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A recovered copper shaped-charge jet fragment has been built up by copper electrodeposition 
for the first time to allow it to be systematically sectioned and polished for detailed 
observations by optical and electron microscopy. The residual jet fragment microstructure was 
observed to have a recrystallized grain structure and dislocation substructures similar to those 
in the undeformed copper shaped charge liner cone. However, the average grain size in the 
recrystatlized jet fragment was 1 5 #m compared to 45 pm for the liner. More significantly, 
however, SEM examination near the tips (or ends) of the jet fragment exhibited voids and 
coalesced void tunnels elongated axially within the fragment geometry, which are believed to 
have resulted during jet elongation and breakup by diffusion and viscous growth at high strain 
and strain rate. The observation of additional porosity in the interior of the jet fragment is 
supported by the lack of any similar observations in the surrounding and supporting (built up) 
copper electrodeposit. 

1. In troduc t ion  
The development of the shaped charge over the last 50 
years has provided unique applications both com- 
mercial and military. As an armour  penetrator, a 
copper jet about 1.5 mm diameter, 0.5 m long, and 
travelling at near 10 km s 1 can make a 2 cm diameter 
hole in 1 m of mild steel. This remarkable phenom- 
enon, in which a high explosive deforms and collapses 
a conical metal liner to form an elongating jet of the 
liner metal (illustrated schematically in Fig. 1), also 
represents one of the most severe examples of plastic 
deformation where strains vary from 500% to more 
than 1000% at strain rates between 104 and 107 s-q 

Grace [1] has recently reviewed the principal fea- 
tures of the shaped charge in terms of the liner defor- 
mation stages, liner collapse and jet formation, and jet 
elongation and particulation (or fragmentation) (Fig. 
I). In contrast to Fig. 1, Fig. 2 illustrates a shaped 
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Figure 1 Schematic view of detonated shaped charge. A high ex- 
plosive is detonated around a conical metal liner shown dotted, 
which collapses to form the slug and the elongating and fragmenting 
jet. The total cone angle is ~ 61 ~ 

charge undergoing explosive detonation. The de- 
formation stages denoted in Fig. 2 involve the ex- 
plosive shock loading of the liner metal (1) (at peak 
pressures between about  30 and 50 GPa), the liner 
collapse (2), pressurization and release at the so-called 
stagnation region (3) (where the pressure can reach 
peak values near 100 GPa, the elongation (or stret- 
ching) of the metal jet (4), and the jet particulation or 
breakup (5). 

In conventional (military) shaped charges, such as 
the BRL (Ballistic Research Laboratory) 81 mm cop- 
per shaped charge, the shock loading of the liner 
occurs at strains of less than 10% and at a strain rate 
near 108 s -  1. The shock pressure is about 45 GPa  and 
the shock temperature reaches 155 ~ The liner col- 
lapse involves strains which vary between 500% and 
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Figure 2 Schematic view of shaped charge undergoing explosive 
detonation. The deformation stages are denoted 1-5 and discussed 
in the text. (After Grace [1].) 
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1200% at a strain rate of 106S 1. At the stagnation 
point (3, Fig. 2), the peak pressure is ~ 70 GPa and 
the temperature is estimated to exceed 700 ~ (see [2]). 
As the copper jet elongates, the strain exceeds 500% at 
a rate of about 10~s 1, and the jet temperature is 
estimated to be about 400 ~ Jet breakup occurs after 
about 100 gs from detonation at a strain of about 
550%, and at a rate estimated to be 103s -1 [,1]. 
Zernow [-3] was one of the first to conclude that the 
copper jet (including particulated components) re- 
mained in the solid state, while deforming plastically. 

A knowledge of the physical state of the jet is crucial 
in determining its apparent ductility in relation to its 
breakup at the high rate it is stretched. As first shown 
by Plateau [4], when the length of a thin (fluid) 
cylinder exceeds a critical value, its surface energy is 
decreased by breaking (ideally) into spheres. Rayleigh 
[-5] expanded this treatment into a theory of liquid jet 
instability which showed that a cylindrical liquid jet 
could continuously decrease its surface energy by 
breaking into droplets. Nichols and Mullins [-6] ex- 
tended this concept to solid rods within a solid body, 
and Miller and Lange [-7] recently observed these 
features experimentally in polycrystalline (solid) fibres. 

Recent estimates of the temperature (see [2]) at the 
stagnation region (3, Fig. 2) indicate that it does not 
exceed the melting point of copper, when computed 
on the basis of homogeneous heating. A few studies 
have been devoted to the recording of flash X-ray 
diffraction patterns of the stretching jets in copper and 
aluminium shaped charges [8-11]. Jamet and Charon 
[-11] have shown that both copper and aluminium 
shaped-charge jets are in the solid state as originally 
postulated by Zernow [3], and aluminium exhibited a 
preferred orientation (texturing). 

While there is rather compelling evidence that the 
grain structure of a copper liner has a marked influ- 
ence on the stability of the corresponding copper 
shaped-charge jet, and the overall performance of the 
jet (especially armour penetration) and the shaped 
charge [12], there has been neither a systematic study 
of any metal liner or jet fragment microstructures (for 
example dislocation substructures), nor of their rela- 
tionship. 

In this investigation we examined the microstruc- 
ture of a single recovered ETP copper jet fragment 

and compared it with an undeformed ETP copper 
shaped-charge liner using a novel specimen prepara- 
tion technique for transmission electron microscopy 
(TEM). Optical metallography and scanning electron 
microscopy (SEM) techniques were also used to pro- 
vide a detailed overview of residual jet fragment 
microstructures and microstructure comparisons. 

2. Experimental procedure 
The jet particle used in this study was obtained by 
"soft" recovery of the jet from an ETP copper shaped- 
charge liner [13] using shaving cream in a long re- 
covery cylinder positioned along the charge axis 
(shown in Fig. 2). However, the preparation of trans- 
verse sections from the jet fragment, in this study 
utilized a novel technique in which the recovered 
copper fragment was built up electrolytically [,,14] by 
wrapping the fragment with a small gauge copper wire 
and electrodepositing copper on to the wrapped frag- 
ment from a concentrated copper sulphate solution. 
Several "fragments" were fashioned from the liner 
cone and several similar size native copper fragments 
were used to practice this technique and optimize the 
electrodeposition parameters before the recovered jet 
fragment was successfully built up as shown in Fig. 3. 
This allowed the jet fragment to be readily sliced to 
PrePare 3 mm discs (for TEM) which could be select- 
ively electropolished to produce electron-transparent 
thin sections within the electrodeposited, encapsulated 
copper jet fragment. These features of jet fragment 
recovery and electrodeposit build-up are illustrated in 
Fig. 3 which also shows an ETP copper liner prior to 
explosive detonation. 

Electron-transparent thin sections were also pre- 
pared from specimens cut and punched from the 
copper liner shown in Fig. 3 in order to compare 
relative microstructures observed by transmission 
electron microscopy. A Hitachi H-8000 analytical 
TEM operating at 200 kV was used to examine the 
electron-transparent thin sections sliced from various 
geometrical sectors within the liner and the elec- 
trodeposited jet fragment shown in Fig. 3. 

Optical metallography was also performed on mat- 
ing slices (and specimen surfaces) of both the re- 
covered jet fragment and the undeformed conical liner 

Figure 3 Experimental components in the shaped-charge regime. (a) Original, undetonated ETP copper liner (33 mm diameter, 2 mm wall). 
(b) Recovered ETP copper jet fragment from detonated shaped charge. (c) Copper electrodeposit on jet fragment in (b). The dotted plane 
represents the nature of transverse slicing of the built-up fragment. 
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(Fig. 3). A 50/50 nitric acid/water etch was employed 
for sample preparation prior to optical metallography. 
Scanning electron microscopy was also performed on 
the electro-thinned disc samples extracted from the jet 
fragment, as well as on other specimens. 

3. R e s u l t s  and  d i s c u s s i o n  
Fig. 4 illustrates the electropolishing [14] of a trans- 
verse section from the jet fragment shown in Fig. 3c 
and shows an electron-transparent region near the 
centre of the "soft-recovered" copper jet fragment 
[13]. This region is essentially centred in the disc, 
which includes the built-up rim of electrodeposited 
copper. Fig. 5 shows some typical bright-field trans- 
mission electron micrographs in the electron-trans- 
parent regions of the larger hole shown in Fig. 4c. This 
microstructure (in Fig. 5) is characterized by annealing 
twins and a significant number of dislocations 
( ~  109 cm -2) which are not arranged in cell struc- 
tures, and include a high density of dislocation loops. 
The electron diffraction pattern shown in Fig. 5 and 
other patterns representing different orientations 
show no anomalies in the copper lattice parameter 

Figure 4 Slicing, 3 mm disc punching, and preparation of electron 
transparent thin sections in transverse sections cut from the re- 
covered copper jet fragment in Fig. 3c. (a) SEM views of the 
electropolished disc. (b) TEM view of the central, thinned region in 
(a). (c) Over exposure of (b) showing fiducial details in (a). 

(a = 0.36 nm) or deviations from the crystallographic 
features expected for deformed copper. 

In contrast to the jet fragment in Fig. 5, the micro- 
structure of the ETP copper conical liner (Fig. 3a) 
consisted of some dislocation cells and annealing 
twins and (twin boundaries) as shown in Fig. 6. These 
two regimes are shown for comparison in Fig. 7 which 
illustrates optical microscope views of the correspond- 
ing grain structures and grain sizes. The grain size of 
the copper jet fragment is observed to be reduced from 
that of the liner by a factor of approximately 3 (from 
45 gm to 15 gm). However, the centre of the jet frag- 
ment exhibited some anomalously smaller grain sizes 
as a consequence of the jet formation as shown in Fig. 
2. Zernow [13] has, in fact, observed a "central hole" 
in some copper jet fragments. In this region, grain sizes 
near 1 lam have been observed. Consequently, this 
average grain-size reduction, coupled with variations 
in residual microstructure (particularly dislocation 
structures) implicit in Figs 5 and 6, may be indicative 
of dynamic recrystallization in the jet fragment. 

When the end sections of the recovered jet fragment 
were electropolished and examined in the SEM, a 
great deal of porosity was observed similar to that 
previously reported by Zernow [13]. Continued 
mechanical polishing and etching revealed this poros- 
ity to be a prominent feature of the jet fragment 
microstructure. The extensive nature of this porosity 
and the connectedness of voids within the jet fragment 
are illustrated in the sequence of SEM views shown in 
Fig. 8. The enlarged views in Fig. 8 show porous (void) 
tunnels extending from the electroetched surface ar- 
eas. Of particular interest is the large tunnel sur- 
rounded by a region showing a refined grain structure 
and an interracial crack delineating this grain-refined 
regime. The implications here seem to be that the 
porosity resulted by some combination of local mass 
transport and viscous void growth and coalescence, 
especially at the ends of the fragment where necking 
and fracture occurred. 

Voids and porosity in a recovered shaped charge jet 
fragment were recently discussed for the first time by 
Zernow [13] and Zernow and Lowry [2] where evid- 
ence of elongated tunnel-like holes were seen in their 
SEM observations at the particle ends where they 
"necked" and separated from adjacent particles during 
jet breakup. However, their observations of micro- 
porosity in the particle interiors away from the ends 
were considered tentative and possibly due, in part, to 
artefacts arising from the mechanical polishing pro- 
cess, the presence of oxides in the ETP copper, or 
chemical etching effects. The present observations, 
however, provide stronger evidence for porosity in the 
jet fragment interior because the surrounding copper 
electrodeposit has been subjected simultaneously to 
identical mechanical and chemical processing, and 
this region exhibits no porosity or void microstruc- 
tures as shown in Fig. 9. 

Fig. 9 summarizes the Observations of voids within 
the shaped-charge jet fragment by showing low-mag- 
nification optical microscope views of longitudinal 
(Fig. 9a) and transverse (Fig. 9b) sections from the jet 
fragment shown in Fig. 3c. Fig. 9c and d illustrate 
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Figure 5(a--c) Dislocations and annealing twins representing apparent recrystaUization microstructures in the recovered ETP copper shaped- 
charge jet fragment. (d) Selected-area electron diffraction pattern illustrating the crystallographic nature of the region shown in (c), 

Figure 6(a, b) Dislocation cells and annealing twin structures in the 
undetonated copper liner cone, 
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schematically these two views and the geometry of 
voids observed in Fig. 9a and 9b. Fig. 9a and b show 
the extent of porosity which has been estimated to be 
about 7% from these views (Fig. 9b) and the S E M  
views (as in Fig. 8). It should be noted in Fig. 9a that 
the etching was allowed to exaggerate the micro- 
structure, especially the voids. Consequently, this is 
representative of the void geometry but not their 
proportion. In addition, this measurement is not ne- 
cessarily representative of the entire fragment, a n d  
applies only to the section examined. Indeed, it can be 
observed from Fig. 9a that the high porosity measured 
occurs at the end of the fragment where the voids are 
also elongated. Consequently, as implicit in the sketch 
of Fig. 9d, the void density will be less in the particle 
centre. The hypothesis of high porosity in the interior 



Figure 7 Optical (metallographic) views of grain structure in ETP copper liner (longitudinal) section (a) and longitudinal ETP copper jet 
fragment section (b) for comparison. The region of the fragment shown is near the outside surface edge, away from the jet fragment central 
axis. (See Fig. 9(c) for orientation features.) 

Figure 8(a-d) Examples of porosity and continuous, interconnected porosity creating void or pore tunnels at various locations within the jet 
fragment as shown in Fig. 9a (1-4, respectively). 
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of the jet particle is not supported by X-ray den- 
sitometry measurements. 

The void geometry implicit in Fig. 9d and re- 
constructed schematically from the microscopic views 
shown in Fig. 9a and b provides some indication of the 
jet formation and particulation. Because of the ellips- 
oidal void configurations observed (Fig. 9d), it might 
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Figure 9 Composition of optical micrographs showing longitudinal 
(a) and transverse (b) section views of the built-up shaped-charge jet 
fragment in Fig. 3c. The electrodeposited copper is readily dis- 
tinguished from the fragment. (c) A schematic of these views in 
relation to the sectioned jet fragment; (d) the geometries of the void 
structure observed in (a) and (b). 

be postulated that the voids formed during jet elonga- 
tion, and the ellipsoidal geometry results because the 
fragments are stretching at necking instabilities (where 
breakup occurs) which creates ellipsoidal overall jet 
fragment shapes. At the high rates of plastic straining 
which characterize the jet, the voids are nucleated and 
coalesced by diffusion and viscous growth [15-18]. 
Curran et al. [18] have, in fact, illustrated spherical 
voids having an appearance similar to those in Fig. 9a 
and b in copper impact specimens. 

While there is some evidence of dynamic recrystal- 
lization because of the grain-size reduction in the jet 
fragment as compared to the undeformed liner, the 
average grain size of the jet fragment away from the 
centre axis (Fig. 7) is more than a factor of 100 larger 
than the grain size calculated by Chokshi and Meyers 
[19] to be associated with dynamic recrystallization 



for strain rates near 104 s-1. In addition, the grain size 
observed in the jet fragment examined in this research 
programme is considerably larger than that observed 
in a copper shaped-charge slug (see Fig. 2) examined 
by Chokshi and Meyers [19]. Consequently, we can- 
not confirm the prospects for superplasticity at high 
strain rates alluded to in the recent work of Chokshi 
and Meyers [19]. Furthermore, the considerably dif- 
ferent microstructural features they see for a copper 
shaped-charge slug are indicative of the considerable 
differences in the strain and strain-rate history to 
which the material in the slug is subjected, as contra- 
sted with the material in the jet (see Fig. 2). In addi- 
tion, we would expect the ETP copper to contain 
some oxide inclusions which would contribute to void 
formation. We have not seen a great deal of convin- 
cing evidence of such inclusions in the TEM analysis. 

Because of the prominence the voids assume in the 
residual copper shaped-charge jet fragment micro- 
structure, their formation and coalescence may play a 
particularly important role in the jet formation and 
instabilities leading to breakup and fragmentation. If 
this is true, then the addition of impurities or inclu- 
sions to the liner may have a significant influence on 
void formation and on the jet formation. Indeed, 
Tvergaard [20] has described the influence of voids on 
shear-band instabilities, and while we have not seen 
any evidence of shear bands in the recovered copper 
jet fragment, there are similarities between the plastic 
strains and heating which occur in the elongating jet, 
and shear instabilities. 

While Fig. 9, as a consequence of the method of 
specimen preparation, does not show a prominent 
central hole in the jet fragment recently illustrated 
by Zernow [13] and Zernow and Lowry [2], the 
observations of porosity shown schematically in Fig. 
9d are consistent with those reported previously by 
them [2], especially in regard to a contribution of the 
porosity to the necking and fracture of individual 
particles. There is evidence, as shown in Fig. 9a, that a 
microcrystalline area (having grain sizes smaller than 
the average of 15 gm observed away from the particle 
axis) circumscribing a central region of the jet frag- 
ment exists similar to that described previously where 
a central hole was observed as a consequence of the 
concentric formation of the jet from the inner wall 
movement of the cone along the charge axis shown in 
Fig. 2 [2, 13]. 

4. Conclusion 
A novel recovery scheme and a novel method for 
building up a small fragment has allowed a copper 
shaped-charge jet fragment to be systematically exam- 
ined by optical, scanning electron, and transmission 
electron microscopy. In addition, the recovered ETP 
jet fragment microstructure has been compared with 
the microstructure for an undeformed ETP copper 
liner in order to continue a detailed assessment of the 
possible role liner microstructure may have on the 
formation and stability of the jet which forms in an 
explosively detonating shaped charge. The most signi- 
ficant microstructural observation in the recovered 

copper jet fragment was the occurrence of extensive 
void formation and coalescence into long "tunnels". 
Dislocation structures in the recovered fragment re- 
sembled those in the undeformed, starting copper liner 
material except that the grain size of the fragment was 
reduced from that of the liner, indicating some dy- 
namic recrystallization occurring simultaneously with 
void nucleation, growth, and coalescence. The fact 
that porosity and similar features were not observed in 
the surrounding built-up electrodeposit, unambigu- 
ously attests to these microstructural observations. 

Because of the enormous strain and high rate of 
deformation, the void growth probably occurs by 
diffusion and viscous flow. To the extent that void 
formation may be an important feature of shaped- 
charge jet formation and stability, impurities in the 
liner may have a significant influence because void 
nucleation and growth would be significantly influ- 
enced. The microstructures of the starting liner, the 
residual slug, and the jet particles, are known to be 
considerably different. A more detailed analysis and 
comparison is indeed warranted, and is underway in 
continuing studies. 
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