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The relative importance of pbrjectile momentum and kinetic energy on target

damage is discussed. Several observed effects of projectile materisl on the exteat H
of back surface damage are explained by the relative high pressure shock impedances v
of projectile and target. The effect of additional momentum delivered to the
target when the projectile vaporizes was studied ia a gingle experiment. Postulated
blow-off momentum appears to result in a small increase in target damage, but
more data are required before conclusions regarding the effect of projectile
vaporization can be drawn. ;

Scaling considerations of the MERDC/NRL experiments suggest that 1- to 2-kg
spheres traveling at 5 km/sec would be required to spall 8-inch-thick steel armor.
: The mass ejected from the back surface may be 25 times that of the projectile.

Differences in fror: surface damage worphology produced by low shock impedance
and equi- or high impedance projectiles are explained by the tendency of equi-~ or .
high impedance projectiles io peunetrate and low impedance projectiles to reverse i
their direction during impact. This is thought to change the direction of the -
maximum shear stresses produced in the targets and cause the observed changes

in shear band orientation. ;.
. H

The number and total length of shear bands or associated shear band cracks
do not appear strongly dependent on projectile velocity, but are significantly
greater for nylon and polycarbonate than for steel projectiles, No shear bands
were observe. in the single target specimen of austenitic steel, although the
! cracking pattern was similar in all respects to those specimens that exhibited
: shear bands.

Metallographic examination of back surface target fragments showed that
shear banding occurs at the back surface to a limited extent,
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I INTRODUCTION

The Army is evaluating the feasibility and effectiveness of
hypervelocity weapons under the Hypervelocity Impact Technélogy
(HIT} program. One of the main cobjectives of the program is to
understand the effects of projectile size, shape, configuration, and
material({s) on target back surface fragmentation. In support of this
objective the Mobility Bquipment Research and Development Center (MERDC)
has performed hypervelocity impact experiments on rolled homogenecus
steel armor plate using the Naval Research Laboratory gas gun facility,
Various projectile materials and geometries were investigsted.

Under a recent contract with MERDC, SRI performed metallographic
and fractographic examinations of the impacted specimens to identify
and describe physical changes that occurred in the steel. The present
contract extended this resesarch and directed special attention to (1)
the relative importance of impact (and blow-off) momentum and kinetic
energy to target damage, (2) differences in crater morphology and near-
crater fracture patterns for different projectile materials, (3) the
influence of projectile size and configuration, {(4) the oecurrence of
shear banding, and (5) back face spall and fragmentation, The purpose
of this research was to provide a physical basis for the development
of theories thst could be used to predict and interpret hypervelocity
impact phenomens and to design projectiles that are more effective in

producing back face armor fragmentation,



11 EFFELCT OF PROJECTILE PARAMETERS ON TARGET DANAGE

Twenty-two hypervelocity impact specimens were received during

the contrasct period {June 1574 through Msy 1875} end examined

a6 s hoind b dn it

wetallographincally., Impact comnditions and damage parameters are

i given in Table I. These investigations supplement those on previously 7

e obtained specimens, listed in Appendix A of Reference 1.

' The fracture damage in steel plsates produced in these and ﬁn
previously repoited impact experimenis. using projectiles having shock
impedances much lower than, equal to, and considerably sbove thai of
the gteel targets was evaluated quantitatively. Plots were made of
back surface bulge against projectile momentum and Kinetic energy for

spheres of similar size but of different material (Figures 9 and 10

in Reference 2).

: Figure 11 of Reference 2 shows the effecl of sphere size on macro-
i fracture diameter. Three observations may be made from these figures:
£

{1} Impact velocity is important, 4t higher velocities,
small ipcreases in velocity result in large increases
in damage. For example, in Reference 1 it was reported
that for nylon spheres of 0.953 cm diameter impacting
1.27 cm steel plates, incipient spall damage occurs at
impact velocities around 4 km/sec, and production of a

! hole through the plate by means of ejection of back

surface materisl occurs at impact velocities around

5.5 ka/sec.

{2) For equisized projectiles, the projectile kinetic energy
to produce a given amount of back surface damage is not a
strong function of projectile material (see Figure 9 in

i i Reference 2).
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1 (3) For equisized projectiles, the projectile momentum to 3
produce a given awount of back surface damage is a strong

function of projectile material {(see Figure 10 in 3
Reference 2).

These three observations may be at least partially explained on the

basis of projectile shock Hugonioct eguation of state alone. The effect

of the Hugoniots alone can be illustrated by considering the more simple

L ——————_— o
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case of flat impacts of plates rather than spheres, Figure 1 shows the %

3

88 B2 gt i T s LA i e A AV
e




-

des 0oEs TIoBs HitA JOL Ulegl PUE JRILRILP AL’ T JPRMTISD S10UORLVIAIUg

(&)

“RIRANQIeDAYOE WY NETp HPT9aBD usIsHuny,  (U) SHUERONG SLEBOQURBATCH AITYL~EDu L] HITA JOMIR RITUI-ROYG E (W)
ClAnde Waergty PBSuTE BRTH (8038 AVIYI~EA-LE T ONL (@) CWRUTWRTY PLeBEOL ADIUN-WIBE T (})
A0S Y WITUIWRI~LE'L (1) LN HRY AITUI-ML T Lo}
LR35 I0U SN 2TCAYEE 1303 (W) TRIGHRNNLL (IWIV Jnoy (@)
SOAGH FAATY (RIINOD BINTYINOd 20puTEAY Alvucalealiod Sipgetessziy () TANTRING MR THIXATS WR-CH0T 0 HITM 10WIe NDLpetg (D)
‘Buagerosg’ | % OYp %8 g1 LWETADS py1icalold gudg (1) CHORE WamLZTT HIYe HAREETXRLd R2-EG0°0 Wil JOWIE NOINI~WI-LEL (D)
. CIRBIF YHR FIoW YDENTMDeLEY  (¥) CHUSRAPG <SxXALIINGES UB«0U8°0 MITM JURLR ZOTH I-WD-LR"Y ¢9%)
' CE BMUIABIMY HY PANTIOR 2T weativeRIsa) ARoy)
“
LA 4 ¥'61 UpGEY og'e [CH in ToM
uolAn LR
F 38 ot L1 e [ 2+ oLET P ] 147 M L% A Py A2
g1 09001 (33 1€ 1441
[ et R34 (383 (138 ] ArG=1
[ LR 08G4T B 4~ ;%) (sy HEE~T
() 141 ettet L3 9%'c o yob-1
(e z I 1] VHTT i ey 1) [~ 08
e LRt oot 3] oy {1} [
. (39} Lt oEpy v aasRn Lei e Tokiy we-1
‘ 1191 ] [72:14 [ DA It () ¥ w2 ore-1
(L)) 1384 Uy [+ [214"0 2] £Lhte LEs € 61
(# L1981 oheY netg 0E8T0 9870 ust AN L2 4a )
[£1] we 0691 1w’ ans o £56°0 woLin 4587
ety 2 a }
L {za-1
e Ll ] "t RU'E [ v/8 E%'0  88°Y (€] |2 orLt e vis'o €o6°0 uoTin o~
fe'3 w'a b2 AN W [<381] Y a1 ¥'8 e 49’0 omee oy 1 120 18838 cis-1
18 o we 1960 (14981 niv "o »1 {) BLtE (73 ey 6150 £56°0 oYL sue-t
453

LEan 14°¢ - ar'e - (MY 8ce ) L8t 08621 [ e 4}) VT E-d8 w6-1
et} {ey vt ovil §E°2 816°0 £Y8°0 e dp L18~1

k() Tasy Tasy Why (s * 53] R D) =1 355 R TY#53 (3%8 ) (ud) W)
L3 k) 3 % [ 131 0] A P 3 agauNBLRy [LUEPET) A3 muy A3 YDOTHA (1157 EERE 11 TUyLSHIWN L ]
¢ a sronesy a Briour% Jueniaads

Fey ATy STTI68I5E]

N tl.'vt!i..mw _—

P i
E%Q.Tﬁ.ﬁgnams_w o -

i
’

BINTRIYEIXHE JOVANT ALIDOTAAYEIAH TVNOIIIQAY ¥OA
SHALANYIVY SOVAVA LEDUVE NV SNOILIGNOD LIVIWT

I 91qeq

.
ik

L

IR

oL




S0 I ; T T z 800
80 800
IMPACT STRESS FROM -
n PMMA PROJECTILES 700 &
=
s 60 b N\ — 600 g
& N IMPULSE FROM PMMA &
&
i \ o
50 - =1 900 ¢
@ =
- *
N VMRS Wl SName w
o 40 |- ~i s00 4
>
o [
g - €
~3 ja]
30 - — 300 ©
IMPULSE FROM IRON u
5
33}
20 - ~ 200 ©
0 - IMPACT STRESS FROM 4100
IRON PROJECTILES
L
9 0 i i ] | { o
4 0 1 2 3 4 5 6 ;
IMPACT VELOCITY — km/sec
MA-J14522-4%

s

FIGURE 1 VARIATION OF IMPACT STRESS AND DELIVEREb IMPULSE WITH IMPACT
VELOCITY FOR FLAT PLATE IMPACT OF PMMA AND IRON AT EQUAL
MOMENTA

g Do e
gt Dot
g T




impact stresses and delivered impulses {(integrzl of the pressure

history at the interface} for polymethylmethacrylste €P§Hﬁ§'égﬁqirun

plates impacting steel targeis ags a function of impsct velocity byt at

i & constant incoming projectile momentum of (.356 MPa-sec. Figure 2 plots -
the same guantities for s constant incoming projectile kinetic enerpy of

8 2
5.7 x 10 Jjoules/m ., The Hugoniot data used to compute the curves of

Figureg 1 and 2 were taken from Reference 3. It can be seen that, for
|- both constant momentum and constant kimnetic enmergy projectiles, the
effect of inereasing the material shock impedance {at high pressures) isg
to increase the peak impact stress but to decrease the delivered jmpuise.
Furtherwore, increasing the impact velecity beyond about 3 km/sec ecauses
rapid increases in the impact stresses but yesults in constant or slowly
decreasing delivered impulses,
Thus, considerations of Hugoniots alone suggest that small,
fast projectiles should be more damaging than larger, slower ones with
the seme momenta or kinetic energies, in agreement with the first
cbservation sbove.
The second observation sbove may be inferred from Figure 2. BMA
% and iren projectile plates of identical sizes and kinetic energies have *

an impact velocity ratio given by

E- )

v p
PRMA _ iron

v
iron PMMA

: Thus, if the ironm projectile impacts at 3 km/sec, for example, the
corresponding PMMA projectile must impact at 7.5 km/sec. Figure 2 then
: shows that the impsct stresses and the delivered impulses for the two

projectiles will be similar, Thus it is expected that the two projectiles

would cause siwmilar amounts of target damage.
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The third observation above may be similarly inferred from Figure 1.

PMMA and lron projectiles of identical sizes and momenta have an impact
;

velocity ratio given by

Vemma  Piron

viron ppMuA

Thus, if the iron projectile impacts at 1 km/sec, for example, the
corresponding PMMA projectile must impact at 6.5 km/sec. Figure 1
then gshows that both the impact stress and delivered impulse will be
greater for the PMMA projectile., Therefore, the target damage should
be greater for the low-impecance projectile, as observed.

It thus appears that shock Hugoniot considerations alone explain

some of the obhserved effects of projectile material. However, there

are several limitations to the above arguments. First, for impacting

spheres or cylinders, the early arrival of relief waves from the lateral

boundaries of smaller projeéctiles should eventually counteract the effects

of the higher impact stresses, Second, damage mechanisms usually become T

impulse dominated for very short duratiom loads, suggesting that the

damage should eventually "saturate"” for hypervelocity impacts of constant
delivered impulse, A third complication is the possible effects of

i vaporization and ""blow-off’ of the projectile material. Thus, shock
Hugoniot considerations must be supplemented by better understanding

of the roles played by phase changes and projectile geometry before the

effects of projectile material properties on the target damage can be

AE i e L TR R

R RN

understood completely.




III EFFECT OF BLOW-OFF MOMENTUM

As discussed previously, the momentum delivered to a target hy an
impinging projectile determines to a large extent the damage inflicted
on the target. Additional momentum could be delivered to the target if
the projectile vaporized on impact, although it is not clear that this
{so called) "blow-off momentum” would be significant. To investigate
the effect of blow~off momentum, SRI suggesied that identical steel
targets be impacted by projectiles of iron and lead of such sizes and
velocities to produce approximately the same stress histories in the
targets, The main difference in the two experiments would then be that
the lead projectile should receive enough shock energy to cause it to
vaporize, whereas the iron projectile should not vaporize., The conditions
for identical stress histories are given in the Appendix along with the
calculations. Note that the lead projectile requires only about one-
fifth of the kinetic energy of the iron projectile to produce the ganme

impact stress history. .

The lead sphere experiment was carried out by W, W, Atkins gng
M. Persechino at the NRL impact facility. Unfortunately, however, the
corresponding recommended iron impact experiment was not performed
during the contract period. Three previous impact experiments (1-906,
1~8098, and 1-911) had been made with steel spheres of approximately the
right size, mags, and velocity, but unfortunately were performed on
1,27-cm~thick rolled homogeneous armor instead of 2,54-cm-thick material.
In all three cases the back surface spall section was completely detached, and so
direct comparigons of target damage with that produced by the lead sphere
were not possible. Thus, conclusions concéfning the effect of blow-off

on target damage must await a comparable experiment with a steel sphere.

A steel sphere of similar velocity, although of somewhat greater
mass than the lead sphere, had been impacted against a 2.54-cm-thick

steel plate and provided an opportunity to compare the damage. By
9
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reason of its higher mass, the kinetic energy and momentum of the steel
projectile were sbout 20% larger than for the lead projectile.

Impact conditions and damage parameters are given in Table 1I, The
shock energy for the lead impact was about 1000 cal/gm, well above the
assumed lead sublimation energy of 220 cal/gm.g* The shock energy for the
steel impact was slso 1000 cal/gnm, but considerably below the assumed iron
sublimation energy of 1770 cal/gm.9 Thus the lead was expected {to wvaporize

and deliver additional momentum to the target.

Qualitatively, the target damage produced by the lead sphere was
much like that produced by steel spheres and unlike that produced by
nylon and polycarbonate, That is, the crater was hemispherical rather
than conical, and shear bands and associated cracks ran upward rather
than downward, In addition, the typically observed cavitation beneath
the crater was evident. The @ ¥ € phase transformation zone was
large, extending to a depth of about 4 mm below the crater floor, and
the crater floor iiself consisted of a thick layer {(about 0.6 mm) of

white~etching material suggestive of martensite.

The lead sphere produced slightly more damage than the steel
sphere. Table 1I shows that the c¢rater in the lead impacted specimen
was somewhat wider and about 12% deeper than in the steel impacted
specimen, Furthermore, the boundary of the hemispherical @ # € phase
transition region (i.e., the 130-kbar isobar) was 1.5 cm below the
original surface for the lead impact and 1.4 cm for the steel. Finally,
the back surface bulge produced by the lead sphere was slightly greater
than that from the steel sphere, although the spall width was somewhat
less. Thus the lead impact appeared slightly more damaging even though the
momentum and kinetic energy of the lead sphere were 15% to 20% lower

than for the steel sphere. The lack of a more dramatic increase of

¥
Large uncertainties exist in the sublimation energies uppropriate under

these dynamic loading conditions,

10




VTR e

suseinaado Lt

e

4 Vit

tem ot

e S e B S5 S B 3 e 2

4
el
e 450 1z g1'o Y tety L6°0 L2 4 ve'e €66 €¥9% 629°S 668°0 9670 alayds 1233} LCE8-1
8z’ PR '] FAN 667 ¢ 811 | 2K 92'c Bl2e P LUuE 0 v saonds pee j34:00:]
(53} (w2) (w3)~ (w3} () (w0} (wd) (uay (o0 /U~BY) (EBD)  (Ddas/uY) (&3] (w)
j1eds o Fafey 1rsdg Jo  eding 1io2ds asmnjop  yidag aelouwy SS5OURDIV]L wnjuamoy ARdaouy L3100EaA sSseN 1ajomefg dy1toe{oxg jo Laguny
Y3pia 119dg 3o ucijtuey 2004 JOjEID  JBIVID Lejer)d Te1RID J130uly TeIae}EN Juantaadsy
FEOUUDTYL, HORY pug aduyg
LAOUY L F1LLIALCUd y
: ]
3
MEHAS TIFIS V NV vl V HIIM E
SINANTHAIXE UVIINIS WOJ SHLLIWNVHVA FDVAVE aNV SNOILLIONOS JIOVAWI 2 3
ks
11 alg®L d




R ——— |

damage indicates that the contribution of blow-off momentuwr was smail,
However, the magnitude of blow-off effects might be expected to increase

at higher velocities.




IV CONDITIONS NECESSARY TO SPALL S-INCH-THICK ARMOR

The Sandia damage calculations for hypervelocity impact of steel
with nylon assumed rate-independent constitutive relations;la hence,
they should scale linearly to any armor thickness, This assunption is
borne out by the limited data available from MERDC-NRL experiments.1
SBcaling these data for 1/2- and l~inch armor indicates that spallation
of 8-inch-thick armor could be produced by impact of spheres weighing
i to 2 kilograms impacting at 5 km/sec, Scaling up the data of Ref, 1
suggests that the mass ejected from the back surface may be 25 times

that of the projectile.

13



7/ V EFFECTS OF PROJECTILE MATERIAL ON CRATER MORPHOLOGY
AND NEAR-CRATER FRACTURE PATTERNS

It was noted in the previous work that low impedance projectiles

v . produced conical craters and downward-running mnear-crater shear bands,

whereas equal or high-impedance projectiles produced hemispherical

craters and upward-ruaning near-crater shear bands,

A possible explanation for the two kinds of cracking patterns

involves conditions at the interface between target and projectile,

Steel and tungsten carbide projectiles have shock impedances egqual fo

or greater than that of the target. Thus, as they advance into the Z
target, they tend to pull with them the target material at the interface,
The interface target material is, thus, subjected to large shearing é
stresses that are relieved when a shear hand or a crack, or both, form

and propagate, Maximum shear stress trajectories and, hence, the shear

- bands and cracks are oriented in the observed cone configuration because

of the downward thrust of the steel and tungsten carbide spheres,

The downward and outward configuration of cracks resulting from
nylon, Lexan, titanium, glass, and A1203 impacts may be atiributable
to the tendency of lower shock impedance materials to reverse their
i direction during impact, thus causing the subsequent flow of projectile

{ material upward and outward. In this case, the frictional forces on

R

i the target material from the flowing projectile mass pull the peripheral

material in the opposite sense. Here the trajectories of maximum shear

stress in the target and the shear bands and cracks lie in an inverted !

cone pattern.

11
Maurer and Rinehart discussed the shapes and mechanism of

formation of craters and crater-associated cracks produced in rocks by

similar small stesl spheres at lower velocities {to about 3 km/sec).

They found that ss the projectile penetrated the rock, fractures

15




apparently ianitiated In a stepiike fashio. and propagated along pisnes

of maximum shear, defined by a logarithmic spiral
T =T exp [+ 6 tan (45° + §)]

where r 1is a radius vector of the spiral, rO the distance from the
point of application of the load to the intersection of the logarithnic
spiral and the horizontal houndary, € the polar angle from the nearest

surface, and uw the angle of internal frietion.

11
Maurer and Rinehart noted that the spacing hetween suberater

fractures was constant and explained this observation by assuming that
a constant impulse was required to initiate each fracture. Letting the
distance between two successive fractures be As, they showed that the

time the projectile acts on this portion of the crater is At = 8g/V, where
V is instantaneous projectile velocity. Since the instantaneous force
resisting the projectile was assumed proportional to the projectile velocity,
F = kV, the impulse I is given by I = FAt = kAs and is thus constant.

This explanation may also apply to the fracture patterns observed in

the craters of the steel targets,
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Vi SHEAR BANDS

One of the tasks included in this work involved providing a more
detailed account of "adiabatic shear bands.” Two guestions in particular
were "Do they form sdiabatically?’ and "Is the material within the bands
martensite?”  This section seeks to answer these questions, then discusses

attempts to correlate shear band activity with projeciile parameters.

The adiabatic shear bands referred to in ﬁeference 1 were thin bands
of high hardness, visible on polished and etched cross sections of steel
targets extending inward from the crater walls and also comnecting
individual microfractures in the immediate suberater region. The bands
appeared white when etched in 5% nital and contrasted sharply with the
dark etching background metal, The bands were typically a few microns
in width, often branched, and generally acquired fractures along their
lengths, That these bands experience intense shearing strains is obvious
froﬁ micrographs such as Figure 9 in Reference 1, which ghow large

adisplacements in the rolling lines of the target plates.

Thus these bandc can safely be called shear bands, but the addition
of the adjective “adiabatic” is not as straightforward to jﬁstify. The
term "adiabatic shear band” probably originated in a2 paper published in
18944 by Zener and Hollomon12 who were among the first to report the
phenomenon, and whose postulated mechanism remains as the most likely one.
Their mechanism in essence is as follows: when a body is strained at
high rates, necessary displacements within the body cannot be accommodated
in a uniform manner. Instead shear instabilities develop at discreste
sites in the body, and these instabilities grow bhecause of local thermal
softening. The plastic work in the shear site is converted into heat
that cannot be dissipated effectively into the surrounding material within

the short times involved. Hence the temperature rises in the local volume

where the instability occurred. Since the flow stress of most nmetals
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decreases at elevated temperastures, it becomes easier for the next in-
crement 0f plastic flow to occur in the heated material rather than
elsevhere. The additiounal increment of plagtic flow results in addi-
tional local heating and so the process continues, confining sliip almost
exclusively to narrow bands, which propagate on planes of maximum shear

stress through the specimen.

In the strict thermodynamic sense, however, tie term 'adiabatic” is
hard to justify. Adiasbatic means no gain or loss of heat, The process
may be nsarly adiabatic as slip occurs and drives the tewperature up, but
most certainly nonadiabatic conditions exist as heat is conducted
away by the surrounding metal at later times. The observed auvtenite to
martengite transformation within shear kands in steel indicates that
heat is lost at very rapid rates. Thus total adiabaticity iz a thermo-
dynamic ideal, and the degree of shear adiabaticity must vary with the

material and the loading rates.

Similarly, since the ability to form martensite depends on the thermal
history, the answer to the second guestion depends on the material and
the loading rates. To obtain positive coafirmation that the material
within the shear bands observed in Reference 1 transtormed-to martensite
would require a detailed look at the strucéure and carbon distribution
within the bands with x-ray diffraction and transmission electron micro-
scopy. Such an investigation has been performed on a 1% €, 1% Cr steel
by Wingrove,l3 who concluded from the results that the structure is
martensite, While this does not prove that the bonds in MIL~5-12560B

were transformed to martensite, it does show that such is probable,

Quantitative analyses of the shear binding and cracking activity
near the impact craters was attempred. The shear hands and cracks
extending inward from the crater surfaces of upﬁroximately 35 specimens
impacted with nylon, polycarbonate, and steel spheres were counted and

measured.
19




Specimens impacted with nylonm spheres contained typieally 40 to 80
shear bands per specimen, roughly one-third of which were cracked. The
cracked shear bands tended to corrslate one-{o-one with the cuaps on the
terraced crater surface. Between adjacent cracked shealr bands {(cusps)
were several {(ususlly two) finer uncracked shear buands having shapes

similar to the larger cracked bands.

The variation of number of shear bands with impact velocity is shown
in Rigure 3. No decisive tremnd was apparent for veloclities beitween 4

and 8 km/sec, although the data suggest a maximm nesr 5 km/sec.

The correlations were made, assuming the shear strain associated
with a band to be z constant. This was not the case, however. Fine bands
; with small shear displacements and coarse bands with large displacements
were commonly cbserved on the same specimen, and, morecver, the width of
: 2 given band varied along its length. The general tendency was for the
j ’ transformed width to be large and the deformation width to be small near
b the band origin, whereas the transformed widih became progressively
smaller énd then vanished further from the loading site, The width of
the deformed zone correspondingly increased and eventually went over to
homogeneous deformation, However, the scope of the work pfecluded

collecting statistical data on shear band widths,

i i No shear bands were observed in the single target specimen of
sustenitic steel. Although transfommed bands were not expected because
the ¢ = ¥ phase transformation cannot occur, we expected deformation

i bands because of the similar loading conditiéns. However, no severe

local deformations of the grains could be detected metallographically,

and deformation appeared homogeneous. The cracking pattern, on the other
hand, was similar to that observed in the MIL-S-12560B, and 15 cracls
were observed extending downward and outward from the crater floor in

the same menner as when shear banding occurs.
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Correlations between shear band activity and preojectile velocivy,
nateriazl, and sime were sought by constructing plots of ghear bang
musber, demsity. an? total length, versus impact veleocity for spherical

projectiles of several waterials snd sizes., No clear tresd was indicated,

Compared with nylon spheres, fewer instabilities, typically 10 teo
25, were obgerved in scecimens iwmpacted with steel spheres, However,
these data were for spheres of gither smaller.diaweter {(0.554-0.714 com;
ef nylon diameters of ~ 1 cm) or lower velocities (™ 2km/sec; cof aylon
velocities of ™~ § km/sec). Usually 10 to 15 instabilities were produced
by small diasmeter, high speed projectiles (0.5-0.7 cm-diameter, 5 km/sec)
whereas significantly more {about 25) were tynically produced by larger,
slower projectiles {™ 1 cm diameter, 2 Wm/sec). The percentage of shear
hands that cracked was higher for steel sphere impact than for aylon,
and increased with velocity. Around 2 km/sec, approximately 50% of the

shear bands cracked; at about 5 km/sec TO% to 90% were cracked.

It was difficult to investigate shear banding trends for tergets
impacted Sy liquid~filled polycarbonate projectiles because of the meager
reliable data, Of the 14 experiments performed, four gave evidence of
leakage during flight, three used materials other than yol&carbonate.
water, and rolled steel, and two were of cylindrical geometry. The
availakle infomation suggests, however, that the shear banding/cracking
behavior is similar to that produced by nylon spheres, i.e., 40 to 860

bands, roughly one~third of which are cracked.
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Vii BACK SURFACE EJECTA

Back surface ejecta from two experiments were examined with a
microscope. The "scab" from the Experiment 1~881 and several of the
nine fragments recovered from Experiment 1-878 were momnted in clear
plastic mounting compound and ground down on abrasive paper. These
cross sections were then polished and etched to reveal the internal
features. These fragments were examined with a microscope to deducse
the mechanism of bac? surface fragmentation. The role of shear bands
was of special interest.

A cylindrical "scab”" of material, approximately 4 cm in diameter
by 0.5 cm thick, was ejected from the back surface of specimen 1-881 in
essentially one piece and recovered., This piece was sectioned by cutting,

mounted in c¢lear plastic, polished, and etched.

No evidence of transformed shear bands was found on the periphery
of the szak. This is in agreement with observatious made previously on
specimens that had suffered back surface mass loss. Adiabatic shearing
did occur, however, in loecalized regions on the fracture surface. The
fracture surface forms by the nuclestion, growth, and coalescence of
microfra~tures. The last step, coalescence, requires considerable
shearing as microvoids grow together and nonplanar macrocracks (coalesced
microvoid clusters) join up. Thus very small white etching regions of
high hardness were observed at occasional sites on the fracture surface
(Figure 4a). This behavior has also been observed in one-~dimensional

strain plete slap experimentis,

Hardness mecasurements were made on the white-etching transformed
material and also on the adjacent material. Vickers Hardnzss Numbers
(200~-gram load) of the transformed material were typically 750 to 800
(RC 62-65), whereas the adjoining areas were softer than the bhase metal

at 270 *o 300 (Rc 26-20) {(see Figure 4bh).
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Larger shear bands of the deformation type (not tranaformed) were

observed on occasion on polished and etched cross sections of the
fragments from Experiment 1-878. Figure 4c¢ shows two such hands, one

of which has become a fracture surface and fragment boundary; the

other has begun to fail.
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Appendix

CALCULATION OF DIAMETER OF LEAD PROJECTILE TO GIVE
SAME IMPACT DURATION AS AN IRON PROJECTILE

Iron and lead have Hugoniots that lie close together in the P, u
plane, particularly in the high pressure region. However, the shock
velocity in lead is lower, thus requiring smaller lead projectiles to
give the same shock reverberation time as for an iron projectile at the
same impact pressure, The calculations here are for impacting plates
rather than for spheres. This will cause an error because spheres will
suffer less compaction. However, the reverberation timesg should bhe

roughly correct.

Choose an impact velocity of 5 km/sec., &ince lead and iron have
similar Hugoniots in the P, u plane, the impact pressure for an iron
target will be about 1500 kbur in both cases. At this pressure:

I3
Use = 12,4 nm/}isec

it

* Shock velocity for iron

Pb

Shock velocity for lead UB = 5.7 mm/uUsec

[

The Hugoniot pressure-density relation is

B P 2 P 3
P =C(~ ~1) +D(~ -1 S¢— -1
1 ) 19 )+(ﬁ )

H
o o 0
Thus
1/2 1/2
A
(Zo) 1R (-0 E (o)
an [« o [+ o po
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The Lagrangian sound speed is given approximately by

. ML

c TE p-E

L ¢ dp
o]

Ve next compute C for iron and lead at 1500 kbar:

L
“dp
C 2D 38 2 H1/2 | ¢
I = |7 (-g— -1) (g— - DY L
Material o] o o o o
=
Yron 7.85 12.9 108 1958 0.45 0.20 10.0 14.5
1 o 1
x10 ¢ x101 x10 0
Lead 11.4 4.4 8.8 53 0.75 0,56 5.5 9.6
10
xlOlO x1010 x10

3
where po is in gm/cm , C/po, ZD/PO, and 3S/PO are in ergs/gm and the
remaining quantities are in mm/psec.

The reverberation time is given by

At:

«C | F
olg

L

where &b is the original projectile diameter (or plate thickness under

our flat plate assumption).

Thus

Ah = At

OIH

(%" + )
8

L
If the iron projectiles have a diameter of 11,5 mm, then

At < 11.5mm N 11.5mm
Fe

= 0.95 ysec + 0.79 uysec = 1.7 ysec

1242 145 2
usec Jsec




Thus, for the lead to have the same At, we have:

AtF 1.7 usec
o .
. Ath = 3 - 1 = (1 ”E-) o = 6.1 mm
Pb Pb 5.7 ° 9.6 mm
U C
8 L

The conclusion is that a G6-mm~diaweter lead sphere launched at
5 nm/usec will produce about the same impact stress history on an irom
target as a 11.5-mm—diameter iron sphere launched at the same velecity.

The masses of the two spheres will be

3
4 1.15 3 gn
- _T: ——— ° ——— 1 .
uFe {3 ( > } om } [(7 85) 3} 6.25 gm

ca
’ [4 0.19 3 3 gm

= - - . = .

. uPb | 3 { > ) em ] [(11 4) ;;E] 1.29 gm

9
The sublimation energies given by Kohn are:

10
7.36 x 10 ergs/gm

E (F)
8 e

10
0.9155 x 10 ergs/gm

1

E (P
s( b)
The ipternal energies produced by the shock wave are given approxi-

mately by

1 P o
E - — {1 = —
2 9 ( g )

The above information is summarized in the following table:
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The table shows that the lead projectile should receive enough

shock energy to vaporize it upon pressure relief, whereas the iron
projectile does not. Thus, a pessible contribution to the impulse

delivered to the target may arise from bhlow off of the lead projectile.
v

Bote that the lead projectile requires only one-fisih the kinetic
energy of the iron projectile to produce about the same impmct stress
history. 1In view of the possible gains from late-time blow off, lead

would appesr to be 8 promising hypervelocity projectile material.
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