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1. TNhRODUCTIO0

Under Contract AF Oe(635)3641, a series of forty-nins targets .ubJected to
the impact of h~nrarveloci y projectiles were examined to determine the
effects of tvpervelooity impact. The targets were coqpose6. of various
matallic materiale and cnfig irtions as shown ir abl e 1. The ta-gets
were eposed kc rv ]ocity projectiles ;t the hypervsLocity test facib1ty
at Eglix JAixr F=- B:3e, Florida. A shaped charge technique was used to
obtain alimimi pzvjectiles -I- 4.e rwnge from 27,0Y) feet per second to
"2;O000 faet ' r secnd. The particle projector conaisted of a Cqmposition
B rhaped-c.igeg with a 420 conical liner of .100F a.lumiiai ;Qdoy.
Eccentric initiation was used to o;btain particle dispera;on. Alt itude
similated during firing was appro2_mate3y 20-,0(X) feea. The Litance
betheen the particle accelerator and the teiget was mintained -*L
eighteen feet and one inch. The angle of obliquity (anle betrnen the
projecti~s velocity and the target face) was 900 .

Targets were given a thorough visual examination. The dimensions of
perforations and craters made by projectiles of know mass and velocity
were measured. Rockwell hardness measurements were made on the surface
of the targets near perforations and in undamated area. Targets were
sectioned, and specimens from the damaged areas were mounted ard polished
for .icroscopic examimation. Photomacrographs and photomicrographs were
made to record changes in metal structure. Microhardnesu surveys were
nerformed on aorn n n. menstz

In addition to the examination utilizing standard laboratory techniuev,
new and novel means of conducting target analyses wore considered.

2. TAR , T ANALYSIS

2.1 THIN ALUMINLNM TARGETS

Twnty-three of the targets were spaced panel targets in which the first
panel was 0.10 inch thick 2024-T3 aluminum, Subsequent panels varied
in nwmber and thickness as shown in Table 1. Photographs of typical
ta.gu are shown in Figures ! through 12, GeneralJyo projectiles
perforated the initial plate of targets fn a string of perforations
running diagonally across the plates. Perforations overlapped to form an
irregularly shaped contimous perforation in the central portion of the
impact area because of close spacing of the impacting projectiles.
Perforations produced by projectiles for which the masses and velocities
were measured vere located at the end of and separatee from the )niin
string of perforations. Pitting was severe in the arv .adjacent to the
perforations, A number of mreall perforations were observed scattered over
the target plates.

Damage to the first panel of each target was determined by mamring the
dimensions of the perforations produced by projectiles of known mass and
velocity. From the dimensions, the areas of tle perforations were
calculated. These data are &mmarized in Tab.z 2. Perforation Prea in
,olotted ac a fu.nction of proele maot~ ue Ly3 *- IQ.' u nt-4a -1 -



considerable ze"tter. Perforation area plotted ae a funct~ion of the
projecte drea of the impacting projectile produces a smoother relation-
ship = sho- L Figure 14. Consequently, the damage to thin 2024-T,3

r es appears to depeud primarily on the projected area of
the proJtetii-.

Damage to e," equent- izanele of mnaltiple panel targets varied. Large
perforat,n =- -! -!t et ?Uc 1. edges occurred in 0.1 inch 2024-L3 alum m
second panl,? -; a stan-f:ff distance of two inches (Fipure 2). Surface
pitting and r-.. 1 -tzing of second panels of 0.1 inch POV+-T aluminum
oc.ur--d at :'. -i-off distances of four and twenty-four inches-
r-noral, rI_,cc piiting and metalli.7-xxg were the major affects observed
on 0.25 L.h 2024-T3 said 0.50 inch 2094-T4 ahx-ain=m panels .,an,-c~ f
41 qf.e ranging from two to twenty-four inches. Spallat.on or sc'bing
L-om the -ear sauface opposite impact points ccuri-ed. i txndiic pjtting,
meii.., a..d some shallow craterig vere observed on 1.0 inch 2024-T4
plates for stard-off distances ranging irom two to twenty-four inches.
Rear surface spallation occurred only on target 64-04.

Rockwell hardness measurements (15T scale) were made on target surfaces
near perforations. The first indentation was made as close to the edge of
a perforation as possible. Additional indentations were made at progres-
slveT greater distances from the perforation. No change in hardness
vas evident in damaged areas.

Lectzons were cut from tne edges of perforations, mounted and polished
for microscopic examination. A typical pattern of damage was found for
0.1 inch thick 2024-T3 It'mim targets. Grain flo" around prforat.-ions
indicated a displacement of target material from both the front and back
surfaces of targets. Typical grain flow patterns at the edges of perfora-
tions are shown in Figures 15 through 18. Grain flow extended for a
short distance radially from tne edges of perforations, generally to a
distance approximately equal to the plate thickness. The dividing plane
between flow fields was at the mid-plane of the plat,: Little or no
grain flow was evident at t-- mid-plane of the plate. Examination of
metal structure near perforations at magnifications up to 500X revealed
plastic deformation of ind'vidual grains in the region of grain flow.
Photomicrographs of typical grain structure near perforations are
presented in Figures 19 and 20. The structure in damaged areas was
examined for evidence of the effects of high temperatures on target
material. There was no apparent outectic mlting or grain boundary
precipitation. No effects attributable to high temperatures were found.

Mecrohardness surveys were made on some of the polished specimens obtained
from impact areas. A graph of microhardness (Vickers scal ' as a func tion
of the distance from the edge of pe.:foration A for target LB-61 is
presented in Figure 21. Hardness values indicated a narrow region of work
hardened material in the highly deformed area around the perforation. The
work hardened area was approximately 0.1 inch wide. A maximum hardness of
176 occurred at 0.05 inch from the edge of the perforation. Based upon

irJi-lar microlhardness sumveys on other targets, this effect appears to be
typical of thin alumimm target perforation.



2.2 TIUCK ALUMINM TARGTS

Six thick aliminum targets were examined. Targets 63-09 ard 63-0 were
single pxiel tEzgets -tf 0.5 inch 2024-T4 a3uminum plate. Taeget 63-95
was a single panel target of 1.0 inch 2024-T4 ahnmiam 1latp. Targets
63-98, 63-102, and 6 3-1-:9 tr single pane. targets of 2.0 inch 2024-351

amrin a,., late.t is ""scussed i, .VidUal2l in tW-hi section.
Target dakxage dat mmarized in Table 2.

2.2=1 Target. 63--C ,

Target 63-09 was a single pane, target of 0.5 inch 2QZ4-T4 aanadnuim plate.
Front and back views of the target are ahown in Figuims 22 &-d 2 . One
projectile with a mass of 1.0 grains and a velocity of 27,800 fe. per second
.as identified. Projectile A perforated the target. The perforarion
resembled a crater in many respects. The alls sloped inaird from a
0.7 inch diameter opening a. the front surface to a 0.3 inch dimter
opening at the bottom of the perforation. The material around the lip
of the perforation was upset slighty above the front surface of the
target. Severe spallation or scabbing occurred around the perforation
at the rear surface of the target. The depth and diameter of the scab ",e
about 0.1 inch and one inch respectively. The general shape aqi dimensions
of the perforation are shown in the following diagram:

0.3"4

Projectile A would probably not have perforated the target except for the
scabbing 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 below the front surface of the target. grain flow is toward
the front surface of the target. Laminar cracking in f'e wall of the
perforation and scabbing at tho back surface are evider . A microhardness
traverse was made along the mid-plane of the plate using a Durimet
IMicrohardness Tester with a 100 gram load. The results are plotted in
Figure 25. Hareoss readings were made at intervals from a point 0.005
inches from the edge of the perforation out to 0.6 inch. Work hardening
occurred in the deformed area. The work hardened area extended out to a
distance of approximatey 0.5 inch. A maximim Vickers hardness of 189
occurred at 0.050 inch from the edge of the perforation.
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!'o e vidence =ch as eutectic melting or grain boundary precipitation -:-
found of high temperature effects on the target upon examination of a
polished spec-er, at high magnification (50X). Indiv-dual grains -ere de-
formed in a plastic _mar-er around the impact area. What appear t.o be
slip bands iere found in the area -round perforation A. l.haztipu slip
systems are sho-n in -'_:trv 26. Electron micrographs of surface replicas
of an area near perisra~iq; A are presented in Figures 27, 23, and 29. The
electron mic0raog rk.-.- prepared by the Flectron icroscope laboratory,
Engineering Experiment Station, Georgia Institute of T-2nology. Stnctures
..fish md. be slip bandia -re evident in the electron m crographs. Ylicro-
fissures and "l-. constituents are also evident. DamagG Lo the replica
may have occurred in the area shown in the upper left cozner of Fjiure 28.

2.2.2 Target 63-10

Target 603-C Was a 0.5 inch 202j-T4 amminum target. Projectiles A ano B
adi =asses of 2.0 and 7.6 grains, respectively, and a common vel-ocity of

29,70 feet per second. Both projectiles perforated the target cleanly as
opposed to the crater-like perforation noted in target 63-09. Severe
spuallation occurred around the peripheries of both perforations at the
front and back surfaces of the target as is evident in Figures 30 and 31.
The diameters of perforations A and B, excluding the spalled areas, werG
0.75 and 1.5 inches, respectively.. The general shape and dimenions of the
perforations are illustrated in the following diagram:

Perforation A Perforation B

1.91

Examination of polished cross-sections through the perforations revealed
grain, flow toward the front and back surfaces of the target. Grain flow
extended outward from the edges of the perforation for about 0.5 inch.
Laminar cracking occurred in the walls of the perforation. No effects
of high temperatures, such as eutectic melting or grain boundary precapi-
tation, on target material were evident. Slip bands were -nund 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 inch from the front surface and 0.050 inch
from the rear surface. The results are presented in Figure 32. The hard-
ness masurements indicate work hardening in the deformed areas.
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2.2.3 Target 63-95

Target 63-95 was 1.0 inch 2Cf24-T4 aluminum plate. Figures 33 an 3.4 are
photographs of tl- target. Projectile A had a mass of 6.4 gtains arA a
velocity of 31,400 feet per second. Crater A was 1.63 inche- in diameter
at the front surface of the -target. A scabbed area 2.5 inches in diameter
was observed at -he rtar surface of the platc. Te scab nd crater inter-
sected to form a ,-fcation. A cross section through the crater is shown
in Fizare 35. Lamimar cracks originating at the intt-.ior surface of the
cavity and radiating into the base metal were fM.u'o The cracks sloped
upwazi to-mrd -the impact surface. I*tiple scabbing was pVredc-msant
toward the rear surface and became indlistinguishable -m the am iar
cracks originating near the bottco of the crater. Grain f.low to tid
the impact surface existed along the upper rim of the ciater. G-n flow
adjaceni to the lower boundary of the crater was nearly parallel to the
crater's wall.

2.2.4 Target 63-98

Target 63-98 was a single panel target of 2.0 inch 2024-7351 alumiinum alloy.
No impact area or projectile data were available for target 63-8. In general,
the impacting projectiles formed a line of shallow craters across the
target surface as shown in Figure 36. A deep narow crater was evident
near one and of the line of shallow craters. The surface opening of this

.rater was about 0.67 inch. Figure 37 shows a section thrngh +hi
crater. After sectioning, the depth of the crater was found to be
approxiately one inch. From the cross sectional view of the crater,
it appears to have been formed by the impact of several small projectiles
in successfion rather than a single projectile of unusual penetrating
ability.

2.2.5 Target 63-102

Target 63-102 war, a single panel target of 2.0 inch 2024-T351 allimirmm 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 projectile B,
1.7 grains and 30,800 feet per second. Crater A was 1.38 inches in diameter
and 0.63 inch deep and had a volume of 7.7 milliliters. 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-sections through craters A and B revealed a few laminar
cracks originating at the interior surfaces of the craters and radiating
into the base metal. Grain flow toward the impact surfac'e was evident
along the upper rims of the craters. Grain flow adjacen to the lower
boundary of the craters was apprxizztely parallel to the craterst walls.
A cross sectional view through crater A is presented in Figare 39. As
a result of comressive forces acting at the bottoms of the craters, severe
grain distortion occurred at the bottoms of both craters. Grains were
elongated and flattened.

L_



6

2.2.6 Target 63-109,

Target 63-109 w:s a single pazel target of 2.0 inch 2024-1351 ali=num alloy.
Figure 40 is a photograph of the target. Projectile A with a mass of 3.9
grains and a velocity of 71.50 feet per second produced a crater 1.75
inches in diameter and 0,75 incnes deep in target 63-109. The -'s of
the crater could not be dP_, tFined by liquid measurement because of
interconnection with au a'a3a-ent crater produced by an unidentvified pro-
jcctile. A large protrusion about 0.2 inches in heighti w- s visible on
the rear surface of the target opposite the crater. A cross section
view through the crater is presented in Figure 41. A rmber of laminar
cracks radiated out into the base metal from the walls of the c, _a-dzer
There were a number of cracks that origInated and terminated in the cer#ral
por.n- of the pLate betu6epn thle bottom of the crater and the rear Earf-;z.e
of the plate. Multiple scabbing occurred near the rear surface of the plate
rezsulting in the prot:usion observed in the visual exam-ination. The crack-

i~w C&US- Scblbn JI.ciata 'Lla" till' Plt -~s .- C.jected to Leasile s s
arising from interference of the incident shock =ae a-d the reflected wave
from the back surface of the plate of sufficient magnitude to frac:Lre
thM plate. Severe grain d, 'o-o.,1 such as was described for Target
63-102 occurred at the bottom of the crater. No significant change in
gr,in 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 MGUESII TMIMTS

Thirteen spaed panel magnesim targets .were examined. The first panels
of eleven of the targets were 0.1 inch AZ31B-1124 magnesium sheet; the first
panels of the other two targets were 0.25 inch AZ31B-H24 magnesium sheet.
Subsequent panels of targets 63-17, 63-i8, and 63-19 were 2024 aluminam
alloy. Subsequent panels of the remainder of the targets were AZ31B-M24
magnesium of varying thiclmesses. Target configuratlon. are summarized
in Table 1. Photographs of typical targets are presented in Figures
42 through 49.
1-vact-Ing projectiles ' ef'rta th -.-0 .4. ... ..

3 ipci~g rjetie *ero AGd h lirs panels of all targets. Damage
was assessed by measuring the dimensions of perforations made by projec-
tiles of known 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 poLits were available for plotting, since no date were
available on the projectiles for five targets and the perforb Lons were
obscured by interconnecing 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 multiple panel magnesium targets varied.
Large perforations with petraled edges were formed in 0.1 inch second
panels of 2024-T3 aluminum at stand-off distances of two and four inches.



Second panels of 0.! inch AZ31B-P-_-4 magnesium sheet were perforated by
residual framsnte frcm first panels at standoff distances of eight and
twenty-foar irz.hes. Perforation also occurred in 0.25 inch AZ3] Z-h24
magnesium -cond paneis at standoff distances of four and twmaty-four
inches.

Examination of sez an zut from the edges of porforation= revealed a typi-
cal Datte -. . o" = c~r thin AZ31B-H24 magesi-M targets. Metal flowed
oward the front and rear surfaces of targets around the peripheries of

perfor, tito -. Meta flow extended radially frcE thz, perforationa for
distances very neari, equal to the thickness of the target platea. The
center plane of the target was the dividihg plane for the regions of
obser;ed metal flow. Figures 12 through 54 are photomnc-:graph1, .1f
typical metal flow at the edges of perforati'ns. Strain or work

h i-derg occlarred in the regions of metal riow. A graph of microardness
(Vickers scale) as a function of distance from the edge of perforatic . B,
tar---; 63-18 is shown in Figure 55. A significant increase in hrdness

-afond. The Vickers handness at a distance of 0.003 inch from the
edge of the perforation was 128. The hardness decreased through the affected
area and became constant at a value of 65 beyond a distance of 0.2 inch
from the perforation. A refinement of grain etucture as evidenced by a
smaller 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 reulica from the area near nerforAtion R nf'
target 63-18 are presented in Figures 57, 58, and 59. A nmber of micro-
fissures and crystallographic planes are evident in the electron
micrographs.

2.4 STEEL TARGETS

Targets 63-86, 63-87, and 63-88 were two panel targets of 0.1 inch 1310
steel per MIL-S-18729B. The material was in the anaealed condition.
Photographs of these targets are presented in Figures 60 through 65.
Impacting projectiles perforated the fLrst panel of each target. The
front surfaces of second panels were severely pitted. A few small perfora-
tios_ .. ich could not h'^a,, oiatd HIth projectiles of known maus or
velocity were noted in second panels. Damage was detemined 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 sumarized 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 the tar,,, ts occurred.
Figure 66 is a photomacrograph of a typical section through 3 perforation,
A mnLcrohardness survey was made from the edge of perforation A in target
63-87 along the mid-plane of plate one. The data are plotted in Figure 67.
Work hardening occurred in the deformed area near the perforation. he
Vickers- hardmiec at a distance of 0.003 inch from the perforation was 208.
The hardness decreased through the region of mtal flow and became constant
at a value of about 173 at a distance of 0.09 inch from the perforation.
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No sigiifican't, change in earacbtre was observed in the vicinity of i-rfnra-
tions. The material nas in the annealed condition. Structure is riot
subject to change. unlzss heated above its upper critical temperatlue.
Change in stracture is also dependent upon time at temperature. Assuming
that sufficient ener,= Va deposited in the target at perforations to
raise the temperatuz'ars. a.e the upper critical point, heat wo-ld be
dissipated rapid3y irn th! surrounding material. The- material woulu~d not
be above the upper critical point for a significant period of time.
Therefore, the structure cbserved did not reveal axW &i~nificant details-

Target 63-104 consisted of three panela of 0.1 inch stainless st&l.
Spectrochemical ana3sis identified the material as t--pe 410 ginlass
steel. Projectiles A and B with masses of 6.1 and 1.5 gr'ins m.d
--eloeitiecs Of 31,100 a-' 'P,00 ee per seco-J, resectively, perba sted
the first panol of the target as shown in Figure 68. The second r~e1
of the barget is shom in Figure 69. The second plate was shatterect
into a number of pieces. Damage to the third pnate 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 0,6S
inches. The areas of perforations A and B were 0.61 and 0.31 square
inches, respectively. Spallation or ecabbing occurred at the front and
back edges of the perforations. etl-' flow is limited to the center
edges of the perforations as shown in Figure 70. Specimens of material
at the edges of the perforations were examined lor uhzuia L, m tZ.
No further tempering of the martensite or phase charge to another micro-
structure was observed.

2.5 TITANIMi TARGETS

Targets 63-97, 63-99, and 63-100 more multiple panel targets of 0.1 inch
titanium. Spectrographic analysis of the target material inzdicated it to
be an alloy containing six percent aluminum and four percent vanadium. Figures
71 through 77 are photographs of the targets. Impacting projectiles perfor-
ated the first panels of the tarets. The second panels were also perforatedat st-d-off distances of two incites for targets 63-97 and 63-99 and four
inches for target 63-100. Dzta were available for only one projectile
impacting on target 63-99. Prvjectile A had a mass of 7.1 grains and a
velocity of 30.900 feet per second. The perforation produced by this
projectile -as elliptical ith principal axes of 1.13 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 roar surfaces of target ;,nels 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 strcture 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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3. MVW A ,0 IVEL TCEGMQUES

The problem of 3eveloping -w and novel techniques for examining !apacted
targets has been stucted, and attenr@ts have been made to apply several of the
proposed techniques on 3n experimental scale. When the analysis program
w proposed, a variet.y of possible nonmetaflurgical testing techniques ware
discussed. Among the -- _nation techniques proposed for stuay were the
following: Elecri- . perties (resistivity and/or conductivit measure-
ments), observations of -ptical properties, measurement of thermal properties,
phctce!> ti anal*yses;, w2 x-ray diffraction studies. A review of each of
these posiib2l techniques will reveal the degree of success att-aai.od "ith
-ome and t.be reasons for eliminating others.

The origi.al R & D Exhibit, on which the program proposal was batov. stated
that "targets will consist of a wide variety of metallic and plasti target
panels nvd -:._--o site structural panels." Examination techniques nnmat necessarily
bp tailored t-- the particular material under study. in the case of e-ectrial
in- .. isivt inp1 a..es I. h ls wer mad ontb
for t etalic pterials and condunithe ese nts for no.wmtallic
materials. Since on y metallic, and these primarily aluminum and magnesium,... . . . ..-- 4... .4-U- - a t mp etarget wae UJI"t%; UAM UV,J.%AU,L, -V- ,, A . adrentUS ,OS& not atuzAWu. TLi-
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 --whock .Nave phenomena.

.Lz was norpo-nes~zea tnaz m~pacT. snocx waves propagatec through th1-e targets
would leave regions of local strain and associated discontinuities 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 discontimuities should be observable as abrupt changes in
el1 ectrical res~tivity in target mant-e-rials ..- O  ...... a-
it was anticipated that the changes in resistivity might be measured as a
function of radial distance from a reference elaztrc.!e in the center of a
crater, and that a plot of equal-resistivity curves might be interpreted in
the light of a micrometallirgical examination.

An experiment -was performed on a crater in a semi-infinite target of 2024
aluminum 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 cloth
and four leads of standard 16 gage copper wire were soldered to the
appro~iaate mid-point of each si&e. The four leads were then cut to the same
length and soldered to an identical single wire connectin, them with one
terminal of a Wheatstone bridge cajable of measuring 0.001 10.001 ohm.
Several random 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 lead wires would not contribute spurious resistances.

Another lead from the Wheatstone 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 i-mainar-
circles concentric with the crater, averaged 0.063 ohm, but the measuements
were not repr-cible to within 40.01 ohm and were not recorded.

The lack of reproducibLIty in the resistance measurements was attributed
to contact poitintial-= jansed by the probe and to contact pressure variations,
The smal changes 5n the resistance of the target material o parently were
masked by these nwi prsre variations.

Novel telchnicraes based on the examination of optical p roperties had to be
e-imina ed fron consideration, since all the targtets zubmitted wee opaque.

Consideration of techniques based on observing deviations favx n'
thermal properties (limited by practical considerations t thermal e ',onductivity)
-sf targets was influenced by the result of the electrical exper t, The
thermal conductivity of wtals is due principally to electron trasport since
phonons are too eawsily vcattered by electrons It follow, therefore, that
good electrical conductors amre also good therma- conductors. The high
electrical conductivity of the target materials, eliminating reliable measure-
ment of changes in electrical properties, also rendered impractical the
measurement of changes in thermal properties a.n the mappin of isothermal
curves*

Photbelastic analysis offers a sensitive means of determining residual surface
strain. Sensitivities of ±10 microinches per inch for strain magnitude and
±2P for pr:icipal utrain directions can be obtained using stardard instrumen-
tation. laminated targets comprised of thin plates separated ony by photo-
elastic films might reveal some internal strain distributions. The disadvantage
of photoelastic analysis is that the films must be applied to the target
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 la'-tice distortion. Micro-
graphs 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 observable differentiation
between the impacted area and an unaffected area. More careful analysis of
the traces, based on differences in peak heights, areas, aA displacements,
indicated that sample 64-4 had some change in crystal orientation, strain,
and possibly lattice distortion. Sample 63-9 had the same changes but to a
lesser extent. No changes in lattice parameters were indicated by the
traces. The results of these preliminary examinations diL lot 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 enerry transmission at audio frequencies. As stated at
that time, the energy equation for a sound wave in a given mater;al is

S=2ir-dna-,
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'where E is the energy, d is the density of the material, n is the frequency,
and a is the zalitude of the sound wave. It can be seen that the only
material property e.Liring into the equation is the density. A considerable
change in aensity would be required to measurably alter the tvansmitted
energy. Such a dersitY -hange would have been manifested as a change of
the lattice p~wa-.-errz i the impacted area. Since the x ay diffraction
work =i.ated -:h --hange, it must be concluded that any changes in
energy tramms.-sion wv'ld be negligib2- a!!. Accordingly no experimental
aprparatu= -,-,s designe-I to test the hypothesis.
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4. CO!CLUSIONS

Target damage assessment is complicated by the In*erplay of many variables
such as size, shape, 7-ass, velocity and orientation of ijipacting projectiles;
target panel thickness and spacixV,; and target material proper ies. There-
fore, no direct correlatlion betwpen any two variables is poss3.ole rithout ,
consideration cf oller variaVb3.1s mentioned above. The fo3i, " l qualitatz'.e
conclusionrs, ba, :,on "lata which are l1irited with respect to se-reral
variable*, appear to ;e warranted:

1. Dar agc Patter..

Danage to thin panel targets of 2024-13 almin'n a--- .
magnesiun alloy, 4130 steel, and 6A1-4V titaniii allo "uea:- limited
to a narrow region around perforations. The pattern of dariage
in trpical for 0.1 inch panels. I.etal flow around perforations
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 approxinately equal
to the plate thickness. The dividing plane between flow fields is
at the =id-plane of target plates, An increase in hardness occurs
in regions of metal flow. 1o changes in structure attributable to
the effects of high temperatures on target materials occur.

2. Perforation Size

Damage to the first panel (0.1 inch) of .ltiple panel targets of
aluminw and magnesium as measured by the areas of perforations
produced by projectiles of known mass and velocity appears to
depend priarily upon the projected area of impacting projectiles.
For 2024-T3 aluminum 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-
jected areas for a velocity range of 30,000 to 32,000 Peet per
second. With AZ31B-IH24 magnesium targets the ratio of perforation
area to projected area of an impacting projectile varies from
about twenty (20) for small projected areas 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 ratio 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-10P magnesium plates as in 0.1 inch 2024-713
alumium plates.

3. Effect on Back Up Panels

Based upon the targets examined, damage to secondary target panels
depends upon spacing between panels, panel thicknesses and target
material. The effect of spacing is shown on 2024 almninmn targets
where large perforations with petalled edges occurred in 0.1 inch
second panels of 2024-T3 aluminun 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 the 0.1 i-nch panel to a 1.0 inch
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thick panel. Pitting, metalizing and shallow cratering wore
observed for 1.0 n.ch 2024-T ajluinum stcond panels at 6,cings
:anr-g from two tc twenty four inches. iHterial variation is
shw r by comparin , the perforation pattern just described on
aluminir alloys to that of higher hardness materia,s such as
t3tanium, armcaled 4130 alloy steel, and high stragth stainless
steel. ",t %.ms generally observed that with inc:'-ased hardness
thr- ffct ,- the back up panel progressed from perfo-ations to
pitting asid metallizing and then to shattering of the panel.
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TMBLM 1 DWSCRIPTiON OF TARTS

Targt Naterial Panel Thickmess (in.) Spacing

Nim1ber 1 2 34On)
I. Thdn Alumi.i

EB-61 2024-T3 0.1 0,1 0 "1 0.1 2
63-22 2024-T3 0.1 0.1 0.1 0.i 2
63-15 2C4-Al 0.1 0.5 0.i 2
63-46 2024-T3 0.1 0.1 24
63-51 20-4-T3 0.1 0.25 0.259 4
63-52 202M4-T3 0,1 . 0.25 0.25 2
63-53 2024-T3 0.1 0.25 0.25 8
63-54 2024-T3 0.1 0.25 8
63-59 2024-T. 0.1 0,25 0.25 16
63-62 2024-T3 0.1 0.5 2
63-63 2024-T3 1  0.1 0.5 24
63-70 2024-T3 0.1 0.25 0.25 4
63-79 2024-T31  0.1 0.5 16153 82 2r024-T3 0,I 0L,2 48

63 3 2024-T3 0.1 0.25 24
63-91 2024-T32  0.1 0.25 2
63-94 2u24-T3 1  0.1 1.0 2
63-02 2024-T31 0.1 1.0 8
64-03 2024-T3- 0.1 1.0 4
64-0 2024-" 0. 1.0 4
64-05 2024-T31 0.1 1.0 16
64-06 2024-T31 0.1 1.0 24
64-09 2024-T33  0.1 2.0 4

ii. Thick A2tuinum

63-9 2024-T4 0.5
63-10 2024-T4 0.5
63-95 2024-T4 1.0
63-98 202-351 2.0
63-102 2024-T351 2.0
63-109 2024-T351 2.0

63-17 AZ31B-IF24 4  0.1 0.1 0.1 0.1 2
63-18 AZ31B-IE4 4  0.25 0.1 01i 0.1 2
63-19 AZ31B-244 0,25 0.5 0.1 0.1 2
63-20 AZ3aB-1i24 0.1 0.25 0.25
63-21 AZ31B-H24 0.1 0.25 0.25 4
6-2 A312-H124 0.1 0.25 0.25
63-23 aZ3 1- 24 0,1 0.25 0°25



TMAIE I (Continued) DESCRIPTION OF TARMTS

Target aterial Panel Thickness (in.) Spacing
er  1. . 2 3 ( n.) _

III. I ajM Sium (Contirned)

63-24- AZ31B-fO2+ 0.1 0.25 0.25 24
.3-25 0Z11T-A 0.1 0.25 0.25 16

63-30 033B-2 0.1 0.1 O.i 8
63-4 7 AZ3JB-i124 0.1 0.1 0.). 0.1 4
63-4 AZ33B-IL 0.1 01 0.
63-49 AZ3iB-HRZ 01i 0.1 24

TV. Steel

63-86 i 130 0.1 0.1 8
63-87 AISI 4130 011 0.1 16
63-88 AISI 430 0.1 0,1
63-I04 410 Stainlsss 0.1 0.1 0.1 2

V. Titanium

63-97 Titanium 0.1 0.1 2
63-99 Titanium 0.1 0.1 0.1 2
63-100 Titanium 0.1 0.1 4

1. Panel 2 is 2024-T4 aluminm,
2. Panel 2 is 4130 steel.
3. Panel 2 is 2024-T351 aluminmm.
4. Panels 2, 3, and 4 are 2024 alau-inumm.
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