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Abstract 
The samples of as-received Ti-6%A1-4%V alloys of 3 different oxygen contents 

ranging from 0.1% to 0.24% have been tested in about 50 shock-wave experiments. In 
the experiments performed, the Hugoniot elastic limit, the spall strength, and the 
critical diameter for the spall element separation were measured. The peak shock stress 
was varied from 4 to 75 GPa, the load duration from ~10"7 s to ~10"5 s. The VISAR 
free-surface velocity measurements show a growth by ~20% in the Hugoniot elastic 
limit of alloys with increasing the oxygen content from 0.105 up to 0.24%. The 
measurements have not revealed a notable variations in the spall strength magnitudes as 
a function of the oxygen content. The spall strength grows by ~ 10 to 20% when the load 
duration decreases by an order of magnitude. The peak stress in shock wave preceding 
to spall fracture does not influence the spall strength value. The computer simulation of 
spall experiments was performed with the 1-D Lagrangian code. The description of the 
elastic-plastic properties is based on the structural Marzing model. Fracture was 
calculated using the empirical constitutive relationship, which provides quite reasonable 
description of the spall process. 
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L 
INTRODUCTION. 

The objective of this project is to study the system of engineering criteria of fracture and 
fragmentation, including energy criterion of separation of the spall element, and to study the 
influence of oxygen content in Ti-6A1-4V alloy on the spall strength and the specific energy of 
spall element separation under shock-wave loading. 

Titanium alloys, due to their high strength properties, have a great potential for some 
armor applications. Pure titanium has a hexagonal crystal structure. At the temperature of 
882.5°C the hexagonal a-modification transforms to the body-centered cubic ß-modification. 
In titanium alloys with the additive content more than 5% the transformation temperature can 
be reduced to the ambient temperature, so those alloys may exist in the ß-modification [1]. At 
high pressure the oc->© phase transformation in titanium was observed by different laboratories 
both under static [2-4] and dynamic [5] compression. The © phase has a more open hexagonal 
structure. The static pressure values range from 2.0 to 7.5 GPa. Factors which are responsible 
for this scatter were identified [6] as pressure exposure time, sample preparation history, 
impurity contents, and non-hydrostaticity of the applied pressure. Wave profile measurements 
showed transition pressures at shock compression of 11.9 [7], 6.0 [8] (both for the commercial 
grade titanium VT1-0) and 10.4 GPa [9] for electrolytic titanium. Examination of Ti samples 
recovered after shock compression at low temperatures has shown some amount of the ©- 
phase at the 9 GPa shock pressure. The ©-fraction increases with increasing peak pressure up 
to -25 GPa [5]. The high-pressure transitions was not observed for ß and a+ß titanium alloys. 

The ballistic performance of titanium alloy was analyzed and compared the results with 
rolled steel armor at impact velocities up to 2 km/s in refs. [10-12]. The unique properties of 
titanium alloys, i.e. uniform hardness and high strength over the total thickness range at low 
density, result in ballistic performance improvements up to 50-80% on a mass basis as 
compared to steel with a space effectiveness only about 10% less than steel. The effectiveness 
is especially high at the impact velocity below ~1 km/s where contribution of the strength 
properties is more important than purely hydrodynamic effects. 

Since the titanium alloys are promising in the armor application, it becomes important to 
understand better how their dynamic strength properties may be varied depending on the 
composition and structure. In particular, it is known [1] that under normal conditions the yield 
stress and tensile strength are growing with increasing the oxygen or nitrogen content in 
titanium while the ductility goes down. The strength increase reaches the factor of 3 or more at 
the oxygen content of about 2 at. %. The mechanical properties of titanium alloys are not so 
sensitive to the oxygen content. On the other hand, a general tendency is that mechanical 
properties of the materials with low yield stress are more sensitive to the strain rate. To make a 
correct choice of alloys with highest potential for the armor purposes, we need a systematic 
study of correlation between the metallurgical characteristics of titanium and titanium alloys 
and their mechanical properties under impact loading. The planned research work includes 
measurements of the Hugoniot elastic limits, the spall strength, the work of spall fracture, and 
the specific energy of spall element separation. 

THEORETICAL BACKGROUND OF THE METHOD. 

All methods of measurements of tensile stress at spalling are indirect because it is 
impossible to introduce any sensor into the sample without influence on its resistance to 
tension. Due to that discrepancies between results of the spall strength measurements by 
different methods sometimes are very large. The choice of method of investigation which can 
provide most complete and valid information, as well as understanding of abilities and 



limitations of each method are very important. 
Measurements of spall strength are based on analysis of the one-dimensional motion of 

compressible, continuous, condensed media following reflection of a shock pulse by the 
surface of the body. Figure 1 shows time-distance, (t-x), and pressure-particle velocity, (p-u), 
diagrams that illustrate the dynamics of reflection of triangular shock pulse when it encounters 
a free surface of a body. In the t-x diagram, the shock front trajectory is described by the line 
00'. A family of C+ characteristics represents the unloading wave overtaking the shock front. 

When the shock front reaches the free surface, the velocity of the latter undergoes a jump from 
zero up to u =2us , where us is the particle velocity behind the shock front. The following 

unloading decreases the free-surface velocity. Reflection of the shock wave by the free surface 
produces a centered rarefaction wave which is described by a fan of C_ characteristics. The 

state of particles must satisfy conditions on both the and C. characteristics and is determined in 

the p-u diagram by intersection of Riemann trajectories C+ describing states of matter along 

the C_ and C+ characteristics which pass through a given particle at some given time moment. 

The maximum tensile stress is reached at each particle as it is traversed by the terminal 
characteristic of the centered rarefaction wave. So, the peak tensile stress in a spall plane just 
before the fracture corresponds to the intersection of trajectories O'K and 2K in the p-u plane 
of Fig. 1.   Line O'K  describes the change of state along the tail C.-characteristic   of the 

centered rarefaction wave; 2K is the trajectory of the change of state along the last of the C+- 

characteristics of the incident wave crossing the spall plane before the fracture. 

Figure 1. Generation of tensile stresses and wave dynamics at spalling. 

Fracture of material allows the tensile stress to decrease rapidly to zero. As a result, a 
compression wave appears in stretched material adjacent to the spall plane. This wave 
propagates to the free rear surface. As a result, a so-called spall pulse in the free surface 
velocity profile, uls(t) is formed. Subsequent reverberations of the spall pulse between the free 
surface and spall plane are accompanied by damped oscillations of u&(t). 

The peak velocity, u0 and the free-surface velocity, um , just before the spall pulse, are 
determined directly from the free surface velocity profile. The tensile stress value just before 
spalling is then determined by intersection of Riemann trajectories passing through point (p=0, 
u=u ) for C_ and (p=0, u=uj for C+. Within the acoustic approach the following linear 

approximation: 

2 



is used [13], where Auß = u0-um is the so-called "velocity pullback". Dynamic measurements 

of the spall strength are based on measurements of the velocity pullback. Non-linearity of 
material compressibility has to be taken into account in the case of high tensile stresses. This 
can be done by extrapolation of the material isentrope in the p-u plane to the negative pressure 
region. Really, this correction does not exceed 10% in practical cases. 
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Figure 2. Free surface velocity histories of titanium VT6 samples 10 to 12 mm 
thick impacted by aluminum flyer plates 2 mm thick with velocity of 445 m/s 
(profile 1), 600 m/s (2), and 700 m/s (3). 

Figure 2 shows examples of measurements of free surface velocity profiles for the titanium 
alloy VT6 (Ti-6%A1-4%V) [14]. One can see that free surface velocity profile 
practically replicates the form of the compression pulse in the sample if the load intensity is 
small (profile 1). The elastic-plastic compression wave and the following complete unloading 
are recorded. A small velocity hysteresis is explained by hysteresis of the cycle of elastic-plastic 
deformation. Measurement of the free surface velocity right behind the elastic precursor wave 
front gives us the Hugoniot elastic limit, GHEL which is related to the yield stress, Y, through the 
relationship: 

Y=1.5GHEL(1-CÄ
2
), (2) 

where cb and Q are the bulk and longitudinal sound velocity respectively. 
Tensile stresses developed in the body after reflection of the compression pulse by the free 

surface increase with growth of shock intensity. When the peak tensile stress reaches the 
fracturing magnitude, the nucleation and growth of cracks is initiated. Then, tensile stresses 
relax to zero with development of the fracture. As a result, a compressive disturbance called a 
"spall pulse" appears on the free surface velocity profile. Thereafter wave reverberation is 
observed within the scab between the free surface and the damage zone. The period of velocity 
oscillation is a measure of the thickness of the scab. As it was discussed above, the velocity 
pullback, Attfs, is a measure of incipient fracture strength of the material. Experiments show 
that increasing the shock amplitude does not influence the magnitude of Au&. 

For most solids, the free surface velocity profiles exhibit elastic-plastic properties. There 
are several sound velocities in the elastic-plastic body. In the case of one-dimensional process 
weak perturbations propagate with longitudinal sound velocity, cx, if the deformation is elastic, 
and with bulk sound velocity, cb< cu in the plastic deformation region. We have to decide 
which sound velocity should be used to calculate the tensile stress at a spalling plane. 
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Figure 3. States of an elastic-plastic material at reflection of a compression pulse by 
the free surface. 

Figure 3 shows the diagram of states of axial stress and particle velocity (px,u) for wave 
interaction when a plane square compressive pulse is reflected by a free surface of the elastic- 
plastic body. The process of uniaxial compression is elastic until the stress reaches the 
Hugoniot elastic limit (HEL). The slope of the initial elastic part of Hugoniot below the HEL 
in these coordinates is dpldu=pc. The slope in a plastic deformation region above the HEL is 
equal to pcb. Unloading of shock-compressed matter is initially elastic in both the incident and 
reflected waves. The elastic part of unloading has magnitude equal to two HEL. After that all 
expansion processes occur in the plastic region. 

Thus, if the shock-wave amplitude exceeds the HEL at least two times, tension produced 
under interaction of rarefaction waves takes place in the plastic deformation region. This 
means that Riemann's trajectories in the tension region have slopes defined by the bulk 
compressibility and we have to use the bulk sound velocity for calculation of stress using 
Eq. 1. On the other hand, the spall pulse is a compression wave which propagates through the 
extended material and, therefore, must have an elastic precursor. Thus, the spall pulse front 
propagates with the longitudinal sound velocity whereas the rarefaction plastic wave ahead of 
it propagates with the bulk sound velocity (Fig. 4). As a result, the compression wave, which 
appears due to the stress relaxation at fracture, overtakes the release part of the incident shock 
pulse and measured velocity, um , exceeds the value which we should use in Eq. 1 for 

calculation of stress. 
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Figure 4. Distortion of the wave profile resulting from the different propagation 
velocity of the unloading wave and the spall pulse front in an elastic-plastic body. 



The corrected expression for calculation of tensile stress before spalling is 

■c* = ?P0c>(to,+S), (3) 

where S is a correction for the profile distortion due to the elastic-plastic properties of the 
material. Taking into account the velocity gradients ahead of the spall pulse, ul7 and the 
gradient in its front, ü2 , the correction magnitude is estimated as 

h__h 
7™". (4) 

where h is the thickness of spall plate. 
Obviously, experiments must be designed to provide the smallest correction magnitude. It 

can be shown that correction value is reduced to -10% of Awfs in the case of an incident load 
pulse of triangular form. In typical experiments the shock load is created in samples by impact 
of flyer plate. In this case, pressure and particle velocity profiles keep an approximately 
rectangular form until the distance of propagation reaches ~5 thicknesses of impactor. After 
that, the unloading wave overtakes the shock front and the load pulse becomes triangular. 
Thus, the optimal ratio of a sample thickness to the impactor thickness must exceed 5 to have 
the smallest correction and smallest possible error of the spall strength value. 

Correctness of determination of fracturing stress using the free-surface velocity profiles has 
been multiply confirmed by experiments with intensities of shock load close to the spall 
strength magnitude. A spall pulse was not recorded in these experiments at the peak load stress 
below the spall strength but it appeared in the velocity profiles with increasing load above the 
spall strength. Then the velocity pullback value was practically conserved at following 
increasing shock load. Careful comparison of instrumental measurements with results of 
microscopical examination of tested samples shows the fracture just nucleates at load stress 
magnitude equal to a*. 

Spall strength value only defines conditions for damage nucleation; it does not 
exhaustively characterize the material response. Development and completion of the spall 
process occur at reduced stress, but require consumption of additional energy for the growth of 
flaws and plastic deformation of material around them. When the initial load pulse is short, 
fracture, once started, may not proceed to complete separation of the body into distinct parts. 

An energy criterion [15, 16, 17] defines the possibility of complete rupture through 
comparison of the work of fracture and the amount of energy stored in the body. The work of 
fracture is the energy expended per unit cross-section area of the body in the course of 
fragmentation. In reality the dissipation of energy due to the fracture takes place in some layer 
of finite thickness and, therefore, the work of fracture, generally speaking, rises with 
increasing size of the failed zone. 

Estimation of the energy dissipated in the course of a fracture process can be based on 
either of two kinds of experiments. The first kinds of experiments determines the critical impact 
velocity which produces spall for given thickness of impactor and sample. Using the critical 
impact velocity thus determined, and parameters of the experiment, the energy dissipated is 
determined through consideration of the balance of energy and momentum as 

Ed=phiv
2(\-hi/ht)/2, (5) 



where v is the impact velocity, and /*, and ht are thickness of the impactor and target, 
respectively. The dissipated energy thus calculated is an upper bound for the magnitude of the 
work of fracture. The second kind of experiment involves measurements of a free-surface 
velocity profile. The loss of kinetic energy of the spall plate as it decelerates during the spall 
process can be inferred from this profile and can used for estimation of the work of dynamic 
fracture. 

The fracture stress and work of fracture describe the strength properties of the materials 
when subjected to one-dimensional dynamic tension. However, these two parameters are not 
enough to predict the occurrence of complete separation of scab or to estimate its velocity after 
the separation. 
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Figure 5. Edge effects at spallation 

Figure 5 shows the evolution of spalling in a limited area of a plane body [18]. The 
incident shock is attenuated not only by the axial unloading waves but also by the lateral 
release. At reflection of this attenuated load pulse from the free surface the tensile stresses and 
energy stored, which are sufficient for the complete fracture, are realized only near the axis. 
Thus, the fracture of the body by the plane wave is limited to some inner region. The 
subsequent evolution of the process is determined by the kinetic energy stored in the scabbed 

element. . 
The inertial motion of the scabbed layer is decelerated by bonding forces in the periphery 

of the scab. The scab motion can even be stopped by the edge effects. Additional work is 
necessary for plastic deformation and fracture along the edge of a spall element. The work of 
edge deformation and fracture is proportional to the length of the spall element perimeter, 
whereas the value of energy stored in the element is proportional to its area. The ratio of these 
two values increases with reduction of the spall element radius. In the case of small radius, 
development of spalling can be stopped at some intermediate stage and the spall element 
remains connected to the main body. Investigation of spalling with spall elements of different 
radii allows us to determine a critical stored energy value for complete separation of scab. This 
variation of the spall element radius can be arranged through varying of the impact area radius 
or by placement of a limiting ring on the rear surface of the sample. 



ELASTIC-PLASTIC AND STRENGTH PROPERTIES OF TITANIUM AND 
TITANIUM ALLOYS UNDER SHOCK-WAVE LOADING 

The spall strength and Hugoniot elastic limits of titanium and titanium alloys were 
investigated in refs. [14, 19, 20, 21, 22]. Figures 2, 6, 7, 8 show the free-surface velocity 
profiles measured for pure titanium and titanium alloys in our previous studies. 
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Figure 6. The free-surface velocity profiles for Ti-6%A1-4%V alloy at loading by aluminum 
impactor 4 mm thick and by detonation of the explosive lens [14]. 
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Figure 7. Free-surface velocity profiles for the VT8 (TiA16.5Mo3.5(Si0.3)) alloy. Impact by 
aluminum flyer plate 2 mm thick with velocity of 700 m/s (profile 1), 1900 m/s (2), and 5300 

m/s (3) [20]. 

Figure 8. The free-surface velocity profiles for titanium of high purity [19]. 

Results of measurements of the spall strength and the Hugoniot elastic limits are 
summarized in Table 1. As it can be seen from the Table, the spall strength of the Ti6A14V 
alloy was measured by many authors and equals or even exceeds the spall strength of armor 
steels. A scatter in this parameter from 3.5 to 5.1 GPa is, perhaps, a result of uncontrolled 



initial state of the material. Another reason of the discrepancy may be related to the material 
texture: it is known the strength in rolling direction may significantly exceed the stress value 
under loading in transversal direction. Post-test metallurgical examination of the titanium 
samples [27] have shown viscous character of the spall fracture which occurs through 
nucleation and growth of nearly spherical pores. Unlike to other metals, the stress threshold of 
spall nucleation for titanium (~3 GPa) is in a good agreement with the spall strength value 
measured from the free surface velocity profiles. 

Table 1. Hugoniot elastic limit and spall strength of titanium and titanium alloys measured 
using the free surface velocity histories. 

Material 
HEL 
(Yield 
stress), 
GPa 

Strain 
Rate at 

unloading, 
s-1 

Spall 
Strength, 

GPa 

Spall 
Thickness, 

mm 
Ref. 

Pure titanium 3.1 to 3.8 2 to 2.6 T241 

Titanium of high purity (l.l-3.2)-105 3.7+0.05 [19] 

(1.4-5)-106 5.6 to 6.3 

Titanium alloy VT6 
(Ti6A14V), sheet 

2.0 (0.9) 8.3-103 3.4+0.2 9.8 [14] 

6.2-104 3.5+0.2 1.8 

8-104 3.7+0.2 1.7 

Titanium alloy Ti 6A14V 4.1 to 5 [211 

Titanium alloy Ti 6A14V 2.8 [22] 

Titanium alloy Ti 6A14V 2.3(1.21) 5.08 ~3 [231 

Titanium alloy Ti 6A14V 3.6 to 4.2 2.2 to 2.6 T241 

Titanium alloy Ti 6A14V (1.7-2) -105 4.7 to 4.9 [26] 

Titanium VT5-1 
(TiA15Sn2.5), sheet 

2.7(1.25) 1.3-105 4.16+0.1 1.9 [25] 

Titanium alloy VT8 
(TiA16.5Mo3.5(Si0.3)), 
rod 

2.45(1.15) 7.5-104 4.65+0.3 1.65 [20] 

It has been shown [20] the spall strength of titanium alloy does not depend on the peak 
pressure up to 70 GPa in shock wave preceding to spall fracture. Measurements of the specific 
energy of the spall element separation performed for the VT5-1 titanium alloy [18] have shown 
this value (1.3106 J/m2) much exceeds the work of internal spall fracture (2.5-105 J/m2) as a 
result of contribution of the work for plastic deformation on a periphery of the spall element. 

MATERIALS AND SAMPLES 

In the framework of this project, plate impact experiments with three kinds of samples of 
Ti-6A1-4V alloy with different oxygen contents have been performed. The compositions and 
mechanical properties of the three ingots tested are listed in the Table 2. 



Table 2. Compositions and mechanical properties of the materials testei i. 

Ingot No Composition, weight % Mechanical properties 

C N Fe Al V O 

Ultimate 
Tensile 

Strength 
(GPa) 
L/T 

0.2% 
Yield 

Strength 
(Gpa) 
L/T 

Elong., 
% 

L/T 

Reduct. 
in area, 

% 
L/T 

58784 0.02 0.013 0.18 5.80 3.78 0.105 0.89 
0.93 

0.8 
0.84 

14 
12 

33 
30.5 

G3540 0.012 0.006 0.156 6.16 3.89 0.198 0.97 
1.03 

0.88 
0.96 

16 
15 

27 
31 

64291 0.035 0.011 0.24 6.33 3.95 0.24 1.01 
1.05 

0.89 
0.95 

13 
13 

28. 
23 

The samples have been cut out of rolled plate ingots of 38 to 40 mm in thickness. The 
processing for the three plates were follows: 

Ingot 58784 was straight rolled above ß-transus, annealed at 788°C for 30 min., and air- 
cooled. The microstructure is acicular a + ß phase and prior ß grain boundaries. 

Ingot G3540 was cross rolled below ß-transus, annealed at 760°C for 60 min., and air-cooled. 
The microstructure consists of equiaxial a, acicular a, and banded a phases in 
transformed ß phase. No evidence of segregation or overheating was observed. 

Ingot 64291 was straight rolled above ß-transus, annealed at 788 for 30 min., and air-cooled. 

Thus, the static mechanical properties of G3540 and 64291 ingots are very close, while the 
58784 ingot shows the ultimate tensile strength and the yield strength lower by -10% than the 
two others ingots. 

The samples were 80x60 mm in plane and 2 to 15 mm in thickness and had lapped 
surfaces. 

For analyzing the experimental data we used the Hugoniot relationship between the shock 
velocity, Us, and the particle velocity, Wp, of the alloy in form [/s=5.05+1.034wp (km/s) at the 

incident density of 4.42 g/cm3 and the longitudinal sound velocity C/ = 6.21 km/s. 

TECHNIQUE 

To investigate the strength properties of condensed matter under shock-wave loading we 
have to be able to create plane shock pulses in our samples and to measure an evolution of 
these pulses inside the sample. Plane shock waves for spall strength measurements were 
created by impacting the sample to be studied with a flyer plate or by detonating an explosive 
plane wave generator in contact with it. 

Figure 9 shows one of a typical arrangement of an explosive launching device which was 
used to accelerate the aluminum impactor plate 2 mm thick up to velocity of 5.3 km/s. The 
impactor remains flat over its central part despite the fact that the pressure on the periphery of 
the explosive charge drops faster than on its axis because of the radial expansion of the 
explosion products. For this the pressure pulse at the impactor edge is corrected by the guard 



ring. Due to reflection of the detonation wave from the guard ring, the pressure on the 
periphery rises for short time what produces additional inflow of the explosion products into 
the gap above the impactor. 

High   explosive 

ImpactöT" 

Target 

Figure 9. Experimental configuration for using explosives to launch a flyer plate at 
high velocity. 

Attenuator 
(copper or  steel) 

Polimer foil Impactor 

Target 

Figure 10. Experimental configuration for using explosives to launch a flyer plate at 
low velocity. 

It is difficult to attain an impactor velocity below 1 km/s using direct launching by the 
explosion products. Figure 10 shows another explosive facility designed for low-velocity 
launching. Detonation of explosive charge produces a plane shock wave in the intermediate 
plate or attenuator with high dynamic impedance. A flyer plate which has been placed behind 
the attenuator has lower dynamic impedance. Due to that, when the shock wave arrives on the 
free rear surface of the flyer plate, the latter acquires a velocity that is higher than that of the 
intermediate plate. Thus the flyer plate is separated from the intermediate plate. A soft 
polyethylene gasket is used to prevent damage to the impactor as a result of rarefaction wave 
reflection from rigid attenuator. This device is also attractive in that it can launch very thin 
impactors, such as foils or films, used to produce short shock pulses. 

The free-surface velocity profiles were recorded with the VISAR laser Doppler 
velocimeter [28,29] shown in Figure 11. The high space resolution of the laser techniques is 
due to the fact that the laser beam is focused down to a spot ~0.1 mm in diameter on the target 
surface. 

The output VISAR signals were recorded with a high-frequency digital oscillograph 
Tektronix TDS 744A. The accuracy of the velocity measurements with VISAR is -1-2% or 
less, the time resolution was ~2 ns. 
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Figure 11. Schematic of a VISAR two-beam laser Doppler velocimeter [28,29]. 

RESULTS OF MEASUREMENTS 

The samples of Ti-6%A1-4%V alloys of 3 different oxygen contents have been tested in 
about 50 shock-wave experiments. Table 3 summarizes the VISAR experiments with the free 
surface velocity history measurements. The peak shock stress was varied from 4 to 75 GPa, the 
load duration from ~10"7 s to ~10"5 s, and the sample thickness from 2 to 24 mm. Figures 12 to 
15 present the typical free surface velocity profiles which have been recorded for samples of 
three different ingot plates at the same experimental conditions. The recorded elastic precursor 
waves correspond to average magnitudes of the Hugoniot elastic limit (HEL) of 2.2+0.1 GPa 
for the 58784 ingot (0.105% 02), 2.6+0.1 GPa for 64291 (0.24% 02), and 2.5+0.1 GPa for 

G3540 (0.198% 02). These values correspond to the yield stresses 7=1.5cr^l-C^/C/2) of 
1.12 GPa, 1.32 GPa, and 1.27 GPa respectively. These results confirm the oxygen content 
influence on the dynamic yield strength of the titanium alloy. At low and moderate peak shock 
stresses the material of ingot 64291 with the maximum oxygen content exhibit a greatest rise 
time of the plastic shock wave that indicates a slowest stress relaxation. The growth of velocity 
(and, consequently, stress) behind the elastic precursor front can be an evidence of both the 
slow stress relaxation or the strain hardening. Unfortunately, reproducibility of the samples was 
not high enough to analyze the elastic precursor decay. As a result of the greater elastic limit 
and relaxation time the shock pulses of moderate (<10 GPa) intensity decay faster in the alloy 
with 0.24% of the oxygen content. The difference in shock wave decay was not observed 
when the peak shock stress was increased up to 18 GPa and higher. 

Most of the free-surface velocity profiles exhibit a steep front of the spall pulses. This 
means a brittle character of fracture with a rapid damage growth. The fracturing stresses at 
spalling were calculated through the velocity pullback value using relationships (3), (4). The 
results are mentioned in the Table 3 and shown in Fig. 16. Within a scatter of the experimental 
data the dynamic strength is practically the same for all three kinds of the material and grows 
by -10 to 20% when the load duration decreases by two orders of magnitude. The peak stress 
in shock wave preceding to spall fracture does not influence the spall strength value. 
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Figure 12. The free surface velocity profiles generated in Ti-6%A1-4%V samples by impact 
of the aluminum flyer plate 2 mm thick at 700 m/s of the impact velocity. 
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Figure 13. The front portions of free surface velocity histories measured for thick samples. 
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Table 3. Experimental conditions and results of VISAR experiment with Ti-6%A1-4%V alloys 
of 3 different oxygen contents. 

Shot 
num. 

Loading 
Conditions 

Sample 
Thickness, 

mm 

Peak 

Stress, 

GPa 

v0 

Spall 
thick, 
(mm) 

Spall 
Strength 
(GPa) 

HEL, 

GPa 

Ingot 58784, 0.105%O2 

Til 5 Al impactor 2 mm, 
0.7 km/s 

10.09 6.4 9.1-104 1.55 4.31 2.29 

Til 7 Detonation of 
explosive lens 

17 8.85 1.0-104 10.6 4.1±0.3 2.0 

Til 8 Al 0.4 mm, 0.6 
km/s 

1.88 6.1 5.25-10 
5 

0.34 4.58 2.28 

Til 9 Al 2 mm, 1.9 km/s 10.06 18.2 1.2-105 1.15 4.44 2.25 

Ti20 Al 2mm, 5.3 km/s 9.88 70 1.7-105 0.42 4.6 — 

Ingot 64291, 0.24%O2 

Ti8 Al 2 mm, 0.7 km/s 10.2 5.9 8.0-104 1.66 4.1 2.52 

Ti9 Detonation of 
explosive lens 

23.85 lateral 
unloading 

2.50 

TilO Al 2 mm, 1.9 km/s 9.98 18.6 1.2-105 1.15 4.3 2.56 

Till Al 2 mm, 5.3 km/s 10.09 73 1.7-105 0.46 4.6 — 

Til2 Al 0.4 mm, 0.6 
km/s 

2.4 4.14 2.0-105 0.65 no spall 2.59 

Til3 Al 0.4 mm, 0.6 
km/s 

1.94 5.6 6.5-105 0.32 4.8 3.20 

Til4 Al 2 mm, 0.7 km/s 10.12 5.9 8.0-104 1.6 4.27 2.47 

Til 6 Detonation of 
explosive lens 

17.01 8.5 2.45 

Ingot G3540, 0198%O2 

* 
Til Al 2 mm, 0.7 km/s 6.6 6.2 1.5-105 1.76 4.45 2.47 

Ti2 Al 2 mm, 0.7 km/s 8.2 6.3 1.2-105 1.75 4.33 2.55 

Ti3 Al 2 mm, 0.7 km/s 10.0 6.1 1.2-105 1.61 4.42 2.6 

Ti4 Detonation of 
explosive lens 

15.1 8.8 1.1-104 10.4 3.8±0.3 2.53 

Ti5 Al 2 mm, 1.9 km/s 10.1 18.3 1.2-105 1.1 4.3 2.5 

Ti6 Al 2 mm, 5.3 km/s 10.1 77 1.7-105 0.43 4.3 — 

Ti7* Al 0.4 mm, 0.6 
km/s 

2.1 5.4 3.8-105 0.31 4.34 2.1 

Ti22 Al 2 mm, 1.3 km/s 9.85 11.9 1.2-105 1.32 4.3 2.47 

1    Ti23 Al 2 mm, 0.7 km/s 10.02 5.8 105 1.62 4.1 2.52 

Samples from middle section of the original titanium plate 
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Figure 14. The free surface velocity profiles generated in Ti-6%A1-4%V samples by impact of 
the aluminum flyer plate 0.4 mm thick at 600 m/s of the impact velocity. 
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Figure 15. The free surface velocity profiles generated in Ti-6%A1-4%V samples by impact of 
the aluminum flyer plate 2 mm thick at 1900 m/s of the impact velocity. 
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Figure 16. Results of the spall strength measurements as a function of rarefaction rate at 
unloading in the incident shock pulse. 

The inertial motion of the scabbed layer is decelerated by bonding forces in the periphery 
of the scab. Additional work is necessary for plastic deformation and fracture along the edge of 
a spall element. The work of edge deformation and fracture is proportional to the length of the 
spall element perimeter, whereas the value of energy stored in the element is proportional to its 
area. The edge effects of spall fracture were investigated mainly at the impact conditions 
(aluminum plate impactor of 2 mm in thickness at 700±20 m/s of the impact velocity) 
corresponding to ~6 GPa of the peak shock stress for all three materials. The variation of the 
spall element radius was arranged by placement of a limiting ring on the rear surface of the 
sample as it is shown in Fig. 17. 

Polymer 
foil 

Attenuator 
(copper or steel) 

to VISAR 

Figure 17. Scheme of experiments to study the edge effects of spall fracture. 
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Figure 18 illustrates the scheme of recovering the tested samples. Photos of the recovered 
samples are presented in Figs. 19 to 21. The results of these experiments are summarized in the 
Table 4. 

Experimental 
setup 

Cardboard 
barrel with snow 

Soft 
material 

A 

v 

1 m 

-0.5 m 

Figure 18. The scheme of soft recovering the tested samples. 

Figure 19. Rear surfaces of samples of 58784 ingot recovered after the tests on edge effects of 
spall fracture. 
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Figure 20. Rear surfaces of samples of G3540 ingot recovered after the tests on edge effects of 
spall fracture. 

r. .»m^.,^ -- ——- ■■ ■..•'"■.... ■■ — ^^^iiii^mMiitiaämi^iiämtiääii 

Figure 21. Rear surfaces of samples of 64291 ingot recovered after the tests on edge effects of 
spall fracture. Impact velocities 700 m/s. 
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Interpretation of these experiments was done in the following way. From the 
measurements of free surface velocity histories the work of spall fracture and the residual 
kinetic energy of the spall plate were determined. The work of spall fracture was determined as 
a deficit of specific kinetic energy of the spall plate, ErEsp, where Et is the specific energy 
introduced into the spall plate during the incident velocity pulse and Esp is the specific residual 
kinetic energy of the spall plate. For this the relationship was used: 

E,~Esp= 0.5ph(u2-usp
2), 

where p and h are the alloy density and the spall thickness respectively, w, and usp are average 
velocity for the first velocity pulse and for following velocity oscillations in the free surface 
velocity profiles. Both these values were calculated for the same thickness of the spall plate as 
the distance passed during the velocity oscillation divided by the oscillation period. 

The residual energy, Espe, of spall element of critical diameter was calculated using the 
formula 

Espe= 0.5phusp
2%D2/4, 

where Dc is the critical diameter of the spall element separation. To characterize the material 
we determined the specific energy of the spall element separation, Eb, as the Espe value divided 
by the area of periphery of the critical spall element: 

Eh = Espe 1% Dc h 

Using the result of shot Til5 we have found for the ingot 58784 (0.105% 02) u, = 420.5 
m/s, usp = 368 m/s, and ErEsp = 1.42-105 J/m2. Using the critical diameter value of 20.7 mm, 
we have found Espe = 152.9 J and Eb =1.52-106 J/m2. In other word, as a result of larger 
deformation along the periphery of the spall element, the specific energy of the spall element 
separation exceeds the specific work of spall fracture by an order of magnitude. 

Using the result of shot Til4 we have found for the ingot 64291 (0.24% 02) ut = 369.4 
m/s, usp = 279.2 m/s, and ErEsp= 2.06-105 J/m2. Using the critical diameter value of 34 mm, 
we have found Espe = 250.5 J and Eb =1.46-106 J/m2 which is even lower than this value for 
softer alloy. 

Using the result of shot Ti23 we have found for the ingot G3540 (0.198% 02) w, = 391.4 
m/s, usp = 342.5 m/s, and ErEsp = 1.3-105 J/m2. Using the critical diameter value of 19.55 mm, 
we have found Espe = 126 J and Eb =1.27-106 J/m2. 

To verify the validity of criterion of spall element separation, some limited amount of 
experiments with limited spall area have been done at a higher impact velocity of 1.3 km/s. The 
results which are presented in the Table 4 show that the critical diameter of spall element 
separation is less than 6 mm. Meanwhile, using the results of previous evaluations we are 
estimating the critical diameter value for G3540 as 3.6 mm. 



Table 4. Results of determining the critical diameter of spall element separation. 

Ingot 58784, 0J05%O2 

N Loading hsmp, mm hlim.platej Him 0 

spall 

zone 

Comments 

1(21) A12mm 
(07 km/s) 

10.01 20 20.2 no separation 

2(22) — 10.04 20 22.6 compl. separation 

3(23) — 10.5 20 21.4 compl. separation 

4(27) — 10.05 20 20.7 critical diam. for sep. 

Ingot 64291, 0.24%O2 

1(15) A12mm 
(07 km/s) 

10.1 20 25 no separation 

2(16) — 10.06 20 28 no separation 

3(17) — 10.04 20 31 no separation 

4(18) -— 10.16 20 40 compl. separation 

5(19) — 10.12 20 35 compl. separation 

6(20) — 10.17 20 34 critical diam. for sep. 

1(43) A12mm 
(1.3 km/s) 

9.58 20 15 compl. separation 

2(44) — 9.58 20 10 compl. separation 

3(47) — 9.52 20 6 compl. separation 

Ingot G3540, OJ98%02 

1(5) Al 2 mm 
(0.7 km/s) 

10.2 20 20 compl. separation 

2(6) — 10.2 15 17.7 no separation 

3(7) — 10.7 25 18.5 no separation 

4(8) -— 10.7 15 19.1 no separation 

5(9) — 10.1 15 19.55 critical diam. for sep. 

1(40) A12mm 
(1.3 km/s) 

9.8 20 15.15 compl. separation 

2(41) — 9.91 20 12.5 compl. separation 

3(42) — 9.94 20 10 compl. separation 
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1-D COMPUTATIONAL STUDY. 

Empirical data on the resistance to dynamic fracture should be generalized by a fracture 
model or constitutive relationship that can be used for computer simulation of impact 
phenomena. The relationship should be efficient over a wide range of load duration. 

The computer simulation of spall experiments was performed with the 1-D Lagrangian 
code. To analyze the spall phenomena using computer simulations we need a reasonable model 
of the elastic-plastic response of material tested which would provide the same load conditions 
at spalling in simulations as it takes a place in the experiments. One should say that after many 
years of studying the mechanical properties of materials under shock-wave loading a 
description of the elastic-plastic response is still a non-trivial task. Figure 22 shows an 
experimental free-surface velocity history and results of computer simulations using well- 
known simple models. 
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Figure 22. Results of computer simulations of the impact loading of Ti-6%A1- 
4%V samples. The free-surface velocity profile "a" has been calculated using a 
model of ideal elastic-plastic body. Profile "b" is the result of simulation for a 
strain-hardening elastic-plastic body; profile "c" is the result of simulation for a 
elastic-viscous-plastic body; and profile "d" is the result of simulation for elastic- 
isotropic body. Thick line presents the experimental data. 

With a model of ideal elastic-plastic body we have received a two-wave structure of the 
load pulse both at compression and unloading. The compression portion of the load pulse in 
this case looks like two steep steps with a plateau between them while the measured velocity 
history demonstrates a rise right behind the elastic precursor front and the plastic wave with a 
measurable rise time. It has been shown earlier [30] that the strain hardening presented as 
Y=Yo+Typ

n, where 7 is the yield stress, yp is the plastic strain, and Y0, T, n are constants, leads 
to the stress and particle velocity rise behind the elastic precursor front. The simulation for the 
strain-hardening elastic-plastic body gives indeed the rise behind the elastic precursor front, but 
it gives also a higher propagation velocity for the second (plastic) wave. Introducing the 
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nonlinear viscosity, which was described by the Swegle-Grady relationship [31] 

jp = A'(x-Y/2) , we have received the profile "c" that reproduces reasonably well the 

plastic wave rise time and its propagation velocity. However, in all these three cases we have 
got a large amplitude of the elastic unloading wave which does not agree with the experimental 
data: while the unloading front arrives to the sample surface at the same time moment in 
calculated and measured free surface velocity profiles, the experimental velocity history shows 
slower unloading than calculated profiles. We may consider this discrepancy as an evidence of 
some softening of the material. Simulation for the elastic-isotropic body, for which the yield 
stress drops to zero when the elastic limit is reached, gives a much slower unloading wave but 
also the much slower plastic shock wave. The experimental velocity profile at unloading is 
situated between the free-surface velocity histories for elastic-plastic and elastic-isotropic 
bodies. It seems the softening of material as a result of high-rate deformation in the plastic 
shock wave leads to partial transition to the elastic-isotropic response. 

Thus, comparison of the experimental data with the results of simulations with different 
simple models leads to conclusion that we have to account both the strain hardening and strain 
softening and to include the strain rate effect into the constitutive model. Our description of the 
elastic-plastic properties is based on the structural Marzing model which presents each 
elementary volume as a series of parallel elastic-viscous-plastic subelements [32] as it is shown 
in Figure 23 a,b. Subelements have equal elastic modules but different yield strength, Yfr, and 

viscosity. The deviatoric stress in elementary volume is determined as 

N 

/t=1 
(6) 

where TV is amount of subelements, Gk and gk are the stress in subelement and the weight 

factor. 

CJ 

\y      v      v 

CTi Cfo <J-, <JA 

Figure 23. The structural multi-elements Marzing model (a) and its stress-strain diagram (b). 

Our model consists of two elements (N=2), one of each is the strain hardening elastic- 
plastic body and the second is the elastic-viscous-plastic body with nonlinear viscosity 
described by the Swegle-Grady relationship: 

G2p ~ 
Tl2 

or G2 =Y2+^r}2e2p 

(7) 

(8) 
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where 8ip and s2p are the plastic deformations in the elements. 
The fraction of second component is growing as a result of inelastic deformation of the 

elementary volume as whole: 

g2 = kg(l-g2)sp , where 8p = gi-Eip+g2-S2P;   gi~l-g2- (9) 

Figures 24 to 26 present the results of computer simulations with the material parameters 
mentioned in the Table 5. A reasonably good agreement between the results of simulations and 
the experimental data and absence of steps and jumps in the pulse profile create a good base 
for simulations of the spall phenomena. 

Table 5. Parameters of the constitutive elastic-viscous-plastic model for the 
materials tested. 

Ingot Yo, GPa Y, GPa n Y2, GPa Ti2, PaV kg 

58784 (0.105%O2) 1.05 1.75 0.40 0.050 1011 4 

G3540 (0198%O2) 1.00 2.25 0.35 0.075 1011 4 

64291 (0.24%O2) 0.80 2.50 0.30 0.130 5-1011 4 

600 

Figure 24. Result of computer simulation (dashed line) of the shot Til 5 with the 
ingot 58784 (0.105%O2). The measured free surface velocity history is shown by 
the solid line. 
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Figure 25. Result of computer simulation (dashed line) of the shot Ti23 with the 
ingot G3540 (0198%O2). The measured free surface velocity history is shown by 
the solid line. 

600 

Figure 26. Result of computer simulation (dashed line) of the shot Til4 with the 
ingot 64291 (0.24%O2). The measured free surface velocity history is shown by 
the solid line. 
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The spall fracture was simulated using the model described in the ref. [33]. The damage 
was described by the specific volume of voids, Vv. The total volume Fwas presented as the 

sum of Vv and the specific volume, Vs, of undamaged (solid) material which is a function of 

pressure: 

v= K(P) + K 0°) 

The experimental data for the spall strength G* can be described by a power function of 
the expansion rate at unloading in the incident shock pulses: 

* 
(ii) 

This empirical relationship reflects the damage-rate dependence on the applied tensile 
stress. Appearance of the spall signal means that the damage rate is four times the 
decompression rate in the incident load pulse, so we may interpret the empirical relationship 

(11) as: 

Vv = 4V0(o/Gn)
a, (12) 

where a = \lm. 
The experimental profiles obtained do not indicate any notable delay of the fracture. 

Also, free-surface velocity profiles, as a rule, do not show notable stress relaxation ahead of the 
spall'signal. This means that the obtained relation (12) describes the initial, or nearly initial, 
damage rate. Experimental profiles also show that the steepness of the spall pulse front is 
always proportional to the velocity gradient in the incident unloading wave. In other words, a 
faster initial damage rate is accompanied by a proportionally faster damage rate in the 
following phases of the fracture process. 

It is clear that the damage rate approximately equals to the product of concentration of 
the damage nucleation sites times their average growth rate. Each material contains a 
spectrum of potential damage nucleation sites. Relatively coarse defects can be activated by 
low tensile stresses, while finer defects need higher stresses to activate them. According to 
known models, the growth of a void can be approximately represented as the product of a 
power function of its volume with the exponent less than 1, and a linear function of the tensile 
stress or pressure. Consistent with these guides to the fracture mechanisms, we were looking 
for a constitutive relationship in the simplest form 

K,       er 
f       V-1 

V0        
TCrn UJ 

(13) 

where CTmax is the peak tensile stress which activates the damage nucleation sites at this point, 

constants <rn and a are taken from the empirical relationship (12), the time factor %, and the 

exponent ß, as well as the initial volume of the damage nucleation sites, Vv0 , are free 

parameters and have to be fitted. 
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Fracture was calculated using the empirical constitutive relationship (13) with parameters 
listed in Table 6. Figures 24 to 26 present results of calculations in comparison with 
experimental free-surface velocity profiles. Taking into account some natural uncertainty in the 
experimental conditions, we may conclude that this simplest empirical constitutive relationship 
(13) provides quite reasonable description of the spall process. 

Table 6. Parameters of the fracture model. 

Ingot a <T„, GPa ß FvO/Fo T, ns 

58784 (0.105%O2) 50 4.4 0.75 10"5 4.5 
G3540 (0198%O2) 50 4.4 0.75 10'5 2.3 

64291 (0.24%O2) 50 4.4 0.70 10"5 114 

DISCUSSION AND CONCLUSION 

Table 7 summarizes the experimental data in comparison with quasistatic mechanical 
properties of the materials tested. The quasistatic mechanical properties are related to the 
loading in transversal direction since our in tests the loading was perpendicular to the rolling 
direction also. The dynamic yield strength and the spall strength in the table are average values 

over all experiments. 
The table shows that the dynamic yield strength correlates well with the quasistatic yield 

strength. The quasistatic ultimate tensile strength is an integrated parameter which is 
determined not only by the true tensile strength but also by the strain hardening which controls 
a formation of neck in a sample at tension. Unlike quasistatic ultimate tensile strength, the 
shock-wave tests did not indicate a notable difference in the spall strength values of the three 
ingots tested. The specific energy of spall element separation, Eb, should be compared with the 
ductility which is characterized by elongation and reduction in area. Within an experimental 
uncertainty, which is estimated as ±10%, the specific energy of spall element separation is 
practically the same for the all three ingots tested. It is close also to the value of £6=1.3-10 
J/m2 determined earlier [18] for Ti-5Al-2.5Sn alloy although the critical diameter of spall 
element for this alloy was less than that for three materials tested in this work. However, basing 
on the whole sum of experimental data we may conclude that the material of the 64291 ingot is 
a best for armor purposes, because. While the dynamic yield strength, the spall strength, and 
the energy of spall element separation for this material are close for that of G3540, the 64291 
ingot material with the largest oxygen content exhibits a greatest viscosity which leads to a 
faster decay of shock pulses. 

The specific energy of spall element separation should characterize the energy loss for a 
fragmentation and determine the residual kinetic energy of the fragments. To verify an 
informativity of this parameter it would be useful to perform similar measurements for a wider 
set of materials, including steels. The wider data base will permit to look for a possible 
correlation between the energetic parameters of dynamic fracture and the fragmentation 

properties. 
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Table 7. Summary of quasistatic and dynamic mechanical properties. 

Ingot 

Ultimate 
Tensile 

Strength 
(GPa) 

0.2% 
Yield 

Strength 
(GPa) 

Elong. 

(%) 

Reduct. 
in area 

(%) 

HEL 

(GPa) 

Dyn. 
Yield 

Strength 
(GPa) 

Aver. 
Spall 

Strength 
(GPa) 

(105 

J/m2) 

Eb 

(106 

J/m2) 

58784 0.93 0.84 12 30.5 2.2 
±0.1 

1.12 4.4 
±0.2 

1.4 1.5 

G3540 1.03 0.96 15 31 2.5 
±0.1 

1.27 4.3 
±0.2 

1.3 1.3 

64291 1.05 0.95 13 23 2.6 
±0.1 

1.32 4.4 
±0.2 

2.1 1.5 

The computer simulations with the suggested models of inelastic shock deformation have 
shown a good agreement with the experimental free-surface velocity profiles that can be 
considered as an confirmation of the hypothesis about the temporal shock softening of the 
material. From this viewpoint it would be important to find a strain rate threshold above which 
the softening appears and to analyzes its possible mechanisms and consequences. Probably we 
should reconsider results of rod impact tests accounting for the possibility of shock softening of 
materials. Another important aspect of the resistance to large dynamic deformation is a shear 
banding which is explained by local softening of the material as a result of its heating in the 
process of inelastic adiabatic deforming. To estimate possible contributions of these two 
mechanisms of softening the shock-wave experiments at elevated temperatures could be 
performed. Such experiments should provide both the initial yield stress and following 
resistance to dynamic strain which will be a valid base for analysis of mechanisms of the 
shear band instability. 

The simulations have shown a good quality of description of the resistance to spall 
fracture. Since a constitutive relationship describing the dynamic fracture is necessary for any 
simulations of impact phenomena, it would be useful to find the model parameters for a wide 
set of materials. Coupled with determination of the statistical characteristics of potential 
damage nucleation sites in the matter the model should provide a complete description 
of the fracture properties. 

It would be interesting to apply the models to a shock-wave response of hard brittle 
materials. In this sense, a comparative study of alumina ceramics and sapphire would be 
effective. Other potential object are a tungsten carbide and gradient materials based on 
ceramics and metals. 
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