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FOREWORD

Ikis rexorl was prepsred by Heyes Intemetional orporation under USAF Contract
No. AF (8{635)-3641, The work was performed in the Engineering liaterials
Lavoratery amd the Enginsering Research Croup, Iayes Iniernaticnel Carpcration,
The werg was adwinistered under the direction .f tne Directorate of Armament
Develszmer®; Research and Technolegy Divieion, Detochment 4 wilh Mr. Andrew
Bilek % project enginesr.

Thig report covers work conducted from 13 May 1963 through 12 tay 1964.

The assistance of the following Hayes person.s? whose xid contributed to the
successful complation of the work is acknowledged: 5. G, Houston, Jr,
N. D, Gillam, =nd W. Q. Watkins.
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Forty-nine targete of varis™ . siliis mstecials and of variovs zonfigurations
wsre exanined to determ‘:;,%ﬁﬁ ~SUacts of hrpervelocity iapact by alumimm
projectiies on the ¥ .c,2¥8, Targots were exanined visuslly. Dinensions of
verforatiosz and zfafg;: made by project’les of known mass awd velocity were
measured. Specimens from damaged areas wers msunted, polist-d and examined
mizrosnopically, The effecta of hypsrvelocity impact wers zuaud to be
confived t¢ a narrew region zround .mpact areas. The rozuifaz of “he target
examingsiong ars preswnted in this repert.

A congiders >ion of new and novel approaschcs S0 Lhe anslysiz ¢ [ the effects
of hypervelocity impest on havcebs wvas rade. Tue results of this Fork ars
discusgsed,

PUBLICATION REVIEW

This technical documentary report has been reviewed and is
apnro wed |

NICHOLES H. €O

...... adises ile VWL,

Colonel, USAF
Acting Director
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TNTRODUCTION

Under Contract AF 08(635)3641, a series of forty-nine targets subjected to

the impact of hypervelocity projectilés were examinsd to determine the
effects of hypervelscity impact. The targets were composed of various
metallic materieis and configurstione as shown in Tzble i, The targets
were exposed & iypsrvelocity projectiles zb the hypervsiocity test facility
at Fglin Adr Fex:~ Baze, Florida, A shaped charge technique was used to
obtain dlumimm projectiles 3= the range from 27,000 feet per gecond to
32,000 faet fr secotid, The particle projecter consisted of a Composition
B shaped-ciiirge with a 429 conical liner of Ji0OF aluminum 3310y
Eccentric initiaticn was used to obtsin particle dismpersicn. AlGitude
similated during firing was approximaiely 200,000 fest. Tiis dictance
between the particle accelerator am the teiget was maintained b

eigbteen feet and one inch. The angle of obliquity {(angls betiwsen the
projectils velocity and the target face) was 90°,

Targets were given & thorough visual examination. The dimensiong of
perforations and craters made by projectiles of known mass and velocity
wWerse mzasured. Hocxwell hardness measvremsnis were made on the surface
of the targets near perforations and in undamaged area, Targets were
sectioned, and specimens from the damaged areas were mounted ard pclished
for .icroscopic examination. Photomacrogravhe and photomicrographs were
made to record changes in metal stiucture. Microhardnesz surveys were
verformed on some spacimang.

In addition te the examination utilizing standard laboratory techniquss,
new and novel means of conducting target analyses wore considerad.

TARGET ANALYSTS
2,1 THIN ALUMINUM TARGETS

Twenty~thres of the Largehs were spaced panel targets in which the first
panel was 0,10 inch thick 202,-T3 sluminum. Subssquent panels vavied

in mumbex and thickness as shuwn in Table 1. Photographs of typical
bargels are shown in Figures 1 through 12, Generally, projectiles
perforated the inibial plate of targets in a string of perforations
running diagonally across the plates. Perforations overlapped to form an
irregularly shapsd contimuous perforation in the central portion of the
impact area because cf close spacing of the impacting projectiles,
Perforations produced by projectiles for which the masses and velocities
were msasured were located at the end of and ssparatec from the main
atring of perforations. Pitting was severe in the are . adjacent %o the
perforations. A munber of small perforations were observed scatiersd over
the target plates.

Damage to the first pansl of each target was determined by measuring the
dimensions of the perforations produced by prcjectiles of knovn mass and
velocity. From the dimensions, ths areas of the perforations ware
calculated. These data are summarized in Table 2. Perforaticn sres is
plotted as a function of projectile mass in Faigure 13, Ths data zhow




congiderable ~eatter, Perforation area plotted ag a function of the
projecte’ arca of ihe impacting projectile produces a smoother relation-
ship as shown i Figure 14, Consequently, the damage tc thin 202i-T3
alumiins +argets appssrs to depeud primarily on the projechted area of
the projectii~.

Damzge te & .equemt panels of multiple panel targets varied. large
perforations = -u patalled iges occurred in 0.1 inch 2024-73 alumimim
secend pansl? - a stang-cfl distance of two inches (Figure 2). .Surface
pitting and 7. * ")1izing ol second panels of 0.1 inch 20%4-T3 aluminum
ocourred st o _d-of{ distances of four and twenty-four inches. iz
genoral, euiiace pilting and mstallizing were the major sffects observed
on 9,25 icch 2024~T3 end 0.50 inch 2024-T4 alvmimm panels au stand-cif
dAigta= _<a ranging from two to twenty-four inches, Spallation or sca»bing
trom Uie vear surfacs oprosite impact points cceurred. RBzisnslio pitting,
metailisiue, a.d somz shallow craterine were observed on 1.0 inch 2024-T
plates for stand-off distancesz ranging irom two To twenby-four inches.
Rear surface spallation occurred only on targst 64-04,

Rockwell hardness measurements (15T scale) wore mede on target surfaces
near perforations., The first indentation was made as close to the adge of
a perforation as possible, Additional indentations were made at progres-
sively greater distances from the perforation. No change in hardness

was evident in damaged areas.

Secuvions were cut Irom tre edges of perforations, mounted and polished
for microscopie examination, A typical pattern of damage was found for
0.1 Inch thick 2024-T3 alumirmm targsts. Grain flow arcund psrforations
indicated a displacement of target material from both the front and back
surfaces of targets. Typical grain flow palterns at the adges of perfora-
tions are shovn in Figures 15 through 18, Grain flow extended for a
short distance radialiy from tne edges of perforations, generally to a
distance appraximately equal to the plate thickness, The dividing plane
between flow fields was at the mid-plane of the plate. Little or no
grain flow was evident at the mid-plane of the plate, Examination of
mstal structure nsar perforations at magnifications up to 500X revealed
plastic deformation of individual grains in the region of grain flow.
Photomlerographe of typical grein structure near perforgtions are
presented in Figuree 19 and 20. The structure in damaged areas was
examined for evidence of the effects of high itemperatures on target
material. There was no apparent sutectic melting or grain boundary
precipltation. No effects attributable to high temperatures wece found.

Microhardness surveys were made on soms of the polished specimens obtained
from impact areas. A graph of microhardness (Vickers scal ‘ as a function
of the distance from the edge of penforation A for target rB8-61 is
preseanted in Fizure 21, Hardness values indicated a narrow region of work
hardened material in the highly deformed area around the perforation. The
work hardsnsd area was appreoximately 0.1 inch wide., A maximum hardness of
176 occurred at 0,05 inch from the edge of the perforation. Based upon
similar nicrohardness surveys on other targets, this effsct appears to be
typical of thin alumimm target perforation,
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2.2 THICK ALUMINUM TARGETS

Six thick aluuinum targets were examined. Targets 63-09 ami 62 -10 were
single panel tzrgeis of 0.5 inch 2024~T4 alumimum plate. Target 63-95
was a single panel target of 1.0 inch 2024-T4 alumimum plate, Targets
63-98, 63-102, and 63-137 wesre gingle panel targets of 2,0 inch 2024-T351
almminem piate., Uach iarset 15 discussed individualiy in this section.
Target damage dava «re sunmarized in Table 2, )

2.2.1 Target 63-00

Target 62-09 was a single pane. target of 0.5 inch 2024-Ts alumedinum plate,
Front and back views of the target are shown in Figurss 22 and 23, One
projectile with a mass of 1.0 grains and a velocity of 27,800 fa.. par secord
wag identifisd. FProjectile A perforated the target. The perforacion
vegenbles a crater in many respects. The walls sloped imward irom &

0.7 inch diametsr opening &b the front surface to a 0.3 inch diamster
opening at the bottom of the perforation. The material arouni the lip

of the perforation wes upset slightiy ebove the front surface of the
target. Severa spallation or scabbing occurrsd around the perforation

at the rear surface of the target. The depth and diameter of the scab wers
about 0.1 inch and one inch respectively., The ganeral shape anu dimensions
of the perforation are shown in the following diagram:

0.8 e 07—l Io.owt

0.5"

| 0.3t T_oiTc l

Projectile A would probably not have perforated the target except for the
gcabbing from the back surface of the plate,

Grain flow about perforation A is shown in Figure 24. Predominant grain
flow is toward the back surface of the target. However, for a depth of
about 0.1 inch bslow the front surface of the taxrget., grain flow is toward
the front surface of the target. ILaminar cracking in t™e wall of the
porforation and scabbing at thc “ack surface are evider . A micrehardness
traverse was made along the mid-plane of the plate using a Durimet
Microhardnass Tester with a 100 gram load. The results are plotted in
Figure 25. Hardness readings were made at intervals from a point 0,005
inches from the edge of the perforation out to 0.6 inch. Work harcening
occurred in the deformed area. The work hardepned area externded out to «
distance of approximately 0.5 inch. A maximm Vickers hardness of 189
occurred at 0,050 inch from the edge of the perforation.




Yo evidence such as eutectic meiting or grain boundary precipitation .:s
found of high e::.vperamre effects on the targst upon exemination of a
polished specimer at Ligh wagnifZcation (500X). Individual grains were ce-
formed in a plastic manner arcund the impact area., Vhat appear bo be
slip bands Were found ir. The area zround perferaticn A, Mandtiple slip
systems are chown in Tigure 26, Electron micmgraphs of surfacz replices
of an area mnear pericra';:‘.oz. A are presented in Figures 27, 23, and 29. The
electron microgravas «. pren?_'f‘ed by the Electron 14 croscone .amratozy,
Engineering Experiment Station, CGsorgia Imstitute of mulogy. Structures
which ma, Le siip bands are evident in the electron n:crogranhs. Micro--
fissures and allcri-g constituents are also evident, Damags to lhe replica
may have occurred in the area shown in tae upper Ileft commer of Figure 26.

22,2 Target 63-10

:uz.:. 63-16 -.w.s a 0.5 mrn 202;~Ti, alupimm target. Irojectiles 4 and B
Zal uasses of 2.0 and 7.0 grains, respectively, amd a common velecity ¢
29,700 feet per second. Both projectiles penorated the target cleanly as
cpposed to the crater-like perforation noted in target &3-09. CSevere
spailation occurred around the nermherles of buth perforations at the
front and back surfaces of the target as is s ovident in Figures 3Q axd 31.
The diameters of perforations A and B, excluding the spalled areas, wers |
0.75 and 1.5 inches, respectively, The general shape and diwensions of the
perforations are illustrated in the following diagram:

Perforation A Perforation B .

k____ _L.]_5n_J l/ 1,6

le-0. 75"-49k—— 1, 5"—4 C

k—_—l 31 ),( 2,54

Examination of polished cross-sections through the perforations revealed
grain flow toward the front and back surfaces of the target. Grain {low
extended outward from the edges of the perforation for about 0.5 inch.
Yaminar cracking occurred in the walls of the perforat:on. No effects

of high temperatures, such as eutectic melting or grain boundary precipi-
tation, on target material were evident. Slip bands were ™und in a small
number of grains, but they were not so extensive as those ¢ ,served in

Target 63-09.

Three microhardness surveys were made on a section from perforation B.
Measurements were made from the edge of the perforation out to unaffected
material at 0,050 and 0,250 inchk from the front surface and 0,050 inch
from the rear surface. The results are presented in Figure 32, The hard-
ness msasurements indicate work hardening in the deformed areas.




Target €63-95 was 1.0 inch 2024-T4 alumimm plate. Figures 33 anc 34 are
photograpks of the Sarget. Projectile A had a mass of 6.4 fZains ard a
velocity of 31,400 feet per second, Crater A was 1.63 inches in diameter
at the front surfsce of the target. A scabbed area 2.5 incheg in diameter
wWas observed ai ths rear surface of the plats., The sc2b and crater inter~
sected tc fexm 2 pe~iczation. A cross section through the crater is shown
in figure 35. ZIarwinar cracks originating at the intevior surface cf the
cavity and radisting into the base metal were foun’. The cracks sloped
upward towaerd the impact surface. Miltiple scabbing was predomeinant
toward the rear surface and became ipdistinguishable fyom the laminar
cracks originating near the bottcm of the crater. Grain low towacrd

the impact surface existed aleng the upper rim of the cirater. Gizin flow
adjacent to the lower boundary of the crater was nearly parzilel Yo the
craterts wall,

Target 63-98 was a single panel target of 2.0 inch 2024-T351 alumimin alloy.
1o impact area or projectile data were available for target 63-98, In general,
the impacting projectiles formed a line of shallow craters across the
target surface as shown in Figure 36. A deep narrvi erater vwas evident
nezr one ond of the line of shallow craters., The surface opening of this
craber was about 0,67 inch. Figure 37 shows a sechion throngh thie

crater, After sectioning, the depth of the crater was found tc be
approximately one inch, From the cross sectional view of the crzter,

it appears to have been formsd by the impact of several small precjectiles
in successfion rather than a single projectile of umisual penetrating
ability.

2:.2.5 Target 63-102

Targst 63-102 was a single panel target of 2,0 inci 2024-T351 alumimm alloy.
Two projectiles were identified for target 63-102. The mass and velocity of
projectile A were 7.8 grains and 31,000 feet per second; of prcjectile B,

1.7 grains and 30,800 feet per second, Crater A was 1.38 inches in diameter
and 0,63 inch desp and had a volume of 7,7 miliiiiters., Crater B was

1.13 inches in diameter and 0.5 inches deep and had a volume of 4.0
milliliters., A photograph of the target is presented in Figure 38.

Polished cross-gections through c¢ralers A and B revealed a faw laminar
cracks originating at the interior surfaces of the craters and radiating
into the base mstal. Grain flow toward the impact surfaz~e was evident
along the upper rims of the craters, Grain flow adjacen to the lower
boundary of the craters was approrcimately parallel to the craters! walis,
A cross sectional view through crater A is presented in Figure 39. As

a result of compressive forces acting at the bottoms of the craters, severe
grain distortion occurred at the bottams of both craters. Grains were
elongated and flattened.




2.2.6 Target 63-109

Target 63-109 ws & single parel target of 2.0 inch 2024-T351 alimimum alloy.
Figure 40 is a photograph of the target, Projectile A with a mas3 of 3.9
grains and a velocity of 21,500 feet per second produced a cratsr L.75
inches in diameter and 0,75 inches deep in target £3-105. The ~.lums of
the crater could not be detsrmined by liquid measurement because of
mtercomectmn with ail aajseent crater produced by zn unidentified pro-
jectile, A large proirusiocn about 0.2 inches in heighil wus visible on

the rear surface of the target opposna the crater. 4 cross sectionzl
view through the crater is preserted in Figure 41. A mmber of laminar
cracks radiated out into the base mstal ."rom the walls of thie caazer.

There were a number of cracks that originated and terminated in the cenral
porticn of the plate bstwesn the bottom of the crater and the rear surfice
of the plate. Muitiple scabbing occurred near the rear surface of the plste
rexalting in the nrotms_ou obgerved in the visuzl examination. The crack-
ing and scsbbing indicate thav the plave wWas ou'sjétied Lo teasile sloesses
arising from interference of the incident shock wave and the reflected wave
from the back surface of the plate of suificient magu*ude to fraclurs

ths plate. Severe grain distoriion such as was described for larget,

63-102 occurred at the bottom of the crater. MNo significant ckange in
grain structure was found in the central portion of the plate below the
crater in the vicinity of the cracks and scab—-type fracture.

2.3 MAGHESIUYM TARGETS

|'1a

Thirteen spaced panel magnesium targets were examined, The first panelis
of eleven of the targets were 0,1 inch AZ31B-HZ; magnesium sheet; the first
panels of the other two targets were 0.25 inch AZ31B-H2l mame31wn sheet.,
Subsequent panels of targets 63-17, 63-18, and 63-19 were 202, alumimm
alloy, Subssquent panels of the remainder of the targsis were AZ31B-H2L
magnesium of varying thicknesses, Targst configuration. are swmmarized

in Table 1, Photographs of typical targets are presented in Flgures

42 through 49.

Impacting projectiles perforated the first panels of 211 targets. Damags
was assessed by measuring the dimensions of perforations made by projec-
tiles of kncwn mass and velocity. The areas of the perforations were
calculated from the measured dimensions. These data are summarized in
Table 2, Figures 50 and 51 are graphs of perforation area as a function
of the mass and the projected area of the impacting projectile, Only
eleven data points were available for plotting, since no date were
available on the projectiles for five targets and the perfoers rons were
obscured by interconnecting perforations in two of the targets. The
data show considerable scatter in both cases. The data are too limited
to draw any definite conclusions concerning the relationship between
the characteristics of the impacting projectile and the damage produced
in thin magnesium targets.

Damage to subsequent panels of mltiple panel nagnesium targets varied,
Large perforations with petalled edges were formed in 0.1 inch second
panels of 2024-T3 alwnimum a: stand-off distances of two and four inches.
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Second panzls of 0.1 inch AZ31B-iT; magnesiun sheet were perforated by
residual fragmenter Ifrcam first pansls at standoff d:.s*ances of eight and
twenty-four inches, Perforation also occurred im $.25 inch AZ31S-H2L
magnesiun second panels at standoff distances of four and twenby-four
inches.

Examination of se:tlins -ut from the edges of ,,w-oratlonf revealed a typi-
cal patter: ¢f zmngo Zor thin AZ31B-H2; magnssium targets. Heval flowed
toward the fmnt and rear surfaces of targets arowrd *he perphemes of
perforations. Metal fiow extended radially from: th 'cari‘orauons for
d:.sta'zces =TV “o'xrlg equal to the thickness of ihe target pigte, The
center plane of the target was the dividing plane for tae regicns of
obsex'-_'ed motal flow. Figures £2 through 54 are photamzersgraphs of
’oypical metal filow at the edges of perforaticias, Strain or woik
hardenizg occurrsd in the regions of metal fiow. A4 graph of micrecirdness
(Vickers scale) as a function of distance from the edge of perfcratici'; B,
target 63-18 is shown in Figure 55. A s.Lgmflcant inerease in hardness
was found. The Vickers hardness at a distaance of 0.003 inch from the
edge of the perforation was 128, The hardness decreased through the affacted
area and became constant at a value of 65 beyond 2 distance of 0.2 inch
from the perforation., A refinement of grain siructure as evidenced by a
analler grain size occurred in the region of metal flow. This effect is
illustrated in Figure 56 with photomicrographs of grain structure in an
unaffected area and an area near perforation B of target 63--18, Electron
micrographs of a surface revlica from the area near perforation R of
target 63-18 are presonted in Figures 57, 58, and 59, 4 muber of micro-
fissures and crystallographic planes are evident in the elsctron
micrographs.,

2.4 STEEL TARGETS

Targets 63-86, 63-87, and 63-88 were two panel targets of 0.1 inch 4130
steel per MIL-S-18729B. The material was in the aunsaled condition,
Photographs of these targets are presented in Figures 60 through 65.
Impacting projectiles perforated the first panel of each target, The

front surfaces of second panels were severely pitteds A few small perfera-
tione which could nct bs associsbed with projectiles of known mess or
velocity were noted in second panels. Damage was determined by measuring
the dimensions of perforations produced by projectiles which were
identified as to mass and velocity. Perforation area was calculated from
the dimensions. These data are swmarized in Table 2,

A limited region of metal flow was found at the peripher’es of perforations,
Metal flow toward the front and back surfaces of ithe tar: .ts occurred.
Figure 66 is a photomacrograph of a typical section through a perforation.

A microhardness survey was made froem the edge of perforation A in target
63~87 along the mid-plane of plate cne. The data are plotted in Figure 67.
Vork hardening occurred in the deformed area near the perforation. The
Vickers hardneis at a distance of 0,003 inch from the perforation was 208,
The hardnegs decreased through the region of mstal flow and became constant
at a value of about 173 at a distance of 0.09 inch from the perforation.




Ho significant change in structure was observed in the vicinity of perfors-
tions, The material was in the amealed condition., Structure is not
subject to change unless heated above itg upper critical temperatmre.
Change in stracturs is also dependent upon time at temperature. Asswning
that suificient ensrzy wea deposifed in the target at perforations to

raigss the temparaturs above the apper critical point, heat worid be
dissipated zopidiy in the surrounding material. The material would not

be above the upper crxfical point for a significant perioed of tims.
Therefore, the structure chserved did not reveal any significant details.

Target 63-10L consisted of three panels of C.1 inch stainiess steel.
Spectrochemical analysis identified the material as tjpe 410 «Fainless
steel. Projectiles A and B with masses of 6,1 and 1.5 grains and
velocities of 31,100 and 30,700 feet per second, respectively. perfuiated
the firet panel of the target as shown in Figure 68. The sscond pausl
of the target is shown in Figure 69. The second plate was shatterea
into a number of piscas, Damage to the third plate was minor,

Perforation A in panel one was elliptical with principal axes of 1.25
and 0.63 inches, Perforation B was circular with a diameter of 0.43
inches. The areas of perforations A and B were 0.61 and 0,31 square
inches, respectively. Spallation or scabbing occurred at the front and
back edges of the perforations, Metel flow is limited to the center
edges of the perforations as shown in Figure 70. Spacimens of material
at the edges of the perforations were examined for chauge iu waitsnsitc.
No further tempering of the martensite or phase change to another micro-
structure was observed,

2.5 TITANIUM TARCETS

Targets 63-97, 63-99, and 63-100 wore multiple panel targets of 0,1 inch
titanium, Spectrographic analysis of the target material indicated it to

be an allcy containing six percent alumimum and four percent vanadium., Figures
71 through 77 are photographs of the targets. Impacting projectiles perfor-
ated the first panels of the tarpsts. The second panels were also perforated
at stand-off distances of two incues for torgets 62-97 and 63-99 and four
inches for target 63-100. Data were available for only one projectile
impacting on target 63-99. Projectile A had a maes of 7,1 grains and a
velocity of 30,900 feet per second, The perforation produced by this
projectile was elliptical with principal axes of 1l.13 and 0.63 inches,

The perforation area was 0,56 square inches.

A limited region of metal flow was found at the edges of ~erforations.
Metal flow toward the front and rear surfaces of target -.inels occurred
with essentially no flow at the center of the panel. Figure 78 is a
photomacrograph of a section through a perforation in target 63-100.

A photomicrograph of the structure near the edge of a perforation in
target 63-100 is shown in Figure 79. There was no significant difference
observed in the microstructure in the vicinity of perforations and in
unaffected areas of the targets.
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NEY AlD NOVEL TECHNIQUES

The problem of leveloping new and novel techniques for examining Fipacted
targels aes been studies. and attemsts have been made to apply several of the
proposed techuiques on in experimental scale, When the analysis program

wag proposed, a varisty of possibie nommetallurgicel testing technigques were
discussed. Among *he ewzmination techniques propessd for studgy vwere the
following: Elsci»i~: (_ perties (resistivity aazd/or conductivity measure-
ments), observations of cptical properties. measurement of thermal properties,
phetesinatiz analyses, aad x-ray diffraction studisz. A review of wach of
these possihlc techniques will reveal the degrec of success 2ttaiucd with
#cme and 'the reasons for eliminating cthers,

The original i & D Exhibit, on which the program proposal was basse . stated
that ®argeis will consist of a wide variety of metallic and plastir target

panels and ~ozposite structural panels.! Examination technmiques mist nscessarily

be tailored t: the perticular material under study., In the case of electrical
propertiss, the opplicrtle techniguos reoclve into resistivily measuremenis
for metallic materials and conductliviiy measurements for normetallic
materials, Since only metallic, and these primarily aluminum and magnesium,
targets wors submitied; the conductivilty measuremsnis were not attempied. In-
vestigations were conducted into possible techniques for measuring changes

in resistivity in impacted areas., These investigations were made on the basis

of theoretical hypotheses concerning the effects of shock wave phenomena.

1T W28 nypotinesized Thal UIPACT SHOCK Waves propagated through the targeis
would leave regions of local strain and associated discontimuities which
might be detected by resistivity measurements. Such discontinuities occur
when a projectile impacts at a speed greater than the dilatational wave
velocity and sets up impact shock waves which interact with reflected shock
waves, These discontirmities should be obssrvable as abrupt changes in
electrical resistivily in target materials normally homogensous and isciropic.
It was anticipated that the changes in resistivity might be measured as a
function of radial distance from a reference sle:trcie in the center of a
crater, and that a plot of equal-resistivity curves might be interpreted in
the light of a micrometallurgical examination.

An experiment was performed on a crater in a semi-infinite target of 2024
alunimm to test the feasibility of the method. The rear surface of the
target was thoroughly cleaned with fine emery cloth to insure proper
electrical contact with a copper plate. The copper contact plate, cut
slightly larger than the target, was cleaned on both sides with emery clcth
and four leads of standard 16 gage copper Wire were soldered to the
approximate mid-point of each side. The four leads were then cut to the same
length and soldered to an identical single wire connectin them with one
teminal of a Wheatstone bridge capable of measuring 0.00J. £0,001 ohm.
Several randor resistance measurements made over the surface of the copper
plate fell within 0,001 ohm of one another, thus assuring that the electrode
plate and its lsad wires would not contribute spurious resistances.

Another lead from the Wheatstons bridge terminated in a meter test probe. The
probe was filed sharp and mounted in a ring stand clamp. Under the test
probe; the target was mounted on a lab jack which could be raised to establish
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contact, A series of resistance measurements, made around several imsginary
circles concentric with the crater, averaged 0,063 ohm, but the measu:ements
were not reprcducible to within 20,01 ohm and were not recorded.

The lack of reproducibility in the resistance measuremente was attributed

to contact poiwniials causad by the probe and to contact pressure variations.
The small changes in the resistance of the target material zoparently were
masked by these small prossure variations.

Novel technigques hased ¢ the examination of optical properties had o be
eiiminated from consideration, since all the targets suwbmitted wers opadque.

Consideration of techniques based on observing deviations fiuw nonmal

thermal properties {limited by practiczl considerations to thermal eonductivity)
of targets was infivenced by the result of the electrical experiments. The
thermal corductivily of mztals is due principally to electreon transiort, since
phonons are too easily vcattered by electrons. It follows, therefore, that
socd electrical conductors are also good thermal conduectors, The high
electrical conductivity of the target materials, eliminating relisble measure-
ment of changes in electrical rroperties, also rendered impractical the
measurement of changes in thermal properties and the mapping of isothermal
curves,

Photoelastic analysis offers a sensitive means of determining residual surface
strain. Sensitivities of #10 microinches per inch for strain magnitude and

$20 for principal strain directions can be obtained using stamdard instrumen-
tation. ILaminated targets comprised of thin plates separated enly by photo-
elastic films might reveal some internsl atrain distributions. The disadvantage
of photoelastic analysis is that the £ilms must be applied to the carget

before impact. None of the targets was so prepared, so this particular
technique could not be investigated.

Finally, x-ray diffraction studies can provide information about grain
orientation, crystal transformations, strain, and Jaltice distortion. Micro-
grapha made for various targets revealed little evidence of extensive
alterations in microstructure, However, preliminary x~ray diffraction
analyses were made on two target plates having craters, 63-9 and 64-4. The
former was a 1/2-inch aluminum plate and the latter, a 3/4~inch aluminum
plate, The first reports indicated no observabie differentiation

between the impacted area and an unaffected area, More careful analysis of
the traces, based on differences in peak heights, areas, ard displacements,
indicated that sample 64~4 had some change in crystal orientation, strain,
aid possibly lattice distortion., Sample 63-9 had the same changes but to a
lesger extent, No changes in lattice parameters were indicated by the
traces. The resulis of these preliminary examinations dic iot seem to
justify the additional cost of more elaborate analyses. The x-ray diffraction
analyses were performed by the Georgia Institute of Technology, Engineering
Experiment Station, Atlanta, Georgia.

Mention was made in the Third Quarterly Technical Report of a possible
investigation of snergy transmission at audio frequencies. As stated at
that time, ths energy equation for a sound wave in a given mater.al is

n 0 "2
E = 21dn<a®,
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where E is the energy, d is the density of the material, n is the frequency,
and a is the awplitude of the sound wave., It can be seen that the only
material property eatering into the equation is the density. A considerable
change in aensity would be required to measurably alter the iransmitted
energy. Such 2 density -hange would have been manifested as s change of
the lattice parameiers in the impacted area. Since the x .ay diffraction
work indiiated n: r-ch change, it mist be concluded that 2my changes in
energy transmicsion would be negiigibly aomall. Accordingly no experimental
apparatus vias desigred to test the hypothesis.
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4. CONCIUSIONS

Target damage assessment is complicated by the inlerplay of many varizbles
such as size, shape, mass, velocity and orientation of impacting projectiles;
target panel thickness and spacing; and target material proper ies, There-
fore, no direct correlation between any two variables is possivle without »
consideration cf ofler variables menbioned above. The foll ~ing qualitative
conclusions; based wnon aba which are limited with respect to several
variables, appear to pe varranhed:

Pattern

Damage to thin panel targets of 2024-13 aluminm zlis;, AL31B-H2%
magnesium alloy, 413C steel, and 6AL-L4V titanins alloy war limited
to a narrow region avound peritoraticns. The patitern of damage

is fypical Jor 0.1 inch panels, letal f£low arcuud perforctions
indicates displacement of target metal from the front and back
surfaces of targets, The regions of metal flow extend radially
from the edges of perforations to a distance approximately equal
to the plate thickness, The dividing plane between flow fields is
av the mid-plane of target plates. An increase in hardness occurs

1
&

in regions of metal flow. o chenges in sbructure attributable to
the effects of high temperatures on target materials occur.

2. Perforation Size

Damage to the first panel (0.1 inch) of mmltiple panel targets of
aluminum and magnesium as measured by the areas of perforations
produced by projectiles of kmown mass and velocity appears to
depend primarily upon the projected area of impacting projectiles.
For 202{-T3 alumimun targets, the ratio of perforation area to
projected area of an impacting projectile varies from ten (10)

for small projected areas to approximately six (6) for large pro-
jecled areas for a velocity range of 20,000 ©to 32,000 feet per
second. With AZ31B-H24 magnesium targets the ratio of perforation
area to projected area of an impacting projectile varies from
about twenty (2C) for small projected arecas to about twelve (12)
for large projected areas for a velocity range of 26,000 to 32,000
feet per second. A comparison of the rabio of perforation area to
projected area of the impacting projectile indicates that a
projectile with a given projected area produces twice the damage
in 0.1 inch AZ31B-H2), magresium plates as in 0.1 inch 2024-T3
aluminmum plates.

el
:—J
-
[
F
Y
[
0%
[

3. Effect on Back Up Panels

Based upon the targzets examined, damage to secondary target panels
depends upon spacing between panels, panel thicknesses ard target
material, The effect of spacing is shown on 2024 aluminum targets
where large perforations with petalled edges occurred in 0.1 inch
second panels of 202;-T3 aluvminum at a panel spacing of two inches,
whereas surface pitting and metallizing occurred at spacings of
four and twenty four inches. The effect of back up material

thickness is shown by comparing bhe 0.1 inch panel to a 1.0 ingt

-3




ROVET

thick panel, Pitting, metallizing and shallow cratering were
observert for 1,0 inch 2024-T4 2luminum second panels ab spacings
rarging {rom two tc twenty four inches., ifaterial variat*on is
shovwn by comparing the perforation pattern just described on
2luminum alloys to that of higher hardness materia.s such as
titanium, anncaled 4130 alloy steel, and high streagth stainless
stezi., ¥ wos generally observed that with incirased hardness
the 2ffe~% o2 the back wp panel progressed from perferations to
pitting and metallizing and then to shattering of the panel.
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FIGURE 1 TARGET 63-12, PLATE 1, 2024-T3
AUMINUM, 0.1 INCH THICK
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FIGURE 2 TARGET 63-12, PLATE 2, 2024-T3
ALUMINUM, O.1 INCH THICK
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FIGURE 3 TARGET 63-12, PLATE 3, 2024-T3
ALUMINGH, 0.1 INCH THICK
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FIGURE 4 TARGET 63-51, PLATE 1, 2024-T3
ALUMINUM, C.1i INCH THICK
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FIGURE 5 TARGET 63-51, PLATE 2, 2024~T3
ALUMINUM, 0.25 INCH THICK
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FIGURE: 6 TARGET 63-51, PLATE 3, 202,-T3
ALUMINUM, 0.25 INCH THICK
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FIGURE 7 TARGET 63-62, PLATE 1, 2024-T3
ASGMINUM, O,1 INCH THICK
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TARGET £3-%4, FIATE 1, 2024-T3
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FIGURE 10 TARGET 63-94, PLATE 2, 2024-T4
ALUMINUM, 1.0 INCH THICK




FIGURE 11 TARGET &4-09, PLATE 1, 2024-T3
ALUMINUY, 0.1 INCH THICK
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FIGURE 15 PERFORATION A, TARGET EB-61, 0,1 INCH
2024-T3 ALUMINUM (20X)
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FIGURE 16 PERFORATION A, TARGET 63-83, O.1 INCH
2024,-T3 ALUMINUM (20X)
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FIGURE 17 FERFORATION B, TARGET 64-03, 0.1 INCH
2024~-T3 ALUMINUM (20X)



FIGURE 18 PERFORATION A, TARGET 64-03, 0.1 INCH
2024-T3 ALUMINUM (20X)




FIGURE 19 MICKOSTRUCTURK AT CENSER FDGE OF PERFORATION A,
TARGET EB-61 (100X, XELIER'S ETCH)
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FIGURE 2, PERFORATION A, TARGET 63-09, 202L-Tk
ALUMINUM, 0.5 INCH THICK (10X)
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FIGURE 37 CRATER IN TARGET 63-09, 2024-1351
ALUMINUM, 2.0 INCH THICK {1.5%
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FIGURE 38 TARGET 63-102, 20R4-T351 ALUMINUH,
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FIGURE 39 CRATER A, TARGET 63-102, 202~T351
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FIGURE 42 TARGET 63-18, PLATE 1, AZ31B-u2,
MAGNESIUM, 0.25 DNCH THICK




FIGUHE 45 TARGET 03-18, FLATE 2, 2024-T3
ALUMINUM, O,1 INCH THICK
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FIGURE 44 TARGET 63-18, PLATE 3, 2024-T3
AUINUM, 0,1 INCH THICK
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FIGURE 45 TARGET é3-24, PLATE 1, AZ31B-H2,
MAGNESTUM, C.1 INCH THICK
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FIGURE 47 TARGET 63-3C, PLATE 1, AZ31R-iR

MAGHESTUM, 0.1 INCH THICK
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FIGURE 48 TARGET 63-30, PLATE 2, AZ31B-H2L
MAGHESTUM, v.l INCH TIECK
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FTGRE 52 PFRRFORATION A, TARGET 6321, A73IR-H2L
MAGNESIUM, O.1 INCH THICK (20X)




FIGURE 53 PERFORATION B, TARGET 63-24, AZ31B-H2
MAGNESIUM, O.1 INCH THICK (2(X)




FIGURE 55 PERFORATION A, TARGET 63-47,
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FIGURE 56 MICROSTRUCTURE IN AN UNAFFECTED AREA (UPFER) Al
ANl AREA NEAR PERFORATION B (LOWER) OF TARGET 63-
AZ33B-H2L MAGNEST , 0.25 INCH THICK
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FIGURE 57 BELECTRON MICROGRAPH OF ST'ZU“’I‘L'I‘J‘I HEAR PERFORATION B,
TARGET 63-18, AZ31B-MHRL MAGNEDIU, Q.25 LIl THICK (5900X
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FIGURE 60 TARGET 63-86, PLATE 1, 4130 &°R
0.1 LiCH TIICK
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FIGURE &4

TALGET 63-88, PLATE 1, 4130 STEEL,
0.1 THCH THICK
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FIGURE 65 TARGET 63-88, PLATE 2, 4130 STEEL,
0.1 INCH THICK



FIGURE 66 PERFORATION A, TARGET 43-86, 4130 STEEL,
0.1 INCH THICK (20X)
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HARDNESS (VICKERS SCALE)
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FIGURE 67 HARDNESS AS A FUNCTION OF DISTANCE FROM
EDCGL OF PERFORATICN A, TARGET 63-87



ARV .

TN

e s A e

;3
Rl

R a i LA

x

FIGURE 68 TARGET £3-104; FLATE 1, TYFE 410
STAINIESS STEEL, 0.1 INCH THICK
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FIGURE 69 TARGET 63-104, PLATE 1, TYFE 410
TATNLESS STEEL, 0.1 INCH TIZCK
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FIGURE 70 PERFORATION A, TARGET 63-104, TYPE 410
STAINIESS STEEL, 0.1 INCH THICK (20X)
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TARGET 71 TARGET 63-97, PLATE 1, TITANTUM
(6AL, 4V), 0.1 INCH THICK
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FICURE 72 TARGET 63-97, PLATE 2, TITANIUM
(6AL, LV), 0.2 INCH THICK



2 eba A

TN

1%
UM

/.

“
o

.

A

2R ey
i

.slm

“v"
'!
"~
b
‘?:&v'@’.;":"
. 3
D 1

TRy

ng;'}&é‘; ‘E K
D TR R 1A
{7 W RSt . ..
ﬁ%\'%:g ‘&S‘*‘.i f.‘*(\ﬁ; L . - -
Rt - ] » Y

] T - F @”i@mh‘.
E TSN i:i.

Loy &Y N
AT L RS AN 45t

~

2N

N

L
e
-

fﬁf;;;, % iy
iR
PRI

PR R AR I IR S P T . T Y
P LI o AP ETRCMNAL S S s Rt S P VL L P
£eaelbencze

FIGURE 73 TARGET 63-99, PLATE 1, TTTANIU:
(645, LV), 0.1 INCH THICK
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FIGURE 7 TARGET 63-99, PLATE 2, TITAMIUL
(6AL, 4V), 0.1 INCH THICK
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FIGUIE 75 TARGET 63-99, PLATC 3, TITAM)
(6AL, 4V), 0,1 INCII THICK
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FICURT 76 TARGEL 63-100, PLATE 1, TITA'U
(éaL, 4V}, 0,1 INCH THICK
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FIGURE 77 TARGET 63-100, PLATE 2, TITANiiM

(6AL, LV), 0.1 INCH THICK
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FIGURE 78 PERFORATION X, TARGET 63~100, TITANIUM
(64L, 4V), 0.1 INCH THICK (25X)
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FIGURE 79

MICROSTRUCTUMY NEAR A PRERFORATION IN
TARGET 63-100, TITANIUM, 0.1 INCH TIHICK




I.

TABIE 1 DESCRIPTION OF TARGETS

S;pacing

Targot Material Panel Thickness (in.) .

Number 1 2 3 L {in.)
Thin Aluwmirum

EB-61 2024,-T3 0.1 0.1 0. 0.1 2
63"12 202!;,"?3 0(1 O.l C'rl Ool 2
£3-15 202413 0.1 0.5 0.1 2
&3-46 2024-3 0.1 0.1 2 -
63-52 2024,-T3 0.1 0.25 0,25 L
63-52 2024-T3 0,1 .25 0.25 0.25 2
63"53 2021F_'13 Ool 0325 0025 8
63 "sll' 2022}-'1’3 09 l Oo 25 8
63-5 9 2021}-'1’3 o. 1 09 25 00 25 16
63-62 202473 0.1 0.5 2
63-63 202i,-T3% 0.1 0.5 2
63-70 202,~-T3 0.1 0,25 0.25 4
63-79 202L-131 0.1 0.5 16
£3-82 202473 0.1 0.25 8
63-93 202173 0.1 0.25 2 .
63-91 2021,-T32 0.1 0.25 2
8-, 202,-131 0.1 1.0 2
63-02 202,-131 0.1 1.0 8
64-03 2021-131 0.1 1.0 i
64-0% 2021-731 0ol 1.0 L
61.-05 2024-13+ 0.1 1.0 16
6l-C 2024-T31 0.1 1.0 2,
64,-09 202/4-T33 0.1 2.0 4
Thick Alumivum

63-9 2024-T4 0.5

3-10 2024 -T4 0.5

63-95 202414, 1.0

63-98 202.-T351 2.0

63-102 2024-1351 2.0

63-109 2024-T351 2,0

Magnesium

63-17  AZ31B-H2L% 0.1 0.1 0.1 0.1 2
63-18 AZ31B-H2LH 0.25 0.1 0.1 0.1 2
63-19 AZ31B-H2L% 0.25 0.5 0.1 0.1 2
63-20 AZ33B-112 0.1 0.25 0.25

63"'2-1 AZBIB"‘M 001 0025 0025 !}
§3-22 AZ31D-H2! 0.1 0.25 0.25

63 "23 .A.ZBIB"PV?J}- 051 0025 09 25




1T,

2

V.

YABIZ 1 (Coumtim:ed) DESCRIPTION OF TARGETS

Target Material Pansl Thickness (in.) Spacing
Nusber 1 2 3 L (in.)
Magnesimm (Contimzed)

£3-2, AZ31B-H2, Ol 0,25 0.25 2L
63-25 AZ3FR-I2 Ge1 0.25 Q.25 16
6330 £723n-H2k 0.1 0.1 0.1 8
6347 AZ3IB-12, C.1 a,1 Cel 0.1 L
&3-18 AZ31B-12h C.1 o1 0.1

§3-L9 AZ318-HR4 0,1 0.1 2
Steel

£35-86 ATST 43130 0.1 C.1 8
63-37 ATST 4130 0.x 0.1 16
63-88 ATST k330 0.1 0.1

63-104 410 Stainiess ¢.1 0.1 Oed 2
Titanium

63-97 Titanjum 0.1 0.1 2
63-99 Titanium 0.1 0.1 - 0.1 2
63-100 Titanium 0.1 0.1 L

1. Panel 2 is 2024-T4 alumiimm,

2, Panel 2 is 4130 steel.,

3. Panel 2 is 2024-T351 alumimm,

L. Panels 2, 3, and 4 are 202, alumimom.
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