bi 932.76 925.90 946.84 197.0 9407.8 210.43 

Al-0.1%Zn-1%Sn-1.08%Bi 931.09 921.84 941.51 159.1 8088.4 170.8 

Al-0.1%Zn-1.5%Sn-1.63%Bi 928.47 918.39 944.14 142.5 5533.98 153.05 

 

 
Figure 4. Endothermic curves of free machining aluminum alloys. 
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Figure 5. Resonance curves of free machining aluminum alloys. 

 

1 1
3

fQ
f

− ∆
=                         (3) 

The time rate of temperature change determines the values thermal diffusivity 
of any a material when heat via through material as showed in Table 3. Thermal 
diffusivity can be calculated by [15] [16]. 

2
02

πth
t fD =                          (4) 

where f0 is resonance frequency and t is the thickness of the melt-spun ribbon. 
From Table 4, it is observed that the thermal diffusivity of Al-0.1Zn-0.5Sn-0.54Bi 
is higher than other Al-Zn-Sn-Bi alloys, so the thermal diffusivity in this case is a 
function of Bi content or the composition. Different values of thermal diffusivity 
of all Al-Zn-Sn-Bi alloys are caused by rapid solidification process. So this tech-
nique could improve a heat transport in the materials and improve thermal dif-
fusivity. From Table 4, the internal friction for all Al-Zn-Sn-Bi alloys are very 
small. A low level of Q−1 for free machining Al-Zn-Sn-Bi alloys, implies a rigid 
structure which may be due to absence or to the locking of crystal defects. 

3.5. Mechanical Measurements  
3.5.1. Elastic Moduli and Tensile Properties  
The tensile test machine is most frequently performed to determine mechanical 
properties. Information on various tensile properties like proportional limit, 
elastic limit, yield point, yield strength, ultimate strength, fracture strength, 
toughness and modulus of elasticity is given in our article. Using tensile test 
machine for drawing stress-strain characteristic curve as shown in Figure 6 to 
calculate tensile strength, yield strength and elastic moduli and then listed in 
Table 3. The alloys after increasing tin and bismuth to 0.5wt% Sn-0.54wt% Bi 
transform from elastic-plastic behavior to plastic behavior as showed in Figures 
5(b)-(d). The critical shear stress (the minimum shear stress required to begin 
plastic deformation or slip) which is acting on the slip plane at which the lattice  
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Table 3. Experimental values of elastic moduli and tensile properties of free machining 
aluminium alloys. 

B 
(Gpa) 

G 
(Gpa) 

E 
(Gpa) 

CSS 
(GPa) 

Toughness 
(J/m3) × 106 

Fracture 
Strength 
(MPa) 

Yield 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

Alloy 

49.2 16.1 43.6 9.2 2.83 167.2 178.3 154.6 Al-0.1%Zn-0.2%Sn-0.22%Bi 

129.4 39.6 107.2 9.7 15.80 431.6 393.9 431.5 Al-0.1%Zn-0.5%Sn-0.54%Bi 

134.6 43.0 116.6 15 2.98 315.6 274.3 315.5 Al-0.1%Zn-1%Sn-1.08%Bi 

75.5 24.8 67.1 9.3 4.39 283.7 255.4 284.4 Al-0.1%Zn-1.5%Sn-1.63%Bi 

 
Table 4. Internal friction and thermal diffusivity of free machining aluminium alloys. 

Dth(m2∙sec−1) × 10−7 Q−1 Alloy 

6.6 0.011 Al-0.1%Zn-0.2%Sn-0.22%Bi 

7.0 0.035 Al-0.1%Zn-0.5%Sn-0.54%Bi 

6.4 0.026 Al-0.1%Zn-1%Sn-1.08%Bi 

5.9 0.020 Al-0.1%Zn-1.5%Sn-1.63%Bi 

 

 
Figure 6. Stress-strain characteristic curves of free machining Al-Zn-Sn-Bi alloys. 
 
becomes unstable. That is, the plastic deformation begins when the shear stress 
attains the value of the critical resolved shear stress as shown in Figure 6. It is 
cleared that a presence of large amount α-Al rich phase in Al-0.1Zn-0.5Sn-0.54Bi 
causes the strengths resistant deformation increases. Consequently, the increase 
of resistant of deformation means the increase of strength. The elastic constants 
of the metallic alloys which were fundamental physical properties especially for 

https://doi.org/10.4236/wjet.2018.63040


N. A. Abdelhakim et al. 
 

 

DOI: 10.4236/wjet.2018.63040 645 World Journal of Engineering and Technology 
 

the mechanical properties such as strength, plastic deformation and fracture 
were reported previously using single crystals [17]. From Table 3, the free ma-
chining Al-0.1Zn-0.5Sn-0.54Bi and Al-0.1Zn-1Sn-1.08 alloys have higher values 
of Young’s modulus, shear modulus, bulk modulus and critical shear stress. The 
highest values of tensile strength (431.5 MPa), yield strength (393.9 MPa), frac-
ture strength (431.6 Mpa), toughness (15.8 × 106 J/m3) generated from 
Al-0.1Zn-0.5Sn-0.54Bi alloy to meet the needs of free machining aluminum alloy 
applications.  

3.5.2. Debye Temperature 
Having computed the elastic moduli, one can calculate the Debye temperature, 
which is an important fundamental parameter closely related to many physical 
properties such as elastic stiffness, specific heat and melting temperature. The 
expression for the Debye temperature θD in terms of the sound velocities for an 
isotropic body is given by the following Equation (5) [18]. Values of the Debye 
temperature of Al-Zn-Sn-Bi alloys are shown in Table 5.  

1 3
3

4πD m
B a

h V
k V

θ
 

=  
 

                      (5) 

where h is the plank’s constant, kB is the Boltzmann constant, NA is Avogadro’s 
number, Va is the molar volume calculated from the effective molecular weight  

and density (i.e. M
ρ

) and Vm is the mean ultrasonic velocity defined by the rela-

tion  
1 3

3 3

1 1 2
3m

l t

V
V V

−
 

= + 
 

                      (6) 

where Vt and Vl are the transverse and longitudinal wave velocities in the solid 
defined by the relations  

t
GV
ρ

=  and 3 4
3l

B GV
ρ
+

=                   (7) 

where B is bulk modulus and G is the shear modulus.  

3.5.3. Spalling 
Spalling generally produces cracks normal to surface whenever the stresses arise 
from thermal contraction. Such cracking most commonly occurs in brittle mate-
rials as a result of thermal contractions. In certain cases either a phase transfor-
mation is an important causative factor. The spalling behavior of a material is 
related to several properties other than the thermal expansion coefficient, these 
properties include strength, modulus of elasticity, and thermal diffusivity [18]. It 
is convenient; to assign an index to spalling resistance of quenched ribbon, using 
the following equation  

( )Spalling Resistance Index SRI th sD T
Eα

=               (8) 
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where Dth is the thermal diffusivity, E is the young’s modulus, Ts is the tensile 
strength and α  is the thermal expansion. Table 5 shows that the spalling re-
sistance Index values are very small and negligible. 

3.5.4. Microhardness and Micro Creep 
The creep behavior of the free machining Al-Zn-Sn-Bi alloys is presented in 
Figure 7, where the indentation diagonal length is plotted against the indenta-
tion time applying a constant load of 10 gf. It is observed that by increasing 
loading time, the indentation length increased. Hardness values listed in Table 6. 
It is cleared that Values of hardness increased by increasing Sn-Bi concentration 
due to Sn and Bi precipitates in Al-matrix. Figure 8 shows the variation of 
Vickers hardness number versus indentation time for Al-Zn-Sn-Bi alloys. Figure 
7 generally shows a slow decrease in hardness with time. Figure 7 noted that the 
hardness of Al-Zn-Sn-Bi alloys at starting point 5 sec gradually increases with 
increasing tin and bismuth content reaches its maximum value of 418.4 MPa for 
Al-0.1Zn-1.5Sn-1.63Bi. The stress exponent can be obtained by the following 
equation and listed in Table 3 according to [19] and [20]: 

ln
ln v d

dn
H

 ∂
=  ∂ 



                         (9) 

This equation is used to determine the mechanisms of deformation, where the 
type of mechanism is determined by the value of the stress exponent, where d is 
the length of indentation diagonal, HV is the number of Vickers hardness and 
d  is the rate of variation in the diagonal length of indentation. A straight line 
would be obtained by plotting d  against HV on double logarithmic scale as 
shown in Figure 9, whose slope gives the stress exponent [21]. The values of 
stress exponent used to determine the mechanisms controlling the deformation 
process. The n values around 1 are related to diffusion creep, n values close to 2 
related to grain boundary sliding and mechanisms attributed to dislocation 
movement such as slip creep are related to n values in the range of 5 - 7 which 
moves up to higher values than 8 when particles reinforcement take place [22]. 
The grain boundary sliding mechanism is shown in Al-0.1Zn-Sn-Bi alloys. 

Indentation creep Resistance 
Figure 10 plots the strain and indentation time relationships of Al-Zn-Sn-Bi 

alloys. We obtain typical indentation creep curve, as shown in Figure 10. The 
first stage records a fast increase of strain with time of the indentation starts 
from beginning up to 10 s of indentation time. The second stage represents a 
slow increase region in which the strain increases by lower rates for all alloys. In 
general, Al-0.1Zn-0.2Sn-0.22Bi alloy have lower creep resistance. 

4. Conclusion  

The addition of tin and bismuth as a free machining constituent to Al-0.1Zn 
rapidly solidified alloy lead to the formation of the intermetallic compounds 
Al0.403Zn0.597, finally dispersed in the Al matrix. With the content of tin and  
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Table 5. Debye temperature and spalling resistance of free machining alloy. 

SRI (m∙k∙sec−2) 
× 10−6 

θD (k) Alloy 

1.05 456.8 Al-0.1%Zn-0.2%Sn-0.22%Bi 

9.30 785.9 Al-0.1%Zn-0.5%Sn-0.54%Bi 

3.98 1202.8 Al-0.1%Zn-1%Sn-1.08%Bi 

4.20 813.8 Al-0.1%Zn-1.5%Sn-1.63%Bi 

 
Table 6. Hardness and stress exponent value of free machining alloy. 

n Hv (MPa) Alloy 

1.92 303.06 Al-0.1wt% Zn-0.2wt% Sn-0.22wt% Bi 

2.43 320.85 Al-0.1wt% Zn-0.5wt% Sn-0.54wt% Bi 

3.10 343.83 Al-0.1wt% Zn-1wt% Sn-1.08wt% Bi 

4.23 418.41 Al-0.1wt% Zn-1.5wt% Sn-1.63wt% Bi 

 

 
Figure 7. Variation of indentation length with loading time. 

 

 
Figure 8. Variation of hardness with indentation time. 
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Figure 9. ln-ln plot of the Vickers hardness numbers against the dwell time of 
indentationat load 25 gf for free machining alloys. 
 

 
Figure 10. The creep behavior of free machining aluminum alloys. 

 
bismuth increasing more, the microstructure becomes finer and its distribution 
becomes more homogeneous. The finer and more homogeneous microstructure 
leads to suitable effect on the mechanical properties of free machining alumi-
num alloys. The highest values of tensile strength (431.5 MPa), yield strength 
(393.9 MPa), fracture strength (431.6 Mpa), toughness (15.8 × 106 J/m3) gener-
ated from Al-0.1Zn-0.5Sn-0.54Bi alloy to meet the needs of free machining alu-
minum alloy applications. The melting point of Al-Zn-Sn-Bi alloys is nearly the 
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same which indicates the thermal stability of the free machining Al-Zn-Sn-Bi 
alloys. The thermal diffusivity of Al-0.1Zn-0.5Sn-0.54Bi is higher than other 
Al-Zn-Sn-Bi alloys. The internal friction for all Al-Zn-Sn-Bi alloys is very small 
and this implies a rigid structure which may be due to absence or to the lacking 
of crystal defects. 
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