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Résumé : L’influence de la taille des grains sur la fracture par
écaillage du cuivre soumis & une charge explosive est étudiée. On
trouve que la contrainte d’écaillage dépend de la taille des
grains. La transition fracture intergranulaire - fracture
transgranulaire est étudiée en détail. La simulation numérique
des expériences est réalisée.

The influence of grain size on the spall fracture of copper
under explosive loading was studied. It was found that samples with
different grain sizes exhibited different spall strength. The frac-
ture mode transition from intergranular to transgranular fracture
was studied in details. The numerical simulation of explosive expe-
riments were performed.

INTRODUCTION

The spall is a specific kind of fracture which is generally
caused by development of tensile stresses during the interaction of
opposing release waves /1,2/. Its occurence is connected e.g. with
the explosive loading, used extensively in a number of practical
applications /3/.

The process of spallation has been studied in a number of labo-
ratories with a view to obtain criteria for dynamic fracture at high
strain rates. Much of these experimental works, see /4,5/, for a re-
view, has been based on the examination of recovered samples f¥fronm
which attempt has been made to correlate the degree of material dama-
ge with various features of the stress~-time history.

Table 1 Spall strength of Copper

o, /6Pa/ Reference Remark (kind of loading)
1.8-2.5 given in 71/ OFHC (different impact velocities)
0.8-1.64 191 99.5% Cu (different impact velocities)
1.62 710/ 99.6% Cu - explosive loading

" (independent of p,)
1.9-2.1 1117 single crystals-explosive loading <111>
1.2~-1.5 /1127 OHFC - laser irradiation
0.85=1.4 113/ OHFC (200 um grains) - expanding ring
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The study of the metallurgical aspects of spalling revelaed that
the stress at which material failure occured was generally dependent
on its preconditioning, which determined its microstructure, and its
purity /5-8/. This phenomena can explain the usually wide variety of
the spall strength as it may be well documented e.g. for polycrista=-
Lline copper. The spall strength of copper may vary between 0.8 to
2.5 GPa as it is documented in Table 1.

The given paper deals with the study of main metallurgical as-
pects of copper spalling with the emphasis on the grain size influ-
ence,

MATERIAL AND EXPERIMENTAL PROCEDURE

The material used was polycristalline copper (0.097Ag, less then
0.003 Fe and Al, 99.96 Cu - in wt %), annealed at 850°c'for different
time. This annealing led to the different values of average grain
size (94, 104, 112, 130, 154 and 185 um).

Sample discs 100 mm in diameter were machined to thickness 20 mm.
The samples Wwere subjected to shock loading produced by the detona-~
tion of the explosive charge. The used experimental arrangament enab-
les to obtain the loading pressure pulse p(t) and the free surface
velocities v(t) /10/. In order to obtain different loading condi-
tions five different explosives were used. By this way the values of
P = 7.4; 12.8; 17.5; 25.3 and 54 GPa were achieved. ‘

The spall strength o, was inferred from the record of free
surface velocity - time history using "pull-back” signal /14/. The

corresponding strain rates in the spall plane were evaluated using
the formula developed in /15/:
. 1 d
(1) £ = — ap
QU™ dt

where @ 1is the material density, %3 is the mean rate of pressure
change in the spall plane and U is zhe shock velocity which may be
determined using data given in /16/.

For numerical simulations of spall fracture the thermo-mechani-
cal calculations were made by using PR2D finite difference code /17/
with explicit time integration. The behaviour of copper was described
by the state equation

(2) p=ay (vyrv - 1)"

relating the pressure to the initial volume V and volume V . The
equation (2) was obtained by the fitting of daga given in /16/, a, =
= 278.2 6Pa and n = 1.2, The next material parameters used for numl-
rical simulations were: Initial density ¢ = 1/Vg = 8.93 g ¢cm™> ,
Poisson ratio v = 0.33, Young's modulu E = 1.19x10°MPa , thermal
expansion1coefficient' = 49.5x10~6 k=1 , therma+ conductivity k =

= 394 Wm~' K~', specific heat ¢, = 0.092 cal g~ and GrlUneisen
parameter i = 1,89. The influence of grain size was expressed by the
value of the yield stress o, . The values of 0o, were determined

in /19/. y - 4

The loading was simulated by the pressure - time history which
was recorded by the manganin foil gauges /18/. The example of this
record is given in Fig. 1.

The loaded samples were cross~sectioned and examined by the
Light microscopy. The spall fracture surfaces were examined using
scanning electron microscopy. All experiments were performed at roonm
temperature.

EXPERIMENTAL RESULTS

Fige 2 shouws the cross-section of sample with fracture in forn
of the spall. This kind of fracture, which appears closer to back
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free serface, was reported in all tested samples. The microfracture
is observed to have a range of shapes from nearly spherical voids
to grain - boundary separation. The extent of damage was observed to
increase with an increase in the loading pressure, p. » iPrrespective
of grain size. M

In large grained samples the following nucleation sites of the
voids were found:

~ grain boundaries (nearly spherical voids)
- grain boundary tripple point
- the junction of a grain boundary and an annealing twin

In these samples plastic deformation in the form of twinning was also
observed. Similar results were reported in /20/. Small grain size
samples do not exhibit such features. This feature is not unique to
shock toading, and has been observed e.g. in conventionally loaded Fe
- 3% 8i /21/. In smaller grained samples numerous spherical voids
were found to be nucleated inside the grains and not at the grain
boundaries. Arround these voids very high density of dislocation
occurs. According to the results obtained in /22/, the high density
of dislocations around the voids is thougnt to be produced by shear
strains which are required for growth of the microvoid. The number of
nuc leation sites inside the grains is increasing function of pressure,
P rand decreases with the increase of grain size.

The detail fractographic observation reveadled that up to some
values of p, and d the fracture surfaces of shock Loaded samples
showed a characteristic dimpled appearence. The fracture of these
samples was ductile intergranular.

The scanning electron microscopic examination of the fracture
surfaces of the sample with lower grain sizes loaded at higher pressu-
re revealed the transgranular ductile fracture mode. This kind of
fracture was firstly reported in /23/ where it was termed as a "pseu~
do brittle” fracture.

This fracture was futher reported in /20/ where the spall experi-
ments were performed. Its occurence is also typical in specimens de-
formed at very high rates to very large strains such as of explosive=~
ly formed projectiles /724/. Regardless to experimental evidence of
transition from intergranular to transgranular fracture mode the quan-
titative evaluation of this phenomena have not been reported. In order
to obtain a Little more information on this fracture mode transition
the experimental procedure was modified by the inserting of PMMA plate
between explosive charge and sample. This arrangement enables to’
obtain continuenously varyiing loading pressure p /25/+ In Fig. 3
the pressure p, corresponding to the fracture moge transition is
plotted as a function of grain size. ]

In the next step the strain rate ¢ in the spall "plane" was
evaluated using the Eq. (1). It was found that the points (oj,&.)

did not Lie on the single curve. In order to examine this phenomena
the next experiments on the samples with grain sizes d = 94, 130
and 185 u were performed. The results of these experiments are repor-~
ted in Fig. 4. There are two regions of strain rate dependence of
spall strength. The spall strength, G » increases with strain rate,
& , up to some critical value, éc and than it remains constant.
Similar tendency in spall strength behaviour was reparted for 6061-~T6
aluminum /26/ and for some steels /27/. This behaviour was interpreted
as a transition from brittle to ductile spall and the theory of this
phenomena was developed /28,29/.,

In copper this form of o@(a) dependence corresponds to the
transition from intergranular to transgranular spatl fracture, The
metalographic observation suggests that these fractures are a conse=-
quence of ductile voids growth and Llinkup. The influence of strain
rate consists in different processes of voids Llinkup /23/.
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In order to explain the observed influence of strain rate on the
spall strength the theory of spall developed in /28,29/ was applied.
Ogg gf the main proposition of this theory is an energy condition
which requires that the tlag;ic potential and kinetic energies asso-
ciated with the tensile loading process exceed the fracture energy
absorbed in the spall process. An expression for the fracture energy
in ductile spall is based on an assumption of failure through plastic
hole growth and linkup. Based on the theory described in /30/ a re-~
Lation for the ductile spall strength may be obtained

- 2 172
(3) o, = (20¢5 oy ) ’

where the flow stress, % » is assumed to completely characterize
tocal plasticity during spall damage. The stable hole growth proceeds
to a critical void fraction, &¢c , after which void coalescence and
rapid loss of tensile load carrying capacity ensues. The value of ¢
is assumed to be independent of the kind of material, ¢&.,= 0.15 /159.
In high strain rates region, i.e. { > &¢ , the theory leading to the
Eq. (3) fails. The model of voids growth is thus probably approved

for voids at grain boundaries.

The independence of spall strength on the strain rates was also
observed in /10/ where spall experiments performed on samples made
from copper with significantly higher content of impurities than that
used in the given research. This independence was not connected with
transgranular fracture. The reason of these strain rate insensitivity
is. a consequence of the heterogeneous nucleation of voids at second
phase particles /4/.

: There are at lLeast two reasons of possible strain rate insensiti-
vity of spall strength

- High impurities content when the spall strength does not depend
on ¢ over broad spectrum of strain rates values. The resulting
fracture is ductile intergranular.

- The transition from intergranular to transgranular fracture at
higher strain rates or detonation pressure maxima, respective-
ly. This transition is operating only for copper of relatively
high purity. The influence of material purity should be futher
examined.

In the next step the numerical simulation of the given experi=
ments were performed. The simple criterion, o> o , was adopted to
characterise the damage development. This analysis was performed for
the samples with grain sizes of 96 um (o, = 3.9 6Pa), 130 um (o; =
= 2.6 GPa) and 185 um (o¢ = 1.5 GPa) which were Lloaded by the pressu-
re pulse given in Fig. 1. Numerical results are displayed in Fig. 5.
The numerical results confirm the results of observed fracture extent.
The numerical code mentioned in Chapter 2 enables to cocbtain futher
Ymportant information like the free surface velocity. The example of
this function is given in-Fig. 6. It may be seen some agreement with
experimental record. It means that the stress development in the ex-
plosive voaded sample can be predicted numericatly. Owing to the Lli-
mited scope of this paper the more details will be presented in the
forthcoming paper.

CONCLUSIONS

(1) 1t is shown that the tensile stresses produced in copper by the
reflection of a shock wave at a free surface induce spalling
which occurs as a process of nucleation and coalescence of voids,

(2) The grain size affects the kind of voids nucleation sites and
their number, as well. The observed number of voids is in agree-
ment with observed extent of spall damage.

(3) Quantitative valuation of experimental records of shock wave pro-
pagation revealked that the spall strength of copper was strain
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rate dependent up to some critical value of strain rate €

This sensitivity is decreasing function of grain size and very

(4)
(5)

(6)
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probably depends on the material purity.

The critical strain rate, ¢, , corresponds to the transition
from intergranular to transgranular fracture. '

This fracture mode transition which is not evident in copper
tested under conventional loading conditions (quasistatic etc.)
is also dependent on the detonation pressure maximum. The obtai-
ned dependence of this perssure on grain size is in agreement
with conclusions of previous research /23/, where the possible
microphysical explanation of this phenomena was given.

The general features of spall fracture can be predicted numeri-
cally using of very simple criterion, o = o, .
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Fig. 1 Experimental record of the pressure - time history.

Fige 2 Cross - sectional view of shock loaded copper
specimen impacted at 12.8 GPa. 0.75x.
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