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In the present work, mechanical alloying has been applied to the Pb-Al immiscible binary
system by using the method of high energy ball milling. The microstructural features of the
milled powder, such as grain size, lattice constant and morphology of phases have been
studied by X-ray diffraction, analytical transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). Besides, energy dispersive spectroscopy was used to
analysis chemical composition of phases presented after milling. Differential Scanning
Calorimetry measurement was also made on the milled Pb-Al powder. The results show
that homogenous blending of Pb and Al can be easily achieved by high energy ball milling
in spite of their mutual immiscibility and large difference in density. The obtained alloy
exhibits nanocrystalline microstructure. Further more, the experiment result implies the
formation of supersaturated solid solution in immiscible Pb-Al system by high energy ball
milling. C© 1998 Kluwer Academic Publishers

1. Introduction
Since Yermakov [1] and Koch [2] reported the prepa-
ration of amorphous metals by high energy ball milling
(HEBM), the novel method of mechanical alloying
(MA) using HEBM as the main technique has been
widely used to synthesize various advanced materials.
As a result, a broad range of non-equilibrium phase
transformation and chemical reactions have been ob-
served in the process of MA in a wide variety of
systems including metal-metal, metal-oxide, ceramics
and so on. Alloys, intermetallic compounds, ceramics
and composites can be prepared in the amorphous or
nanocrystalline state [3]. In recent years, the forma-
tion of supersaturated solid solutions by HEBM has
been achieved in many cases, such as Zr-Al alloy [4],
AlCo intermetallic compound [5] and ZrO2-CeO2 ce-
ramic system [6]. One of the most unusual effects is
the formation of nanocrystalline non-equilibrium solid
solution for alloys, e.g., Ag-Cu [7], Cu-Hg [8] and
Fe-Cu [9], which are virtually immiscible under ther-
modynamic equilibrium conditions due to their posi-
tive enthalpy of mixing. The supersaturated solid so-
lutions obtained in immiscible systems have shown
some unique properties. For example, apparent soft-
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ening and strengthening effects have been observed
with the increase of solute concentrations in Fe-Cu
nanocrystalline supersaturated solid solution and Fe-Cr
nanocrystalline solid solution respectively [10]. Mag-
netic measurement has also shown some interesting
magnetic properties for Fe-Cu nanocrystalline super-
saturated solid solutions [11].

The driving force and mechanism for the formation
of supersaturated solid solution have been attributed
to several aspects. With respect to the formation of
nanocrystalline supersaturated solid solution in Ag-Fe
immiscible system by inert gas condensation, Herret al.
suggested that the dissolution was located mainly in the
boundary region [12]. This mechanism was also used
to explain the formation of nanocrystalline AlCo phase
supersaturated with Al prepared by ball milling [5]. Ac-
cording to the estimation of free energy change as the
structure refined by mechanical attrition in the Fe-Cu
system, it was suggested that capillary pressure of fine
particles may provide the driving force for the dissolu-
tion of one component into another [13]. It has also been
proposed that the stress field of dense dislocations pro-
duced by the severe deformation of MA is responsible
for the formation of supersaturated solid solution [14].
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Figure 1 X-ray diffractograms of Pb-50% Al milled for different times. (a) 0, (b) 0.5 (c) 5 and (d) 15 h.

On the other hand, with regard to the solubility of super-
saturated solid solution, it has been pointed out that only
some of the solute atoms are dissolved into the lattice of
the solvent as substitutional atoms and the rest are seg-
regated to the boundary regions as atomic clusters and
grain boundary atoms [15]. Therefore, the actual solu-
bility is much lower than that derived from the nominal
composition of powder mixtures in which only the solid
solution phase is detected by X-ray diffraction analysis.
Further work is required to get full understanding for
the mechanism of the formation of supersaturated solid
solution by MA.

Pb and Al are two components virtually immisci-
ble in both solid and liquid states except at very high
temperatures. Recently, it was reported that nanophase
composite can be synthesized by MA of Pb-Al [16]. It
is still not clear, however, if supersaturated solid solu-
tion has been formed. Unlike Ag-Cu [7, 17] and Fe-Cu
[9, 18] in which supersaturated solid solution have been
obtained by both rapid quenching and MA; the alloys
obtained in the Pb-Al binary system by conventional so-
lidification and rapid solidification are mixtures of pure
Pb and Al [19, 20]. Thus, it is interesting to investigate
the MA of Pb and Al to see if any alloy phases can be
formed and to characterize the microstructure of alloy
prepared by MA in the Pb-Al system, which has strong
sedimentary tendency due to mutual immiscibility and
big density difference between the components.

2. Experiment
Pure Al and Pb powders of 200 mesh size were used in
this work and the purity of powders was 99.95%. 10 g
powder mixtures of selected compositions were sealed
in a stainless steel vial together with steel balls and
milled in a Spex 8000 mill. The ratio of powder to ball
was 1 : 5. Seven balls of 10 mm in diameter and 25 balls
of 6 mm in diameter were used. The whole milling pro-
cess was performed inside a glove box filled with high
purity argon. The temperature inside glove box was al-
ways kept below 323 K. A planetary ball mill was also

used and similar result was obtained. The structural
variation of powders milled for different times was ex-
amined by X-ray diffraction. The lattice constant, grain
size and atomic-level strain (root mean square) of the
milled powders were determined by analyzing data of
X-ray diffraction using the method described in [21].
A JEOL 840-SSD SEM attached with EDX accessory
was used to observe the microstructure and composi-
tion distribution of as milled powder. The SEM sam-
ple was made by embeding the as milled powder in
epoxy and grinding it. Since some particles obtained
after milling were very coarse (several millimeters in
diameter) due to the fact that Pb is very soft, thin foils
were made directly from them. First, the coarse parti-
cle was ground to thin slab on sand paper, then further
thinned to thin foil by ion milling. TEM and HREM
investigation were performed in a CM-200. The com-
position of phases was analyzed by energy dispersive
X-ray spectroscopy (EDX) accessory of H-9000 TEM.
A PE PC series DSC7 Differential Scanning Calorimet-
ric (DSC) was used to follow the heating process of the
milled powder.

3. Results and discussion
3.1. Structural variation of Pb-Al powder

mixture during MA
The structural variations of Pb-Al powder mixtures

of different composition, e.g. Pb-33 at % Al, Pb-
50 at % Al, Pb-75 at % Al and Pb-90 at % Al, after
milling have been studied by X-ray diffraction. Fig. 1
shows the X-ray diffractogram of Pb-50 at % Al pow-
der mixture milled for different times. It can be seen
from Fig. 1 that the diffraction intensity of Pb increases
and that of Al decrease significantly at the initial stage
of milling. A steady state appears to have been reached
after about 10 h of milling. From the X-ray diffraction
result, it seems that the amount of phase with the struc-
ture of Pb increases while the amount of phase with the
structure of Al decreases. The X-ray diffraction results
of all milled Pb-Al powder mixtures are similar to that
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Figure 2 The dependence of lattice constant of Pb on the milling time measured in Pb-50 at % Al milled powder mixture.

shown in Fig. 1, and the common feature of them is
that the diffraction intensity changes most markedly at
the beginning stage of milling (within about 3 h). The
relative diffraction intensity of Pb increases with a con-
comitant decrease in the diffraction intensity of Al. It
can also be noticed that the diffraction peaks of Al and
Pb are broadened but those of Al broadened much more
apparent than those of Pb, which means that the grain
size of Al and Pb is refined but the refining is much
more significant for Al.

The intensity variation of X-ray diffraction pattern
of milled Pb-Al powder must have been resulted from
some microstructural changes caused by milling. There
are two possible reasons. One is that the Al is dissolved
into the lattice of Pb and a supersaturated solid solution
is formed. Another important factor which should be
taken into account in this system is that Pb absorbs X-
ray strongly. Since Pb is much softer than Al, it is possi-
ble that Al powder is surrounded by Pb during milling.
In this case, the X-ray beam incident to Al particles is
greatly weakened and the diffraction beam from Al is
also weakened. This effect can be quantitatively esti-
mated approximately by using the equation relating the
intensities of transmitted and incident beams as below:

I = I0e−(µ/ρ).ρ.d (1)

WhereI and I0 are intensities of transmitted and inci-
dent beams, respectively,µ/ρ is mass absorption coeffi-
cient.ρ is the density of materials andd is the thickness
of materials. In the case that the intensity of transmit-
ted beam reduces to 10% of that of the incident beam
by Pb,d is about 6µm after substituting relevant val-
ues. However, this is only the transmission case. With
regard to the diffraction intensity of Al, only half of
the above thickness would reduce its intensity to 10%
of the original value because both incident beam to Al
and diffracted beam out of Al pass through the Pb sur-
rounding it. Thus, the absorption effect of Pb may play

an important role for the change of diffraction intensi-
ties of the milled powder. However, it is not clear merely
from the intensity variation of X-ray diffraction peaks
whether the dissolution of Al into Pb takes place and
also contributes to the variation of diffraction intensities
of the milled powder.

In order to check if the dissolution of Al into Pb
has taken place during MA, the lattice constant of Pb
has been carefully measured in accordance with the
milling time in Pb-50 at % Al powder mixture in which
the Al peaks nearly disappeared after 10 h milling. The
result is shown in Fig. 2. It can be seen that the lattice
constant of Pb reduces slightly. It is likely that some Al
has dissolved into the lattice of Pb. However, the change
in lattice constant should be much bigger if the amount
of Al dissolved into Pb is consistent with the nominal
composition of the powder mixture because the atomic
size ratio of Pb to Al is about 1.22. If the Vegard’s law is
obeyed, only 1 at % of Al’s dissolution into Pb should
cause the change of lattice constant observed. Based on
this result it is suggested that if there is a dissolution of
Al into Pb, the amount should be small. Therefore, the
surrounding of Al by Pb, resulting in the absorption of
X-ray reaching and coming out of the Al as discussed
above, should be the major factor responsible for the
large decrease in the diffraction intensities of Al peaks.

3.2. Microstructure of milled Pb-Al powder
Microstructural feature of mechanically alloyed

Pb-Al was analyzed by SEM and TEM on the Pb-
50 at % Al sample milled for 10 h. Fig. 3 is a SEM mi-
crograph showing the morphology of powder obtained
by milling. The microstructure consists of two parts.
One is bright chain-like structure and the other, which
is the dominant part, is a homogeneous mixture of very
fine phases. Results of EDX composition analysis of
the samples are given in Table I. It can be seen that the
average composition of sample is coincident with the
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Figure 3 SEM micrograph of Pb-50 at % Al specimen milled for 10 h.

TABLE I EDX composition analysis of Pb-50 at % Al milled for 15 h
(at %)

Composition

No Pb Al Area measured

1 49.4 50.6 large area
2 96.3 3.7 bright region
3 93.8 6.2 bright region
4 87.5 12.5 bright region
5 66.1 33.9 matrix region
6 65.7 34.3 matrix region
7 66 34 matrix region

nominal composition of original powder mixture. How-
ever, the constituent of chain-like structure is mainly
Pb. On balance, the Al concentration of the matrix is
higher than the average composition of powder mixture.
The matrix is composed of homogeneously distributed
Pb and Al phases and the details will be shown in the
TEM results. The SEM observation shows that the mi-
crostructure of milled powder is homogeneous and fine.
Although there is a chain-like Pb rich structure, it is also
not very coarse and is distributed homogeneously. It is
expected that the chain-like product could be finally
eliminated by prolonging the milling process. There-
fore, homogeneous blending of Pb and Al can be easily
achieved by mechanical alloying despite of their mutual
immiscibility and strong sedimentary tendency due to
the large difference in their density.

Fig. 4a is a TEM micrograph showing the microstruc-
ture of the Pb-50 at % Al sample milled for 10 h. Fig. 4b
is the diffraction pattern corresponding to Fig. 4a. The
indexing of this diffraction pattern proves that the mi-
crostructure shown in Fig. 4a is composed of two phases

corresponding to Pb (dark region) and Al (bright re-
gion). It is evident that both of the phases are fine and
homogeneously distributed. Fig. 5a shows a morphol-
ogy obtained and it can be considered as a core sur-
rounded by the matrix. Fig. 5b and c are diffraction
patterns obtained in the region indicated by single and
double arrows in Fig. 5a, respectively. The indexing of
Fig. 5b confirms that the lattice of the matrix is coinci-
dent with that of Pb. Fig. 5c is a composite diffraction
pattern of the matrix and the dark particle. By using
dark field imaging and indexing the diffraction pat-
tern, it was confirmed that the particles produced the
diffraction pattern of Al. It can also be seen from Fig.
5c that Pb and Al phase are in cubic to cubic orientation
relationship.

Examining Fig. 4a carefully, it can be seen that there
are very fine particles inside the grains of Al phase.
These particles are only about 10 nm in size (the smaller
ones are only several nanometers). HREM and micro-
diffraction analysis were used to identify these parti-
cles. Fig. 6a is a HREM image showing the small par-
ticles in Al grains. Diffraction analysis indicated that
the small particles are Pb phase and they are in cubic to
cubic orientation relationship with Al matrix. All par-
ticles inside one grain have the same crystallographic
orientation. Fig. 6b is a [1 1 2] zone composite diffrac-
tion pattern of small particles and matrix obtained by
micro-diffraction showing the cubic to cubic orienta-
tion relationship between the small particles and the
matrix. It can also be noted that Moiré fringes present
due to the impose of small particles with matrix. Due
to the particle and matrix are in cubic to cubic orien-
tation relationship, it is also convenient to determine
the structure of particles and matrix by analyzing the
HREM image and related Moiré fringes. In the present
case spacing D of the Moir´e fringe is related to spacing
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(a)

(b)

Figure 4 (a) TEM morphology of Pb-50 at % Al milled for 10 h. (b) Diffraction pattern corresponding to Fig. 4a.

of lattice plane of Al and Pb (dPb and dAl ) of the same
(hkl) as below:

D = 1/(1/dAl − 1/dPb) (2)

Substituting standard data of Al and Pb, we have

D = 5.54dAl or D = 4.54dPb (3)

Using this relation the particles and matrix were identi-
fied to be Pb and Al respectively and is coincident with
the diffraction analysis.

Based on above TEM and HREM observation, the
microstructure of ball-milled Pb-Al could be charac-
terized. For Al phase its grain size is greatly refined to
less than about 200 nm and many of the Al grains are
less than 30 nm. For the Pb phase its grain size is larger
than that of Al. However, there are very fine Pb parti-
cles of about 10 nm distributed homogeneously inside
the larger grains of Al, and the orientation relationship
between these small Pb particles and Al matrix is cubic
to cubic. In addition, the Al and Pb phase are homoge-
neously blended. Thus, a composite structure contain-
ing nanometer sized Pb and Al phases was obtained.
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Fig. 7a and b are EDX spectra obtained in region
of single phase with lattice structure of Pb and Al, re-
spectively. It is interesting that there is a small amount
of Al and Pb in regions with structure of Pb and Al,
respectively. This provides further evidence for the for-

Figure 5 The morphology and selected area electron diffraction (SAD)
pattern of Pb-50 at % Al milled for 10 h: (a) morphology, bright field
image, (b) SAD pattern ([0 1 1] direction of Pb) taken at region indicated
by single arrow and (c) SAD pattern ([0 1 1] direction of Al) taken at
region indicated by double arrow.

Figure 6 HREM image of Al grain containing nanometer sized Pb particles (a) and [1 1 2] composite diffraction pattern of Al matrix and small Pb
particles showing cubic to cubic orientation relationship between them (b).

mation of supersaturated solid solution, although accu-
rate quantitative analysis was not obtained. However,
It should be pointed out that fine particles of Pb may
make contribution to the Pb peak in EDX spectroscope
obtained in region of single Al phase or vice versa al-
though the area of EDX measurement was carefully
chosen to exclude the fine particles. This is because
that distribution of fine particles of Pb in Al or vice
verse is dense and disperse.

3.3. Effect of heating on the mechanically
alloyed Pb-Al powder

Fig. 8 is a DSC trace of Pb-50 at % Al ball-milled pow-
der. The powder had been milled for 10 h. The sharp
endothermic peak at 593 K corresponds to the melting
of lead. There is also an exothermic peak which spans
a wide temperature range from 373 to 490 K approx-
imately. The1H of this peak is about 6.93 J/g. As it
is known, the precipitation of secondary phase from
supersaturated solid solution results in an exothermic
peak during the heating of supersaturated solid solu-
tion in a DSC scan [22]. The supersaturated solid so-
lution formed by MA must be in a non-equilibrium
state and transform to the equilibrium state if suitable
kinetic condition is provided. Therefore, decomposi-
tion process of supersaturated solid solution to pure Pb
and Al phases was expected when it was heated. This
decomposition makes contribution to the exothermic
peak in DSC curve. On the other hand, however, the
stored energy of mechanically alloyed materials kept
in the form of lattice defects, strain and/or increased
grain boundary area was released during heating and
resulted in a wide exothermic peak in trace of DSC scan
[23, 24]. From the microstructure observation described
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(a)

(b)

Figure 7 EDX spectrums obtained at the region with lattice structure of Pb (a) and of Al (b).

previously, nanocrystallined structure was formed in
Pb-Al mixture by ball milling. Therefore, it seems
that both decomposition of supersaturated solid solu-
tion and the release of energy stored contributed to the
exothermic peak shown in Fig. 8.

3.4. Discussion
The experimental results show that the microstructure
of Pb-Al obtained by MA is homogeneous and disperse.
However, it is somewhat different from that observed
in the nanocrystalline pure metals formed by MA [3].
As milling proceeds, the grain size of Al decreased and
the dependance of average grain size on milling time
derived from X-ray diffraction was given in Fig. 9. The

grain size of Al decreased to about 30 nm after milled
for 15 h. On the other hand, however, Pb phase exists in
two dimension levels, respectively. For the larger scale
the Pb grains of less than about 0.5µm are mixing
homogeneously with Al grains. For the smaller scale
very fine Pb particles of about 10 nm distribute inside
Al grains. In general, it is accepted that the nanocrys-
talline formation by MA evolves from dislocation cell
structures within shear bands [3]. By further deforma-
tion, the dislocation cells/low-angle grain boundaries
vanish, leading finally to a fully nanocrystalline powder
with a completely random orientation of neighbouring
grains separated by high angle grain boundaries [3].
The final grain size achieved by MA is governed by
plastic deformation via dislocation motion and the rate
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Figure 8 DSC trace of heating scan for Pb-50 at % Al powder milled for 10 h.

Figure 9 The dependence of average grain size and atomic level strain
of Al on the milling time measured in Pb-50 at % Al milled powder.

of recovery during milling [25]. It is likely that the re-
finement of Al phase to nanometer size is still observe
the dislocation mechanism. With regard to the Pb phase,
dynamic recovery takes place during the deformation
process of milling because that melting point of Pb is
only 600 K and ball milling results in certain tempera-
ture rise (100–300 K [26]). Therefore, nanocrystalline
could not evolve from multiplication of dislocations
and the grain size of Pb phase is quite coarse. In this
sense, the presence of nanometer sized Pb particles in-
side Al grains could not be explained using the dis-
location multiplication mechanism. Other mechanism

should be considered. On one hand, as mentioned be-
fore, supersaturated solid solution was probably formed
in Pb-Al system by MA. On the other hand, however,
the supersaturated solid solution formed is metastable
and tends to decompose to Al and Pb subsequently for
there is a steady temperature rise inside milling vial
which is favorable to the decomposition of supersatu-
rated solid solution. As a result, small particles of Al
and Pb precipitate from Pb and Al in a cubic to cubic
orientation relationship. It is probably like that there is a
dynamic balance between formation of supersaturated
solid solution and precipitation of small Pb particles.

The formation of supersaturated solid solution by
MA has been reported in several different cases. Sui
et al. reported that the solubility of AlCo intermetal-
lic compound can be greatly enhanced by MA and it
was suggested that the extra solute atom segregates at
boundary regions of nanocrystalline AlCo phase. So, it
is a solution on nanoscale [5]. In the case of immiscible
Fe-Cu system, it was reported that Cu could dissolve
into the lattice of Fe or vice versa [9]. The driving force
for the formation of supersaturated solid solution in
Fe-Cu has been attributed to several aspects, such as
capillary pressure of fine particles [13] and the exis-
tence of stress fields of dense dislocations induced by
milling [14]. In the case of Pb-Al in this work, TEM
and HREM observation reveals that there is no high
density of dislocation in the as-milled powder. On the
other hand, upon grinding the components milled were
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continuously fragmented. Consequently, small frag-
ments of Pb and Al were generated. The capillary pres-
sure of these small fragments may provide a driving
force, as described by Gibbs-Thomson equation, for
the dissolution in Pb-Al immiscible system. Based on
this consideration and experiment results it is suggested
that supersaturated solid solution has been formed in
Pb-Al system. However, the solubility should be very
low although accurate result have not been obtained
yet.

4. Conclusions
In the present work, Pb-Al powder mixtures of dif-
ferent ratios have been ball milled. X-ray diffraction,
TEM, HREM and EDX analysis show that homoge-
neous blending of Pb and Al can be achieved by MA
despite their mutual immiscibility and large difference
in density. The microstructure of the milled Pb-Al is
nanocrystalline Al particles and microcrystalline Pb
particles distributed homogeneously. There are also
very fine Pb particles of about 10 nm inside coarse Al
grains. By lattice constant measurement, TEM and DSC
analysis, it has also been demonstrated that supersatu-
rated solid solution was formed by MA. The increment
of free energy due to the large increase in surface area
caused by the formation of small fragments of compo-
nent to nanoscale probably provides the driving force
for the formation of supersaturated solid solution.
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