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Item 20: (Conc:J.uded) molten materia). Crystallìne stroctul'e was highly
variable and was dependent upon the degree of alloying with target materiai as
determined by X-ray energy spe..:troscopy. TI!e surfaces of these particles
were covered to varying extents by Iarge numbers of coal~sced, ultrafine
«~.l~ particulates. Soil particles, which were sieved and densit~

, ,~ated from debris prior to microscopic examination~ consisted of spheres
and irregularly shaped fragments. X-ray analysis confirmed alloying and
fusion with clay and smldp~rticulatas.
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PREFACE

This report is the result of research conducted by the Air Force
Armament Laboratory. Arn.ament Development and Test Center. Eglin Air
Force Base. Florida. from October 1977 to October 1978 under Air Force
Exploratory Development Project 06COOlOl.

Reference to specific manufacturers or suppliers of scientific
equipment used in this study is for the sole purpose of identlfication
and does not consti tute endorsement of the products by the United States
Air FOi·ce.

This report has been reviewed by the Information Office (01) and
is releasable to the National Techni\.al Information Servic~ (NTIS).
At NTIS. it will be available to the generaI public. including foreign
nations.

This technical report has been reviewed and is approved for
publication.

FOR THE COl~DER

d:~~'~OEA. FARMER
Chief. Environics Office
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SECTION 1

INTRODUCTION

t
r

Development of high-density, annor··piereing munitions has led to wide
spread use of metallie depleted uranium by the armed services. Notable
weapons employing depleted uranium include the Air Force GAll-8, the Army
XM 774 and M735EI, and the PHALANX gun system5.

Armor-piereing munìtions are specifieally designed to defeat armored
targets through primary impaet of a high-density, n~11explosive core or
penetrator. Using depl~ted uranium as the penetrator material, fire is
realized ~s a secondary damage-meehanism dee to the pyrophoric* nature of
the depleted uranium projeetile which bursts into burning fragments upon
i.mpact with armor. It was the flbjective of this \io1"k to study the nbture
and formation of these fragments and to d~scrihe the particulatcs which 0re
generated as a result of the physical breakup and the vigorous oxidation of
depleted uranium. Scanning electron microscope techniques coupled with
energy dispersive X-ray spectroscopy were used to determine the morphological
charaeteristics of the particulate n:aterid. Emphasis was placed on deter
mining the size range, crystalline structure, and stability of tI" resulting
paT.tìcles. Infortn~tion obtained from this study wlll be useful in future
assessments concerning ~he impact of depleted uranium munitions on the
environment. The data wil1 a150 be valuable in understanding and providing
for protection of personnel aS50ciat~d with testing and operational use of
this type of weaponry. It is anticipated that the results of these Aberdeen
tests will provide insight in understanding the events which occur during
30 rom testing at Eglin Air Force Base.

*Popular usage of the term pyrophoric has led to its aceeptancp for ,'~

sr.ribing this high-den~ity metal (deplete~ uranium) since. at high \ClOClty.
it spontaneously ignites and burns upon impact with armor.
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SECTION Il

MATERIALS AND METHODS

Depleted uranium particulate samplag studicd in this report were ob
tai.ned following test firings of the Army 105 mm XM 774 antitank round at the
Fo~" Faro Firing Range, Aberdeen Proving Ground. MD during October 1977.
The rounds were test fired against spaced armor targets from a distance of
approximately 200 meters. Penetrators consisted of 3.5 kg alloyed depleted
uranium containing 0.75 percent titanium by weight. A diagram of the firing
site and an overhead view of the target area are shown in Figures l and 2
(courtesy of Battelle Pacific Northwest Laboratories). respectively.

Aìr sample collectors were positioned at three locations adjacent to
the target butti site 1 was direct1y east and approximately 2 meters above
ground level; site 2 was 4 meters south and 2 meters above ground level;
and site 3 was 1.5 meters west and :2 meters above gl'ound level. Soìl sam
ples were collected directly beneath and behind the target plates.

Airborne particles were collected or. double-stick cellophane tape.
Cut portions of the tape were placed on carbon coated aluminum stubs (15 rom
in diameter) and coated with 100 percent gold in an International Scìentific
Instrument PS-2 Sputter Coater.

AlI soil samples were sieved through a 400 mesh (37 ~ openìng) screen
to eliminate large particulate material. Only that fraction which passed
through the 400 mesh screen was used for subsequent ar.alyses. Selected
samples were passed through a 12 ~ pore diameter, hydrophobically treated
Nucleopore Membrane, to concentrate particles in the respirable range.
Following the sieving operations. samples were centrifuged at 500 rpm in
an aqueous solution of thallium formate-thallium malonate (density 4.3).
Particles with a density greater than that of the fluid medium were collected
at the bottom of the tube. This high density particulate material was then
trapped on 0.4 ~ pore diameter Nucleopore membr&nes. After repeated
washings with disti11ed water, the membranes ware air dried. placed on
carbon coated aluminum stubs, and coated with 100 percent ~old as previous1y
described.

Particulate materials were examined 1n an International Scientific
Instrument Supcr III A Scanning Electron Microscope at an accelerating
voltage of 25 kV. Elemental composition of the particles (to 0.5 ~ in
diameter) was identified with either a Kevex 5500 or Kevex 5100 X-Ray
Energy S~)ectr()meteT with :l detector resolution of 146 eV. Specimen tU t
angles vari0d from a 0- to 45-degree tilt. Uranium was identified by its
~b and ~f~ X-ray peaks at 3.17 keV and 3.33 keV, respectively. A t}~ical

X-ray spectrwn 1s i llustrateù in Figure 3. The MLK marker (white bar) iden
ti ...-ies the Ma peak for uranium. Additional peaks represented in tLe sp~ctrUJD

.ire a1uminum (Ka 1.4~ keV). gold (Ma 2.12 keVL titani'Jm ()Ca 4.51 keV), and
iron (Ka 6.40 keV. K~ 7.06 keV).
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SECTION I I I

RESULTS

AIRBORNE PARTI CLES

As sho\\'1l in Figure 4, illlpactioT of 105 mm depleted uranium penetrators
against multiple armor plate target ~~s~lted ir. the formation of large
numbers of airborne particulates. At this relatively low magnification, it
was apparent that particulate material was generated over an extremely broad
size range, i.e., From macro fragments at diameters great0r than SO ~m to
submicron particulatc aerosols. Othcr than sheared or hroken fragments,
most of the rarti~lùs observcd w~rc eithcr spherical or cllipsoidal in shapo,
indicating sufficient heat geaeration following impaction to cause the for
maticn vf mol ten l!l'aniutl and ùrani'lm uxi.:.ie:5. The extrcme temperat.u:'" rc
quired for meltin~, in exccss ~f 1133°C (Refercnce l), undoubtedly rcsultcd
from the combined effects of frictional forces at impact and oxidction of
the pyrophoric penetrator naterial. During the process of penetration of
multiple armor targets, depleted ùranium penetrators undergo severe frag
mentation. With the type of targets utilized in the study, the onIy
recognizable remaining portion of the originaI penetrator is normally a
small sec tion near the base. Fragments pI'oduced are ignitetl spontaneous ly
hy a combination of shock and friction heating at impact. Combustion of
fragments in air is ~xothermic and self-sustaining. Flash temperatures
rcached during iml'act of depleted uranium penetrators with armor plate ha'v'e
been shown to fall in the range of 5500 to 5~~0°F (Reference 2). Test
results show further a nearly constant (3037 to 3093°C) impact flash tem
perature over the entire range of impact velocites from 4010 to 5560 feet
per seco~d. Such temperatures, especially in view of the severe penetrator
breakup demonstrated by the XM 774, are sufficient to initiate combustion
of thp. numerJus partic1es produced.

Measuring fine particles is generally a cumbersome, if not complcx,
·.:ask. lIowever, due to the nearly spherical shapo of most of thc particlcs
encountered in this study, direct diamctcr mcasurcmcnts werc relativcly
simple to porform.

Examination of numerous particlos rcvealed several tlistinct morphologies.
The grcat majority of airhornc particlcs exhibited a ~ugose or convoluted
structure which frequently appeared, at surfacE level, to consist of large,
interconnecting concave plates (Figure 5). Each plate, formed independently
from the solidific~tion of molten material, was observed to radiate from a
common origin or focai point upon the surface. At or near the junction of
adjacent plates considerable overlapping and fusion occurred, resulting in
distinct b~' irregularly delineated boundary edges. Higher magnification
revealed num. rous imperfections in the overall c.vystalline structure along
the surface, thereby serving to fl!rther subdivide each major plate.
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Figure Il. Overall ViCI'; 01' fI,j l'borne Part icles Collectcù
on DOl.lblc-Stick 'l'are at Samplc ~)it~ 3;

Bar l~cprc~('lIts :;S.:; 11m ,

Figure 5. lIlla] :.lagnific;ltillll l:';Xl or ;\ir!Jonll' l'al'ticlc Showing
Convolutcd Surfacc 1';lttCl'rl :llhJ FusjOI1 or COllcave SUl'face Plates;

Small Bar Rcpl'l'sCJlts ;; !;1Il at LOII'c'r ~'1agnification
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As illustrated in Figure 6, some rugose particles exhibited a more
uniform surface morphology, devoid of major plate divisions. The convoluted
surface, although similar to that previously described, consisted of deeper,
more numerous folds and extersive dimpling. Fissures and pore-like invag-
inations were frequently observed and progressively developed into deep
fractures, presumably as a consequence of thermal expansion or through
collisions with other objects. These fractures, which traversed irregular

--' courses along the convoluted folds, were the eventual cause of extensive
particle breakup (Figure 7).

A unique class of particulates, best described as polycrystalline, was
frequently found (Figure 8). Only observed at diameters greater than 40 pm,
these particles consisted of a tight but irregular mass of nearly cuboidal
crystals. Although these particles lacked the orderly and systematic intra-
crystalline alignment often associated with polycrystalline formations, the
net result was the creation ofsnearly perfect spheres exhibiting relatively
nsmooth bult scohtinuousc.surofa ry. It should be noted that, when fractured
these particles revealed a similar crystalline structure throughou their
solid interiors. X-ray data indicated that these particles contained an
extremely high content of iron with relatively small quantities of uranium
present.

Internal morphology was frequently revealed by examination of fractured
particles, particularly those in which large portions had become detached.
Both solid and hollow particles were observed, the latter clearly demon-
strated by the presence of hemispherical fragments (Figure 9). Althoughwall thickness varied greatly, the inner surface morphology of hollow

particles consistently resembled that of the outer surface.

Perforated depleted uranium particles, similar in many respects to those
reported for fly ash and oil soot (Reference 3), are shown in Figure 10.
Some of the particles observed were so highly perforated and thin-walled
that impact with the collecting tape resulted in distortion, collapse or
complete breakýip. The unusual nature of these particles is consistent with
the oxidative processes and violent outgassing known to occur during forma-
tion of such particles.

Prior to weathering, the surfaces of most airborne particles were
covered to a varyirg extent by immense numbers of nearly spherical, ultra-,
fine particulates less titpn 0.1 Pm in diameter (Figure 11). Identity of
these parti:ulates as pure or alloyed uranium was confirmed by X-ray analysis.

An example of the uniform dispersal of ultrafine particuiates on the
surface of a depleted uranium/iron particle is demonstrated in Figure 12.
Any further accumulation, however, generally resulted in extensive coag-
ulation and hence the formation of large billowing aggregates (Figure 13).
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Figure (l. Dual magnification (5X) ci- /\irhorne Palticle
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Fi;;Ul'C 8. ~ltlal ~Iugnifi\.~<l~inn (5X) of PolycrystalJ\1l0
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Figur~ 9, lIo11ow l'artj':1l~ /lcl1lonsrr:ltill); V<!riahle 1\'a11
ThicblCS:::: Bar l\cprl'scnts :; ~1Il1

lO

q

',l,l
;.

-.._-.....,----~-_., . . _........_-------_.__......._-



.... -- .

.... ---..--.,.-.<--_ .. - --. .:;;. •••..--; •.-~-~_.- -..~.;•. -f~.:._.·~c:.~::-:.~O"'."..;...&&... ....

.1
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l'bis property or aJhcsion or coalcsccncc is partieularly evic.1ent in Fig-
ure 14 which shows two ùcpletcù uranium particlcs intcrconncctec.1 by u singlc,
almost invisible, stranù ol' material compriseJ cntirc1y 01' u1trafine
particulates.

Although generally found in association with larger partic1es, the
ultrafine pal'ticulates were also dctected in th~ free st~te directly upon
the surface of the collective tape. At low magnification these particulates
appeal'ed as 1arge concentric masses often reaching several hundl'ed micro
metel's in diameter (Figure 15). At gl'eatly incl'eased ~agnification (Figul'e
16), these masses were l'evealed as consisting of vast n~Imbers of small
aggregates and long angular chains. The ultrafine sphericp.l 'Jarticles com
prising these a~gregates measured approximately 0.01 to 0.1 ~ in diameter.

PARTICLES ISOLATED FROM SOIL SAMPLES

Sampies C'ollected frt)ffi the soi l. n~ar thc tar~et si te wcre sepu.-atcc.1
according to size and del by a multistep preparative procedure. l'hìs
technique proved beneficib~ in that it resulted in the exclusion of low
density materia1s such as sand and clay as we1l as particles larger than
those l'equired for this stUQy.

An over~ll view of particles isolated from soil is shown in Figure 17.
The use of porous, po1ycarbonate membranes as a supporting material resulted
in we11 dispersed samples. The degl'ee of dispel'sion was readily control1ed
and was dependent onl~' upon initial partic1e concentration.

Morphology of particles removed from soi! sa.'nples was quite un1ike that
of their airbone counterparts. Far greater numbers of irregularly shaped
fragments were present, presumably thc result of interaction and fusion
with sand and other materials within the soil (Figure 18). Spherical par
ticles, although quitc numerous, generally lacked ~he convoluted surface
morphology so apparent in airbcrne samples. Their surfaces were consistently
smoother and frequently speck1ed with knobby b1ebs (Figure 19). Some of these
b1ebs were clear1y continuous with the sul'rounding surface whereas others
appeared neal'ly detachcd.

The relative fragility of these uranium particles was clearly cvident
following brief exposure in the 1aboratory to ultrasounù (Figure 20). Al though
sonification lasted no longer than IS seconds, particlcs showed cxtensive
fl'acturing and in many inftances complete disintegration.

PARTICLE COMPOSITION

The elemental composition of individuaI particles was qualitatively
determined by energy dispersive X-ray spectroscopy. Depleted uranium particles
frequent1y contaìned iron, aluminum, silicon, calcium, magnesium, potassium,
titanium, and tungsten aS a result of contamination during impaction and
settling.
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Ultrafinc Particulates on thc Surface of
Particles Showing Interconnecting Thread;

Bar at Right Repl'escnts 5 pmf

I
Figure 14.
Staballoy

Figure 15. Conccntric Puttern of Free Ultrafine Particulates
on Double-Stlck rape; Bar Rcpresents 55.5 pm
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(Sam~ mate r i:11 ~;hOlm i 'l F i gu re 15)

Figure 16. lIigh ~bl;nificatjon Shc)\dng i\ggrcg:ttion of Ultra
f.inc ]';'l'ticlc-;; G;'jJ B.:twcen Bars Represents 0.5 pm

Figure lì. Suil l'artidl:s 01' [l(:l1Sity Grcatcr Thall IL3 Which
PasseLi Throl1)',h ;, 12 j;m Pulycarbonate Nuclepo'Lc ~.lembrane;

Bar Reprcsents ·~S. 5 pm
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Figure 18. \lu~11 ~iai~lljficatil'~1 (lC)X) ùf Suil P.trticles Revealing
80th Spherk,il j):ll'til::lcs and Fragmcnts; Bar Represents

SS. S 11m at LOI"('1' ~(agni fication

Figure J9. f\i1obhy Soi.! Partide; (~ap Bctwccn Bars
Rl'lH'l'sC'nts 0.5 j.1I11
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Figure 20. Dual Magnification (SX) af Particle Breakup Due to
15 Secand Exposure ta Ultrasaund; Bar Represents 55.5 ~m

at T"ower Magni ficat.iorl
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SI:t:T1 ON I V

:\lthough a nUllIhl'r ot he.I'Y l1lcLds ha\e 1ìl'l'1l fahricated il' high den
sity jH'djcl.'tiles in iln attl' lII l' , te incr('ase the cffcctlveness t trmor piercing
muniti"n~ in rec<.>nt years, Jel,lc-tcù ur,ll\ium has heen uscd most '(tcnsively.
Selccrlon of deplcted uranilllT' as thc 1.IO~è J0s:.ahle of the candidate ma
terials was base~ primarily llpon it~ (l) high dcnsity, (2) pyrophorieity,
(31 metallurgical propertics, (4) aval!a~i]ity, and (5) relatively low cost.

The medicaI and environmental impIlcatlons of depleted uranium have
heen widely studiett (References 4 and 5). Biotie hazards, gellerally con
~idercd to be low and resulting onIy after prolonged exposu re , nl~ bclicve~

to be due primarily to its chemical rather than radiological properties.
But even with the vast amount of phy~:ologieal data already aequireJ, ad
ditional research is necessary to better de fine the pnysieal and chemical
nature of fragmentary depleted uranium generated as a consequence of its use
in military weaponry. Foremost attention should be focused on its potential
far dissemination within the environment and entry into biological systems,
particularly that of mano

In a recent report, Hanson et al (Reference 6), demonstrated the forma-
t ion of particulate aerosols following penetration of depleted uranillm pro-
.ieeti les into armor plato targets. This study was especially vduable in that
the overall aerodynamic characteristics and size distribution of uranium pa:--
ticles were defined.

The prcsent study was undertaken to examine the gross morphological
characteristics of these particulates. Such spccific knowledge is required
for determination of potential safety hazards associateci with the respiration
and deposition of uranium aerosols within the lungs. Particles in the 0.1
to 0.5-~m size range are of greatest concern because of their high efficiency
for deposition in thc Iungs. This range hus bccn dcfincd appropriatcly as
the respirable size range.

For this study, 105 mm rounds, each containing upproximately 3.5 kg
depleted uranium, were fired at multiple steel plate targets. Airborne
particulates were collected on doublc-stick tape through a combination of
settling, impaetion, thcrmul precipitation, and diffusion. However, due to
the py~ophoric nature or daplated llranium and the high projectile velocity
attained, the predominant mechanism appcared to be impaction. A relatively
high collcction cfficiency wa5 anticipated far alI but the larger fragments
due to the proximity of salllpling sitcs to the target.

Scanning electron microscopy revcaled that ail'horne particlllatcs were
primarily spherical, the surfaces of ,,,h i ,'}. wcre n~ghly convolutecl. rarticles
wore at times compriscd of rartially overlapping, concave plates, formed as
a resul t of polyfoca 1 sol idi fication. Fxtensivc fracturing, particularly
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along the convoluted folds and piate Iin~s, account ed fcr the apparent
fragility assoçiateù with airborne particles of the rugose type. Under
normai weathering conditions such particies could be expected to break up
rapidIy, thereby contributing to an increase in the total numb~r of respi
rable-size particles.

Particle disintcgration would be further acceleratcd by the hollow
nature of many of the spheres. Hollow particles, which are frequently thin
wailed or perforated, are extremel)' vuInerable to weathering and thus ~ub

ject to rapid deterioration.

The appal'ent fragi! i ty of th.:; rugose, ~lollow. and perforate particles
wa3 further substantiated through observation of soil particulates. These
samples contained material which had accumulated over many mont~s of testing
and therefore represented aged particulatc debris. The relatively low
incidence of these types of particies in suil Inust be attributed to their
inherent instabili ty and rcsults in rapiJ wtlathering and subsequent forma
tion of smaller particulates.

An unexpected phenomenon was tho formation of ultrafine particles less
than O.l ~ in diarneter. These particulates. generally observed adhering
to the surfaces of larger particles. presumably were :orrned as a result of
the extreme temperatures achieved and the highly reactive nature of pyrophoric
depleted uraniurn. TI ese ultrafine particles exhibited an extreme tendency
tO coalesce. p~obably due to spontaneous diffusion charging. This coa
lescing tendency of particles. which were originally below the respirable
size-range. is especially significant sinc~ it resulted in the formation
of abundant agglomerates that fell within the r0spirable range.

The elemental composition of individuaI particles was qualitatively
determined by non-destructive X-ray spectroscopy. Airb~rne particles were
comprised primarily of alloyed uranìum and iron. Althol'gh the r.".tio of the
bIO metals varied considerably arnong particles. the fact that alloy:i.ng did
occur is consistent with the violent interaction between penetrator and
target at impact.

Particles isolated from soil samples near the target area. in additìon
to uranium and iron. freqùent1y contai.ned appreciable amounts of silicon.
Rluminum. and/or tungsten. Fusion with both silicon and aluminum had been
anticipated as a resul t of interaction with sand and clays within the soiI.
The pl'esence of tungsten was dUE> to contarnination of the target site from
previous test firings of high density penetrators employiilg that material.

This study has shown that scanning electron microscope techniques are
ideaI for examinati..on of particles formed from the impact of depleted
urailium projectiles against armar plates. Results show that appreciablc
quantities of respirable-size paricles ~re released during use of these
proj ectiles. Al though panicles are ini tially forrned over a:t extrerndy
broad size rango, eventual weathering of large particies together with
coalescence ~f ultrafine particles combine to increase the potential total
number of particulates within the rcspirable range.
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