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HYPERVELOCITY-IMPACT SHOCK-INDUCED DAMAGE TO STEEL ARMOR

I. INTRODUCTION

An In-house Laboratory Independent Research (ILIR) program was condueted at
the Mobility Equipment Research and Development Command (MERADCOM) to
design hypervelocity projectiles that maximize backface spallation in steel arntor. The
projectiles are small (0.5 to 5 g each) so that several hundred ean be loeated on one end
of an explosive driver weighing 15 to 30 kg. The projectiles would be ejeeted in a near-
vertical downward direetion toward a target in a shotgun pattern at eject velocities of
8 to 10 kin/s and at a stand-off distanee of 20 to 50 m. This enables the consideration
of large lethal, or damage, radii of the order of tens of meters. The primary target for
-the experimental program has been steel armor 2 to 5 em thick. Damage would be by
backface spallation and fragmentation and the resultant effects on personnel, muni-
tions, fuel, equipment, instruments, and soft interior components (of military vehicles)
such as cabling.

When the program started two years ago, there was insuffieient information on
spallation physics to design the type of projectile desired. Accordingly, a program was
started to obtamn the needed experimental and analytical information. The specific
goal was to design a projectile capable of shaping the pulse induced in the steel target
in such a way that a large amount of steel would be ejeeted from the backface of the
specimen in the form of many small damaging fragments. During the course of the
rescarch, new phenomena were observed and are reported herein. In particular, the
importance of the 130-kbar phase change in martensitic steel and the resultant effect
on spallation are discussed.

Over 100 successful impact experiments were performed in the Naval Research
Laboratory (NRL) light gas-gun facility. The experiments were designed and the
resutts were amalyzed at MERADCOM. Metallurgical examnination of the impacted
specimens was done at the Stanford Research Institute (SRI), with some assistance
from Sandia Laboratories Albuquerque (SLA). The 2-d code calculations were done
by SLA. Mechanical material propertics of the target materials were measured at
MERADCOM.

It order to develop reliable theory and associated analytical tools, simple spheri-
cal projectiles, mostly weighing less than 1 g, were used. Impact angles were generally
normnal, although a few non-normal impacts were made. Also, a few impacts were
mnade with both simple and composite non-spherical projectiles. Projeetile materials
included nylon, lexan, water, heavy oil, steel, and scveral different ceramics.



These choices of projectile materials were based on the fact that the proposed
warhead is weight-imited rather than volume-hmited. This enables many projectiles of
the sane size to be carried, or larger projectiles may be nsed. Size is inportant becanse
the projectile diameter should be of the order of, or greater than, the target thickness
in order to optimize spall.! The vaporization or sublimation encrgy of the projectile
material should be small compared to the Kinetie energy of impact. The general idea is
to convert most of the impact energy into induced shock. This means that inefficient
processes such as penetration should be minimized. Most of the targets were wronght,
homogencous steel plate stock 1.25 em and 2.5 ¢m thick. The steel was a carbon
manganese-nickel-chrominm-molybdenum alloy which was austenitized at 900° C,
water quenched, and tempered at 540° C. The representative hardness was 360 Brinell
(Bhm), and the approximate quasi-static tensile strength was 12 kbars. The dynamic

spall strength corresponded to a eritical tensile pressure of 38 khar2 9@ S

After impact, the target speennens were dissected through the crater center,
polished, etehed, and examined metallurgically by SRI, SLA, and MERADCOM.
Extensive 2-d code caleulations of the impact spall phenomena for one specimen were
made by SLA. SLA also measured spall strength and equation of state.

The experimental resalts are sammarized in Section II. They are analyzed and
diseussed in Section IlI.  The 2-d computations performed by SLA are deseribed in
Seetion 1V,  The 130-kbar phase change and spall phenomena are discussed in the
remaining sections.

II. EXPERIMENTAL RESULTS

A photograph of a dissected impact crater is shown in Iligure la. The target
matenial was 1.25-em-thick wrought steel.  The projectile was a 0.52-g nylon sphere
with a diameter of 0.95 ¢m and an mmpact velocity of 5.18 km/s. The crater is repre-
sentative of craters formed by impact of lexan-encased H,0 and solid nylon spheres.
The walls of such craters exhibit a senes of evenly spaced ridges, or serrations, which
are symmetric about a central axis of rotation. The macrocracks observed extend
downward from the bottom of the valleys in the crater floor. In the case of steel-on-
steel impacts (Figure 1b), the serrations in the craters are not observed and the macro-

[

There is some experimental evidence that mueh smaller (non-penetrating) projectiles are cfficient spallators, (A
spallator is a projectile that optimizes backface spall. A penctrator optimizes penctration.)

[ ]

J. W. Bond and G. W. Ullrich, “Two-Dimensional Spallation induced by Hypervelocity Impact in Wrought Steel
Plate,” USAMERDC Report 1067, July 1973,

A. Stevens, Personal Communication, SLA, 1973.
4 1. A. Shockey, “Support of Armnor Fragmentation Studies,” SRI Project PYU 2151, 15 October 1973,

2 D. A. Shockey, “Hypervelocity Impact and Associated ’henomena,” SRI Project PYU 2151, 18 December 1973,
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eracks extend upward. (This difference has not becn explained.) Figure 2 shows a
10X photograph of the bottom of the center of a erater produeed by a 6.03-km/see
impaet of a 0.35-g H,0/Lexan sphere on a 2.5-cm wrought steel target. The apparent
shaded region extends completely around the erater and is readily visible on almost all
of the impaet specimens. This region has extremely high hardness (500 Bhn) and dis-
plays a fine, untempered, martensitic mierostrueture. This observed metallurgical
transformation has been shown to be due to the 130-kbar polymorphic phasc transi-
tion in iron or martensitie stcel.® 7 The fine adiabatie shear lines are rcadily observable
on this photograph; also, note the large voids below the bottom of the erater.

When the stress wave, induced at impact, travels through the target and refleets in
tension from the backface, a spall layer, or gap, is produced (as seen in Figure 1). Spall
is not observed for thesc conditions at velocities below about 3 kin/s. At slightly
greater velocities, ineipient spall is observed by the appearanee of mieroeracks. The
microcracks coalesee to form a complete spall layer at about 3.1 km/s. As the impact
veloeity is inereased, the width and diameter of the spall layer also inerease, and at
some higher velocity the backface plugs or fragments. Non-adiabatic shear oecurs at
the outer edge of the spall layer. For a 0.52-g nylon sphere on 1.25-cm wrought steel,
backface plugging occurs at about 5.8 km/s. For smaller (lighter) spheres, or for
thicker targets, the plugging (or backface fragmenting) velocity is higher.

In spite of the extensive experimentation just described (as well as all other
experimentation performed in the U.S.), it is still not possible to design an effective
spallator. A few preliminary guidelines have been obtained, however. These are
ecomplicated, henee there 1s insuffieient space in this report to present details. Briefly,
it is clear that pulse shaping is the key to the production of damaging backface spall.
This 1s exemplified in Figure 3 which shows the reflection and resultant spall of a tri-
angular stress pulsc. The incident pulse reflects in tension at the free surface x,.
When the spall threshold is exceeded, a spall layer is formed at x,. The distance x, -
Xo must be sufficiently small so that the backface can be spalled and fragmented but
sufficiently large so that a damaging amount of backface material is ejected.

After the spall layer is formed at x,, the subsequent stress pulse reflects at x|
rather than at xo. This can result in the formation of a sccond spall layer at x,. Ob-
viously, this sequence of events ean be repeated to form multiple spall layers. In order
to prove this hypothesis, several different projectile configurations were tested. One of
these eonfigurations was a hollow plastic sphere. The reasoning here was that upon
impact more mass would be delivered at the impact periphery and “double-impaet”
conditions for thin flyers would exist at the impact eenter. This heuristie prediction

6 D. A. Shoekey, “Support of Armor Fragmentation Studies,” SRI Project PYU 2151, 15 October 1973.

-
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D. A. Shockey, “Hypervelocity Impact and Associated Phenomena.” SRI Projeet PYU 2151, 18 December 1973,
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was eminently borne out in scveral experiments in which the projectiles were hollow
spheres. An example is shown in Figurc 4. In this case the projectile was a hollow
lexan sphere weighing 0.56 g with a diameter of 1.08 cm and an impact velocity of
5.59 km/s. Note the double spall layer and the backface fragmentation.

A few other impact experiments were performed in which the projectile was
computer-designed to optimize backface spall. These experiments were particularly
successful in showing that backface spall can be optimized.

III. DISCUSSION OF EXPERIMENTAL RESULTS

In general, a well-conceived experimental program produces results that have
not becn predicted theoretically. This program is no exception. The experimental
“surprises” are too numerous to cover in this report; but a few of the more important
results can be discussed:

1. Serrations on the crater floor for nylon- and water-steel iinpacts have not
been cxplained. In particular, the rcason for the serration formation on nylon-steel
impact and the lack of serration formation on stecl-stcel impact have not becn
explained.

2. Preliminary or tentative explanation of the macrocracks observed for nylon-
on-steel impacts has been given. But this explanation fails to show why the macro-
cracks extend upward for steel-steel impacts as compared to downward for nylon-on-
steel impacts.

3.  Shear lines arc obscrved below the crater floor in almost all of the cases.
Their role in the damage process has not been explained, however.

4.  The macroscopic voids observed below the crater center have not been
explained.

5. The importance of the observed 130-kbar phase change has been explained
for one case. This is discussed in Section IV. Much more work is needed on this
phenomenon.

6. Spallation: the 2-d computer caleulations performed by SLA have shown
excellent agreement with one mnnpact experiment.  This applies to the configuration
and location of the spall layer for a relatively simple case. If this work could be ex-
tended to more important and relevant cases it would be of extreme significance.



7.  General Summnary.

a.  Metallographic/Fractographic Features. As indicated previonsly, con-
siderable cirenmstantial evidenee leads to the conclusion that the dark-etehing hemi-
spherical voluine of material under the impact site, such as shown in Figure 2, has
undergone the pressure-induced phase transformation:

%bee) € (hep)

Material within this zone is of significantly finer grain structure and higher hardness
than matenal elsewhere. Back surface laser interferometer records obtained in plate
slap experinents by SLA exhibit clearly the disturbanee attributable to a wave re-
flected from a denser (€) phase.®

Profuse shear bonding was observed in the subcrater region and is felt
to play an important role in the cratering process. The long cracks extending into the
arinor steel from the erater walls tend to lie on shear bands and tend to join with iso-
lated pieces of material that form part of the ejecta.

Shear bands that are not associated with the crater walls are also promi-
nent in the transformed region. A number of equiaxed microfractures having a duetile
appearance are generally present in this region, linked together by shear bands, which
are casily observable because of their distinet etching behavior.  Again, eracks are
observed to have formed in the bands and suggest the mechanism of material removal
in this region. No evidence of shear was found in the back surface regions.

Fracture damage in the back surface region proceeds by the nucleation,
growth, and coalescence of microfractures, followed by a widening of the resulting
macroerack and subsequent scabbing of the back surface by a shearing process that
does not appear to be adiabatic. Observations of back surface damage at all stages of
developinent were possible because of the wide variations in impact conditions.
Detailed stress histories were not obtained, however.

b. Correlations with Stress History. An attempt was made to correlate
metallographic and fractographic features observed in the specimens with stress
historiecs.  Only one impact experiment (deseribed in Section IV of this report) was
simulated computationally (by SLA). Many of the essential features of the stress his-
tory, however, may be similar in other experiments. Thus the following corretations
may be common to hyperveloeity impact in general (although many more experiments,
netallurgical analyses, and theoretical extensions are needed before this statement can
be properly delineated). The observed features for the single case described here were
predicted (post-test) with outstanding accuracy by the SLA.

Sp 4 Shockey, *“Hypervelocily Impact and Associaled Phenomena,” SRI Project PYU 2151, 18 December 1973.



(1) The boundary of the distmet etching region that had undergone
the polynorphic phase transformation corresponds to a 130-kbar isobar. Furthermore,
SLA showed that the effect of the phase transformation is to increase the stress pulse
duration and, hence, the back surface damage. Thus, all other things being equal, an
armor steel that does not exhibit this phase transformation (such as fee steet) should
be less subjeet to impact spallation damage than one that does.

(2) The duectile void-like microfractures in the suberater region corre-
late qualitatively with the high triaxial tensile stresses and the elevated temperatures
that exist there shortly after rmpaet. Shock heating oecurs as the compressive wave
propagates through this region, driving the temperature up and relaxing the yield stress.
Release waves run in from that part of the impact surface, not under the projectile, and
mterseet under the erater, ercating a stress state having a large component of spherical
tension. Microfractures begin to nueleate and grow, and the clevated temperatures
favor the ductile void growth mode.

(3) The mierohardness profiles are also in accord with the computed
stress histories. A test profile made on the scetion surface in the direction of impact
showed a high, reasonably constant level of hardness in the transformed zone that
fell sharply to the original hardness at the boundary of the dark, or shaded, region.
Profiles taken at 45° to the impact dircetion, however, exhibited a double humped
hehavior.  The initial drop in harduess (within the transformed zone) detected by 45°
profiles is attributed to release waves that run from the free impact surface into the
suberater regions and partially unload the material. The single humped profile in the
impact direction is consistent with this being a line of symmetry.°

(4) Shear banding in the suberater region is also consistent with the
computed stress history, high shear stresses being predicted in the armor near the
projectile-target interface. The shear bands conneeting the suberater voids are thought
to form rather late in the event. The original spherical tensile field is distorted by the
nuclcation and growth of voids, which give rise to significant shear stresses. The shear
stresses are relieved by plastic flow, whielr is concentrated in narrow bands running
between the voids. The material within the bands gets very hot but is quenched
immediately by the stecl on either side. Therefore, this material transforms to aus-
tenite (fee) and then quickly to martensite, which is hard and brittle, and acquires
cracks under subsequent stress reverberations.

(5) The formation of spallation or fracture damage is perhaps the best
understood feature observed in the impact speeimens, as evideneed by the exeellent

agreement with the SLA predictions of damage morphology. The damage oceurs by

9 D. A. Shockey, “Hypervelocity Impacl and Associated Phenomena,”” SRI Project PYU 2151, 18 December 1973.
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the nucleation, growth, and eoaleseence of microcracks when the eompressive pulse
reflects from the back surfacc and interacts with the relcase wave from the front sur-
face. The formation and fragmentation of baeckface spall is not well understood,
however.

(6) As a result of the effeets and ineasurements discussed previously
and the two-dimensional ealeulations discussed in Seetion IV, it is possible that the
magnitude and duration of the tensile pulse ealculated by the SLA 2-d codes can be
used in eonjunction with the material dynamic fracture parameters to predict the
extent of back face fraecture damage in quantitative mieroscopic detail. However, more
quantitative eorrelations clearly require more experiments and more detailed 2-d
computations, in addition to quantitative metallurgical examination of the speeimens
(eounting, measuring, and positioning individual artifacts on the polished surfaces).

) Measurements show that at equal kinetic energies, spherieal nylon
projcetiles arc as effeetive as steel projectiles in produeing back surface danage, and at
equal momentuin nylon projectiles are much more effective than steel projectiles. It
1s not clcar at this time, however, which is the more important parameter—energy or
momentum.

IV. 2.d COMPUTATIONS

It was fortuitous that the MERADCOM impaet spallation experiments began
about one year before SLA scheduled their ncw two-dimensional hydrodynamic eodes
for usage. Accordingly, in May 1973, SLA began to eode the impact of a nylon sphere
on 1.25-cm steel armor. The éxperimental results are shown in Figure 1. The impact
veloeity was 5.18 km/s and the projectile mass 0.52 g.

Two-dimensional code calculations of this test were performed at SLA using both
the CSQ Eulerian Code and the TOODY Lagrangian Code with rezoning.'® The initial
impact pressurec was about 400 kbar, which causes iron and martensitic steel near the
impact point to undergo the a = € polymorphic phase change. The nylon sphere
greatly distorts and goes into a liquid, partially vapor state. The steel plate suffers a
large distortion near the impact point and requires both an aceurate elastie-plastic
model and a good material-failure model elsewhere in the plate. Also, a high degree of
resolution is required for predicting complete or internal spallation becausc the atten-
tuation of the initial compressive pulse, its refleetion, and the interaetion of the com-
pressive and the reflected release wave must all be calculated accurately.

10 D. A. Shoekey, “Iypervelocity Impact and Associated Phenomena,”” SRI Project PYU 2151, 18 Deeember 1973,



The 130-kbar phase change, the correet spall strength, and an adequate falore
model have all been determined to be important for predictive and mterpretive caleula-
tions. A detailed examination of the stress histories for the cases with and withont the
phase change has shown why different faitures should be expected in these two coses.!!
When the phase change is included in the ealculations, the loading portion of the stress
wave eonsists of two parts as the wave separates at 130 kbar. More important s the
difference observed as unloading oeeurs; a rarefaction shock is present when the phase
change is included. These differences in the stress wave strneture not only cause a
eylindrieal-conieal failure to occur directly below the crater but also to resunlt in a
propagating pulse that is nearly square for the case with a phase change and nearly
triangular without. Upon reflection from a free surface, the square pulse transfers
essentially all the momentumn to the spall layer, whereas the tnangular pulse is not
nearly as effective in momentum transfer. This clearly shows the importance of the
stress pulse shape in producing effective spall.

The measured spall stress of 38 kbar'? '? for the MS 12560 steel was nsed in the
foregoing calculations, and the results showed excellent agreement with the experi-
ment. This was especially true for the Lagrangian results where the crater drameter,
crater depth, spall layer thickness, spall length, spall bulge, cylindrical-comeal failnre,
and the area that undergoes a phase change all show nearly one-to-one correspondence
with the experiments. The caleulations did not reproduce the serratious in the crater
floor, however, nor the macrocracks and shear bands observed below the erater floor.

When the phase change is included in both the CSQ and the TOODY calculations,
the only significant difference s the spall length (or diameter). This difference 1s a
direct result of the matenal failnre treatiment at the spall plane where a matenial coordi-
nate treatinent allows a higher aceuracy. The very good nnmerical and experimental
agreement demonstrates the eapability of the codes to solve a wide class of difficult
and important problems, althongh much more correlation between calenlations and
experiments is needed.

V. THE 130-Kbar PHASIE CHANGE IN MARTENSITIC STEEL

In recent years, a number of measnrements have been made of the high-pressure
properties of iron in the regions of the a = € phase transition. These indicate that at
room temperature the transition ocenrs in the region of 130 kbar and that it is abaric,
initiating at abont 130 kbar and going to completion at pressures > 170 Kbar. The
observed specific volnme change assoeiated with the transition is A V 2 0.0066 ¢m? /g

1 D. A. Shockey, “Hypervelocity Impact and Assoeialed Phenomena,”™ SRI Project PYU 2151, 18 December 1973,
9
= A, Stevens, Personal Communication, SLA, 1973,

13 D. A. Shockey, “llypervelocity Impact aud Associated Phenomena,” SRI Projeet PYU 2151, 18 December 1973,
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and the compression ratio at the onset of the transition is x = 0.943. Here, x 1s the
specific volume, v, divided by the specific volume, v_, of a - Fe at 0° K and zero
pressure. !

The phase diagram of Fe is shown in Figure 5. According to the SLA calcula-
tions, the shock temperature in the Fe does not go high cnough to drive the steel into
the a phase. The shock pressure does get high enough, however, to drive the steel into
the € phase from which it reverts, on cooling, to the « phase, with a consequent change
in grain structure and mechanical propertics. Direct active measurements to show this
change have not been made, but a combination of theory, computations, and metallur-
gical analysis indicates that this history is correct.

Mossbauer measurements'® show that the magnetic momentum per atom u is
practically constant for the « phase up to the pressure of its disappearance and that
the e phase is non-ferromagnetic.  These measurements also imply that the number
N, of s-clectrons per atom is invariant with pressure for the a phase; whereas, for the
€ phase, N_ decreases with increasing pressure.

Upon the reduction of pressure, the € phase persists down to a pressure of about
45 kbar, causing hysteresis in the compressional behavior of iron in the vicinity of the
transition. At pressures below 45 kbar, the e phase disappears completely. Recent
dynamic measurements, using shock waves, have been made.'® Thesc confirm the nou-
ferromagnetic nature of the € phase and, in addition, show some demagnetization (an
apparent reduction of u) at pressures as low as 50 kbar.

The response of a metal to dynamic loading depends upon three elements which
are characteristic of the material: the dynamic constitutive relation, the pressure-
temperature phase relation, and the dynamic fracture criteria. In the absence of phase
changes or fracture, the material response is governed completely by the constitutive
relation, or dynamic equation of state. The constitutive relation is characterized as
“clastic,” *

RR Y )

viscoclastic,” “viscoelastic-plastic,” ete. It depends on macroscopie param-
eters such as Youngs modulus and the viscosity coefficient which, on a microscopic

scale, arise from atomic interactions and dislocation processes.

The phase diagram determines whether a given loading history will bring the metal
into a pressure-temperature regime where phase transitions are possible. If this occurs
during shock loading, multiple shock waves may result.

4 D. ). Andrews, “Equation of Slate of the Alpha and Epsilon Phases of Iron,” Washinglon Siate Universily,
WsU SDL 70-05, November 1970,

15 1pid,
16

D. J. Pastine, “A Theory of the & — € Transition in Fe and of Possible lligher Pressure Transitions in Fe and in
the Lighter Elements of tlee 'irst Transition Series,” NOL, in Metallurgical Effects at High Strain Rates, Plenum
Press, 1973.
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In macroscopic or rheological tanguage, iron can be deseribed as a viscoclastic-
plastic matenal; i.e., it responds elastically untit yiclkding (with upper and lower yicld
points) and is strongly rate-dependent. The constitutive relation thus gives the stress
as a fnnction of strain and time or, alternatively, can be written as a differential equa-
tion in o, €, g, and €. An important goal of present-day research is to develop the
capability to derive this inacroscopic constitutive relation by averaging the effects of
microscopic processes.  In iron, the density of nobile dislocations is of the order of
F0®/cm?, which is large enough to make a statistical approach valid.

The dynamie response of iron to shock loading at relatively low stress levels is
fairly well nuderstood on the basis of a dynamic conslitutive relation that is derived
from average dislocation properties. However, it is not yet possible uniquely to derive
the constitutive relation from dislocation properties because the correet disloeation
model based on statistical averaging of dislocation processes has not been completely
determined.  Nevertheless, it is to be expected that dynamie experinents selected to
distinguish between different dislocation models, and growing understanding of the
distocation mechanisms themselves, will eventually fill in most of the remaining gaps.

As noted above, a complicating factor in the dynamic response of iron to shock
toading is the presence of pressure-dinduced phase changes.  This has been discussed
briefly before. In order to determine whether a given loading history will canse a phase
change, the high-pressure phase diagram of iron must be known. The pressure-indnced
phase changes in iron have many formal similaritics to plastic yielding. Put another
way, the elastic-plastic transition with strain hardening can be regarded as a second-
order phase change, since it involves no discontinuity in the stress-strain curve but does
involve discontinuities in the gradients. The kineties of plasticity rest on activation and
multiphcation of dislocations, and the kinetics of a crystallographic phase transition
are based on the similar but more extensive atomic motions which change the crystal
structure locally. Thus, the constitutive relations can, in principle, account for phase
changes in a manner analogous to the way they handle plasticity.

At about 130 kbar, a iron begins a transformation to a form which is about 3
percent denser. As shown in Figure 5, three crystallographie phases of iron are found
to be stable in different regions of the pressure-temperature plane. The triple point is
at about 115 kbar and 775 K.

The P-T path corresponding to high-velocity impact loading of iron initially at
room lemperature will intersect the « - € coexistence curve at a point corresponding to
about 130 kbar. The effcct of the volume compression during the phase change will
cause a shock wave of initial strength between 130 and 330 kbar to split into two
shock waves traveling at different velocities. Upon reflection from free surfaces, the
compressive shock waves are transformed to unloading waves which may intersect to

13



produce a tensile stress history that canses damage and failure.’

The presence of the
a = € phase change can result in extremely steep unloading waves or “‘rarefaction
shocks,” which are effective in causing fracture. The regime in the P-T plane reached
during loading is dependent, of course, on the temperature of the iron prior to unload-
ing and on whether the iron is stressed and heated simultancously during loading.

VI. INCIPIENT SPALL OR FRACTURE CRITERIA

Dynamie fracture criteria for imcipient spall have been considered in great detail

8

by various anthors.®  This is discussed here bricfly. Complete spall and backface

fragmentation are discussed in Section VII.

In the case of quasi-static loading of brittle materials, it is often possible to apply
a simple fracture criterion; namely, that a critical tensile stress exists beyond whieh
failure occurs.  Sample geometry and the effects of clastic material properties and
initial crack size can be incloded by determining the fracture toughness, which is
rclated to the maximum stress concentration at a crack tip allowable before an initially
present crack propagates.

This simple cnterion is not compatible with the resalts from dynamic experi-
ments, however, sice it is found that there is a time dependence for dynamice failure;
i.e., the fracture eriterion depends on the entire stress history. For square pulses, this
time dependence of dynamie fracture has been shown to be consistent with a relation-
ship between tensile stress and the time duration of tensile stress, At. This relationship
is

A
(0-0,)" At=K

where o, A, and K are constants specific to a particolar material. If X = 1, this is a
simple impulse criterion. With X = 2, it is equivalent to an energy criterion. With
A = 1, the equation can also be related to other time-dependent fracture criteria, such
as stress-gradient and stress-loading rate, which are consistent with data resulting from
explosive tests. These criteria are based primarily on a simple classification of damage
into categorics of no damage, damage, and failure. What is needed is a model which
relates fractare behavior to detailed observations of the damage resulting from a given
stress history.  Such correlations are neeessary for interpretation of the effeets of
malerial propertics on dynamie failore and to ensure that realistic models for dynamie

fracture are investigated."?

17 D. R. Curran, “Dynamic Mcchanical Behavior of lron,” in Shock Waves and the Mechanical Properties of Solids
(ed. ). ). Burke and V. Weiss), Syracuse Union Press, 1971,

Ibid.
19 1bid,

18

14



Another approach is based on treating damage as a new phase of the material,
where the nueleation and growth of the new phase, damage, can be correlated with
macroscopic stress history and microscopic matenial propertics. In other words, just
as phase changes can be treated in a manner analogous to the growth of plasticity, the
appearance of damage can also be treated in this way. A nccessary condition is that
the number of microcracks be sufficiently large to make a statistical approach valid.
The steps of the method are: (1) shock and recover specimens; (2) describe the size
and spatial distribution of the eracks quantitatively; (3) achieve experimental control
so that the cracks can be stopped in different stages of growth; and (4) specify the
microscopic stress and times-at-stress experienced at any location in the specimen. If
the stress history is sufficiently uncomplicated, then it is possible to correlate the
observed damage to the stress history of the specimen in such a way that nucleation
and growth laws of general validity may be derived. Once these factors are known,
quantitative predictions can be made of damage caused by an imposed stress history.

This approach has the significant advantage of bypassing the difficult problem of
calculating stress distributions around microcracks. Instead, the large number of
microcracks present allows a statistical approach, and the crack number distribution
funetions can be correlated with microscopie stress histories.  In many ways, this is
analogous to the derivation of constitutive relations from average dislocation processes.
The large number of dislocations present made it possible to use a statistical approach
and thus avoid the problem of calculating microscopic stress fields around individual
disloeations.

VII. COMPLETE AND BACKFACE SPALL

As discussed in Section V], microcracks and voids begin to form when the tensile
stress reaches the “spall threshold™ or the incipient spall strength.  For practical pur-
poses, a eertain microcrack size or density is assigned to this value.

As the tensile stress exceeds the spall threshold, the microcracks begin to coalesce
until a eomplete spall layer is formed. For the impact experiments with spherical
projectiles deseribed in this report, the surface of the spall layer nearest the backface is
generally parallel to the backface of the target at a distance d from the backfacc. For
a given type of projectile d is constant over the velocity range from 3 to 7 km/s. The
spall layer has a thickness & (perpendicular to the backface), which increases rapidly
with velocity above the incipient threshold. In addition to the spall layer thickness,
there 1s a backface bulge with height h, which is cqual to 6. Aslong as the spall layer is
formed near the backface, h is a useful experimental (or empirical) parameter since it
can be mecasured with good accuracy, whereas measurements of § arc somctimes
ambiguous. The spall layer has a diameter D (parallel to the backface) that incrcases
slightly with impact velocity. It grows to be somewhat greater than the crater
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diameter (parallel to and at the target surface). At some high impact veloeity the baek-
face “plugs,” or fragments; i.e., material of thickness d and (approximate) diameter D
is ejected from the backfaee either as a single plug or as a number of smaller fragments.
The impaet veloeity to produee ineipient spall is V_ and for baekfaee spall, itis V .
As will be seen, V __ appears to be about twice V_ for the experiments deseribed.

Baekfaee bulge height h is plotted on linear paper as a funetion of impaet veloeity
for three different cases in Figure 7. It is seen that the experimental points lie rea-
sonably well on smooth eurves. The points have been plotted for the 0.52-g nylon
sphere on the 1.25-cm steel target on semilog paper in Figure 8. The points fall well on
a straight line, which suggests that the fraetional inerease in h (or 8) increases with
inerenental veloeity; i.e.,

Ah=kéAYV
where k is a constant. Upon integration this becomes
h= ho Ck(V-Vo)
For the purposes here, h  ean be assumed to eorrespond to the bulge height at inei-

pient spall, with V ' the eorresponding impaet veloeity. Empirieal values for k and V
are given in the following table for the three eases shown in Figure 7.

Projectile Material ~ Projeetile Mass ~ Target Thickness h0 k V0
3) (em) (em) (s/km)  (km/s)

Nylon 57 1.25 0.0  1.55 297

Nylon 1.01 25 0.01 1.40 3.85

11, 0/Lexan 0.35 1.25 0.01 1.43 3.23

Admittedly, while mueh more experimentation, analysis, and theory are needed,
it appears that the above results may provide a good working eriterion for eomplete
spall and, possibly, for backface spall. This is important for the systems engineer who
is eoneerned about evaluating certain types of military syslems at minimum eost. 1f
the hypotheses reported here are true, it means that one impaet experiment ehosen for
a given target, a given projectile, and over the hyperveloeity range may be suffieient to
obtain values for both ineipient spallation and baekfaee spall.
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At present, 2-d eomputations are not sufficiently reliable to provide the neeessary
predictions; in any event, they are prohibitively expensive. Furthcrmore, a series of
impact experiments, such as those shown in Figure 7, is also expensive. On the other
hand, one shot of the sort deseribed is relatively inexpensive.

In order to justify the reported hypotheses, correlation between the assumption
that h = 0.01 em and the value of h eorresponding to the definitions of incipient spall
given in Section VI is needed. Based on experimental results and analysis, it is felt that
sueh a practical correlation can be obtained.

The value for V__ is a different matter. Even heuristic theory eapable of pre-
dieting V__ is not available, although relevant experiments are planncd. It was indi-
cated previously that H,0/Lexan and nylon spheres are somewhat eomparable for pro-
ducing impaet-induced spallation. It is seen from Figure 7 that, for a given target and
for plastie and liquid spherical projeetiles, V__ varies inversely as the projectile mass.
The relation between target thickness and projeetile charaeteristies 1s not elear,
although some crude empirical formulas may be possible.

VIII. SUMMARY AND CONCLUSIONS

The results of extensive hypervclocity impact cxperimentation on martensitie
steel armor have been summarized. It has becn suggested that certain types of austeni-
tic steel may be less subjeet to spallation damage than martensitic steel. Damage cri-
teria from eomplete and backface spall have been diseussed, and heuristic or empirical
theory for predieting baekface spall in martensitie steel armor has been suggested. The
main conclusion of this work is that the a - € phase change for martensitie steel is
important in predicting or interprcting projeetile iinpaet damage. Other eonclusions
are more genecral and possibly not applicable for present purposes. For example, a
preliminary conelusion is that hypcrvelocity-impact-induced backfaee spall is a viable
damage mechanism. Another preliminary eonclusion is that efficient spallators capable
of optimizing baeckfaee spall arc feasible. The main conclusion is that more experi-
ment, theory, analysis, and computations are ncedced.
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