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In this study, two new types of Pb-Mg-Al alloys with high tensile strength and hardness were prepared by
casting under the molten salt. The microstructure and morphology of the Pb-Mg-Al alloys were investigated
through x-ray diffraction and scanning electron microscope analysis. Mechanical properties of the alloys
were compared with those of the pure Pb and its alloys, and the results indicate that the tensile strength and
hardness increase, respectively, up to 300 MPa and 156 HB with the 10 wt.% addition of Al. The fracto-
graphic examinations indicate that the fracture model of Pb-Mg-Al alloys changes from mixed inter-
granular-transgranular to the intergranular quasi-cleavage with the increase in Al content.
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1. Introduction

Lead and its alloys have frequently been used in a variety of
industrial applications, such as grid electrode, x-ray shielding
materials, lead-acid batteries, etc. Most of the traditional lead
alloys are the solid solution composite materials reinforced by
second phase particle (Ref 1-6). However, they are still unable
to meet the requirements of structural materials. In recent years,
researchers paid little attention to the Pb-based Pb-Mg-Al alloy,
but they focused more on the Mg-based alloys with small
amounts of Pb or Al relatively. Cacciamani et al. (Ref 7) have
researched the thermodynamic properties of Pb-Mg alloy.
Wang et al. (Ref 8) have reported the effects of heat treatment
on organizations and performance of Mg-Pb binary as-cast
Mg-based alloy, and the effect of rare earths neodymium on the
above alloy. Wang et al. (Ref 9) have studied the microstruc-
tures, mechanical properties, and compressive creep behaviors
of as-cast Mg-5%Sn-(0-1.0)%Pb alloys.

Therefore, in order to obtain a new type of lead matrix alloy
with high tensile strength and hardness in this investigation, Pb-
Mg-Al alloys were prepared. A systematic investigation is
necessary to analyze the microstructure and understand the
tensile behavior of Pb-Mg-Al alloys.

This study is devoted to investigate the tensile properties of
the newly developed Pb-Mg-Al alloys at room temperature
compared with the traditional Pb alloys, such as Pb-Ca and
Pb-Sb alloys, and finally obtain the strengthening mechanism
of Pb-Mg-Al alloys. The microstructure is also thoroughly
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investigated, in addition, to determine the effect of Al addition
on promoting the properties of Pb-Mg alloys.

2. Experimental

In this study, the Pb-Mg-Al alloys with the compositions
(wt.%) were prepared by induction melting with Pb, Mg, and
Al (purity 99.99) as raw materials in the graphite crucible under
the melting salt composed by 46% MgCl,, 44% KCl, 7% NacCl,
and 3% MgO (wt.%). The chemical compositions of the two
Pb-Mg-Al alloys were constituted by 38% Mg, 57% Pb, and
5% Al for alloy 1, and 36% Mg, 54% Pb and 10% Al (wt.%)
for alloy 2, with the mass ratio of Mg and Pb being 2/3. The
molten alloy in crucible was chill cast in a steel model to form
cylindrical ingots of 15 mm in diameter. A cooling rate of
8-10 °C/s was achieved, so as to create the fine microstructure
typically found in small alloy joints in microelectronic
packages. To observe the microstructure of the two as-cast
Pb-based alloys, the as-cast specimens were annealed at 200 °C
for 1 h, polished with synthetic diamond paste after grinding,
and cleaned with alcohol lastly without etching treatment. The
general morphologies of as-cast specimens were examined by
scanning electron microscope (SEM). Energy dispersive x-ray
analysis (EDX) was employed to determine the chemical
composition of the alloys. The crystal phases were analyzed by
x-ray diffractometer (XRD) measured using Bruker D8
Advance Cu K, radiations (A = 1.5406 A) in the range of
10-100 at 30 kV and 30 mA. The hardness tests were
determined using HB-3000 type Brinell’s machine and HX-1
type Vickers pyramid hardness machine. The Brinell hardness
number of each alloy was obtained from the average value of
six different points on testing surface, and the Vickers hardness
figure was obtained from the average value of eight different
points on each phases. The tensile tests were performed on the
alloys by MTS type machine with experimental error less than
+3% (MTS 810 Teststar). The tests were carried out at constant
temperature of 25 °C. In order to elucidate the macroscopic
deformation mechanisms of the alloys, fracture surface of
alloys after tensile tests were analyzed using SEM.
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3. Results and Discussion

3.1 Microstructure

X-ray diffraction patterns of all the alloys are shown in
Fig. 1. From the XRD patterns of alloys 1 and 2, four different
phases, namely, o-Mg, B-Pb, Mg,Pb, and Mg;;Al,, are
detected in the Pb-Mg-Al alloys. The main sharp diffraction
peaks in Fig. 1 are identified as a mixture of hexagonal o-Mg,
face-centered cubic B-Pb, body-centered cubic Mg,Pb and
Mg7Al;, phases. Figure 1 displays that diffraction intensities
of 0-Mg and Mg,Pb compounds decreased gradually with
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Fig. 2 SEM-BSE micrographs of the alloys 1 and 2: (a) the morphologies and phases in the alloy 1; (b) a magnified view of white boundary
marked region in (a); (c) the morphologies and phases in the alloy 2; (d) a magnified view of white boundary marked region in (c)

increasing Al content, whereas -Pb and Mg;;Al;, precipitate
phases increased continuously. It indicates that the addition of
Al is able to control effectively a volume fraction of the brittle
Mg,Pb (Ref 10).

Two reactions that take place among Pb, Mg, and Al in the
Pb-Mg-Al alloys are as follows:

Pb + 2Mg = Mg,Pb (Eq 1)

17Mg + 12A1 = Mg,, Al (Eq 2)

The Gibbs free energies (AGO) of reactions (1) and (2), are
—44.87 and —625.34 kJ/mol, respectively, having also been
calculated previously by the thermodynamic data (Ref 11, 12).
The result indicates that the Gibbs free energies of the two
reactions are negative, and so the formations of the Mg,Pb and
Mg;;Aly, phases directly from the reactions among Pb, Mg,
and Al are advantageous in thermodynamics.

In order to distinguish the characteristics of Mg,Pb and
Mg,;Al;,, the backscattered electron scanning microscopy was
employed to further examine the microstructure, as shown in
Fig. 2. From a ternary Mg-Al-Pb phase diagram (Ref 13),
previous XRD patterns and EDX analysis, it is clear that the
white microscale structure is of Mg,Pb phase which is skeleton
in alloy 1 and lath in alloy 2. The SEM image, shown in
Fig. 2(a), obtained from alloy 1 reveals that the skeleton Mg,Pb
phases are distributed homogeneously in the matrix. Further-
more, the volume fraction of the Mg,Pb phases is estimated to
be ~45%. The magnified SEM micrographs from Fig. 2(a),
Fig. 2(b) reveal a typical ultrafine eutectic Mg;,Al;, and B-Pb
with an acicular size of 1-2 pm. The SEM image, Fig. 2(c),
obtained from alloy 2 shows that the volume fraction of the
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Mg,Pb phases is estimated to be ~41%. One can find from
Fig. 2(c) and Fig. 2(d) that the shape of Mg,Pb gradually
degenerates to lath, and the size of eutectic Mg;,Al;, and B-Pb
decreases to <0.5 um with Al content increasing. In addition,
the size of eutectic, namely, o-Mg and Mg,Pb, also decreases
with the Al content increasing. In contrast, there is clear
difference in volume fraction values with increasing eutectic
Mg;;Al;; and B-Pb and decreasing a-Mg and Mg,Pb . Hence,
it is feasible to suggest that Al plays an important role in
governing the growth of Mg,Pb and eutectic a-Mg and Mg,Pb
because of the appearance of a large number of ultrafine
acicular Mg;;Al;, and B-Pb phases.

3.2 Mechanical Properties

3.2.1 Tensile and Hardness Properties. Table 1 shows
the mechanical properties of alloy 1 and 2 compared with pure
Pb and its alloys, obtained from tensile and hardness tests at
room temperature. In order to obtain the effect of Al content on
the tensile strength and Brinell hardness of Pb-Mg-Al alloys, a
typical Pb-40Mg alloy without Al was prepared by casting.
While comparing, with respect to Pb-40Mg alloy, with the
values of tensile strength and Brinell hardness at room
temperature, 103 MPa and 71 HB, respectively, the alloy 1
fabricated by the present experimental procedure has higher
value of 228 MPa for tensile strength and 117 HB for Brinell
hardness. With Al content increasing to 10 wt.%, the values of
the corresponding mechanical properties increase even up to
300 MPa and 156 HB. These values are higher than that of pure
Pb and its alloys. As shown in Table 1, pure Pb without any
addition has the highest %elongation to failure value, which is
about 30-50. The content of 40 wt.% Mg addition exhibits
0.23% of elongation to failure, which drops rapidly from the
initial value of 30-50%. The compositions with 5 wt.% Al
reinforcement reveal a relatively higher % of elongation. At
10 wt.% of Al reinforcement shows an obviously higher
%elongation values compared with Pb-40Mg alloy. It is found
that the larger the wt.% of Al addition, the higher the tensile
strength and the strain that are experienced before failure.
However, the % of elongation to failure of Pb-Mg-Al alloys is
lower than pure Pb, Pb-Ca, Pb-Sb, and Sn-Pb alloys.

The hardness of various phases in samples and the
relationship of microstructure and performance can be obtained
and analyzed through the microhardness test. Table 2 lists the
Vickers hardness figure of each phase in the Pb-Mg-Al alloys at
room temperature. From Table 2, the Vickers hardness figures

Table 1 The contrast of mechanical properties (tensile
strength (MPa), Brinell hardness (HB), and elongation
(%)) at room temperature among Pb and its alloys, alloys
1 and 2

Tensile Brinell

Alloys strength  hardness  Elongation Ref.
Pb-38Mg-5A1 228 117 0.48 This work
Pb-36Mg-10A1 300 156 0.65 This work
Pb-40Mg 103 71 0.23 This work
Pure Pb 10-20 4-9 30-50 Ref 14
Pb-8Sb 17-29 4-13 40 Ref 14
Pb-0.4Ca-1Sn 29.8 13.7 28 Ref 5
Pb-0.4Ca-1Sn 49 10 Ref 15
Sn-37Pb 52-66 31-41 Ref 16

of eutectic a-Mg and Mg,Pb are about 57.6 HV in both alloys 1
and 2. However, with Al content increasing, the values of
Mg,Pb phase and acicular Mg;,Al;, and B-Pb phase increase
up to 100.4 and 104 HV from 98.6 and 96 HV, respectively.
Pb-Mg-Al alloys with higher wt.% Al addition have exhibited
higher hardness values owing to the presence of the homoge-
neous distribution and size of Al intermetallic in the alloys. It
reveals that the addition of Al can control the crystal growth
and cause crystal refinement resulting in the enhancement of
tensile strength and hardness.

On the one hand, the electronic structure of intermetallic
Mg,Pb have been calculated and analyzed by density functional
theory (DFT) (Ref 17), the results show that there are shared
charges with a strong delocalization between Mg and Pb atoms
in Mg,Pb crystal, so as to form covalent bonds. The bonding of
covalent bond is higher than that of metal and ionic bonds, and
the covalent bond can enhance the strength and hardness owing
to its high Peierls-Nabarro stress and directionality. Moreover,
because Mg;7Al;, is also an intermetallic compound with
complicated crystal structure and low symmetry, it leads to a
decrease in the mobility of atoms and dislocations, improving
further the strength and the hardness of Pb-Mg-Al alloys.
Moreover, the calculated Young’s modulus and shear modulus
values are 68.6 and 27.9 GPa for Mg,Pb, and 117.1 and 51.3
GPa for Mg;7Al;,, which are far larger than the experimental
results of 16.5 and 5.8 GPa for Pb. It is believed that the
intermetallics in Pb-Mg-Al alloys are beneficial to the strength-
ening of the alloys.

The lower elongations of these two experimental Pb-Mg-Al
alloys are also affected mainly by the two kinds of intermetallic
compounds, namely, Mg,Pb and Mg;;Aly,. It is difficult to
produce deformation through the movement of the dislocation
due to their higher Peierls-Nabarro stress and directionality. The
Poisson’s ratio v is generally 1/3 for ductile materials, whereas
it is <1/3 for brittle materials (Ref 18). Poisson’s ratios v of
Mg,Pb and Mg;;Al;, are about 0.23 and 0.14, respectively;
since both of them are < 1/3, Mg,Pb and Mg;,Al,, are brittle.
As a result, the elongation values of Pb-Mg-Al alloys are lower
than those of pure Pb and its alloys.

On the other hand, the addition of Al refines the grain size of
the eutectics (Mg;,Al;, and B-Pb, a-Mg and Mg,Pb) and
increases the strength and hardness of the Pb-Mg-Al alloys.

3.2.2 Facture Morphology. Figure 3(a) and 3(b) shows
SEM micrographs obtained from the fracture surfaces of the
experimental Pb-Mg-Al alloys. The base alloys usually fracture
in the form of cleavage and (or) intergranular at room
temperature, in which the fractures of alloys are dependent on
their relative strength to each other. The SEM fractography of
the alloy 1 in Fig. 3(a) reveals a mixed intergranular-
transgranular fracture morphology indicating brittle deforma-
tion. In contrast, SEM micrograph of the alloy 2 in Fig. 3(b)

Table 2 The Vickers hardness figure of each phase
in alloys 1 and 2 at room temperature

Phase Vickers hardness (HV)
Eutectic a-Mg and Mg,Pb in alloy 1 57.6

Eutectic a-Mg and Mg,Pb in alloy 2 57.7
Skeleton Mg,Pb in alloy 1 98.6

Lath Mg,Pb in alloy 2 100.4
Acicular Mg;,Al;, and B-Pb in alloy 1 96

Acicular Mg;;Al;, and B-Pb in alloy 2 104
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Fig. 3 SEM micrographs of the alloys 1 and 2 after failure: (a) the
SEM image on fracture surface of alloy 1; (b) the SEM image on
fracture surface of alloy 2

presents the intergranular quasi-cleavage morphology, the
characteristic typical of brittle deformation. It establishes that
the Pb-Mg-Al alloys’ fractures are in the form of brittle fracture,
and the fracture model changes from mixed intergranular-
transgranular to the intergranular quasi-cleavage with the Al
content increasing. These results confirm the experimental
elongation results of Pb-Mg-Al alloys. Furthermore, there are
very fine and dense phases as marked by arrows. The EDX
analysis of these phases yield two atomic ratios among Mg, Al,
and Pb of approximately 17:12:2 in alloy 1 and 17:12:0.8 in
alloy 2, confirming the composition of these phases as
Mg;;Al;, and B-Pb phases.

4. Conclusions

1. Two typical Pb-Mg-Al alloys have been successfully pre-
pared through casting. With the addition of Al content,
the increasing nature of ultrafine acicular Mg;,Al;, and
B-Pb phase governs the growth of Mg,Pb and eutectic
o-Mg and Mg,Pb. The average size of grain in Pb-Mg-
Al alloys diminishes.

2. Accordingly, the Pb-Mg-Al alloys reveal high tensile
strength and hardness values of 300 MPa and 156 HB,
respectively, with obviously lower plastic strains reaching
0.68%. However, the values of the strength in the Pb-
Mg-Al alloys in the present investigations are much high-
er than that of the conventional Pb matrix alloys, i.e.,
~40 MPa, indicating that the Pb-Mg-Al alloys have
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potential to be utilized as engineering and structure mate-
rials of choice with higher strength.

3. The fractographic examinations indicate that the fracture
model of Pb-Mg-Al alloys changes from mixed intergra-
nular-transgranular to the intergranular quasi-cleavage
with the increase of Al content.
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