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Abstract Wf/Cu82Al10Fe4Ni4(30) composites and Wf/

Cu82Al10Fe4Ni4(60) composites were prepared by pene-

trating casting method. Three-point bending test and

dynamic compression test showed that Wf/Cu82Al10

Fe4Ni4(30) composites possessed higher mechanical prop-

erties than Wf/Cu82Al10Fe4Ni4(60) composites. Microstruc-

ture observation of Wf/Cu82Al10Fe4Ni4(30) composites

revealed that a small amount of tungsten diffused into the

Fe–Ni solid solution precipitated on the surface of tungsten

fibers. The damage occurred mainly within the tungsten

fibers after three-point bending test and dynamic compres-

sion test in Wf/Cu82Al10Fe4Ni4(30) composites, indicating

that the composites possessed high interface strength. Dis-

location density was high and stacking faults emerged in

Wf/Cu82Al10Fe4Ni4(30) composites after dynamic com-

pression. Microstructure observation of Wf/Cu82Al10

Fe4Ni4(60) composites revealed that long strip of tungsten

grains occurred at the edge of tungsten fibers, within which

damage mainly emerged after three-point bending test,

indicating that strength of the edge of tungsten fibers was low

in Wf/Cu82Al10Fe4Ni4(60) composites. The fibrous structure

of tungsten fiber was coarse or even disappeared in some

areas, and dislocation density was low in Wf/Cu82Al10

Fe4Ni4(60) composites after dynamic compression.

Introduction

As the development of armor piercing bullet to high speed,

high strength, and high density, the demand to mechanical

property of the material used in armor piercer also increase

[1–3]. Composites are composed of two or more kinds of

materials reasonably, so they often possess better perfor-

mance than single material. At present, many countries start

to do research in composites’ armor piercing bullet [4–6].

Tungsten fiber possesses high density, and it is drawn out

from block tungsten under high-temperature [7–9]. During

the drawing process, the inner structure of tungsten fiber will

be fiberized, so the tungsten fiber possesses high mechanical

property [10, 11]. Due to these advantages, tungsten fiber is

selected as reinforcement of the composites in this paper.

Because copper alloy possesses high density and high

strength, and W–Cu composites have been successfully used

in many fields including electronics, military, aerospace,

copper alloy is selected as matrix, in which iron, nickel, and

aluminum were added in order to improve interface strength

of the composites [12–16]. Because high-temperature will

crucially affect the final mechanical property and micro-

structure of tungsten fiber in the composites, we selected two

kinds of heating processes to fabricate the composites in this

paper. Then bending strength and dynamic mechanical

property of the composites were tested, and microstructure

and fracture mechanism of the composites were analyzed in

order to find the better heating processes.

Materials and experimental methods

Cu82Al10Fe4Ni4 alloy was selected as the matrix in this

paper. The diameter of tungsten fiber is 0.25 mm. After

straightening, tungsten fibers were cut into 100 mm long and
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immersed in 40% hydrofluoric acid to remove the surface

oxide film, and then they were cleaned by ultrasonic in

acetone. The prepared tungsten fibers were put straightly into

the clean quartz tube, and the master alloy was set above the

tungsten fibers, then the composites were fabricated by

means of penetrating casting method. The composites were

fabricated by two kinds of heating processes, which were

different at heating time at 1250 �C. In the first heating

process, Wf/Cu82Al10Fe4Ni4(30) composites was fabricated

at 1250 �C with 30 min. In the second heating process,

Wf/Cu82Al10Fe4Ni4(60) composites was fabricated at

1250 �C with 60 min. Tungsten fibers volume fraction of the

two kinds of composites is 80%. Three-point bending sam-

ples with the dimension of 5 mm 9 5 mm 9 35 mm were

made by wire cutting machine. The size of impacting sam-

ples is U4 mm 9 4 mm. Dynamic compression test was

finished by split Hopkinson pressure bar (SHPB) at the strain

rate of 2000 s-1. To ensure the reliability of test data, each

group test would be done at least three times. Then micro-

structure and fracture mechanism of the composites were

analyzed by transmission electron microscope (TEM) and

scanning electron microscope (SEM).

Results and discussion

Microstructure observation

Figure 1a is SEM image at interface in Wf/Cu82Al10

Fe4Ni4(30) composites, and there are interfacial reaction

products on the surface of tungsten fiber. Energy Disperse

Spectroscopy (EDS) insert showed tungsten, iron, nickel

were the major elements of interfacial reaction products.

Figure 1b was TEM image at interface in Wf/Cu82Al10

Fe4Ni4(30) composites, and the selected area electron dif-

fraction pattern (SADP) insert indicated that interfacial

reaction products were Fe–Ni solid solutions. The result

indicated that tungsten diffuse into Fe–Ni solid solutions,

which were favorable to improve wettability and interface

strength between matrix and tungsten fibers in Wf/

Cu82Al10Fe4Ni4(30) composites. While the edge of tung-

sten fibers in Wf/Cu82Al10Fe4Ni4(60) composites was

destroyed as showed in Fig. 1c. Some long strip of grains

formed at the edge of tungsten fibers in Fig. 1d, SADP

insert indicated that they were tungsten grains generated

by recrystallization. The result indicated that heating time

Fig. 1 The interface microstructure of the composites. a SEM image of Wf/Cu82Al10Fe4Ni4(30) composites, b TEM image of Wf/

Cu82Al10Fe4Ni4(30) composites, c SEM image of Wf/Cu82Al10Fe4Ni4(60) composites, d TEM image of Wf/Cu82Al10Fe4Ni4(60) composites
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had important effect on interface microstructure of the

composites.

Effect of heating process on interface strength

Figure 2 is bending stress–displacement curves of Wf/

Cu82Al10Fe4Ni4(30) composites and Wf/Cu82Al10Fe4Ni4(60)

composites, from which it can be found that bending strength

of Wf/Cu82Al10Fe4Ni4(30) composites is obviously higher

than Wf/Cu82Al10Fe4Ni4(60) composites. Figure 3a and b

showed fracture morphologies of Wf/Cu82Al10Fe4Ni4(30)

composites and Wf/Cu82Al10Fe4Ni4(60) composites after

three-point bending test, respectively. The damage mainly

emerged within tungsten fibers in Wf/Cu82Al10Fe4Ni4(30)

composites in Fig. 3a, which proved that the composites

possessed high interface strength. While the damage mainly

occurred at the edge of tungsten fibers in Wf/Cu82Al10

Fe4Ni4(60) composites in Fig. 3b.

The change of interface microstructure was the main

reason why fracture morphologies of Wf/Cu82Al10Fe4

Ni4(30) composites and Wf/Cu82Al10Fe4Ni4(60) composites

were different. In Wf/Cu82Al10Fe4Ni4(30) composites,

tungsten diffused into Fe–Ni solid solutions precipitated on

the surface of tungsten fibers as showed in Fig. 1b, which

improved interface strength between tungsten fibers

and matrix. While there did not exist the diffusion in

Wf/Cu82Al10Fe4Ni4(60) composites as showed in Fig. 1d,

and the recrystallization of tungsten fibers would also reduce

strength of the edge of tungsten fibers, which made bending

strength of Wf/Cu82Al10Fe4Ni4(60) composites obviously

reduce.

Fracture behaviors of the composites after dynamic

compression

Figure 4 is compressive stress–strain curves of the two

kinds of composites at strain rate 2000 s-1. Dynamic

compressive strength of Wf/Cu82Al10Fe4Ni4(30) compos-

ites was 2500 Mpa, which was higher than that of

Wf/Cu82Al10Fe4Ni4(60) composites. The plastic strain of

Wf/Cu82Al10Fe4Ni4(30) composites was 0.22, while the

strain of Wf/Cu82Al10Fe4Ni4(60) composites at failure was

only 0.09.

Figure 5a and b showed microstructure morphology of

Wf/Cu82Al10Fe4Ni4(30) composites after dynamic com-

pression. Obvious plastic deformation and some cracks

emerged, but overall failure did not occur in Wf/Cu82Al10

Fe4Ni4(30) composites as show in Fig. 5a, and the partial

enlarged drawing showed there existed lots of lacerated

fibrous substances in the cracks. Because the inner structure

of original tungsten fiber is fibrous, the microstructure

observation indicated that the cracks emerged within

tungsten fibers and heating process of Wf/Cu82Al10

Fe4Ni4(30) composites had little effect on the inner struc-

ture of tungsten fibers. The Wf/Cu82Al10Fe4Ni4(30) com-

posites was cut along the central axis by wire cutting

machine, as show in Fig. 5b, the splits mainly appeared

within tungsten fiber and there existed a lot of lacerated

fibrous structure, which also indicated that microstructureFig. 2 Bending stress–displacement curves of the composites

Fig. 3 SEM images of three-

point bending fracture surfaces

of the composites. a Wf/

Cu82Al10Fe4Ni4(30)

composites, b Wf/

Cu82Al10Fe4Ni4(60) composites
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of tungsten fibers did not change and interface strength was

high in the composites.

Brittle fracture occurred in Wf/Cu82Al10Fe4Ni4(60)

composites after dynamic compression, as showed in

Fig. 5c, Wf/Cu82Al10Fe4Ni4(60) composites split into two

parts, and the splitting surface was smooth, on which fibrous

substances within tungsten fibers were few and very coarse.

The Wf/Cu82Al10Fe4Ni4(60) composites was cut along the

central axis by wire cutting machine, as show in Fig. 5d, the

damage appeared at the edge of tungsten fibers, indicating

that strength of the edge of tungsten fibers was lowest in

Wf/Cu82Al10Fe4Ni4(60) composites. Any tiny fibrous sub-

stances within tungsten fibers did not been found except few

coarse fibrous substances in Fig. 5c and d, which indicated

that prolonged heating time made fibrous structure within

tungsten fibers coarsen and even disappear in Wf/Cu82Al10

Fe4Ni4(60) composites. Tungsten fibers possessed high

mechanical property due to the fibrous structure, while

coarsening and disappearance of the fibrous structure

would lead to the reduction of mechanical property of

Wf/Cu82Al10Fe4Ni4(60) composites.

Figure 6a, b and c were TEM microstructure of

Wf/Cu82Al10Fe4Ni4(30) composites and Wf/Cu82Al10Fe4

Ni4(60) composites after dynamic compression. The radial

observation location was 1.5 mm away from the edge of

the samples, and the axial observation location was middle

of the samples. Figure 6a and b showed dislocation density

in Wf/Cu82Al10Fe4Ni4(60) composites lower than that in

Wf/Cu82Al10Fe4Ni4(30) composites. Due to long time

heating to Wf/Cu82Al10Fe4Ni4(60) composites, the strength

and plasticity of tungsten fibers reduced rapidly, so brittle

Fig. 5 SEM images of the

composites after dynamic

compression. a, b Wf/

Cu82Al10Fe4Ni4(30)

composites; c, d Wf/

Cu82Al10Fe4Ni4(60) composites

Fig. 4 Compressive stress–strain curves of the composites at the

strain rate of 2000 s-1

5544 J Mater Sci (2011) 46:5541–5545

123



fracture occurred in tungsten fibers easily when the com-

posites was impacted. This meant that deformation of

Wf/Cu82Al10Fe4Ni4(60) composites was very little when

overall failure happen, so the dislocation density in matrix

was relatively low as showed in Fig. 6a. While tungsten

fibers in Wf/Cu82Al10Fe4Ni4(30) composites possessed

excellent plasticity, and Wf/Cu82Al10Fe4Ni4(30) compos-

ites also possessed high interface strength. The load could

be transferred smoothly between matrix and tungsten fibers

when Wf/Cu82Al10Fe4Ni4(30) composites was impacted,

which only caused obvious plastic deformation and avoi-

ded overall failure of the composites, so the dislocation

density in the matrix also increase significantly as showed

in Fig. 6b. It was also found that there were stacking faults

of two directions crossing one another inside a grain in

matrix of Wf/Cu82Al10Fe4Ni4(30) composites in Fig. 6c. If

the direction of the external force was parallel to the ½2�1�1�
crystalline direction of this grain, the atoms on a ð11�1Þ
plane would slip with a distance of ½2�1�1�/6 along ½2�1�1�
direction and the atoms of next ð11�1Þ plane would slip with

the same distance, which resulted in the change of stacking

sequence and then formation of a slice of stacking fault. As

the atoms on any ð11�1Þ plane under the action of external

force along ½2�1�1� direction might have the chance to slip, at

the moment under the action of external force, there would

be several slices of stacking faults to be formed. As

continuing deformation, the orientation of this grain

changed. When the direction of the external force was the

[211] direction, the atoms on a ð11�1Þ plane would slip with

a distance of [211]/6 along [211] direction, and then the

stacking faults formed. So there would be stacking faults of

two directions crossing one another inside a grain.

Conclusions

The interface microstructure of Wf/Cu82Al10Fe4Ni4(30)

composites and Wf/Cu82Al10Fe4Ni4(60) composites were

different. A little of tungsten diffused into the Fe–Ni solid

solutions precipitated on the surface of tungsten fibers in

Wf/Cu82Al10Fe4Ni4(30) composites, which would improve

interface strength of the composites. While long strip of

tungsten grains generated by recrystallization occurred at

the edge of tungsten fibers in Wf/Cu82Al10Fe4Ni4(60)

composites, which would reduce the strength of the

composites. Dynamic compression test indicated that

Wf/Cu82Al10Fe4Ni4(30) composites possessed higher

strength and plasticity than Wf/Cu82Al10Fe4Ni4(60) com-

posites. Inner structure of tungsten fibers in Wf/Cu82Al10

Fe4Ni4(60) composites was consistent with that of original

tungsten fibers, which indicated that heating process of

Wf/Cu82Al10Fe4Ni4(30) composites had little effect on the

inner structure of tungsten fibers. While tiny fibrous

structure within tungsten fibers coarsened and even disap-

peared in Wf/Cu82Al10Fe4Ni4(60) composites, which indi-

cated that the extension of heating time would change the

inner structure of tungsten fibers.
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