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A series of dynamic compression experiments were performed on single-crystal and polycrystal copper specimens, as well as 
on mild steel (AISI 1018 steel) and pure iron, containing pre-existing cavities, using the split Hopkinson compression bar. It is 
found that void collapse occurring under purely compressive axial loading leads to tensile cracking (presumably upon 
unloading). Microcracks are nucleated at intersections of slip planes, growing along slip lines as well as in the general direction 
normal to the applied compression. The resistance to void collapse in loading and the extent of fracturing in unloading 
increase with increasing overall nominal rate of compressive loading. For pure copper single crystals, recrystallization occurs 
when the strains and strain rates are sufficiently high. Tensile cracks are then observed to grow into the newly formed crystal 
grains. 

1. Introduction 

In a recent pape r  N e m a t - N a s s e r  and  Hori  
(1987) have presented  an analyt ic  s tudy of dy- 
namic  void col lapse  and void growth in single 
crystals  which de form plas t ica l ly  by slip on crys- 
ta l lographic  slip systems, accompan ied  by elastic 
la t t ice dis tor t ion.  The  s tudy includes the effects of  
the loading  rate, the init ial  void geometry,  and the 
stress state on void col lapse  (in compress ion)  and 
void growth  (in tension).  In addi t ion ,  it was sug- 
gested that  a void which has been col lapsed under  
a compress ive  pulse, may  grow as a crack in its 
own plane,  normal  to the d i rec t ion  of compres-  
sion, dur ing  unloading.  The analysis  shows that  
the extent  of such crack growth depends  on the 
init ial  void size, the rate  of loading,  and the frac- 
ture toughness  of the material .  The tendency  for 
crack growth increases with an increasing loading  
rate  and  initial  void  size. In addi t ion ,  the resis- 
tance of  the void col laps ing into  a crack increases 
with an increasing loading  rate. 

The  poss ib i l i ty  of  failure by tensile cracking of  
a very duct i le  single crystal  normal  to the app l ied  
compress ion ,  is most  intr iguing and defies intui-  

tion. It represents  a newly ident i f ied  dyna mic  
failure mode  of duct i le  crys ta l l ine  solids in overal l  
pure  compress ion.  

In the present  paper  we repor t  the results of  a 
series of exper iments  pe r fo rmed  on s ingle-crystal  
and  polycrys ta l  copper  specimens,  as well as on 
mild steel (AISI  1018 steel) and  pure  iron, con- 
ta ining pre-exis t ing cavities. The exper iments  are 
done  in compress ion  at var ious  s train rates, using 
the compress ion  Hopk inson  bar,  as well as quasi-  
stat ic testing machines.  It is found that  void col- 
lapse, even in s ingle-crystal  copper ,  occurr ing  un- 
der  pure ly  compress ive  axial loading,  can and does 

lead to tensile cracking in the general direction 

normal to the applied compression. Evident ly  the 
cracks are formed dur ing  un load ing  because  of the 
residual  strains.  The crack growth process  appea r s  
to be very fast, involving extensive b ranch ing  
whose intensi ty  and extent  increase as the app l i ed  
compress ive  strain rate  is increased.  

At  very high strain rates, recrys ta l l iza t ion oc- 
curs at the crack tips, in add i t i on  to the tensile 
cracking.  In s ingle-crystal  copper  specimens,  de- 
formed by axial  nomina l  s train of  25% or more  at 
s t rain rate of  about  104/s ,  cracks are observed  to 
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grow into the recrystallized grains, suggesting that 
recrystaltization must have occurred prior to the 
removal of the compression pulse. The cracking 
directions of many branches coincide with ap- 
propriate crystallographic planes of maximum 
atomic density, but at the same time, cracks do 
also grow essentially normal to the direction of the 
compression at the tips of the collapsed void. A 
detailed scanning electron microscopic study of 
the flow structure associated with crack branches 
shows that each seems to have its own large-scale 
plastic deformation field somewhat distinct from 
those of other branches, as well as that of the 
overall large plastic deformation which occurs in 
compression during void collapse and prior to 
cracking. 

Similar tensile cracking induced by the collapse 
of a cavity in mild steel and pure iron subjected to 
axial compression, has been observed. In this case 
also, extensive crack branching occurs whose in- 
tensity and extent increase with an increasing rate 
of applied compression. Hence it appears that the 
phenomenon should be considered as a general failure 
mode of porous ductile metals under dynamic com- 
pressive loads. From our investigation, it appears 
that the subject requires further extensive experi- 
mental and theoretical investigation. 

surements show that the thicknes,,, of the specimen 
does not change by any noticeable amount and 
that the plastic flow is essentiall',, in the plane of 
the specimen, leading to the axial shortening and 
lateral lengthening of the plate at constant thick- 
ness: a plane strain case. Thus, for single crystals. 
it is possible to obtain essentially two-dimensional 
void collapse conditions which have been analyzed 
by Nemat-Nasser  and Hori (1987). 

Figure la  is the sketch of the specimen showing 
the direction of the principal stress axis. [01'1]. 
and the corresponding crystallographic orientation 
of the specimen. Figure l b shows the sandwiched 
specimen within a steel ring held between the two 
bars of the split Hopkinson bar. To attain a prede- 
termined total axial compressive strain, the sand- 
wiched specimen is placed inside of an AIS! 4340 
steel ring of suitable height; in later experiments a 
specially designed maraging steel fixture was used. 
Once the specimen's width is reduced to the height 
of the ring in the compression t topkinson bar, the 
ring transmits the additional loads, and no appre- 
ciable further axial shortening of the specimen 
takes place. In this manner, it is possible to con- 
trol both the total axial strain, as well as the strain 
rate. Hence, the sample is subjected to only a 
single compressive pulse and no tensile loads. 

2. Specimen preparation and test procedure 

Specimens are cut by a low-speed diamond saw 
from a 99.99% pure copper single crystal bar of 1 
in. diameter, in the form of plates of about 1 mm 
thickness, 9 mm length, and 7.6 mm width. The 
specimens are polished mechanically and electro- 
lytically. A circular hole of about 120-150 ~m is 
produced at the center of the sample using EDM, 
and then electro-polished. The specimen is heat- 
treated at 950°C for 1 h, and it is sandwiched 
between two plates of copper single crystal having 
the same crystal orientation and dimensions as the 
specimen, in order to prevent lateral buckling of 
the specimen during in-plane deformation. The 
specimens are cut in such a manner that the 
loading plane is the {011}-plane and the flow 
directions are (110). In this manner, plastic flow 
on only two slip planes {111} is activated. Mea- 
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Fig. 1. (a) Crystallographic orientation of a sandwiched Cu 
single-crystal specimen: (b) schematic representation of com- 
pression Hopkinson bar and of specimen within a steel ring 
held between the two bars. 
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Fig. 2. (a) Collapsed void in Cu single crystal compressed at -21.4% overall strain and at 1100/s strain rate; original void diameter 
was 130 ~m; (b) corresponding polished surface; (c) magnified right edge of the collapsed void. 
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Fig. 3. (a) Void collapsed at 20.27/c~ overall strain and at 7400/s  strain rate in Cu single crystal: (b/ and (c) the right edge ol' the 
collapsed void. 
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Fig. 4. Void collapse and the associated cracks in Cu single-crystal specimens deformed at a strain rate of 1,lO0/s, by different 
overall strains. 
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3. Experimental results and discussion 

3,1. Void collapse and crack propagation in Cu 
single cr}'stal 

Under the [011]-stress axis, slip occurs on the 
( ]11)-  and (111)-planes, with the (111)[110]-, 
(111)[1011-, and (111)[10]-]-, (111)[l10]-slip di- 
rections having maximum Schmid factors. The 
resultant slip directions on the (011)-plane are 
[211] in the (111)-plane and [21]] in the (111) 
plane. 

Figure 2a shows the unpolished (011)-plane 
surface of the specimen which has undergone a 
total overall strain of -21.4% (compressive) at an 
overall strain rate of 1,100/s. The void of about 
130 ~un at the center of the specimen has essen- 
tially collapsed at both ends, in a general direction 
normal to the applied compression. As is seen, the 
material in the regions around the edges of the 
collapsed void is heavily deformed. Figure 2b is 
the corresponding polished surface of the speci- 
men, which shows the completely collapsed void 
and the tensile cracks emanating from its tips, 
presumably having occurred during unloading. 
Since slip on the two active slip planes, (1 1 1 ) and 
(111), may not occur by the same amount, the 
collapsed void may rotate slightly away from the 
direction normal to the applied compression. Fig- 
ure 2c is the magnified right edge of the collapsed 
void, showing extensive crack branching in various 
directions. 

At the higher strain rate of 7,400/s, Fig. 3a, 
and a total overall compressive strain of -20.2%, 
cracks are seen to have formed along the slip 
directions, as well as normal to the compression 
axis. Figures 3b and c are the SEM micrographs of 
the right edge of the collapsed void. The plastic 
flow fields associated with each branch of the 
crack are evident in these figures. The highly 
localized plastic flow associated with each branch 
suggests that each branch extends with its own 
plastic field. It is interesting to note that tension 
cracks are formed not only in the ( l l l ) -p lane  but 
also in the [100]-direction. 

Figure 4 shows collapsed voids and the associ- 
ated cracks in copper single-crystal specimens de- 
formed at a strain rate of 1,100/s, by different 

amounts of the total overall plastic strains. It can 
be seen that, for overall strains of - 1 2 % and 
higher, cracks are formed at the tips of the collaps- 
ing void in the general direction normal to the 
compression axis and the direction of maximum 
shear stress. Hence, a certain amount of ot~erall 
plastic straining is necessary, in order to nucleate 
tension cracks at the tips of the collapsing t, oid, upon 
unloading. As is discussed later, during such plas- 
tic deformations, the flow stresses on active slip 
systems approach the saturation value, rendering 
plastic flow the less favorable mechanism for stress 
relief in unloading than the mechanism of tensile 
fracturing. 

3.2. Mechanism of tensile cracking 

The plastic strains due to slip in the regions 
close to the tips of a collapsed void are at least an 
order of magnitude larger than the overall nomi- 
nal compressive axial strain of the sample. For 
example, finite-element modeling (Zikry and 
Nemat-Nasser, 1990) of void collapse in single- 
crystal copper at an overall strain rate of 103/s 
shows that, at the overall nominal total axial 
shortening of 10%, the accumulated strain on slip 
systems close to the tips of the collapsing void can 
easily exceed 300%. This implies a local strain rate 
exceeding 10S/s, in heavily dislocated regions close 
to the tips, where a saturation dislocation density 
may be attained under suitable conditions. Upon 
unloading, large tensile stresses develop in these 
regions in the direction of the stress axis (Nemat- 
Nasser and Hori, 1987). The heavily dislocated 
active slip planes, with dislocation densities in- 
creasing close to the edge of the collapsed void, 
have very high flow stresses. Hence, the unloading 
which occurs as the compression pulse traverses 
the specimen, may not be accompanied by exten- 
sive reversal plastic deformation in the regions 
close to the tips of the collapsed void. The exten- 
sive work-hardening of the material in these re- 
gions during the compression phase of deforma- 
tion, may preclude reverse plastic flow in the same 
regions in unloading which takes place in a rela- 
tively short time period of the order of several 
microseconds. During this short time interval, the 
extensively work-hardened material may unload 
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essentially elastically, leading to the formation of 
tensile cracks, as shown in Fig. 3. The experimen- 
tal setup is such that any significant overall re- 
verse plastic deformation which may occur in un- 
loading, can easily be detected. In all experiments, 
no noticeable reversal plastic deformation was ob- 
served. Indeed, the length of the recovered sam- 
ples measured in the loading direction was always 
equal to the length of the steel ring. Thus the 
overall unloading strains were negligibly small, 
indicating that any unloading local plastic flow 
must also be very small. 

From a phenomenological point of view, the 
unloading process can be modeled, using a simple 
fracture mechanics approach. The opening mode 
stress intensity factor at the tip of a collapsed void 
can be estimated by 

where 2a I is the length of the collapsed void, 2a 
is the total crack length, and o ~ and o ~ are the 
stresses normal to the crack direction in loading 
and unloading, respectively. Nemat-Nasser  and 
Hori (1987) estimate o I analytically using a rate- 
dependent double slip model, where the slip rate is 

assumed to be governed by a power law. This 
allows stress relaxation during loading due to plas- 
tic slip. Unloading is then assumed to be elastic, 
leading to cracking. Calculation shows that the 
extent of crack growth in unloading depends on 
the initial void size, the rate of loading, and the 
material ductility. There is a minimum void size 
below which the crack (which is formed by void 
collapse) will not extend upon unloading. Resis- 
tance to void collapse increases with increasing 
loading rates, but once the void is collapsed, the 
extent of cracking in unloading also increases with 
increasing loading rates: the material is more re- 
sistive to plastic flow in loading and more brittle 
in unloading, as the loading rate is increased. 
These theoretical predictions are in general accord 
with our experimental observations. 

In the sequel we shall discuss possible micro- 
scopic mechanisms which may be responsible for 
the observed tensile cracking. 

3.2.1. Compression stage 

Figure 5 shows the slip lines near the right tip 
of a partially collapsed void in a single-crystal 
copper specimen deformed at 1,100/s, by a total 
overall axial (compression) strain of - 9 % .  The 

Fig. 5. Slip l ines near  the right tip of the par t ia l ly  col lapsed void in s ingle-crystal  copper  deformed at a s t ra in  of 9% and at a 
1 ,100/s  s train rate. 
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figure suggests that, at the intersections of the slip 
planes,  Lomer -Co t t r e l l  (L C) sessile dislocations 
can be produced  from the associated partial  disk> 
cations. The L C sessile dislocations may be 
formed by the energetically favorable  dislocation 
reactions, 

[.1 tl 
2-a [110 ]  + ~ [101- ]  ~ ~ [011-1, 

and 

a [ 0 1 1 ]  ~ a a a [ 2 1 1 1 .  ~- ~-[011] + ~[Z11]  + 

The dislocations on the (lO0)-plane which is not a 
slip plane, are immobile .  These triads of disloca- 
tions can serve as obstacles to the movemen t  of 
mobile  dislocations on the (111)-  and (111)-  
planes. The density of these dislocations increases 

with plastic flow' during the compress ion  phase, as 
the void collapses, resulting in substant ial  work- 
hardening. During unloading,  however,  their pres- 
ence may result in crack initiation and growth as a 
more  favorable  mechanism of stress relief than 
plastic slip. 

3.2.2. Unloading stage 
In tile Hopk inson  bar  compress ion  test, unload- 

ing of the compressed  specimen occurs over  the 
very short t ime durat ion of a few microseconds.  
Large tensile stresses are produced  at the tips of 
the collapsed void m materials  which have been 
heavily work-hardened,  tn unloading the sign of 
the mobile partial  dislocations changes,  and en- 
ergetically favored new partial  dislocations glide 
over slip planes, accumula t ing  close to the already 

Fig. 6. Nucleation, growth, and coalescence of cracks at certain distance ahead of the main crack tip at the end of the collapsed void 
in a Cu single crystal. 
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existing g C locks. The new partial dislocations 
are again sessile, since their Burgers vectors do not 
lie in either slip plane. The density of these dislo- 
cations continues to increase during unloading, 
resulting in the clustering of the lattice defects. 
Upon further unloading, microcracks are initiated 
as a mechanism of release of the highly accu- 
mulated sessile dislocations. Lyles and Wilsdorf 
(1975) and Wilsdorf (1983) in their in-situ experi- 
ments have observed cracks propagating in the 
(110)- and ( l l2)-direct ions in silver specimens. 
Lyles and Wilsdorf report that microcracks are 
initiated in the most heavily work-hardened re- 
gions of silver crystals. They observe holes result- 
ing from the initiation of microcracks that are 
enlarged to have the shape of a parallelogram with 
edges parallel to the two (110)-directions belong- 
ing to the glide systems with the largest Schmid 
factor. Wilsdorf (1983) in in-situ experiments ob- 
serves holes in gold crystals to have formed ahead 
of the actual crack tip, with edges parallel to the 
(110)- and (112)-directions, with the correspond- 
ing glide planes and directions being {111} and 
{ 110), respectively. 

The microfracturing process is perhaps most 
vividly illustrated by the results shown in Figs. 6 
and 7. In Fig. 6, extensive branching appears to 
involve the formation of microcracks ahead of a 
main crack, and then a consequent coalescence. 
Figure 7a shows the highly deformed region ahead 
of a collapsed void in a single-crystal copper 
specimen which has undergone an overall nominal 
strain of -31%, at a 1 0 4 / s  strain rate. There are 
three main cracks, one in the [100]-direction, 
straight ahead of the tip of the collapsed void. The 
surface structure of the specimen around this crack 
clearly shows extensive plastic deformation on the 
(111)- and (111)-planes; Fig. 7b. This is a region 
with high-density L -C  locks. Microcracks are then 
nucleated in unloading, and grow along slip lines. 
Close to the tip of the collapsed void, extremely 
high tensile stresses are produced during the re- 
moval of compression. This then leads to the 

Fig. 7. (a) Highly deformed area ahead of a collapsed void in 
Cu single crystal: (b) microcracks nucleated at L - C  locks in 
the central region of (a); (c) polished surface of (a). 
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formation of macroscopic cracks, straight ahead m 
the [100]-direction. Figure 7a also shows two ad- 
ditional main cracks, located almost systematically 

about the [100]-direction, along highly deformed 
curved slip-directions. The strtlcture of these cracks 
is better seen in the polished specimen, Fig. 7c 
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Fig. 8. (a) Highly deformed area ahead a collapsed void in Cu single crystal (deformed at 30% strain and at 1.6 x 10 ~/s ~,train 
rate): arrows indicate the test direction of microhardness indentation from the original point (ol; (b) Vickcr's hardness values around 
the collapsed void, corresponding to the area shown in (a). 
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Fig. 9. In copper single crystal: (a) original fracture surface (OF) distinguished from original void surface (OV) and stretched fracture 
surface (S), (b) evidence of a cleavage river-shaped fracture surface at the tip of collapsed wild. 
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Figure 8a shows a highly deformed area at the 
edge of a collapsed void in a single-crystal copper 
specimen, quasistatically deformed at a strain rate 
of 1.6 X 10 ~/s, by an overall compressive strain 
of 30%. The deformation suggests the presence of 
intense dislocation cells in the vicinity of the col- 
lapsed void. The variation of the microhardness 
values along lines BOB and AO is shown in Fig. 
8b. As is seen, the microhardness first increases, as 
the highly deformed region is approached, and 
then suddenly decreases by almost a factor of two, 
close to the tip of the collapsed void, where dislo- 
cation cells are formed. This experiment illustrates 
the formation of dislocation cells which may 
precede the recrystallization discussed in Subsec- 
tion 3.4. 

3.3. F>acture surface 

Some of the specimens were cut and pulled 
apart in order to expose the fractured surfaces. To 
prevent damaging the original fracture surface, 
denoted in Fig. 9a by OF, the samples were cut 
close to the fracture region and then pulled apart, 
resulting in additional tensile cracking, denoted by 
S (for stretch) in Fig. 9a: the original void is 
denoted by OV. In the region OF, branched cracks 
which have propagated in various directions, are 
evident. Figure 9b shows the fracture surface for a 
specimen tested at a 5 × 10-~/s strain rate. The 
fracture surface seems to indicate that cleavage 
cracking occurred during unloading. The structure 
of these surfaces is quite different from those 
associated with fracturing when the sample was 
being pulled apart in order to expose the fracture 
surface; compare region OF with region S, in Fig. 
9a. (This difference become more apparent in pure 
iron: see Section 4.) 

As has been discussed by Kelly et al. (1967), 
Rice and Thomson (1974), Weertman (1981), and 
Kelly and MacMillan (1986), the ratio of the 
tensile strength o t to the flow stress r e , may be 
used as an index to identify whether cleavage 
fracturing or ductile cracking through crack blunt- 
ing can take place, In our experiment, close to the 
tip of a collapsing void, large plastic deformation 
results in a substantial increase in the flow stress, 
r r. The corresponding high strain rate produces 

elevated temperatures which tend to decrease both 
rf and o t. The ratio o t / r  ~. which is a rather large 
number for annealed single-crystal copper at room 
temperature, must decrease to a level that cleavage 
cracking becomes a dominant failure mode during 
unloading. Note that, at high strain rates, when 
the flow stress levels are large enough for disloca- 
tions to overcome obstacles without the need of 
thermal activation, both o t and r r increase with an 
increasing strain rate. However. their ratio may 
decrease in favor of brittle fracturing (Kelly ,rod 
MacMillan, 1986). 

3.4. Recrvstallization 

As pointed out before, void collapse inw)lves 
strains of several hundred percent, at the vicinity 
of a collapsing void, even though the overall nomi- 
nal strain is 20- 30%. This results in high-density 
plastic work near the tips of the collapsing void. 
At a strain rate of 104/s, an almost adiabatic 
plastic flow takes place. The temperature close to 
the collapsed void can become exceedingly high, 
reaching several hundred degrees. 

Extremely large plastic deformations (very high 
dislocation density) and the accompanying plastic 
heating associated with very high strain rates can 
produce conditions favoring recrystallization. This. 
indeed, happens when the overall nominal strain 
exceeds -25%,  at the overall nominal strain rate 
of 10a/S. as exemplified in Fig. 10a. What is most 
interesting in this figure is that both recrystalliza- 
tion and fracturing have occurred. 

The question now is, when does recrystalliza- 
tion actually occur. Does it occur during compres- 
sion, while the void is collapsing and the local 
strain rate, /~, is nonzero and negative; or, does it 
occur after the void has collapsed, but just prior to 
unloading, when the compressive stress pulse is 
still nonzero, but, because of the presence of the 
steel ring, the sample is no longer deforming, i.e. 
i = 0; or, does it occur after all loads have been 
removed. 

The experiments clearly show that recrystalliza- 
tion must occur prior to unloading, as is evident 
from the results of Fig. 10b. As is seen, the tensile 
cracks which can only occur in unloading, extend 
into the new crystals. It is, however, unclear 
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Fig. 10. In Cu single-crystal specimen at 104/s strain rate: (a) recrystallization occurred at the tips of void collapsed at 31% strain, (b) 
back scattered electron image showing recrystallized grains on the electro-polished surface. 
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whether  recrysta l l izat ion occurs while /~ is nonzero  

or zero. 
In the exper iment  associa ted  with the results 

shown in Fig. 10b, the compress ive  pulse dura t ion  
was about  40 ~,s, while the s train rate was nonzero  
only dur ing the first 25 bts of loading.  Hence,  the 
sample  under  a compress ive  load  was kept  at zero 
strain rate for about  15 ItS, dur ing  which recrys- 

tal l izat ion could  have occurred.  
To test this possibi l i ty ,  we made  two essent ia l ly  

ident ical  samples,  each conta in ing  a void of abou t  
250 ~m. We s t ra ined these to about  - 3 0 %  nomi-  
nal s t rain at a 104/s  s train rate. In the case of one 
sample,  the pulse du ra t ion  was 40 >s, a l lowing 10 
>s at zero s train rate,  before  unloading.  F o r  the 
o ther  sample,  on the other  hand,  the stress pulse 
had a 30 las du ra t ion  which resulted in essent ial ly  

no t ime interval  when the sample  with the col- 
lapsed void was kept  under  compress ion  at zero 

s train rate. The results of these and related experi-  
ments  are now being studied,  and  will be repor ted  

elsewhere. 

4. Void collapse and tensile cracking in ImlycD~stais 

Exper iments  were also pe r fo rmed  using an 
O F H C  copper  polycrys ta l  with grain size of about  
15 btm. The original  void size was about  150 ~m. 
The  pla te  specimen of  1 mm by 9 mm by 7.6 mm 
was sandwiched  between two hal f -cyl indr ica l  
copper  pieces to make a 7.6 m m  height and 9 mm 
d iamete r  copper  cyl inder .  F igure  11 shows the 
col lapsed void and the associa ted  cracks  in ~., 
typical  sample.  The crack extends  through grains  
normal  to the stress axis. The  tensile cracks ini- 
t ially run s t raight  ahead for a short  d is tance  and 
then branch out. 

Similar  exper iments  were pe r fo rmed  on san> 
pies of 1018 mild steel, where extensive tensile 
cracking and crack b ranch ing  were observed.  Fig- 
ure 12 shows the effect of s train rate on void 
col lapse  in this material .  The initial  void size was 
about  650 btm. The cracks are formed at the edges 
of the col lapsed  void for compress ive  strain rates 

as small as 5 x  10 4 / s  and as large as 5 ×  1()~ >, 

Fig. 11. A typical shape of collapsed void and the associated cracks at its tips in copper polycrystal. 
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(a) 

12% 

5xl~4/sec 

(b) 
12.8% 

1600/sec 

(c) 
12.7% 

5000/sec 

Fig. 12. Void collapse and subsequent tensile cracking under uniaxial compression in 1018 steel: right-hand figures show magnified 
tensile cracks, formed at the right ends of collapsed voids. 
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The common total nominal strain in experiments 
shown in Fig. 12 is about -12%,. The resistance of 
the material to plastic flow during compression 
loading and the extent of subsequent tensile crack- 
ing increase with increasing strain rate. It is seen 
iq Fig. 12 that crack branching occurs even at a 
quasi-static strain rate of 5 × 10 4/s, although the 
crack lengths are much shorter than those induced 
when the initial void is collapsed at higher com- 
pressive loading rates. Figure 13 shows the frac- 
ture surface at the edges of a collapsed void in 
polycrystal pure iron. The left side is the original 
fracture surface, indicating that the fracture was 
indeed brittle in nature. The right side shows the 
ductile fracturing which took place when (after the 
compression test was completed) the sample was 
pulled apart to expose the fracture surface. 

5. Conclusions 

(1) Resistance to void collapse in ductile metal> 
such as copper, iron, and mild steel, increases with 
increasing overall nominal rates of loading. 

(2) Once a void is partially or fully collapsed, 
tensile cracks can develop at its elongated tips, 
during the removal of the compression pulse, pro- 
vided that sufficient overall strains have been 
achieved. 

(3) The cracks grow in the general direction 
normal to the applied compression. 

(4) For pure copper single crystals, the cracks 
grow in a direction normal to the applied com- 
pression, as well as in the dominant  slip-planes. 

(5) The extent of fracturing in unloading in- 

Fig. 13. Fracture surface in pure iron showing brittle fracture (left) which occurred during compression loading at 4 ,100/s  and 
unloading; and ductile fracture (right) which occurred in pulling the specimen apart to expose the fracture surface, 
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creases, with an increasing rate of compressive 
loading. 

(6) For pure copper single crystals, recystalliza- 
tion occurs before unloading when the strains and 
strain rates are sufficiently high. 

(7) Tensile cracking follows such recrystalliza- 
tion during unloading. 
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