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Three mechanisms have been proposed for the recently observed failure
waves (fronts) in plate impact experiments on sificate glasses. The first
based on the phase transformation in glass does not explain the observed
features in measured wave profiles. The second invelves the comparison
of the wransfer of elastic shear strain energy in glass specimen due to 1-D
compression to dilatant strain energy as a result of microcracking. No
simulations of wave profiles were performed using this mechanism. The
third is based on the microcracking multiple-plane model and is very
rigorously derived. Numerical simulations of the measured wave profiles
were carried out following the model. The simulations show that the
failure wave phenomenon can be modcled by propagating surfaces of
discontinuity from the specimen surface fo s interior. Lateral stress
increase and reduction of spall strength behind the failure fromt are
successfully predicted by the multiple-plane model. Numerical simulations
of high strain rate pressure shear experiments indicate the model predicts
reasonzbly well the shear resistance of the material at strain rates as high
as |« 10° m/s. The agreement is helieved to be the result of the capability
of the model in simulating damage-induced anisotropy. By examining the
kinetics of the failure process in plate experiments, it is shown that the
progressive giass spallation in the vicinity of the failare front and the rate
of increase in lateral stress are more cousistent with a representation of
inelasticity based on shear-activated flow surfaces and microcracking,
rather than pure microcsacking. In the former mechanism, microcracks
are likely formed at a later time at the intersection of Sow surfaces.
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1. INTRODUCTION

A number of investigators have confirmed that a failure {fracture) wave
propagates behind the elastic wave in silicate and metallic (filled) glasses
under shock compression in 1-D strain plate impact experiments. The failure
wave is defined as a wave or front propagating into shock stressed glass
ahead of which the material is intact and behind which the material has lost
shear strength considerably. Kanel et al. [1,2] reported that a failure wave
propagates in shock loaded window (K8 and K19) glasses at stresses near
or below the HEL at a speed of approximately 1.5 - 2 kw/s. A small
recompression on top of the free surface velocity-time profile was produced
as a result of the interaction between the unloading wave from the rear
surface of the target and the advancing failure wave. The material behind
the failure wave was postulated to have a network of cracks initiated by the
compression which lowered the impedance and reduced the spall strength
to zero. They also observed a dramatic increase in the lateral siress in K8
glass specimens on arrival of the failure wave, measured by lateral stress
gauge indicating considerable loss of shear strength of the material behind
the failure wave. Both of these observations were numerically simulated
assuming that the failure wave velocity decreases with the propagation
distance in the specimen.

Brar et al. [3-6] performed a comprehensive study of the spail
behavior of soda lime glass in terms of the location of the spall plane with
respect to the failure wave front in order to probe the tensile strength of the
material in front of and behind the failure wave. Using manganin stress
gauges for stress measurement, they found that under a compressive shock
loading of 7 GPa the spall strength of soda lime glass was approximately
3.8 GPa in the region of the specimen ahead of the failure wave, whereas,
the region behind the failure wave had negligibly small spall strength. The
failure wave velocity was determined, from the arrival times in lateral stress
gauge profiles to be 2.2 + 0.2 km/s. The lowest or threshold shock stress
at which the formation of failure wave occurred in soda lime glass
specimens was 3.8 GPa. The shear strength (7 = 0.3(s, - 0,} of soda lime
glass behind the failure wave at shock stresses close to the HEL (6 - 7 GPa)
dropped dramatically from 2.1 GPa to 1 GPa. Espinosa and Brar [7] perfor-
med lateral stress gauge experiments on aluminosilicate glass and found
similar results,

Raiser et al. [8] measured the spall strength of aluminosilicate glass
specimens shock loaded to 8.4 GPa, in regions in front of and behind the
failure wave using VISAR. They found that the spall strength of in the
regions in front of the failure wave was as high as 4.4 GPa. In regions
behind the failure wave in a shot conducted at 7.5 - 7.9 GPa the spall
strength was almost zero. They also found that the lower threshold level of
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shock stress required to generate a failure wave in aluminosilicate glass
specimens was 3.5 (GPa. Raiser [9] also attempted tc probe the optical
properties (e.g., refractive index) of the failed glass behind the failure wave
using a laser beam reflecting off the impact surface of the target plate. They
have found that the laser beam disappears as soon as the failure wave forms
at the impact surface. Furthermore, they did not find any evidence to
suggest that the formation of the failure wave was related to the impact
surface roughness of the plate specimen.

Recently, Bourne et al. [10-12} have performed a detailed study on
seda lime, borosilicate and filled (metal) glasses to measure the HEL and
the shear strength of the material behind and in front of the failure wave
using manganin stress gauges. Lateral gauge stress profiles for shock levels
above a threshold comprise two stress levels. The jump in lateral stress
occurs when the failure wave crosses the gauge position. The results on-
shear strength of soda lime glass agree with those of Brar et al. [6] up to
HEL and also show that the shear strength of the material in front of the
failure wave is constant (2 GPa) above the HEL suggesting the elasto-plastic
behavior. The failure wave velocity was reported to increase with increasing
shock stresses. In the range of shock stresses from 4 -7 GPa failure wave
velocity was measured to be in the range 2.2 - 2.6 km/s. These investiga-
tors obtained further evidence of the failure waves in shock loaded soda
lime glass specimen through high speed photography £13]. A sequence of
high speed photographs taken with a framing camera on soda lime glass
targets showed several dark regions developing between the shock front and
the failure front. The appearance of these dark regions was explained on the
basis. of local structural collapse occurring at inhomogeneities within the
microstructure. In ail three types of glasses, they found the lowest threshold
longitudinal stress level at which the failure wave is observed to form. In
the case of filled glass both the lowest and highest threshold stress values
were found to be 0.8 and 2.0 times the HEL, respectively [12].

Dandekar and Beaulieu [14] performed a series of shock compression
experiments on soda lime glass specimens from the same lot as used by
Brar et al. They found that the failure wave is initiated at longitudinal stress
levels between 4.7 GPa and 5.2 GPa. The failure wave was measured as
propagating at a velocity of 1.56 £ 0.07 kn/s in specimens of thickness
varying between 3.1 and 9.4 mm at a shock stress of 5.2 GPa. The shock
and release impedances of glass in the region traversed by the failure wave
were determined to be 4.1 and 5.13 Gg/m?, respectively. These investiga-
tors have also observed the disappearance of the laser beam used to probe
the material on arrival of the failure wave as reported by Raiser [9].

Grady [13-16] measured stress wave profiles of soda lime glass
specimens shock loaded to stress levels of up to 20 GPa using VISAR. The
shock compression stress-time profiles at shock stress levels below HEL
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(4-7 (GPa) are very unstable. The profiles for shock stress levels above 10
GPa are much more smooth showing a ramp like elastic portion followed
by a refatively steep shock wave. He postulated that the unstable stress
levels for wave profiles between 4 and 7 GPa are due to the failure of the
material as a resuli of the formation of the failure wave.

2. EXPERIMENTAL METHODS AND RESULTS
2.1. Wave Interaction Experiments

In these experiments, glass plate specimens with or without low impedance
backing plate (PMMA) are impacted by a flyer plate of known Hugoniot
launched from a compressed gas or powder gun. The interaction of the
unloading stress wave from the free surface or glass/PMMA interface with
the advancing failure wave is observed as a slight recompression on top of
the stress wave. The recompression in manganin gauge profile observed by
Brar et al. [6] in a shocked soda lime glass specimen is shown in Fig. 1,a.
Figure 1,6 shows the recompression in free surface velocity measurementis
on K-19 glass specimens using VISAR by Kanel et al. and Fig. 1,c in soda
lime glass specimens by Dandekar and Beaulieu [14].

2.2. Spall Strength Experiments

Brar et al. [3-6] configured the soda lime glass targets to measure the spall
strength of the material in regions of the target in front of and behind the
failure wave with manganin gauges. In one set of experiments, the target
geometry was configured in such a way that the spall plane was behind the
failure wave, assurning the failure wave speed to be 2 km/s. In these
experiments the spall strength of glass specimens shocked in the stress range
of 47 GPa was found to be negligible small. In the second set of
experiments, the spall plane was configured to be in front of the failure
wave and in this case they found the gauge profile showed complete
unloading without any signs of spail at stress levels to 7 GPa.

Raiser et al. [8] designed aluminosilicate glass targets to perform
similar spall strength measurements using VISAR. They found that when the
glass specimens are subjected to a sufficiently large compressive stress 8.4
GFa the spall strength in the region where the failure wave has not propa-
gated is as high as 4.4 GPa as shown in Fig.2. In 2 similar experiment at
7.5 - 7.9 GPa shock stress the spall strength in regions of the specimen
where failure wave has propagated through spall strength is almost zero. At
the lower shock stresses of 3.4 GPa the spall strength is vetained in the
same region of the specimen because the failure wave does not form at
these lower shock stresses.
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FIGURE |. Wave profiles showing recompressionas a result of the interaction
of advancing failure wave and unloading wave from the rear surface of the
target from different investigations: (a) shot 7-1628 on soda lime glass (point
A) [6], scales: 0.5 V/div and 0.5 ps/div; (&) soda lime glass [14]; (¢) K-19
glass {1].
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FIGURE 2. (above) Free surface velocity — time profiles for shots GLASSI
to GLASS4 in which the spall plane is behind the failure wave. (below) Free
surface velocity — time profiles for shots 92-01 and 93-04 in which the spall
plame is in front of the failure wave {8].

2.3. Lateral Gauge Experiments

in this technique a manganin stress gauge is embedded between two glass
plates in the lateral or transverse orientation to the shock direction as shown
schematically in Fig.3. The lateral gauge profile shows a dramatic increase
in the stress level on arrival of the failure wave at the gauge location. The
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lateral gauge profiles obtained by different investigators in different types
of glasses are shown in Fig. 4.

FIGURE 3. Schematic of the target configuration with an embedded lateral
mARgANin gauge.

2.4. High Speed Photography Experiments

Bourne et al. [13] measured failure wave speeds in soda lime and Pyrex
glass specimens using the Ultranac FS501 high speed camera. The shock
and failure fronts were viewed in the shadowgraph mode through one of the
polished faces of the target with a parallel light beam directed in a direction
parailel to the shock front.

3. MECHANISMS OF FAILURE WAVES

The structure of the measured shock wave profiles reflect the processes
involved in dynamic failure under shock compression through volume
change that takes place under mean stress accompanied by the inelastic
failure of the material due o intense shear stress developed during compres-
sive loading. Plasticity and fracture are both viable mechanisms for inelastic
deformation which takes place in shock compression and their relative
contribution depends strongly on the type of material and loading conditi-
ons. The fact that failure waves in glass are observed at shock stress levels
below the HEL pose a challenge to our conventional understanding of the
failure processes which lead to dynamic failure. The longitudinal stress or
particle velocity in the shocked specimen undergoes little or no change on
both sides of the failure waves and thus imposes the condition of zero
volume change during the process. The observed loss of dynamic shear and
tensile strengths of the material behind the failure wave must take place
through a combination of plastic and fracturing processes under the confine-
ment of mean stress.

Three plausible mechanisms have been proposed for the formation of
failure waves. The first one, due to Clifton [17], is based on phase transfor-
mation of silica glass to known high density silica phases observed under
shock compression. Another mechanism has been proposed by Grady [18]
who has based his analysis on comparing the transfer of elastic shear strain
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Espinosa et al. [20} have proposed a third mechanism in which the failure
wave is hypothesized to be due to the inhomogeneous inelastic behavior of
silicate glasses containing the network modifiers.

3. 1. Phase Transfermation

In the analysis of the observed features of failure waves, Clifton [17] raised
the fundamental question about extensive cracking of the specimen being
responsible for the failure front or wave, as proposed by Kanel [1,2], under
the uniaxial strain compression. How can any crack open in the material
under compression? Secondly, why does failure at the impact surface begin
immediately, but in the interior of the specimen the same compressive state
is supported for an extended time prior to failure? In view of these funda-
mental constrainis, he proposed that the failure wave corresponds fo a
propagating phase boundary, similar to a transformation shock. The phase
boundary formed is likely due to the phase transformation of silica to a
crystalline phase or denser phases like coesite or stishovite. There have been
numerous studies on these phase transformations in shocked silica glass and
crystafline quartz in shock wave literature. He argued that the large strains
involved in phase transformations is likely to induce microcracking as a
result of heterogeneous nucleation and growth of transformed regions. This
microcracking could explain the observed loss of spall strength.

Om
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-
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FIGURE 5. Transition state for failure waves in britile solids. In each example
the shock state at point one is below the Hugoniot elastic limit, ¢, and o,
represent uniaxial strain and mean stress loading paths, respectively [18].

There are two major problems with the above proposed phase trans-
formation hypothesis for the origin of the failure wave. The first is that the
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phase transformation must be accompanied by a discontinuity in density or
volume of the material. Such a discontinuity would mean a discontinuity in
longitudinal stress or particle velocity on arrival of the failure wave which
has not been observed in any of the studies summarized in Section 1. The
second problem is that starting material in all the phase transformations
studies on silica under shock was either silica glass or crystalline quartz and
not soda lime glass. In one study due to Gibbons and Aherns {21] where
soda lime glass was subjected to shock compression, very slight permanent
increase in the refractive index was observed to take place at stress levels
above 4.0 GPa (increase of 0.01 at 8 GPa). The threshold shock stress level
of 4.0 GPa for the slight permanent change in refractive index or density
of soda lime glass does correspond to the threshold stress of 3.8 GPa above
which the failure waves have been observed. The analysis does not establish
the relationship between the transformation shock and failure wave with
certainty, because of the lack of information on the equation of state of
glass at higher shock stress levels.

density increase {93}

] 5 10 15
_ Pressure (GPa)

FIGURE 6. Graph showing the densification of soda glass and fused silica
[22].

3.2. Flastic Shear and Dilatant Strain Energy Mechanism

Grady [18] proposed a mechanism to account for the observations on failure
waves by assuming that an alternate pressure (mean stress} versus volume
curve is initiated due to shear fracture induced dilatancy in the specimen
which results in the failure wave formation, as shown schematically in
Fig.5. He estimated the dilatant void volume, AV, to accommodate the
fracturing, relating the volumetric lattice strain AV, /V due to a pressure
change Ap through bulk modulus X as
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FIGURE 7. (above) Two-dimensional representstion of the silica tetrahedron
and of crystailine and vitreous silica. The silica teirahedron is drawn to the
scale of the iopic radii of the oxygen and silicon. In the right-hand tetrahedron
the top oxygen has been removed to show the silicon atom. The lower diagrams
are on the same scale but only the centers of the atoms are indicated for sake
of clarity. Again the top oxygen atoms have been omiited. (below) Two-
dimensionsal representation of a silicate glass (seda lime) containing modifying
jons, illustrating the way in which (4) a monovalent oxide and (b) a divalent
oxide goes into the silica network; (¢) represents part of a network containing
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several modifying ions.
Ap = ~ K(AV,,/V..).

Since the total volume strain, AV, across the failure wave is zero, AV, is
given by

(AV,/V) = Ap/K.

FIGURE 8. Configuration of the Multiple-plane Model {15].

Assuming further that Ao, = 0 and that (o, = o, behind the failure wave,
then Ap = 47/3, where 7 is the shear stress in the elastic state of the
material in front of the failure wave. He calculated the value of AV, to be
about 4% for glass shocked to 5 GPa on Hugoniot, using nominal values of
v = 1.7 GPa and K = 56 GPa. He concluded that the complete transfer of
elastic shear strain energy to dilatant strain energy yields a comparable
result.

The amount of dilation needed to explain the observed loss of shear
and spall strengths due to failure waves is about 0.670 if the observed
inhomogencous deformation of silicate glasses is considered in conjunction
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with microfracturing as shown in Appendix A. The analysis is carried out
for two cases, one where glass loses its shear strength completely and the
second when glass loses the shear strengih partially. The flow stress of
soda-lime glass at room temperature was estimated by Marsh from his
indentation experiments to be in the range of 1.7 to 1.8 GPa {22,23]. These
levels of average shear stress are generated when soda lime glass specimens
are subjected to shock stress of 5 GPa, as shown in the calculations in
Appendix A. The magnitude of shear stress is amplified at the microscopic
defects and leads to the formation of nucleation sites for inelastic
deformation. The inelastic deformation at these sites accompanied by stress
relaxation will lead to pervasive shear failure of the material. The shear
failure in glass specimens is likely to lead to a network of microcracks as
a result of relaxation of internal shear stresses. Consequently the tensile and
shear strength of the shocked glass specimen will be reduced. The expected
lower flow stress at higher specimen temperature during the passage of the
efastic shock will also favor local inelastic deformation significantly.

Stress [GPa]

T T T T LA S SRR S SR S S

. o A
: v yd O

6 F P JSEIIoI T e -

J’ p 7T T 7

4 ]

apr L S T TN L T -

2 Experiment 3

3 . i mrmmmee a8,=108. pm ]

1 § — Back Gauge " a,=10. pm

; ‘ j B = ag=l.um .

0 P ST N B

4] 1 2 3 4 5 8

Time [usec]

FIGURE 9. Transverse stress histories from experiment 7-171%. Comparison
between experimental profiles and simulation with three different initial crack
sizes. Lateral and axial stresses are plotted for the case g, = 100 um.
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3 3. Inhomogenecous Inelastic Behavior of Glass

Espinosa {19} and Espinosa et al. [201 propesed that the formation of the
failure waves is mainly due to the unique inelastic behavior of silicate
glasses. The mechanism involves the plastic flow behavior of glasses and,
therefore, we first present 2 brief overview on this property of silicate
glasses. Failure waves have been observed only in silicate glasses (soda
lime, borosilicate, and aluminosilicate) of compositions containing silica
network modifier ions such as B*, Na*, Ca*", etc., and not in pure silica
glass or fused guartz, the structure is likely to piay 2 dominant role in the
origin of the observed failure waves. The amount and type of network
modifier in the silica structure in different glasses drastically affect their
mechanical behaviors, especially the plastic flow and fracture characteris-
tics. For example, Young's modulus of soda lime glass decreases with
increasing strain (dE/de < 0) while that of fused silica increases with
increases strain (dF/de > 0) [24]. Secondly, fused silica undergoes mainly
densification on compression, whereas silicate glasses show slight densifica-
tion accompanied by considerable plastic deformation on compression.
Marsh compared the densification data on soda glass [23] to those of fused
silica [26} and found that under a confining quasi-hydrostatic pressure of 10
GPa fused silica densities by 12% and soda glass by 3.5% (Fig.6) [23].

Marsh [22,23] ina comprehensive study of plastic flow and fracture
in silicate glasses postulated that glass being random structurally, and hence,
presumably a non-work-hardening solid, has no stabilizing mechanism at the
yield point and so must fail catastrophically when the applied stress reaches
the flow stress. Silicate glasses can be considered to consist of hard ordered
regions about 2 nm in diameter separated by softer, disordered regions, and
by analogy with grain boundary sliding, one may expect any flow to involve
large and incompatible straip in the softer material. The fiow would need
to involve an area comparable to this substructure size to become
meaningful, and this gives us a critical plastic zone size.

Ainsworth [27] interpreted the hard ordered and softer disordered
regions in glass on the basis of the silica network *“modifiers” such as soda
(Na,() and lime (Ca0) present in the basic silica structure, as shown in
Fig.7. With the addition of network modifiers the oxygen links at the silica
tetrahedrons corners are broken. For a combined total of 33% soda and
lime, the oxygen link at one cornex of each silica tetrahedron is broken. For
a further increase in the soda and lime concentration a second bridge of
some of the tetrahedral is broken and with increasing "modifier” less and
less tetrahedral are directly linked to other tetrahedral at three corners. The
break in silica network form non-bridging oxygen ions which maintain rela-
tively weaker bonds with Na* and Ca** ions compared to the stronger Si-O
bond. These weaker bonds between Na* and Ca** ions with O~ ions form
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the softer disordered regions and consequently lower the flow stress of soda
lime glass compared to that of pure silica glass. Based on this argument
Ainsworth suggested that the flow strength of soda lime and other similar
glasses is directly related to the proportion of network modifiers in the silica
structure.

Ernsberger {28} suggested the working hypothesis that plastic flow
in glasses occurs by an inhomogeneous mechanism. Large shear displace-
ments occur on certain planes, but only elastic strain occur between the
planes. The favored planes on which shear displacements are presumably
nucleated have some weak points in the network. These weak points are
likely to lie in the softer regions formed at the bonds between the
non-bridging O~ ions and the Na* and Ca** ions. Soda-lime glass contains
Ca*™ and Na* ions, which provide ionically-bonded interfaces between the
silica tetrahedral formed by covalent bonds between Si and O ions. The
shear does not occur in the siloxane network itself because of the strong
covalent bonds that make the silica tetrahedral. In other words, the siloxane
network forms the relatively harder regions in glass according to the
terminology of Ainsworth [27]. It undergoes only dessification under
compression as shown by Peter [29], since there is no evidence of plastic
deformation. The shear deformation possibly leads to shear cracking around
tocal weaker regions in glass that collapse. According to Ernsberger [28]
the dimensions of the slip bands are large enough to rule out the role of
cracks in the deformation.

According to Argon[30] the local shear strain in glasses require
relative displacements between neighboring atoms. Since glassy materials
are disordered on the atomic scale and contain a distribution of frec volume,
local shears do not effect the surroundings as strongly as in a perfect crystal
and are in many instances locally accommodated without propagating out.
This permits mechanically isolated large local shears in small individual
elements of "loose” atomic packing. Thus, plastic deformation in glassy
materials is still a non-local form of deformation in comparison with elastic
deformation but can be far more local than the corresponding form in
crystalline matter involving propagating dislocations.

Based on the above discussion on the shear behavior of silicate
glasses Espinosa [19] and Espinosa et al. [7,20] proposed the following
hypothesis to numerically simulate the failure wave. Penny-shaped defects
are nucleated in the material due to inhomogeneous shear deformations
produced in the shock compressed glass specimens. The failure wave is
modeled as a propagating inelastic boundary. This is accomplished by
nucleating penny-shaped defects, with initial size @,, on clements located
behind the failure front that initiates at the impact surface of the specimen
and propagates into its interior. The evolution of these defects is modeled
based on equations presented in the next section.
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3.3 1. Microcracking Multiple-Plane Model. The inelastic response of glass
is modeled through a microcracking multiple-plane model based on a dilute
approximation (Taylor model). Our formulation overlaps some theories in
which multiple-plane representations of inelasticity are derived, e.8.,
Seaman and Dein {31], Bazant and Gambarova [32], Ju and Lee [33]. In the
quasi-static case, Ju and Lee [33] employed a self-consistent method
together with analytical solution for weakly interacting cracks in order fo
derive inelastic compliance’s. Unfortunately, the average methods used o
compute effective moduli do not allow a straightforward extension into the
dynamic problems.

The basic assumption in the microcracking multiple-plane model
derived by Espinosa [34] is that microcracking and/or slip can occur On a
discrete number of orientations as shown in Fig.8. Slip plane properties
(friction, initial size, density, etc.) and their evolution are independently
computed on each plane. “The macroscopic response of the materizl is based
on an additive decompesition of the strain tenser in an elastic part and an
inelastic contribution arising from the presence of microcracks within the
specimen. In contrast to scalar representations of damage, €.g., Rajendran
{35}, Espinosa’s formulation is broad enough o allow the examination of
damage induced anisotropy and damage localization in the intexpretation of
impact experiments.

For a representative volume V of an elastic solid containing penny-
shaped microcracks with a density N®, the average inelastic sirains are
given by

<]
ed; = kz N(kxsm% (bgmnjm +mi(k)bj(k)) , (1)
=1

where the subindex k is used to label the orientations, 5% denotes the
surface of a microcrack on orientation k, n®’ the corresponding unit normal,
and ()® the average displacement jurmp vector across 0,

If the resolved normal traction acting on the microcracking on orien-
tation k is tensile, the average displacement jurmnp vector resulting from an
applied stress field ¢ is given by

ey - L k) -
bi "W fbi ds=
810 (2)

16 {1 -%*) (k) (k) L 1)
- 1607V 4 (goyyn ~vom R R

in which E and » are the Young's modulus and Poisson’s ratio of the
uncracked solid, and & is the radius of the penny-shaped microcracks on
orientation k. By contrast, if the normal traction is compressive, the
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microcracks are closed and the average displacement jump is given by

T L 32(1-v?) ek 3
P AR E G- © T (3)

where  is the effective shear traction vector on orientation & is given by
£F = (@ + poHm)} (4

in Eq.(4), u is the friction coefficient of the microcrack faces, 7 and ¢." are
the resolved shear stress and the normal stress acting on microcracks with
orientation &, respectively, and m* is the unit vector in the direction of the
resolved shear traction. Embodied in Eq.(3) is the notion that f* provides
effective driving force for the sliding of the microcracks.

In order to compute the inelastic strain tenser at all times, it becomes
necessary to follow the evolution of the microcrack radius & in the selected
orientations. Following Freund [36], an equation of evolution for a in the
case of mixed mode loading can be derived, viz.,

&¥=m*Cl1 = Kyo/ Kage) 2720, (%)

in which n* and m* are phenomenoclogical material constants which may
have different values in tension and compression, ¢, is the Rayleigh wave
speed, K, is the material fracture toughness, and K.f is an effective stress
intensity factor. For mixed mode conditions, K.,/ is derived by considering
an average energy release rate associated with an increase in radius of the
microcracks, namely,

1-v?

= [KF + Ky + Kipe/ (1 -v) 1B (6)

1
Gr= _—
27

© S,

from which the foliowing expression for K4 obtained

ko Gk 7
Kepr= P (7)

The general structure of these constitutive equations corresponds io
that of a solid with a damage-induced anisctropic stress-strain relation with
elastic degradation. In particular, the effective bebavior of the solid is
predicted to be rate dependent due to crack kinetics effects. From a compu-
tational standpoint, this ensures numerical reliability and mesh independence
(Needleman {37], Espinosa [38]). This is in contrast to quasi-static formula-
tions of damage for which the governing equations become ili-posed in the
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softening regime (Sandier and Wright [39]). If the material is subjected to
a predaminantly tensile stress state, microcracks along orientations perpen-
dicular to the direction of maximum tensile stresses will grow according to
Eq.(5). In this case, significant dilation is expecicd due to mode I crack
opening. If a predominantly compressive state of stress with shear is
imposed, then crack opening is inhibited but inelasticity is manifested by the
growth of penny-shaped cracks in modes II and HI (shear modes).

4, MODEL SIMULATIONS AND COMPARISON

In this section we reproduce the numerical simulations performed by
Espinosa et al. [20] using the model described above. Normal impact and
pressure-shear impact are modeled to gain insight on the failure mechanisms
in silicate glasses.

4.1. Lateral Gauge Profile Simulations

The microcracking multiple-plane model discussed above has been utilized
in the interpretation of the plate impact experiments conducted on glass
specimens. A dynamic finite element analysis is performed to simulate the
experiments reported in Espinosa et al. {20]. In all the calculations reported
here, the failure wave phenomenon is modeled as a propagating damage
boundary. This is accomplished by activating the microcracking model on
clements located within a damage region defined by a failure front that
initiates at the sample surfaces and propagates to its interior. The set of
model parameters used in the calculations are N = 10! m™> on all nine
planes, Ko = 0.5 MPa-m'?, p = 0.15, a8, = 1 pm, n* = m* = 0.3, and
n = m = 0.1. When the values of theses parameters are changed, the
corresponding plots indicate the variation with respect to these values. Other
parameters like crack density are selected such that they are in agreement
with the observations performed on recovered samples, see Espinosa et al.
{120]. In fact, Espinosa et al. [20] reported an average fragment size d =
150 pwm which results in a crack density (assuming only three active orienta-
tions) of approximately 1/(3d%) = 0.99 - 10" m™ on each orientation. When
such information is not experimentally available, the density is selected
consistent with the impact surface roughness. For highly polished surfaces,
a crack density of 10" is utilized, while for intentionally roughened surfaces
(pressure-shear configuration), N = 10" is used.

Numerical simulations of the lateral gauge configuration, experiment
7-1719 [20] are shown in Fig.9. The measured transverse stresses, through
lateral manganin gauges, are compared to the computed stresses for three
different values of initial crack size..It can be observed that the stress
increase resulting from crack growth, under fully compressive stresses,
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exhibits different rates as a function of @,. For 4, = | um the rate of lateral
stress increase, at the location of the front gauge, is smaller than the one
recorded experimentally. Furthermore, the lateral stress increase upon
arrival of the failure wave, at the back gauge, presents a delay with respect
to the experimental record. This delay is the result of crack kinetics effects
rather than failure front speed. In all calculations the failure fromt is
assumed to propagate at 2 km/s. When the initial crack size is increased to
100 pm better agreement is obtained. These observations appear to indicate
that the propagating failure front consists of the sweeping of propagating
defects rather than the nucleation of new ones. In the present simulations,
dy is the initial crack size nucleated behind the failure front and should not
be interpreted as an initial defect in the intact material. The numerically
predicted axial stress, g, is also plotted in Fig.9 for the case @, = 100 pm.
A progressive reduction in axial stress is predicted.

4.2. Normal Impact Spall Experiments Simulations

Normal impact experiments investigating the existence of failure waves have
been reported by Raiser and Clifion [40]. In their experiments the interac-
tion of an unloading wave, from the back surface of a target glass plate,
with the advancing failure front was monitored by means of free surface
interferometric measurements. Depending on the impactor thickness, spall
planes in front and behind the failure front were produced. In Fig. 10, the
computed and experimentally recorded free surface velocities for the case
in which tensile loading is produced in front of the failure wave are shown.
A difference in the rising part of the free surface velocity results because
glass densification is not incorporated in the present model. Such densi-
fication results in a nonlinear material behavior which is manifested by the
attenuation of the wave front and the generation of a tail following stress
release. Since our main interest is the identification of the failure wave
mechanism, we will not account for glass densification in our modeling.
From the computed velocities, it is clear that interaction of the unloading
wave with the advancing failure front generates waves that result in a reac-
celeration of the target free surface. In the simulations, two different values
of n* (see Eq.(17) in [14]) have been used to assess the effect of crack
growth rate in the free surface velocity. The smaller crack tip velocity
(smaller n*) seems to provide the best fit of the experimental record. The
rate of free surface velocity increase is well captured by this simulation.
When a higher crack speed is used, the arrival of the second unloading
wave, at approximately 1.3 us, does not become evident in the prefile, and
the overall reacceleration is excessive.

From these calculations, one can conclude that the free surface reac-
celeration is produced by crack growth behind the failure front when the
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material is subjected to tensile dynamic Ipading. A relevant feature {0 note
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FIGURE 10. (above) Free surface particle velocity prediction for experirient
GLASS?. The velocity histery for experiment GLASS! is also shown in the
same figure [8]. An almost complete loss of spall strength is predicted at nt =
0.3. (below) Free surface particle velocity prediction for experiment 93-04 {40].
Increase in particle velocity after initial unioading is due to progressive
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spaliation of glass.
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FIGURE 1}. Comparison of numerical simulation and measured normal veloci-
ty (above) and transverse velocity (below) histories from high strain rate
pressure-shear experiment 9i-11 [20].

is that the increase in free surface particle velocity is progressive; i.e., the
material behind the failure front has a reduced but finite spall strength. The
cas¢ in which the two unloading waves, one from the target back surface
and the other from the impactor back surface, meet behind the failure front
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is also examined in Fig.10. The experimental profiles show a fast increase
in velocity followed by a platean with a free surface velocity of 0.9 km/s.
In the case of experiment GLASS2, a small reacceleration, at approximately
1.1 km/s, instead of a velocity reduction, is reported in {40]. This feature
indicates that the material located at a distance from the failure front
exhibits an almost complete loss in spall strength. In experiment GLASS 1,
a small reduction in free surface velocity is observed at a time correspond-
ing to the arrival of the unloading wave. When the computed velocity 1s
compared to the experimental record, once again, there is an initial diffe-
rence in particle velocity due to the fact that our model does not address
glass densification. An almost complete lack of spall strength is predicted
in our model when n* = 0.3 is used in the equation for crack evolution. By
contrast, when a smaller crack tip velocity is used in the simulations, the
material behind the failure front presents a reduced but finite spall strength.
It should be noted that the nonlinear behavior induced by glass densification
will in general produce a pulse tail that could reduce the decrease in particle
velocity observed in the case in which n* = 0.1. Hence, it appears that
modeling of glass densification will provide a more accurate interpretation
of these experimental records. Another feature revealed by the numerical
simulations is a slow decay in free surface particle velocity after the initial
rising part. This decay seems to be linked to the accumulation of inclasticity
behind the failure front. Although this feature is not present in the experi-
mental traces reported in Raiser and Clifton [40], recent experiments perfor-
med by Dandekar and Beaulicu {14} and Grady {15] appear to confirm our
numerical prediction.

4.3, Pressure-Shear Experiments

Direct experimental information concerning the shear resistance of Corning
glass was obtained by means of pressure-shear high strain rate experiments
[41]. The normal and transverse velocities recorded for Shot 91-11 are
given in Fig.11. The existence of a gap at the glass-flyer interface is evident
from the partial unloading of the normal wave after 95 ns. Upon closure of
the gap, the normal velocity monotonically increases up to the attainment
of a state of homogeneous deformation. A maximum normal stress of 8 GPa
is achieved well above the reported threshold stress for the formation of
failure waves.

Hence, since the sample thickness is only 300 pm, we expect the
failure wave to propagate through the entire sample by the time the
homogeneous deformation state develops. The shear wave profile shows an
increase in stress to a level of about 200 MPa with a small stress reduction
after 200 ns, resulting from the reduction in normal stress at the specimen-
anvil interface. Subsequently, the shear stress rises to a plateau value of 830
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MPa, This stress level is well below the stress level predicted by one
dimensional elastic wave theory which clearly shows the achievement of a
state of inelastic deformation in the glass specimen. An important implica-
tion of these measurements is the fact that the measured shear stress during
the state of homogeneous deformation, r = 0.88 GPs, is in close agreement
with the shear stress behind the failure wave measured in normal impact
experiments reported in [5,6, 10]. This feature implies that the shear stress
interferometrically recorded in the pressure-shear experiments corresponds
to the dynamic behavior of damaged glass. We cxamine this point by
performing numerical simulations of this experiments with a microcracking
multiple-plane model. The simulated normal and transverse velocities, as
shown in Fig.11, show a good agreement with the measured velocities.
Further numerical computations using the multiple-plane model will be
performed on the pressure shear experiments on glass currently being
pursued in our laboratories. Another feature revealed by the pressure-shear
experiments, that the shear resistance of aluminosilicate glass increases
from 700 MPa to 880 MPa when the pressure increases from 6 GPa - 9.6
GPa, will also be examined through numerical simulations.

5. CONCLUSIONS

Identification and modeling of failure waves in glass have been the objective
of a number of recent investigations [1,17-20]. We have addressed the
failure process by means of a microcracking model based on the observed
plastic flow behavior of silicate glasses to obtain insight into the

micromechanics of the failure event. Since under fully compressive stress
states generated in plate impact experiments, differences between plastic
flow in narrow bands and crack propagation under Modes II and I are
more mathematical than physical, but the numerical simulations are consis-
tent with both microcracking and shear-activated flow (inhomogeneous
plastic flow) mechanisms. The main difference between these two
hypotheses is that in the former cracks are generated at the start of the
compressive pulse, while in the later cracks are formed at a later time at the
intersection of flow surfaces. Physically, in the shear-induced flow
mechanism the network of discontinuities behind the failure front exhibits
tensile strength. The numerical simulations presented in the paper are
consistent with previous experimental observations; although, a reduced but
finite spall strength is predicted for small crack tip velocities even at
locations well behind the failure front. The progressive spallation of glass
at the failure front and its vicinity is accurately captured by the model. The
available experimental data on failure waves in silicate glasses (Section 1)
are analyzed in their totality, the shear-activated flow mechanism appears
more likely than the microfracture mechanism. We have noted in the discus-
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sion of lateral gauge experiments, that the failure wave seems to consist of
the sweeping of propagating defects, presumably planar, rather than the
nucleation and growth of new defects. Moreover, when the previously
mentioned progressive spallation behind the failure front is taken into
consideration, it appears reasonable to postulate the nucleation, at the
intersection of flow planes, and subsequent growth of microcracks with
accumulated inhomogeneous flow in the material. If the failure wave is
interpreted as the propagation of a system of cracks from the impact surface
to the interior of the specimen, an inconsistency with the observed
progressive spallation immediately behind the failure front arises.

APPENDIX A

Assume a shock stress (o) of 5 GPa is introduced in a glass target.
Determine the strain (¢/), transverse stress (af), maximum shear stress (+/),
mean pressure P, in the glass target in front of the failure wave. For soda
lime glass £ = 71.3 GPa, G = 29.3 GPa, and Poisson’s ratio W), K =
E/3(1-2v) = 42.4 GPa. Compression &/ (in the elastic range for ¢, = 3
GPa) = 5/(42.4 + 4/3 * 29.3) = 0.061; transverse stress g/ = (o, 1{(1-+)
= §%0,22/(1-0.22) = 1.4 GPa; maximum shear stress ¥ = 0.5(¢, - 03} =
0.5(5-1.4) = 1.8 GPa; mean stress or F = (g/ + of)/3 = (5 + 2¥%1.4)/3
= 2.6 GPa.

Behind the failure wave: Accerding to Mallinder and Proctor (Physics
and Chemistry of Glasses, Vol. 5, pp. 91-103 (1964) Young’s modules E
of soda lime glass decreases with the strain as £ = 72.5(1 - 5.11¢) GPa;
for ¢ = 0.06, B’ = 72.5(1 - 5.11*0.06) = 50 GPa; and for ¢ = 0.05, £’
= 72.5(1 - 5.11*0.05) = 54 GPa.

Poisson’s ratio »” (of failed glass) behind the failure wave increases:
Evidence (i) Mallinder and Proctor [24] find for fused silica by measuring
E and G that » increases from 0.14 at zero strain to about 0.4 at a strain of
0.12. They modeled (phenomenological) this increase in terms of bending
of rhombohedral links between Si and O ions; (i) Our transverse gauge
profiles in soda lime glass show an increase in g, on arrival of the failure
wave. This increase in o,, in the elastic range of glass and without any
change in o,, can only happen if the Poisson’s ratio of the failed material
(behind the failure wave) increases from 0.22 at zero strain to about 0.4 at
g, = 5 GPa.

Determine K7 and & corresponding to »* = 0.4: K* = E’/3(1 - ")
50/3 (1 - 2*0.4) = 84 GPaand & = E?/2 (1 + ) = 50/2 (1 + 0.4)
18 GPa.

Using the values of K” and G”, the strain, &”, behind the failure wave
is & = g/(k" + 4/3 ") = 5/(84 +4/3*18) = 0.046 [since o, is same in
front of and behind the failure wave) and ¢, = »*a,/(1 - ") = 5*0.4/(1 -
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0.4} = 3.33 GPa. Maximum shear siress 7 = 0.5%(g, - 0,) = 0.5%(5-3.33)
= (.84 GPa. Note: This value of 7" agrees well with the measured value
by us and Bourne et al. Mean stress P = (¢, + 2%¢,)/3 = (8§ + 2*3.33)/3
== 3.9 GPa. There is an increase in the mean stress by 1.3 GPa.

The strain &” in the glass behind the failure wave can be calculated
by assuming: (/) glass has lost the shear strength completely and behaves
like a fluid or (i4) it has reduced shear strength. Thus, according to the first
assumption £ = PYK" = 3.9 GPa/84 GPa = 0.046 and based on the
second assumption £ = o/(K* + 4/3 G = 5/(84 + 4/3*18) = 0.046
same as in case ([). Based on the observations (VISAR and manganin
gauge) o, does not change and thercfore the total strain in front of £ and
behind &° the failure wave should remain the same. In order for this to be
true, the extra volume (the difference between the strains in front of and
behind the failure wave) should be accommodated in some way. The maost
likely mechanism is that the difference (0.061 - 0.46 = 0.014) is accom-
modated in allowing the failed glass to dilate.
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