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Abstract: GF/Pb composites were fabricated by the method of powder metallurgy, and the density, microstructure and tensile
property were characterized considering the size and content of glass fibre (GF). The results show that relative densities decrease
with increasing GF fraction, and the 50 um-GF reinforced specimens exhibit a better densification than the 300 um-GF reinforced
ones. The GF particles distribute quite uniformly in Pb matrix, and the composites fabricated at low sintering temperature (<200 °C)
possess fine-grain microstructure. The addition of GF significantly improves the strength of the Pb composites, and the ultimate
tensile strength of the Pb composite reinforced with the addition of 50 um-0.5% GF (mass fraction) is about 30 MPa higher than that
of GF-free sample. For all composites groups, increasing the reinforcement content from 0.5% to 2% (mass fraction) results in a

decrease in both tensile strength and ductility.
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1 Introduction

Pb-based alloys have been extensively investigated
over the past few decades as a candidate material in
electric vehicles, architecture field and nuclear power
industry because of their excellent properties, such as
plastic deformability, high conductance, corrosion, noise
and radium resistance characteristics [1—4]. However,
their insufficient strength and low hardness seriously
restrict their practical applications [5].

The strength of the Pb alloy could be effectively
improved by introducing the stiff and hard particle
reinforcements, such as glass fibre (GF) [6], Ti;SiC, [7]
and MnO, [8]. GF possesses useful properties such as
good machinability, low density, excellent thermal shock
and high-temperature oxidation resistance [9,10].
Moreover, it has been reported that the thermal
expansion coefficient of GF is close to that of Pb matrix,
which would largely avoid the phenomenon of
segregation of the fibre particles and reduce the internal
stress between fibre and Pb matrix during the fabrication
of the composites [11]. The combination of GF and Pb
metal can provide a superior class of the composites with

high strength and other properties. SUN et al [12]
fabricated GF/Pb composite wire by forward extrusion
method and a side way extrusion method. The tensile
strength of the composites was measured in the range of
62—180 MPa, and the conductivity was in the range of
(31.6-32.1)x10® Q'm. The addition of high volume
fraction of the continuous GF should be the main reason
for the high strength. However, the effect of
non-continuous GF on the Pb matrix composite has less
been investigated until now and it would be more
complex than that in the continuous GF/Pb composite.
Compared with extrusion method, powder metallurgy
(PM) technique is a simple and low cost production
method for producing near-net shape composites [13,14].
Moreover, the PM is feasible to add GF reinforcement
within a wide range of volume fraction.

In the present work, the GF/Pb composites with
good tensile properties through the addition of two kinds
of short GF were prepared with the method of powder
metallurgy processes including mixing and hot-pressing.
The effect of the GF size and the content on the
fabrication was investigated. Simultaneously, in order to
provide a deeper insight into the intrinsic properties
of the GF/Pb composite, the effect of GF addition on the
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tensile properties of the GF/Pb composites was evaluated.
It is expected that the GF/Pb composites possess
excellent strength without sacrificing ductility.

2 Experimental

2.1 Composite preparation

The raw materials were made from commercial
powders of Pb (99.0% in purity, and about 47 pum) and
two-sized GF (99.5% in purity, approximately 300 and
50 pum in length, and 12 pum in diameter). The
morphology of the raw powders is shown in Fig. 1.
Elemental powder blends corresponding to nominal
Pb—(0.5, 1.0, 1.5, 2.0)%GF composites with two kinds of
short GF particles were mixed mechanically at room
temperature. The powder mixtures were subjected to
double action axial compaction into square compacts
using a stainless steel die under 150 MPa for 5 min. The
green compact with a dimension of 50 mm x 50 mm x
10 mm was placed in a graphite crucible followed by
sintering in a vacuum sintering furnace. Then, the
compacts were sintered at a heating rate of 10 °C/min
and with the exertion of a gradual increasing pressure in
a vacuum furnace under a vacuum better than 1x10° Pa.
The temperatures of 100, 150, 200, 250 °C and a
pressure of 50 MPa were acquired nearly simultaneously,
and the temperature and pressure were held constant for
2 h, followed by furnace cooling.

2.2 Material characterization

The densities of the GF/Pb composites were
measured by the Archimedes method with a very thin
film of wvaseline on each specimen to avoid the
permeation of water. The detailed microstructures were
studied by scanning electron microscope (SEM, Quanta

200 FEG) using secondary electrons imaging. Tensile
specimens with a gauge length of 18 mm and a section
area of 4 mm x 1 mm were machined from the compacts.
Tensile tests were carried out in air on American Instron
5569 testing machine at a strain rate of 1 mm/min at
room temperature. All specimens for microstructure
observation and tensile tests were taken along the middle
of the fabricated samples. In tensile experiments, at least
2 specimens were tested for each composite.

3 Results and discussion

3.1 Relative density of GF/Pb composites

Figure 2 shows the effect of GF fraction and
sintering temperature (200 °C) on the relative density of
the GF/Pb composites after vacuum hot-press sintering.
It is found that the highest relative density is 99.8% for
Pb—0.5%GF (50 pm) composites, while the lowest
relative density value is 97.3% for Pb—2%GF (300 um)
composites. The density decreases with
increasing GF reinforcement content. In addition, the
50 um-GF reinforced specimens exhibit a better
densification than the 300 um-GF reinforced ones,
especially for the composites with high GF
reinforcement fractions. This result indicates that
decreasing the particle size of GF is an effective way to
reduce the microvoids between the GF and Pb matrix.
Since the pores mainly exist at the GF/Pb interface, the
condition of interface bonding directly affects the
composite density.

relative

3.2 Microstructure of sintered GF/Pb composite

SEM observations of the typical microstructure and
the statistics of the grain size distribution of Pb—1%GF
(50 um) composite produced by sintering at 150 °C for

Fig. 1 Morphologies of starting powders: (a) Pb powder; (b) 300 um-GF; (¢) 50 um-GF



2674

100.0

m 50 pm-GF/Pb
130 um-GF/Pb

9951
99.0 +
98.5
98.0

TS

Relative density/%

97.0

96.5
96.0

0.5 1.0 1.5 2.0
Reinforcement content/%

Fig. 2 Effect of reinforcement content on relative density of
GF/Pb composites sintered at 200 °C for 2 h

2 h are shown in Fig. 3. The GF particles uniformly
distribute in the Pb matrix, and, as indicated in the inset
of Fig. 3(a), the GF particles are integrated tightly with
Pb matrix and grow inside partially. As shown in
Fig. 3(b), in the Pb matrix, the nearly equiax-shaped
grains can be observed and the grain boundaries are
relatively clear, indicating that dynamic recrystallization
occurs during the sintering process. The histogram in
Fig. 3(c) shows the grain size distribution of the Pb
matrix, which is summarized from 200 grain diameters.
After calculation, the mean grain size of Pb matrix grains
is 14.47 um, mostly scattering from 2 to 25 pum, and
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more than 80% of the grains are refined to less than
25 um. We speculate that the grain refinement of the
composite could be attributed to the optimal processing
parameters for the powder materials.

Figure 4 shows the microstructure of the Pb—x%GF
composites. As indicated, the GF particles have a
rod-like shape and exhibit a uniform distribution in the
Pb matrix. The GF reinforcement particles are dispersed
within the Pb matrix in two ways in the sintered
composite, as can be seen in Fig. 4. Part of the GF is
perpendicular to the Pb substrate, while the others of the
GF particles are dispersed parallel in the composites,
especially with higher content of GF reinforcement
particles. The mechanical properties of the Pb—x%GF
composites could be improved by the cross type grating
structure.

Figure 5 shows the SEM images of the Pb matrix in
the Pb—1%GF composites sintered at 100, 150, 200 and
250 °C, respectively. The sintering temperature has a
significant effect on the grain size of the Pb matrix, and
the average grain size increases from 13.84 to 26.43 um,
as the sintering temperature rises from 100 to 250 °C.
Moreover, at 200 °C and above, the individual grains
grow significantly, up to 76 pum, as shown in Figs. 5(c)
and (d). Such phenomenon can be attributed to the
low-melting point of Pb, about 327.4 °C. It is testified
that the recovery temperature and the recrystallization
temperature of Pb are in the range from —130 to 100 °C
and from —40 to 10 °C, respectively [15]. In the present
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Fig. 3 Typical microstructure and grain size statistical distributions of Pb—1%GF (50 pm) composite sintered at 150 °C for 2 h:
(a) SEM image of composites (Insert in (a) shows interface between GF particles and Pb matrix); (b) SEM image of Pb matrix;
(c) Statistical distributions of grain size for Pb matrix with mean grain size of 14.47 um
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Fig. 4 Microstructures of GF/Pb composites with different GF (Pb matrix composites reinforced with GF were prepared by hot
pressing at 200 °C for 2 h): (a) 50 pm, 0.5%; (b) 50 pm, 1.0%; (c) 50 um, 1.5%; (d) 50 um, 2.0%; (e) 300 um, 0.5%; (f) 300 pm,

1.0%; (g) 300 um, 1.5%; (h) 300 um, 2.0%

composites, all the sintering temperatures are higher than
the recrystallization temperature. As a result, some grains
grow in the composites.

3.3 Tensile properties and fractography of composites

Figure 6 shows the effect of the reinforcement
content and type of the GF on the tensile property of the
GF/Pb composites sintered at 200 °C for 2 h. The
average values of the tensile properties of the composites
are summarized in Table 1. It can be seen that the tensile
strength of the 50 um-GF reinforced composites is larger
than that of 300 um-GF reinforced samples. The
50 pm-0.5%GF reinforced composite possesses the
highest ultimate tensile strength (oy), which is about
15 MPa higher than that of the other GF reinforced
composites in the present work and 30 MPa higher than

that of pure Pb. As the better reinforcing effect can be
achieved by GF with smaller sizes, the large
enhancement of the oy, of the 50 um-GF composite could
be mainly attributed to the significant refinement of the
GF. Moreover, the fine-grain microstructure of the Pb
matrix could also contribute to the enhancement of the o,
Nevertheless, the tensile strength and elongation of Pb
matrix composites reinforced by the two kinds of GF
show a decrease with increasing reinforcement content
from 0.5% to 2%. The decreasing trend of tensile strength
and strain with the reinforcement content in the GF
reinforced composites can be attributed to the increase in
the amount of porosity and the concentration of the GF.
Generally, the discontinuity of the matrix phase increases
with increasing porosities and this phenomenon causes
low mechanical properties, such as tensile strength.
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Fig. 5 SEM images of Pb matrix in Pb—1%GF composites sintered at different temperatures: (a) 100 °C; (b) 150 °C; (c) 200 °C;

(d) 250 °C
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Fig. 6 Variation of tensile property in Pb-matrix composites
with different types of GF content

Figure 7 shows the tensile true stress—strain curves
of the composites with different contents of 50 pm-GF
addition. The composites were prepared by hot pressing
at 200 °C for 2 h. It can be seen that the yield strength
(092) and ultimate tensile strength (o) of the composites
increase significantly, however, the fracture strain (ef)
decreases, compared to that of pure Pb. Moreover, as the
content of GF increases, the g, of the composites exhibits
monotonous characteristics, decreasing from maximum
37.9 MPa with 0.5% GF to 24.9 MPa with 2% GF, and
the & decreases from 4.41% to 1.27%.

From the fracture surfaces of the composites shown
in Fig. 8, the debonding between the GF particles and the

Table 1 Tensile property of GF/Pb composites at room

temperature
Size of GF/um Content of GF/%  o,/MPa  ¢y,/MPa /%
0.5 37.9 30.5 441
1.0 355 30.7 1.81
50
1.5 30.4 26.9 1.21
2.0 29.0 25.2 1.27
0.5 294 257 397
1.0 242 21.4 1.45
300
1.5 22.3 21.8 1.09
2.0 25.7 223 1.13
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Fig. 7 True stress—true strain curves of tensile specimens
having different amounts of 50 um-GF content
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Fig. 8 SEM fractographics of GF/Pb composites: (a) Pb—0.5%GF; (b) Pb—0.5%GF; (c) Pb—0.5%GF; (d) Pb—0.5%GF

Pb matrix is the main fracture mode in the composites.
The poor interface between GF and Pb matrix plays the
role in crack source during the deformation and
facilitates the fracture of the composites. As shown in
Fig. 8, the cracks between GF and Pb matrix become
long and deep when the content of the additive GF
increases from 0.5% to 2%.

4 Conclusions

1) The relative density decreases with increasing GF
reinforcement content, and the 50 pum-GF reinforced
specimens exhibit better densification than the
300 um-GF  reinforced ones, especially for the
composites with high GF reinforcement fractions.

2) The average grain size increases from 13.84 um
to 26.43 um, as the sintering temperature rises. At 150 °C
and above, the individual grains grow significantly, up to
76 pm.

3) The size of the GF significantly influences the
tensile properties of the composites. The composite with

50 um-0.5%GF possesses the best tensile properties, i.e.,
the average tensile strength is 30 MPa higher than that of
GF-free sample, but the tensile strength and elongation
of GF/Pb composite show a decrease with reinforcement
content from 0.5% to 2%, mainly due to increased
porosities.
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