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ABSTRACT 
Lead (Pb) metal is one of the widely used metal in lead acid batteries, conduct pipes, and in the medical fields for its excellent 
properties like electrochemical, chemical resistance, and radiation shielding properties respectively. Lead metal has its drawbacks 
of having low mechanical strength and high weight density, which poses major disadvantages. This present work reports the 
process of overcoming the disadvantages of strength and stiffness. The commercial grade high-strength, high-stiffness, low density 
polymer, PBO filament fibers were used as reinforcements inside a commercial pure lead matrix. The filament fibers were wound 
upon stainless steel frames to form fiber preform. The molten lead metal was allowed to infiltrate the uni-directional polymer fiber 
preform, to form the polymer reinforced lead metal matrix composite. Further the cast composite was cold compressed for higher 
mechanical integrity at different pressure values. The specimens were cut to standard sizes from the cast composites for 
mechanical characterization. Test results show that the cold compressed un-treated and un-coated polymer reinforced metal 
matrix composites exhibit better mechanical properties at higher cold compression stresses than the one which was lower. The 
reason for the same is increased mechanical friction between the reinforcing fibers and the metal matrix. Further, it was observed 
that fiber pull-out occurs at low compressive stress, and fiber breakage occurs at high compressive stresses, which also confirms 
the reasoning. Composites thus produced thus can be used in areas which demand pure lead, since the chemically inert reinforcing 
fibers present does not contaminate the lead matrix and thus can be used in the above mentioned application areas. 
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INTRODUCTION 

 

Lead(Pb) is one of the widely used metals in the areas of storage batteries, electrical cable sheaths, radiation 

shielding, chemical resistant conduct pipes, solder alloying element, lead shots [1] etc. Though there is a decline 

in the usage of lead metal mainly because of its high density, there is a great amount of lead reserve available 

unutilized [2]. lead metal also faces its drawback of having poor mechanical strength and stiffness and poor creep 

resistance. Thus it is envisaged in the present work that when suitably reinforced with high strength and high 

stiffness reinforcing fibers, like polymers which has a very low density [3], then the resulting composite of lead 

matrix will have substantial improvement in the mechanical properties like strength and stiffness. Polymers such 

as PBO has higher impact resistance and higher degradation temperature [4]. 
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MATERIALS AND METHODS 

 

Commercial pure lead of 99.5% purity was selected as a matrix material. Such metals are available both in 

powder form and as cast blocks. Commercial available PBO filament fiber, Zylon [4] shown in Fig.1 was used as 

a reinforcement in lead metal matrix. The properties of commercial pure lead [5] and Zylon [4] is given in the 

Table I. 

 
Table 1: Constituent Material Properties 

Material  

Constituent properties 

Density (kg/m3) Melting Point 

(° C) 

Tensile strength 

(MPa) 

Tensile Modulus 

(GPa) 

Coefficient of thermal 

expansion. 

(10-6(C)-1) 

Lead (Pb) 11.35 327 12.5 13.5 29.3 

Zylon AS 1.54 650 5800 180 - 6 

 

 
Fig. 1: SEM image of PBO As Spun filament fibres  

 

The choice of the PBO reinforcement are for the following reasons. 

 Zylon fibers have very high tensile strength. 

 Zylon fibers have very high tensile modulus. 

 Zylon fibers have very high impact toughness. 

 Zylon fibers have very low density. 

 Zylon fibers have very high degradation temperature. 

 Zylon fibers highly thermally and chemically stable. 

 

The choice of such a reinforcement in a soft matrix like lead, will result in 

 High tensile strength 

 High specific tensile strength 

 High tensile modulus and stiffness 

 High specific tensile modulus and stiffness 

 High impact strength 

 High specific impact strength 

 

The specific property is calculated by dividing the property value by the density of the material. It thus 

represents a property measure with respect to the weight. Which means higher the specific property, high the 

property value for a given weight of the material. 

The method of composite making was planned as stated below 

 Cleaning the reinforcing fibers 

 Preparation of the fiber preform 

 Preparation of mold 

 Liquid metal infiltration of the fiber preform  

 Preparation of test specimens 

 Characterization of materials 
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Design And Fabrication: 

The metal matrix composite [6] was designed to utilize the reinforcing fibres to its maximum capacity. Hence 

they were used uni-directionally. Since, the fibres were of low density than the lead metal, the problem of 

floatation of the fibers in molten lead will happen, in an unrestrained fiber preform. Thus the filament fibers were 

found on a rectangular stainless steel frames, uni-directionally and stacked together, one over the other. In order 

to ensure proper spacing between the layers of the fibres, empty frames without fibres were kept in-between fiber-

wound frames to form spacers. The entire fiber preform was placed inside a mold and the preform constrained by 

a rectangular block fixed with clamps and bolts. 

Theoretical properties of the composite were calculated from the Rule Of Mixtures (ROM) for a serial model 

using (1). 

Pcomposite = Pfiber * Vfiber + P matrix * Vmatrix  

Where, P is the material property, V is the volume fraction.  

 One of the main drawback in reinforcing the polymers with metal is the poor wettability [7] between them. 

The polymers filament fibres were used in as spun condition, with only acetone cleaning the surfaces. It is 

reported that chemical etching, functionalizing, and metalizing can significantly improve mechanical properties 

[7]. Here, in this work, the mechanical bonding is mainly attained due to dry friction, which is greatly pronounced 

due to the differences in the coefficient of thermal expansion of the metal and the polymer [2]. A simple 

experiment to demonstrate is shown in the Fig. 2 below. The bonding between the fibers and lead matrix is purely 

mechanical, and there is lesser mechanical interlocking, since the surface of the fibers were smooth. The 

mechanical friction is primarily due to the shrinkage of the metal. This mechanical friction can be greatly 

enhanced by cold compression, which induces residual compressive stresses and closer contact of fibres with the 

matrix. 

 
Fig. 2: Demonstration of  the concept of mechanical friction bonding between the lead matrix material and PBO 

single filament fibre  reinforcement due to shrinkage of metal matrix. 

  

The composite was designed to size suitable for testing at least three specimens, per casting. The acetone cleaned 

PBO fibres were manually wound on stainless steel frames as shown in Fig. 3 and stacked alternately with the no-

fiber, blank frames that act as spacers to separate the stacking to form like a laminate composite. Composites with 

0, 1, 2, and 3 layers of fibers, were designed to form fiber preforms [8]. The fiber preforms was secured inside the 

mold cavity by means of a hollow rectangular block, clamps, and bolts. Thus the preform is mechanically 

constrained inside the mold and cannot float in the molten metal due to its low density compared to the high 

density matrix. 

 
 

Fig. 3: PBO filament fibres wound on SS 304 frame to form fiber preform. 
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 The matrix metal was melt in a muffle furnace to superheat temperature and poured into the mold shown in 

Fig. 4. The molten liquid infiltrates the fiber preform mainly due to gravity and not due to capillary action. After 

solidification the castings was cold compressed in a Universal Testing Machine (UTM) at two different loads 

namely 78.48 kN (8 tons), and 117.72 kN (12 tons) as shown in Fig. 5, to study the effect of cold compression on 

mechanical properties. Thus a composite designated as CS8,2 for example means Cold Compressed Specimen for 

a load of 8 tons and has two reinforcing fibers. A composite with two layers of fibers before cold compression is 

shown in Fig. 6. 

 
Fig. 4: Mold, frame, block, bolts with clamps for making composites 

 

 
Fig. 5: Cold compression setup of cast composite between the plates in UTM 

 

 
Fig. 6: Compressed Specimen of (8 tons load) with bundle of fibers of two layers (CS8,2) 

 

Testing And Characterization: 

 The cast polymer reinforced composites specimens of various configurations were cut to standard 

dimensions or sub specimen dimensions for testing. The tensile test was made according to ASTM D 3552 as 

shown in Fig. 7. The tensile failure of matrix and single fiber is shown in the Fig. 8, and tensile failure of two 

fibers is shown in Fig. 9. There are some pullout of fibres observed during the tensile tests. The Charpy Impact 

Test was made according to ASTM E 23, and the tested specimen was shown in Fig. 10. 
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Fig. 7: Composite Tensile specimen 

 

 
Fig. 8: Tensile failure of composite specimen with one bundle fo fibres. 

 

 
Fig. 9: Tensile failure of composite specimen with two bundle fo fibres. 

 
Fig. 10: Charpy Impact energy failure of specimens 

 

RESULTS AND DISCUSSIONS 

 

The test results of the tested composites of various configurations were presented in Table II. The bar charts 

of the tabulated results were presented in Fig. 11 to Fig. 16. The results clearly indicate that the increase in the 

tensile strength, and increase in the tensile modulus along the fiber direction in all the composite configurations is 

due to the presence of high strength, high modulus reinforcing polymer filament fibers. The Fig.11 reveals that 

increasing the number of bundle of fibers increases the tensile strength significantly, thereby increasing the 
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specific tensile modulus. The normalized specific tensile strength shown in Fig. 12 shows more than a two-fold 

increase in the value from the un-reinforced lead metal.  

There is a significant change in the tensile modulus, Fig.13 of the composites when compared to the 

unreinforced metal. In fact the modulus increases by 59 % is due to the presence of high modulus fibres. There is 

no significant improvement in the modulus value with respect to both the number of bundle of fibers and with 

respect to the cold compression pressures as shown in Fig. 14. The stress strain graph of some combination of 

specimens of different configuration as shown in Fig. 15 reveals that the modulus in almost the same for most of 

the configuration. The first slope of the curve shifts right due to some slipping of fibres. The regions of higher 

strains were found for fiber bundles where the fibres were slipping. The tensile failure clearly shows that the 

reinforcement is good enough that the fibres fail by tension, and not just slipping in the metal matrix. 

The presence of the impact resistant polymer fibres as reinforcement in the lead matrix significantly improves 

the Charpy impact strength of the composite as shown in Fig. 16. In this case the normalized Charpy impact 

energy was increased 2.75 folds as shown in Fig.17, when four reinforcing bundle of fibers were present. There is 

no significant effect of compression pressure on the impact strength of the specimen. This is mainly, the 

compression of the composite, creates a plastic flow of lead matrix and only increases the area, but does not result 

in higher residual compressive stresses. 

 
Table 2: Observed Material Property Values For Various Specimen Configurations 

Config-

uration 

Number of 
Bundles of 

reinforcing 

fibres 

Material property 

Tensile 
strength 

(MPa) 

Density 
(kg/m3) 

 

Young’s 
Modulus 

(MPa) 

Specific 
tensile 

strength 

(MPa)/ 
(kg/m3) 

Normalised 
Specific 

strength 

Specific 
tensile 

Modulus 

(MPa) 

Normalised 
Specific 

Modulus 

 

Charpy  
Impact 

strength 

(J) 

Normalise
d 

Charpy 

Impact 
strength 

CS8 

(37.3
7 

MPa)  

0 12.98 11.34 13.54 1.14 1.00 11.877 1.00 8 1.00 

1 13.83 11.34 801.3 1.22 1.07 656.80 55.30 12 1.50 

2 19.85 11.34 822.4 1.75 1.53 469.94 39.57 16 2.00 

3 25.77 11.33 832.6 2.27 1.99 366.78 30.88 18 2.25 

4 27.59 11.33 835.4 

 
2.44 

2.13 342.38 28.83 

22 

2.75 

CS12 

(46.6
2 

MPa)  

0 15.67 11.35 13.73 1.38 1.21 9.9500 0.84 8 1.00 

1 20.65 11.35 835.7 1.82 1.59 459.18 38.66 13 1.63 

2 24.72 11.35 843.2 2.18 1.90 386.79 32.57 18 2.25 

3 27.45 11.34 847,8 2.42 2.11 350.33 29.50 20 2.50 

4 31.62 11.34 848.6 

 
2.79 

2.44 304.16 25.61 

22 

2.75 

 

 
Fig. 11: Tensile strength of various specimen configurations 

 

 
Fig. 12: Normalized specific tensile strength of various specimen configurations 
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Fig. 13: Tensile modulus of various specimen configurations. 

 

 
 

Fig. 14: Normalized tensile modulus of various specimen configurations. 

 

 
Fig. 15: Stress–Strain graph of some specimen configurations for comparisson. 
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Fig. 16: Charpy Impact energy of various specimen configurations. 

 

 
Fig. 17: Normalized Charpy Impact energy of various specimen configurations. 

 

Conclusions: 

The following conclusions were made on the basis of the SEM image, mechanical friction concept, tensile 

test results, observations of uniaxial tensile failure, graphs of tensile stress strain plot,and impact failure mode of 

specimens. 

 It was found that high performance polymer filament fiber such as PBO, commercially available as 

Zylon can be used as a reinforcement in metal matrix like lead, which has poor mechanical properties like 

strength and stiffness. 

 Metal matrix such as lead which has melting point lower than the degradation temperature of reinforcing 

polymers can be processed by liquid infiltration, without degrading the fibres [11]. 

 The fibres were of very smooth, which indicates absence of possibility of mechanical interlocking and 

indicate that the interface between the reinforcement fibers occurs mainly due to mechanical friction, contributed 

by the coefficient of thermal expansion of the matrix material. 

 Increasing the number of reinforcing fibres increased the tensile strength and impact strength 

 Reinforcing the matrix with high modulus fibres, increased the tensile modulus of the composites. 

However, Increasing the number of reinforcing fibres did not significantly increase the tensile modulus of the 

composite. 

 Cold compression of cast specimens shows significant improvement in tensile properties. 

 Cold compression of cast specimens does not show a greater variation in tensile modulus. 

 The improved values in the mechanical properties of resulted composites suggests that the composites 

can be used in application areas where pure lead and its alloys are to be improved for strength, stiffness and 

impact strength. 
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