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1. IN'fROI)UCLION

A range of optical technliques, based i oir6 and speckle, have been developed at
Cambridge for studies of the deformation, strength and fracture properties of
materials including PBXs and propellants. In some cases, these high spatially
sensitive methods (miicron resolution) have been combined with high speed
photographs (microsecond timing intcervals). A review paper has been prepared for
the 10th Detonation Symposium and this is given as Appendix 1. Section 2 describes
a study of the deformation of inert propellant grains; cylinders with seven axial
holes. The grains were stressed to failure in three geometries. The optical technique
chosen for the study was the "fine grid" method. An important advance was the
development of methods to add a fine grain grid to the surface of the grains (spatial
period - 80 grn). The results show the detailed deformation, for the whole v'iewed
surface, up to failure. Section 3 is concerned with fragment attack of propellant
grains. A gas gun has been used to fire projectilesi of various shapes into different
arrays and types of propellant grains; thc whole process is recorded with an image
converter camera at microsecond framing intervals. The results show the way the
propellant deforms and the sites at which any ignition takes place. This report
presents resuilts on uncased propellant. Appendix 2, a preprint of a paper presented
at the 10th Detonation Symposium, gives results on cased propellant. Finally,
section 4 gives recent results obtained with our transparent anvil drop-weight
apparatus. This technique allows high-speed photographic recording of layers of
propellant or arrays of propellant grains being impacted. D~ata are presented for

four propellaints.

2. DEFORMATriON OF INFRT PROPUL JANT GRAINS

2.1. Introduction
The objective of the work described in this report was to develop and apply a
s t~itable optical technique to determine the in-plane displacement fields associated
with the quasi-static compressive deforrnatio Iof inert propellant grains up to tile
point of faillure,

2.2 Experirneno 4
The prolLant . ralins are cylinde2rs with typical dimensions of 7.4nim in diameter
by 8.0 mnm in length containing seven perforations, with diameters of about 0.7mnn
aligne!d parallel to the long axis of the cylinder, six arranged in a hexagonal array
together with a perforation through the centre of Ole grain.
ndividual grains were loat-d In corn1prossion betweeni a fixed and a moving b~rass

anvil in aik histion 1122 UniVer'sal 'Sting machine with crosshevad speeds1 of 0.05 and
0.20 ni/min. The appliedi load was measured with a tension/conipression load,.vll
with a Inaxiinuni load capacity of 500 kg. Iii two of the loading configurations
individual gritins were cozn'.rcssed across their diameters with the thlree
pc'r ferations along tilt- grainl's diameter Aligned either parallel oi. p-rpenidictilar to
thec ai!;~ of loading. III iii.' retrm 'ir'ing configuration the prop)lellanlt gir.&i wa. axially-
Sol.it ilmng throte dialnetriaI ).rllainsjd Iluuinted'.. itli the long 'xis vm' "ical.
1Previous 'yoirk hasv sho' wn that uudc.r quasi .A-itic comprl1ession1 the grainis deform

)l&Ic: a] ly I wh aei fitactui i nt;. T*114,' iaii' clisi lIaern'Itill) up t tein' fhit at whic-1 thc



grain fractures are quite large, typically up to - 1mm, In vew of these large
di;.placemcnts, the optical technique chosen was based on the "Fine Grid" method.
In this teciltque a c-; ossed grating wvvith a suitable pitch is created on the surface of
the specimei . The defotination of time grating is monitored whilst the i;ample is
loaded and the data obtained is then used to determine the in-plane displacement
fields. The experimental arrangement used to monitor the deforming grating and the
methods used to process the data are described more fully ii section 2.2c.

2.2a Specimen preparation
A convenient method of producing a crossed grating pattern on the surface of a
propellant grain containing perforations, is by stenciling using a fine mesh A
stencilled pattern was created using a 25 [tm thick electroformed nickel mesh, with a
mark to space ratio of 1:4 and spatial period of 76.3 4im. The surfaces of the
propellant grains were prepared by first hand grinding to produce flat faces using
wet and dry paper, followed by polishing with a 12 Vm white ceramic gri: to obtain
a smooth surface free from protuberances, for example raised edges around the
perforations, as these can produce gaps in the stencilled pattern where displacement
data can not be obtained. The split-grain specimens were prepared in the same
manner, after the grains had been cut with a diamond saw. The axial perforations
through the length of the cylinder were carefully exposed in the hand grinding
process, followed by polishing as doscribed above.
A high contrast stencilled pattern is required if the the lines of the grating are to be
easily resolved by an imaging system. The specimen stirface was first sprayed with a
black liquid acrylic paint through a airbrush photographic retouching pen. After
allowing the paint to dry a second layer was then applied, whilst the paint was still
wet a small square of the mesh is laid gently on the specimen surface, after being

oriented with respect to the perforations with the aid of a high magnification stereo
microscope. The application of the mesh to the specimen surface must be done very
carefully in order to avoid the wet/damp layer of acrylic paint flowing into the
spaces of the mesh and thereby blocking them. The purpose of tile latter step was to
ildhere the wire of the mesh to the specimen surface in order to prevent subsequent
p 'nt sprayed through the spaces from spreading underneath the mesh and
d. stroying the pattern. The spi-cixnen with the mesh in place was then allowed to
dry. Finally white acrylic paint was sprayed through the mesh using as fine a spray
as possible with the airbrush to minimise wetting the stencil. This process was
repeated several times, in which successive layers were allowed to dry before
applying the next. When the surface appeared completely white the mesh was
gently removed by lifting it away at one cornex. The stencilled pattern was thex,
revealed as white block, of paint against a black background.

2.2b Photographic studies
hititial experimvnts, to test the effectiveness of the gratit. in revealing tle
deformation of propeliant grains under load, were performed using a conventional
35 mm camera system. An Olympus CM 2 camera and motor drive, together with a
50 mum F/3.5 Zuiko Macro lens and extension bellows were used to image the
specimen onto F1I4 (iso 125) black and white film. The image of the specimen;s were
magiiiified by typically 2.Hx for the circular face confiji trations, and 2.3x for the

i--gr in configuraitio, lPhoto~graphic frans were rcrorded, whilst the si, il ie was
1eiimg lwilel, with anti matic eXlpt:;1t~re after which 111V film wa, adva eldta1 to tll'



next framei by the inohor drive. Thei specimien was j~ iutdobliquely with an1
Olympus white light source. As this light source can pi-oduce significant heating at
thle surface of the object over the( duration of the experinient,ia heatt filter wiv; used to
prevenHt li'a! ifg of t hc samp).

The alignment of the crossed specimen grating with the axis ; f loading for the
circular face configuration was achieved by removing the loading jig containing the
brass anvils, from the Instron and placing it under a travelling microscope. The
stencilled surface of the sample was then moistened by pressing against a damp
absorbent tissue and attached to a small gla, s plate where it was held in position by
surface tension forces.
The specimen could then be introduced into the space between the anvils and thie
horizontal grating lines aligned parallel to the fixed anvil by rotating the glass plate
whilst being observed through the travelliing microscope. The sample was then held
firmly in position between the anvils by means of a spring which applied a small
compressive load to the sample. The the jig was then replaced in the Instron. Using
this method it was pos;sible to align the specimen grating to within an uncertainty of
one grating pitch over a sample diamneter, corresponding to an angular error of ±0.3
degrees.

2.3c Imrage processing system studies
Thle niethod chosen to analyse the images obtained as described is derived from the
"Fine Grid Method", in common use by engineers. The image of the crossed grating
described above is used to p;ovide a series of markers, the movement of which is
traced by a computer. The computer can then rn the deformation across the wholeI of the surface of the sample.
The apparatus used is illustrated in figure 2,1. The sample is loaded as before in anl
Instron tensometer. A video camera is arranged with suitable optics to record
images of the doeforming samnple. The output from the camera can be digitised on
demiand at intervals ito provide a pevrmranent record of tile specimen from time ito
time. An inter-frame timte Of about 30S was found to be adequate, dropping to as
little as l0i when the specimen begins to yield rapidly. The output from the load-cell
of the testing machine is also digitised and recorded, but at a frequency of once per
second. The conytiier in use is a Sun ";PARCstation It1(20 MIP'S, 4.2 M11LOPS), with
at Digital Imaging System-rs 1)15-3001 frame-grabber, an EilV P'46580 CCI) video
camevra, and a iliodata Microlink ana~logLI-to-digital converter. Uxperiments have
b''eiv carried out on samples inl configuration!, I and 11 of thle sample (described inl
scctioxi 2.3a), but not of (lhe split graini-geomnetry, configuration 111.
Flie mnethod chlosenl for the anaflysis uses it suite of pre-ex isting programs written ill-
house to perform varioos iiiage-proc!essirkl tasks, its well as several purpose-written
pro)gramls.
The im1age11s Mare processed according to the following schemne. Along each axis, the
intensity oit the imiage will vary as a square wave if the grating is perfect. This can be
approximated as a sine wave if necvssa~y. If we plot a graph of intensity against
pixel1 location, ah uig, sity, a line paralkt-l to the I orizonfal axis, we can represent thet

tiissiiiity V-wati a:- .aSlcwave. ThUS WC could USCisa measure of distance alonig
thi Sile-ave tt, phae" f it( wae, hihwil icreseby 2nFer gratting pitch.

Thsphase. withi givi- a invasiire of ptositimi mt the~ surface oif the sample alonu'g
tllo lilt( wo havs. hicen ti a&i iring. The samet dihase vahut will alway:s correspo~nd to
the( saliv pohl o mi n tit(, siurfact 0 diii' %5j41 '.1inie, (it *g I Ilssof w ii me grain g



defoi-ms, so long as it remains ixesolvalle, and p--rovided we alwjys star. coant ing
pb7awe ;..t the Sam( place,.
I Yow'!ver, in the(. anagc, each tinne the phase increases past 2., thu hpisc will return
i,) zi'ro. The phase is said to be 'wrappvd" on to thle spalce (1 to 211. JIIo provide -.
monotonically increas .ig mevasure ui distance a-crosis tile specianen 'i;Udacc-, ic phasc
mnust be "unwrapped". This is performed using algoritluns described by Hu.tley.
If we extend this argument to two dimen~sions, we -an produce it mrap of 7ahase
i creasing in the 4-x direction, and a separate mnap of phiise increasing in ine +

direction. If the sample deform s;, then we can follow the movemr ent of every point on
the specimen surface by locating a point with idezitical x and iY phase in a subsequent
frame, and calculating the movement which has occurred between the two frames.
Thus the deformation can be determined acroiss the whole specimeni surfacz..
The x and y components are separated by performing a two-dimensional fast-
Fourier transform on the image, and spatially ifiltering either the x or the y
component of the grating before performing an inverse Fourie,. transform, a!nd then
unwrapping the phase in each direction.
Since this method effectively counts every square in the grating ont the spe-cimenl
surface, it is essential that the grating is of very higb quality. 11' single blocks are
missing, or contrast is low inl some regions, the unwraPpping process gives
ambiguous answvrs, and the method fails. It is thus essential to show that the
gratings in use are of adequate quality.
i1gure 2.2 shows a set of six im-ages recorded by the computer during loading in
configuration I. Consider thle example of frame (a), where the "ample is undefor med.
This picture is prodluced fronm the digiti~ed imiage. After spatial filtering, and phase
unwrapping the x component of the phase, is shown as a contour map in figure
2.3a. This can be seen to be composed of straight lines, stretching from phase 0 onl
the left (chosen arbitrarily) to about 600 on the right, corresponding to just tunder 100
lines on tile specimen surface. The same procedure can be performed on the y
com1ponent of tho phatse, yielding a similar contour map, illustrated in figure 2.3b If
the mnethod is to be successful, it maist also be possible to draw unambiguous
unwrapped phase maps of the defonrmed specim-en-s . Usig frame (f) Of figiite 2.2,
tile same processing has been perform..-d, to yield thle contour maps shown in figures
2.3c and 2.3d. I ere the contours are curved, to mirror exactly the deformation of the
grid on the specimen surface. There are somne discontin~uities inl the contour7 maps.
where the specimen has failvd, however this is to be expected in regioms close to
tears in the specimen suriace.
The final stage- Of wliting it programn which will etiable the phase mnaps to Ibv
followed from framet to framne, tracking a given x, y pair' of phaise v'alues at each
pixel as they move across thle imiage is yet to be complete, t should then bx- possible
to evaluate the in-plane -;train fields over tho! whole spec; en surface. The feasibility
of the mneihod, which is critically dependent onl being able to produce very high
qu~'ity, hligh conitrast gratin~gs has. been amnply demonstrated. T[he additiona!
sot tware required is under deve-lopm-ent, and is expected to tx2 completed itm
The load-tinie curve~i prodiiced fromn the-Se eAp.riimeats have been recorded. Two
such cur yes arv plotted in figure 2.4, where the continuous Ble reprowilts the ditla
froin anl expe-riment with the, specimn aligned in co. figuration I, in which thle load
wa!s inwared very second, the discrete point:, are from a second experimnt,
where loadt was nivasured at the times whentii an iagv was digitised. It can le seen
thalt tliuy arle ill Very gilil *!grvvi'iilt. Tlho load-tine cur11ve for at samplqe loildtd ill



config'itation H1 is 5;howl. in. figute 2.5. %;ix oft the inlage. recorded by the computer in
this ex.perimnent arc, illustrated in figure 2.6.

2.3a Photographic studies
A sequence of six photographic rrames showing the di orritation and compressive
failure of a propellant grain with three perforations aligned parallel to the loading
axis, configuration L, is shown in figure 2.7. The initia! sample dimensioA-s were 7.38
mm in diameter by 8.19 min in length. Photographs were recorded at 118.0 with
automnatic exposures. as the sample wa.; loaded :it a constant rate of 0.05 mm/mir.
In this conhguration all the perforations becomie inc~'easingly distorted as the
loa~ding continued and appeared initially to start at the boundaries of the
pei I.orations closest to the anvils, as shown. by the curvature of the grating lines in
this region. As tile loading continued, these perioritions were deformed into
triangular sh;aped holes with rounded vertices, whereas the central perforation
became increasingly ellipitici'l in shape.'The remaining perforations away from the
loading axis, were distorted into increasingly pear drop shaped holes. Thne corners of
the deformied perforations becarne sharper as the load was slowly increased to a
maximum value of 116 kgs, ror'~espondling to figure 2.7(e), after which the load
ste~adily decreased as the sample wais hurthier compressed. The dec:reasing load co-
incided with the onset of filure, which can be clearly seen in figure 2.1(f), where
cracking cant be scen starting from the sharp corners of the central perforation. In
addition the;:e is also evidence of shear failure along diivections connecting the

corners of thet triangular holes iO the tot' and bottom of the grain adjacunt to the pexar

in the second configuration three perforations were aligned pariilel to the horiz.ontal
axis. This sample was ag(in loaded at a 2onstant crosshead ipeed of 0.5 mm/mmini. A
se-queiice of ;;ix photographs; showing tilt deformnation and tailure is shown in figure
2.8. In this configuration, the twvo outermost IK-rforations on thv horizontal axis
appear to have remnainedi aILmoSt WIIdeformed (), disk..rit as sh'own in figure 2.8(j).
By contras;t the central perforation, is distorted froyn a circular hole into an almost
retangular hole With r-oLunded coli er's. This samplC reached :1 nuiximuntu loadof 87
lkgs, corre.,pojiding to figure. 2.8(e), ai which point tilt, liO decreas4ed sladijy as 11w
grain was furthcr compressed. As in the pre'viousI exaniphe tht. decrteasing load. Co.
incidevd with thlt onset of failure. Close inspection of figure 2.8(e) shows the
formation of shear cracks along the directiows cOnnecting the top Rift anvd boittomi
right cornirs of the central hole with thet adjacent pear shapod holes located at the
top left and bottoin right (,,. thle sample. These, cracks are more clearly shown inl
figure 2.8(f).
Trle deformation and compressive failure of it split proptllant graini is shol wn iii tihe
WCeqiwuce (f '-ix phiotographi; lpre!f'iited. in figiire ?..9. 1.einitial spec . iwns were- 7.751
mmiii height by 7.35 inan in dianit-ter correspo~nding to the unloiaded grain sh )wii in

figure 2 9(a). The samiple was loaded at a constant crnsshcid spe~ed of 0.05 min/n.
From the st-.uivi ice it c.in be ,,vc. tlint as thle samiple is coniprussed the perforatioo
walls art.' b-mit otutwards. lit &-tdition at tile inid-point height tw. spacing of tilt-
h.o I .. '!i 1. 1 grating lineos beciake Su'.Cessively ";nialler until they could 11ot he
nesolved. Th1is wits partly duet( to an mut oif plane displaceintimt of tile grainl, hotw-Vu'r
e-YaRI i rat moo iof tlii' 5) W~inll a ~~ladit~ ~ nr' thast th xv wIiice'd (A' tmg Ih le



grating 1inesC at the inid-height was a real effect. Ili conitri-st thte svqiwnc' -4ow ~IC)Wiat
the grating appears to have undergone relativVly little d~eforumation imediately
"..41derneath tbl ailvils. At a load of 134 .kg., ctlflXPspotidifl fligae ir'f thel )')ad
Sul; tef docre ,Isl~n~ ias tit sainpjle w as ett rselAs 0wo.',Ib;e i.fll with
the onset of failure whirb in this case occurred int tk)e form of axi cracking of the
grain, at the rear mid-height of the perforations. At failuro the btilk compressive
strain wvas estimated as approximnately 60%/,.

4.4. Discussion
The results obtainied to date show that it is posble to produce crossed gratings of
sufficiently high quality and contrast to allow the defo-mation of the propellant
grains up to the point of failure to be established. The photograpinic studies have
shown that there appear to be regions within the deforming grain in which the
material behaves in an almost rigid manner. Such regions appear to be located in the
vicinity of the loading anvils. This is particularly evident in the deformation of tho
grains in the configuration 11 arrangemnent, in which the central perforation is
changed from a circular into a rectangular hole as the grain is conmpressed. It appears
to be possible to liken the deformation to the inseridon (if rigid wedges into the grain
from above and below the grain where it is in contact with the anvils. Such "dead
zones" may be typical of this loading geometry. These observations are common to
several experiments, not all of whch are presented here.
To date all data relating to the deformation of the grains has been extracted by visual
analysis either of the developed photographs from the photographic Studies, or of
computer-generated animation sequences. Whilst this has given a very good
qualitative isight into the deformation processes, the real objective is to analyse

these pictures to obtain the in-plane Jisplacement fields by using the fine-grid

mnethod. It hias IL'een shown that the gratings and optical arrangement are of
sufficient quality to allow the extraction of the relevant data. The final proce'.sing o)A
this data has not yet been achieved, but the principle has be-On amply demonstrated.
Further work to product, animated sequences of strain distributions within the
defoining g& ixt offers the prospect of exCellent results in the very neiir future.

3. SlMUADIn~~r A~lE ATACK OF 50111) (A 1N PROI'I1IANTrs

.3.1 Introduction
Mitch lrev.-ar,'h is currentl y biwiii, uiiiL'rtJkei into Owu ihazard respon-si of projR.el1ailt
itiaterial'i to bullet or I ragmient attack. Nu, long'er is the explosiv'e filling of a
illil tliti( n oinisidered to be the on ly pat't sensitive, to accidental or intentional
fr.ivilxt at tat4.; thev propeilla ni cmnI poninent ha.; been touiid to be si nilarly
vohiivie,di. . lot:Wr!ii utcly.. at 1. 'it fr' n the pojiiit (if view of minimizing tizard
r(11101 W.e, pi: Iij eila it is. iho i11 andii may do soafieli a Stimulus ti tt will not
11161ihe i 'w rsilyl s ill IIex~ 11 e ilintI, hi geneiro!, the shork-to- detona tit in
tr;%ui.ihOIi '-;>I )T) is less 1 t ii poti.'ittiii hazard wit!i .:onvenio ial gin propeillaifls thaut
for vX .Jkdi iv fii I gs 9.1111igh the- trond towvard-, hoiw vulnerability (1 )V.A)

~ 'iti~ij~for gull proel wirl? id ti'i IiliII 'le WK11iar hg explosives 'Is
111. ktt owltiI telt p. eiL' I tS t.iis (i li~ vil% 311 -& 'iO -111 ConI'cept behin d
inchlidirl%;ex 'Ii ca'vs ;11 'pie VIehleiit ul oif'.is, p.'rvv)-ol y, to reduct thekh
v iner,&ility Alhilsl, ii, ilr p ~hl) 1~tt.le 4.11411i'ou!. '41cf(l~ti1



exph-sive is increasecd, thec cornllpoition catt l)c!come irore i-Li Ce; 'tit)h: to stluniili

GRINablo. of produciing IST. Tin additiin, 0litould a propj.ifaot chaIrge in the forin of
J00ste packv (1 ';aiv,hjig.nn1 stick!" or viast Tncotoi' 01, cause-,(d to burn accidenitally, the
;fec': tois 111aiy r'11liw1e ill the otc'cornp neuts of the n-rinition mnay b-, iu;ta'
catastxoIhic ats if the bigh explosive itself, had suftered all iinitiatinig Stulus. 1'0 a
large extent, the lower usceptibility to burning exhibited by the LOVA propellants
has been thle impetus behind this compositional research as the common single,
double or triple based propellant rompositions are very vulnerable under this type-
of unintentional stimulus.
Much of the work now concentrates on designing the propellant material and the
casing as a combination. This has allowed well--characterised propellant materials to)
be hazard tested and the effects of casing changes easily discernible.
The aimn of the experiments detailed in this report was to compare tile ignition
iesponse of four gun propellants (though the technique could be used to assess tile
impact response of any type of propellant) to a simulated bullet attack. The
compositions were impacted to identify the prevalent ignition mechanisms and the
subsequent propagation of reaction using either a sabot-driven metal projectile or a
nylon projectile.
In addition to single grain impacts, most of the compositions were tested in
geometric arrays representing one layer of close-pa~kt d and one layer of column
stacked array. These experiments were to determine the effect that packing has on
the hazard responlse of thle mateiial. In some munitions, the geometric packing of
the grains is car.'fully controlled (eg. strand burning rocket motors) and in others,
the propellant grains are allowed to adopt any orientation.
Unlike earlier work carried out by the author into sectioned, cased explosive
charges, (Ref Appenidix iii), thle composition~s were rioi ci-sed as it was 'kiought that
there would be considerable difficulty in manufacturing good-fit cases and keeping
the propellant quantity between tests uiniform. In i'ddition, the impact geomnetry
would not be so well known since soate impacts could o':cur fully, through Casing
onto at grain, whilst others could occur thioaigh the rasing but at the intersticies
between grains thus reducing the effect of thle impact and making the outcomye
mechanistically uncertain.
The niechanisms envisaged to play at role in the ignition of propellants which arv
uinvased anid subject to -irxitlawe billet attack by projectiles are heating due to rapid
viscolis flow ahea~d of thc projectile, adiabl~aic shear band formnation and, in the cawe
of the miulti-cored propellanits uuidtr test, heating of tire propellant by s-hock induced
adiabatir collapse of thle holes. Walley and co-workers (199)2), after studying high,-
speed photographs of the rapid deformation of cast double-based propellai under
drop-weight impact, suggested that ignition oct urs through additive processes such
as 1,ulk heating, viscous heating and adiabatic heating of gas tb tpped at the
pt'Iilliec of thle "pt-ecirnen lteadinlg to "hot spot" production. Fong (1985), using a
I Iopl &r-;on 1Bar arrangomen t, inv-stigatod crack initiation in multi-cored propelltants
by impacting thle graiins side- and oild-our and found diat sinigle- and triple-based
proplh1.ints were mnore rcsistunt ito ur;tk initiation thAn doi.ible--based propeliants .
11ISO alssgyeSted thlt: the' holes w(,-.( sites oif localisc-C, ,-.Zess. Goldrein and co--
worker; (1993) also foouid, bv analysing c4 ntoitr plots of in--plane displaceuwunts,
tilat there aU.!stes conucelnt ritions betiL'(, threst' boles. Work by itoyle et "1. (1989),

Showe that ( !I pi'escut. im] sheafr velocity nave at O ong vtf'c t on ipnition andI
that in) tlwir expvt-rinwnts ou a 1-a ige of vxploasivv s ;11I j. lu6~ tr oml)ositO -
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modified, double-hased propellant vwas b~y far the most sus-eptile to shetar forces
but the! least onsitivv to shock. Furiltcr work on ignition mechanisms ha3 been
CuMric-d out b y j L- and Fong (1989) whec i nN~.i' ti'tcd the edlioli xt z impact
ig,31tioA sensit ivity ;u id tile kinetics of tlwnx ial deco nnp ,sitjori :? sol id prop Panits.
Thecy suggested1 that two distinct mechanisms are involved in impact Ignition.
Firstly, there is an initiation step whec fracture, visco-elastic /plastic deformation
and cracking occur and are the means by which "hot spots" are formed; the
mechanical properties of the propellants predominate in this step. Secondly, there is
a flam-e propagation step which is governed by several inter-related factors such as
the decomposition kinetics, thermal stability and burning rate of the propellant i.e.
propellants with low decompcsitioil telnpeeatures and low activation energies
showed high ignition sens iti vi ties.
In this, study, high-speed photography has been used to give an insight into the
reactiveness of four jypes of gun propellant under simulated bullet attack and in
addition has compared solid gu n propellant with that of its n-ulti-core.d equiv ilents..

3.2 Experimental
The samples of propellant were impacted u~ing two types of projectile. (See fabh.
3.1) The silver-steel projectiles, (density 7.8 g cm-3 ) were sabot-driven to allow
relatively small diameter projectiles to be used so that the mass (if propehant was
kept to a minimium to comply with safety constreints. The sabots wvere made of
nylon 666 rod (dniy1.1 g cm-3 ), with a recess for the projectile at the front and
material re!amed out at ti- ~rear to reduce the weight of the com)rbination. The
projectiles were fired at the target at velocities of 400 to 58(0 n s-1. Although the
stlbot would impact ihe targe t approximately 15 ps after the projectile, it was not
vxpe~cted to affect the! initial nmechanisras that might cause ignition in the propellanIt.
1 lowevor, early high-speed ph otographs for this work showed that the subsequent
impact of the sabot had, in somie ca ses, it considerable effect on the later ignition
responv:*# andi it was decided to also -Arive,.tigate tho~ uffect of thissecond shock on he
propellanit grains. Nylon projectiles were used because of their goo~d impedanice
mnatching with the targitt and light wei4,ht. which permitted high impact velocities alt
relatively low firing pressures. [he nyion projctiles were fired at between 600 and
72(0 in s1

_EbLeL t3ill J.tlyLfl t-Uk)W'fL yd-nso;2 ' 9 ~t 1 "L silver steel f fiat 5.2 6 .
silvet.r steel M(Yconle* 5.2 20. 2.3
Ivp N666 flat I 121' ~ 252.

use~i in JA? exlprinwitts, only

Thiere wv refour types of experi munt p ":forviemd on time propeliants:-

(i) steel projectikb in act oi, at siitgl graint
(ii) mi projet'Ao nnpact on a sigle grain

(iii) !AteA pro~jcti le imupact on a cis ick;-d array of greias
(iv) ptelro(jcc i le mm] a tt mi am "coh iilwd ' array (if grainls



Steel projectile experiments

The steel projectile impact on the arrays and single grains was carried out on 6 mm
thick parallel-faced cylinders. Sectioning and facing marks can be seen on some of
the materials. The grains were sandwiched between two 10 mm thick blocks of
polycarbonate as shown in 'Figure 3.1. The thickness of the propellant for the steel
projectile impacts allowed the blocks to act as sabot-strippers. The effect of the sabot
has been discussed earlier. Figure 3.1 is a picture of the target arrangement and
Figure 3.2, a picture of the target in the experimental set-up.I Nylon projectile experiments
The nylon projectile impacts were carried out on single grains of the propellants
which were sectioned to be 11 mm thick. The dimensions of XM43m (refer to Table
3.2) prevented the single grain impacts from being readily carried out. The
propellant types, dimensions and geometries are detailed in Table 3.2 and are shown
for comparison in Figure 3.3.

Table 3.2. Tme, dimensions and res Of the llant.
Propellant Type Geometry tested diameter( lengthMM) (mm)

JA2 standard double solid stick 8 as
_ base recuired

XM43 rdtramine based solid stick 8 as
,_ _.. .. ._ required

JA2 standard double 7 holes 9 as
equivalent' base required

XM43 nitramine based 7 holes 5 11
L equivalent I I

The two multi-cored propellants have been referred to as JA2m and XM43m. The
dimensions of the, US and the equivalent multi-cored propellants are not exactly
similar because in-general, propellants are designed and manufactured with a
specificuse in mind. It was therefore very difficult to obtain multi-cored propellants
that were exactly the same diameter as the solid sticks. The chemical compositions of
the US propellants and their equivalents are however very similar.
The projectiles were fired using a helium-driven, single-stage gas-gun at pressures of
between 20 and 50 bar, which produced velocities (depending on the projectile used)
of between 400 and 720 m s-i. The impacts were photographed using an MACON
792 image converter camera in framingmode, with interframe times of either 2 or 5
11S.
The photographs were lit using Bowen flashes and arrangments of front and rear
lighting as appropriate. The velocity of the projectile was measured by timing it
between two laser beams a known distance apart. The timer was connected to an
up-down counter which was used to fire the camera at the correct time, irrespective
of projectile velocity. The experimental layout is presented schematically in Figure
3.4.
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3.3 Rersults
In tids scctioi, each material has been anaiysed in turn.

)A2 Gun prol,?ant
Under steel projectile impact of a single grain, at up to 550 m s- 1, this material did
not ignite on penetration by the projectile. in a few pnotographs there is some
evidence of burning on sabot impact but as most of the propellant was retrieved, if
in many fragments, bulk ignition presumably did not occur.
For the nylon projectile impact at velocities up to 670 n s -1, there was no evidence of
ignition.
These results are interesting as they siggest that the material is intrinsically
insensitive fo this type of impact and is also relatively insensitive if fractured (on
projectile penetration) and then subsequent'ly re-shocked by the fol!owing sabot.
The results are however significantly different for arrays of grains under projectile
attack.
Fig. 3.5 shows steel projectile (p) impact of a close-packed array of JA2 at 575 m s - 1

with impact occurring in frame 1. The interframe time is 5 ps and it can be seen that
the first impacted grain underwent considerable deformation resulting in ignition
ahead of the projectile and in the surrounding interstices. On sabot (s) impact in
frame 3, there is further reaction which builds in int'nsity in the subscquent frames
until dying away after 35 Vs, frame 8 (not shown). Although there has dearly been
ignition in some of the grains, propagation between all the grains did not occur as
some were recovered relatively undamaged. This could be due to the confinement
of the system allowing movement of the more distant grains after appr,-ximately 30
ps and preventing further propagation of reaction or it could simply be due to the
material being fragmented and ejected from the reaction zone.
Figure 3.6 shows a close-up of steel projectile (p) impact of a close-packed array at a
faster framing rate with 2 s miterframe time. The impact was at 340 m s-1, slower
than for figure 3.5, and there does not seem to be ignition associated with projectile
impact, though the initial impact grain (g) undergoes much plastic deformation,
swelling to fill the interstices. As the grain boundaries came together, there was also
no observed ignition. Further experiments at between 510 and 570 m s-1 suggest that
this result was on thE border-line for ignition to occur for this array geometry. In
other recent studies by the author into a different double-base composition, this
plastic deformaieo, to fill the available space has also been observed though again
there was no ignition on grain boundary impaci. There is light ahead of the
projectile in frames 4 and 5, but further experiments and examination of the
confining polycarbonate blocks after the experiment has shown that this is due to the
steel projectile scoring the locks rather than ignition of the propellant itself.
Ignition does occur in frame 8 and the partly visible frames 9 and 10 though there
does not seem to be bulk igrdtioni or propagation of reaction between the propellant
grains. This ignition is probably sabot-impact associated as clearly the shock
imparted by the sabot into already fractured and heated propellant could cause
ignition. Once again, some grains were retrieved after the experiment, showing little
signs of damage and no signs even of surface burning.
Figure 3.7 shows pointed-ended projectile (p) impact of a close-packed array at 550
m s-1 and there is no ignitiL., associated with the projectile impact in frame 1. The
interframe time is 5 is. It is interesting to note that the materia' has been sufficiently
disturbed and probably heated by this impact to ignite on the following sabot
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impact in fremes 5 and 6 though the ignition is neither as sustained nor as violent as
has been observed with flat-ended projectile impacts at the same impact velocity.
The sabot (s) can be seen to light up in frame 4, just at the moment of impact with
the blocks. This is probably caused by adiabatic compression of the a: trapped
under the sabot on impact. These impact results suggest that the propeflarit is fairly
sensitive after being fractured as a pointed-ended impact does not produce as much
rapid flow ahead of the projectile as is the case with a flat-ended projectile impact.
The amount of viscous and shear heating experienced by the propellant is also
greatly reduced. Earlier studies by the author into cased explosive compositions and
other propellants have found that some materials remain almost as insensitive after
pointed-ended projectile impact as the un-impacted materia! and are consequently
unaffected by tie shock produced in the material by the following sabot impact.
It should be remembered that no ignition is seen in the propellant for single grain
impacts with flat-ended projectiles even on the following sabot impact and that JA2
renains insensitive to faster nylon projectile impact although this should produce a
stronger shock in the material than a sabot following a projectile.
Figure 3.8 shows steel projectile (p) impact of a columned array of JA2 at 40 m s-1

with a 5 s interframe time. Although there is projectile yaw, causing the impact to
be high in frame 1, luminescence can immediately be seen in frame 2. Jetting of the
material is visible around the projectile and on sabot (s) impact in frame 4, bulk
ignition occurs in the interstices and in the grains themselves. In frame 5, jetting (j)
of material can be seen emanating from between two grains. In this and other
experiments with these columned arrays, little material was recovered and there
were no intact grains.

JA2m multi-cored Gun Propellant
Under steel projectile impact of a single grain at up to 550 in s-1, ignition was
observed at 540 m s- and above. The ignition is again sabot-associated; compression
of the holes on projectile impact is observed but not lun-dnescence. It is possible that
luminescence was missed because of the 5 [t interframe time as this type of collapse
is followed better with a faster framing rate. On the following sabot impact,
adiabatic compression, of the holes nearest the impact is observed, followed by rapid
fracturing of the grain between the holes and subsequent burning of the whole
grain. No material was recovered.
Under the faster nylon projectiie impact at up to 705 m sQ, ignition was observed
starting at the hole nearest the impacting projectile and leading to burning of most of
the propellant grain. A small percentage of the material was recovered after these
tests.
Thes4. results suggest that although JA2 and JA2m are compositionaily very similar,
the geometry of the grain has an important effect on its sensitivity to ignition under
projectile attack. JA2rn seems more snsitive under single grain impact.
Studies of this material impacted in arrays also shoiA s increased sensitivity as
compared to standard JA2.
Figure 3.9 shows a close-packed array of JA2m unlergoing steel projectile (p) impact

at 520 m s-1. Impact occurred in frame 1 and burning between the interstices can be
seen beginning in frame 1 and increasing in frame 2, 5 ps later. On full sabot (s)
impact in frame 3, much greater reaction is observed and luminescence occurs ia the
hole (h) losest to the impact site due to adiabatic compression of the ga:, in that
hole. Ili.! projectile does not hit squarely' on impact and it is suggested that material
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is scraped or sheared off into the interstices where it bitrns. This material would
have absorbed inuch of the energy of impact and could be expected to have been
rapidly he-ated in the process. Ignition continues in the later frames though some
material was recovered after the test.
Figure 3.10 shows a columned array of JA2m impacted by a steel projectile (p) at 540
m s-1. The interframe time for this picture was 5 jis. Projectile impact occurred in
frame 1 and there does not seem to be ignition associated with this impact or the
following sabot (s) impact in frame 3. In frame 5 luminescence is observed
emanating from the holes (h) in the grain impacted first and bulk ignition has
occurred by frame 6, increasing in intensity in the subsequent frames. That the
ignition did not seem to occur on projectile or sabot impact is surprising and may
reflect the fact little material was ejected into the interstices on projectile impact as
this jetting in other experiments has been followed by intense burning ii. the
interstices. Jrhere war little material recovered after this test, as might be expected
from frames 7 and 8.
JA2m appears to be more sensitive to projectile impact than its solid counterpart and
tite differences in velocity of inp-ct causing ignition, though not great are
significant. Ignition would not have been ,,xpected in JA2 at 520 m s-1 and the
threshold for ignition in JA2m may indeed be somewhat lower, perhaps around 500
m s-1.

XM43 Gun propellani
On steel projectile impact of a single grain, no ignitions were observed at up to 550
m s- even after a test resulting in an oblique impact. There was considerable jetting
on impact but no evidcnce o'f burning of this ejected material or any reaction
associated with the subsequent sabot impact. The propellant grain was retrieved
unburnt but shattered.
The faster nylon projectile impact o' a single grain at up to 705 m s- 1 produced no
ignitions at an iriterfrante time of 2 ls and the grain could be seen to shatter under
impact.
Figure 3.11 shows steel projectile (p) impact of a close-ptcked array at 540 m s-1;
impact occurred in frame 1. 5 Jts later in frame 2, the interstices between the grains
cart be seen to be closing up, though there is little reaction associated with this
closure. Material can be observed jetting (j) backwards. In frame 3, sabot (s) impact
induces reaction and in frame 4 it appears to be linked to the grain boundaries and
positions of the original interstices. The reaction can be. seen to be fading by frame 5.
Figure 3.12 shows steel projectile (p) impact of a columned array at 550 m s-1; impact
occurred in frame 1. There is no reaction associated with projectile o:' sabot (s)
impacts, though material can be seen to have been injected into the interstices
between the grains in frame 4. The interframe time was 5 ps. All of the material was
recovered unburned though fragmented after this test.
Fig. 3.13 shows steel projectile impact of another colunrmed array at 520 m s-',with
impact of the projectile having already occurred by frame 1. The. interframe time
was . pis. Both frames 1 and 2 show "feathering" (f) around the circumference of
the initial impact grain (g) and jetting 0) of material into the top interstice. Ignition
associated with this interstice can be seen in frames 4 and 5 though whether it is due
to sabot shock promoted. The other interstices on closing can also be seen to sustain
reaction. Some of the material was recovered.
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Aithough these two results conflict, other tests around the 520-550 m s 1 impact
velocity suggest that ignition does not usually occur at 520 rn s-1 and that this was an
UnuSual result. As more mate, ria! than would be expected after an ignition was
recovered, it suggssts that propagation of reactioin was not as extensive as for the 550
m s-1 impact.

XM43m multi-cored Gun propellant
Single grain impacts with steel or nylon projectiles were not performed because of
the size of these propellant grains.
This propellant was tested in array form and steel projectile impact of a close packed
array at 530 m s-1 resulted in bulk ignition of the material beginning with ejected
material burning in the interstices as seen before. Ignition sites were also associated
with the holes in the propellant.
Figure 3.14 shows steel projectile (p) impact of a columned array at 530 m s-1. The
interframe time is 2 Is and impact has 1 ready occurred by frame 1. Frame 2 is
interesting as it shows luminescence from a hole (h) in a grain (g2) that has not been
physically impacted by either the projectile or an adjacent grain. This suggests that
the material that has been jetted from the initial impact grain (gl) into the interstices
has impacted that grain (g2) and caused adiabatic hcating of the gas in the hole
causi'g it to luMinesce. MatErial can be seen ejecting from the far propellant grains
(g2 & g3) in frame 3 and if there had been a further layer, this material jetting could
have caused a similar reaction in another grain. When the sabot (a) impacts in frame
4, the burning in the interstices is already significant, so th.' initial reaction was in
this case completely due to the projectile. In later frames, the jetted material, in later
frames spreads to the other interstices and burning is clearly evident.

3.4 Discussion

1A2 versus JA2m
JA2 is more insensitive to simulated bullet attack than its multi-cored composition
JA2m in both single grain and array impacts. JA2 exhibits plastic deformation on
impact, swelling to fill the available space without igniting through frictional
heating on grain boundary contact. Both materials are sensitive to following sabot
impact which re-shocks the material after it has first been distrubed by projectile
impact, and JA2 is sensitive after pointed-ended projectile impact which is perhaps
surprising as the front-end geometry of that type of projectile produces much less
damage in the material in terms of viscous heating and shear than a comparable flat-
ended one. JA2m, on impact, does not appear to plastically deform to the same
extent as JA2 but the grains appear to fracture through lines of weakness which
occur between the holes. Tb, holes themselves are susceptible to shock induced
collapse causing adiabatic con'prescion of the gas in the holes leading to points of
ignition.
Where light output can be seen in the interstices -f the propellant grains, It is likely
that this is due to material having been spalled off the grains during impact and
ejected into interstices which have been heated by shock compression. As the
spalled material has a large surface area to volume ratio with respect to the
propellant grain, it is far more liKely to ignite and evidence for this can be observed
in many of the pictures. Indeed, asymmetric impacts which cause parts of grains to
be sheared off and jetted into these interstices have caused ignition at lower
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velocities than would have been expected for squarer impacts. For JA2m with its
array of holes, a similar spalling process could happen (on a much smaller scale) in
the holes themselves causing ignition.

XM43 versus XM43rn
Not perhaps surprisingly considering the results for JA2/JA2m, XM43m was found
to be more sensitive to simulated bullet attack than XM43. For single grain impacts,
XM43 shattered but did not ignite. For the array experiments, much jetting or
spalling of material into the interstices can be seen for both these materials with
following ignition. Again, the multi-cored composition was more sensitive due to its
holes for the reasons discussed earlier.

3.5 Conclusions
Single grain impacts at the velocities tested in these experiments do not give an
insight into the behaviour of a typical multi-grained, propellant charge. The results
of these single grain impacts suggest that the two materials are insensitive to
projectile impact at these velocities when this is clearly not the case if the materials
are tested in zr ays.
Geometric arrangement of the propellant has an effect on its subsequent sensitivity
to simulated bullet attack. It is possible that close-packed arrays are less sensitive
than columned arrays as material that gets spalled off into the interstices can spread
further in the larger interstitial distance of a columned array and impact other
grain(s). This type of spall impact, where a physically unimpacted grain is ignited
by spall from an impacted grain has been observed photographically. Burning of
this spalled material will also occur because of its very large surface area to volume
ratio and because the gas in the interstices have been heated by shock compression.
In a close-packed array, the interstitial distances are smailer by comparison and it is
suggested that although material can be spalled into these spaces, ignition is
probably due mainly to the spalled material being heated and burning on contact
with the heated gas in the interstices rather than also by spall impact onto another
grain.
XM43 fractures in a brittle manner wider impact whereas JA2 can deform plastically.
XM43 shows a greater tendency to spall and this could be associated with its lower
tensile strength. XM43 does however require higher velocities to cause ignition in
array geometries than JA2 though the difference in velocities required between the
two materials is not great. Both materials are susceptible to further shock
compression if they have already been damaged though JA2 appears to be more
sensitive to this and the subsequent ignitions are more violent.
As has been shown, angled impacts can cause more severe effects with array
geometries than squarer ones. The grain experiences greater shear over a smaller
area on impact and material is jetted outwards into the interstices where it burns in
the heated gas spaces. 'here will always be jetting above a certain, critical contact
angle.
Multi-cored propellants are more susceptible to simulated bullet attack than their
solid equivalents. They are also more susceptible to shock compression without
immediate penetration. The sites of ignition are the holes but in addition, the
inclusion of an array of holes appears to "build-in" regions of weakness between
these holes which have been shown to fail shortly after impact. It would be
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interesting to determine the optimum size of hole that would allow an increased
burning rate but not be (so) suceptible to shock compression.
Appendix (iii) summarises research into simulated fragment attack of cased
munitions and discusses the effect of the casing and the casing material or, the
ignition mechanisms of several different explosive compositions.

4. DROP-WEIGHT IMPACT STUDIES ON PROPELLANTS

High-speed photographic sequences of the rapid deformation (strain rates ca. 2x10 3

s-1) of discs cut from grains of XM43, JA2, F300/75 and LM1900 were obtained using
the drop-weight apparatus shown schematically in figure 4.1. The drop hammer has
a mass of 5.5kg and falls from a height of 1.3m. This apparatus was originally
developed by Blackwood & Bowden (1952) and has more recently been extensively
employed by Heavens, Field, Swallowe and others in the study of the sensitivity to
impact of a wide range of energetic materials (see the references by Heavens & Field
(1974), Swallowe & Field (1981), Field, Swalowe & Heavens (1982), Krishna Mohan
& Field (1984), Krishna Mohan et al. (1984), Field et al. (1985, 1992), & Walley et al.
(1992)). The field of view in all the sequences presented is 20mm in diameter.
Figure 4.2 shows the rapid deformation at room temperature of a solid disc of XM43.
Although the periphery of the disc becomes ragged, no deflagration was observed.
In previous (and published) work we have shown that enclosing air spaces within
propellant samples sensitized them (Walley et al. (1992)). One way of enclosing an
air space is to punch a hole in the disc. Thus figure 4.3 shows the rapid deformation
of an annulus of XM43 at room temperature. Again deflagration was not observed.
Another way of enclosing an airspace is to make arrays of discs. Figure 4.4 shows the
rapid deforrmation at room temperature of a triangular array of small discs punched
out from the larger discs of XM43, Again no deflagration was obtained. Three other
drops on samples of XM43 were performed in this apparatus without using high-
speed photography: two were on solid discs and one was on a fragment semicircular
in shape. Neither of the two whole discs deflagrated but the semicircular fragment
dici deflagrate. So another high-speed photographi: sequence was taken of the rapid
deformation of a similar fragment (figure 4.5). But no deflagration was observed. To
summarise, seven drops were performed on XM43 at room temperature and
deflagration was observed only once.
Figure 4.6 is a high-speed photographic sequence of the rapid deformation at room
temperature of a solid disc of JA2. Deflagration can be seen starting in the frame
labelled 350ps as a small dark spot. This grows rapidly, tearing the disc until finally
the gaseous products erupt from the edge of the disc at 399j.is. Another crack can be
seen growing from 4 20 is onwards until it too breaks out at 476ps. Further burning
from 525ps onwards produced a pronounced 'two-fingered' scar on the surface of
the glass anvil. Three other drops were performed on discs of JA2 at room
temperature and all produced deflagrations.
Figures 4.7-4.9 present high.-speed photographic sequences of the rapid deformation
at room temperature of discs cut from grains of F300/75. These grains have a
hexagonal array of burning holes which on pasl experience were expected to
sensitize the propellant in this impact configuration. Two of the three sequences
show strong deflagrations but it is not clear that the deflagrations started from the
site of any of the collapsed holes (see the frames where overwriting produced
double exposure of the initial and final states). One of the three (figure 4.9) did not
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produce a leflagiation. Three more drops were performed without high-speed
photography. In all three cases, one or other of the glass anvils smashed part way
through the deformation. No deflagrations were obtained in these extra three drops
and it is possible that this was due to release of pressure before ignition caused by
the breaking of the anvils.
Figure 4.10 is a high-speed photographic sequence of the rapid deformation at room
temperature of a disc of LM1900. Again this has a he--agonal array of burning holes.
These can Lie seen to close up during deformation appearing as dark spots (instead
of light ones) in the frame labelled 525pts. Deflagration can be seen to have started in
this frame just below one of the burning holes. By 560tis the burning hole it was
close to has opened up and another burning site has started close to one of the other
holes. At 630ps the central burning hole has started to open up and at 700.s a fourth
hole starts. All four burning sites continue to deflagrate throughout the deformation.
It should be noted that unfortunately the bottom eight frames were mounted
wrongly: they are rotated by 90" counterclockwise with respect to the upper eight
frames.
Another way of sensitising propellant compositions whose binder undergoes a glass
transition is to cool them below their glass transition temperature (Walley et al.
(1992)). JA2 and XM43 were tested in this apparatus at liquid nitrogen temperatures.
Figure 4.11 is the sequence obtained for JA2. The deflagration was stronger than any
of the ones obtained at room temperature. Unfortunately the camera triggered late
so the initial fragmentation of the disc was not captured. The strong light emission of
the deflagrating powder can clearly be seen. An attempt was made to obtain a
similar sequence for XM43 but this was unsuccessful. The XM43 did not, however,
deflagrate at this low temperature (one drop).

TABLE 4.1

Statistics on propellant discs at room temperature

Composition Number of drops Number of
deflagrations
XM43 7 1
JA2 4 4
F300/75 6 2
LM1900 1 1
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Figure 2.3. Contour maps of unwrapped phase. (a) undeformed sample, x phase,
(b) undeformed sample, y phase, (c) deformed sample, x phase, (b) deformed sample, y phase.
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Vig ure 2.6. Ctzuer''cie atdijU(ts (f samlpit' #9, hlaiod Iin Lonfiguration [I,
!.owds (at) (0) 0~ (b) 55.2 kK,, (0) 71.75 kg, (d) 8 4.5 kg, (e) 85.5kg

7,'/5.0 () (du rinu nloadinig)
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Figure 2.8. Photogral;1wzmay' of sample #2, loaded in Lonqlga rat ioP IL.
Loads (a) 0.0) ki, (b,) 60 kg~, Qc 72 K-g, (di) 80) kg, (c) 86 kg, (f1) 0 kg (after unloading)
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Vigure 2.9. lPhotographiic images of sample S11#2, loaded in configuration HT!.
Loads (a) 0,(0 kg. (b) 75 kg, (c) 83 kg, (d) 91 k g. (e) -118 kg, (ft L34 kg
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Figure 3.4. Schematic diagram of experimental arrangement
for simulated bullet attack.
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Figure 4.5. Se/ect ed firianucsfro a high-speed photographic sequence of
the rapid deformation of a scenicir(:ula(rfra,'QnL'nt of XA443
at room tempera tu re. The first ftamiw shows overwril ing.
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OPTICAL TECHNIQUES FOR STRENGTH
STUDIES OF POLYMER BONDED EXPLOSIVES

H.T. Goldrein, J. M. Huntley,
S. J. P. Palmer, M. B. Whitworth, and J. E. Field

Cavendish Laboratory, Madingley Rood,
Cambridge CB3 OHE, U.K.

Optical stiain measurement techiniques have two significant advantages over
conventional strain gauges: they provide whole-field information, and they can be
non-contacting. Three techniques have been developed for both quasi-static and
dynamic studies of polymers, polymer bonded explosives (PBXs) and
propellants: laser speckle photography; high resolution moir6 photography; and
dipwa speckle pattern interferometry.

A double-exposure photograph of the speckle
INTRODUCTION pattern on the surface of the specimen is taken, with

one exposure before, and one after the sample is
The mechanical testing of materials deformed. On the developed film, many pairs of dots

conventionally involves the use. of strain gauges or are visible, the separation of the dots in each pair
extensometers attached to the specimen to measure giving a measure of the in-plane displacement vector
deformation. Extensometers provide an average at that point on the sample. If a point on the film is
value over a large section of material, while strain now illuminated by an undivergcd beam of laser light,
gauges provide a local measurement. Both methods then a classical Young's fringe pattern will be
involve attaching devices to the sample, and this produc;'d. This diffraction pattern is digitised, and
often has a significant effect on the sample itself. It is processed by computer (by a two-dimensional fast-
also usually necessary to work with quite large Fourier transform) to calculate the spatial frequency
samples (of dimension, say, a few cm) to be able to and orientation of the fringes. 2 This enables the local
achieve a measurement. displacenmnt vector at the point probed by the laser

beam to be derived. The film is then moved (also
When working with PBXs or propellants in under the control of a computer) so that the

particular, it is often useful to be able to study displacement at many points on the film can be
, 11er samples (to minimise hazard risk), and to be determined. Typically, several hundred such fringe

to measure strain with a non-contacting method. patterns have to be processed for each speckle
k'or these reasons the three techniques of laser photograph, and there may be many photographs in
speckle photogriphy, high-resolution moird each deformation experiment. We have recently
photography and digital speckle pattern developed a parallel processing system which can
interferometry have been developed and applied to a analyse a fringe pattern in 160ms, and one
variety of systems, photograph in under a minute.3

LASER SPECKLE PHOTOGRAPHY Applications

This is a well-established technique' &nd is the For small samples of explosive, it is convenietn
,,ist of the three described here, though it to carny out mechanical testing in the Brazilian test

,velves substantial analysis to extract displacement geometry,4' 5 as illustrated in figure 1.
and strain fields.

The test involves the diametral compression of a
The slightly rough surface of the sample is disc of PBX approximately 10mm in diameter. The

illuminated by an expanded laser beam. The sample fails in tension across the line of
specimen appears speckled, due to hght scattered compression. In this test, the upper anvil is moved
from points on the specimen surface interfering with downwards at a constant rate of 0.83pni s " which
light scattered from nearby points constructively in gives ise to a training rate ofca. 10's-.
some places, hnd destructively in others. Since these
speckles are artefacts of the surface relief, if the relief
features move, so too will tIe speckles. Thus the
speckles can be used as markers with which to Now at FMBRA, Rlckmansworth Road, Chorleywxd,
measuie surface displacement. Hcrifrdshirt, WD3 5S11, UI.K.

The tensile strength of the malerial is ther'
calculated from



ar = 2P (b1 } (1) Application 2 - Perforated Propellant Grains

A second illustration of the technique is the study
where P is the failure load, b is the contact half- of inert saniplea supplied by the United States Army
width of th'. anvils, and D , R and r pre the diameter, Research Laboratory at Aberdeen, of perforated
radius, and thickness of the specimen r:spectively. propellant grains, in order to study the contribution of

the hexagonal array of burn holes to the mechanical
The validity of this equation is based on the properties. The sample was placed between two flat

assumptions that failure occurs at the point of anvils, with its circular face (containing the array of
maximum tensile stress (ttat is. at the centre) and burn holes) lying in the plane of the anvils. The
that the compressive stress has no influence on the specimen was loaded in compression by moving the
failure. upper anvil at a constant rate of 0.83jim s-1 up to a

maximum load of 40kg. The field of view is illu.trated
in figure 5.

Field of (a) n - (b) . . . +.. . . .

40 -u

t .1k 00 ..0 I D - I-0 1 0.0 1.0 2..0

FIGURE 1. BRAZILIAN TEST GEOMETRY FIGURE 2. u, (a) AND u, (b) DISPLACEMENT

With such a small sample, and with a typical COMPONENTS OF X-0344 UNDER LOAD IN

strain-to-failure of a PBX uf order I millistrain, the THE BRAZILIAN TEST
displacements which must be measured are only a
few microns. The laser speckle technique can
measure displacements across the whole of the (() (b)
specimen to an accuracy of better than O.lI.tm, and is -'
non-contactinfg. For these reasons it has proved to
be a useful technique for routine testing of PBXs.°) I

Application I - Mechanical Testing of PBXs '4

Figure 2a,b shows the u Aand u di'splacernent -1/
components of a sample of PLX, (X-0344,
composition TATB/HMX/Kel-F 890/dye in the .
proportions 71.1/23.7/5.0/0.2% by mass), supplied by C), I 'd

the Los Alamos National Laboratory. The sample
dimensions (D xi) were 6.Sx2mnm, and the simple
had been under load in the Brazilian test for 270 s. 1
The contour spacing is O.5pm in figure 2(a), an~d
1.Om in figure 2(b). The region illusrated
corresponds to the square in fi ure 1. From L,e
displacemet fields illustrated in igure 2, the strain
fields can be deduced by numerical differentiation.
The tensile strain distribution E,, at !he centre of thesame disc under increasing load is illustrated in,

figure 3. Plates ()-(d) represent e. at 108, 162, - -1 0
216 and 270 s respectively. The contour spacing is
0.25 nillistrain. Strain at the centre of the sample can FIGURE 3. TENSILE STRAIN DISTRIBUTION c1,
be measured frcm these maps, and stress can be AT THE CENTRE OF A DISC OF X-0344
ralculited from the load measured by a load cell in
the testing machie. Thus stress-strain curves can
be plotted as illustrated in figure 4.



______________________________________________________are produced. These arc then developed and
4................................. .. . analysed as before.
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FIGURE 5. LOADING GEOMETRY FOR 1.25-
PERFORATED PROPELLANT GRAINS.

0.75-
In the displacecnt maps which appear as figure

6, it can bc seen that strain is begloining to build up. in a2
the region undcr thc anvil, the compressivu strains w
here being approximately 2.0 millistrain. Thc u. plot 0020 .0 37
also shows some stress concentration between the oe 0 .0 30 .c
burn holes. FIGURE 6. CONTOU.R PLOTS OF IN-PLANE

DISPLACEMENT COMPONENTS id, (a) AND u

Application 3 -- High Speed Speckle Photography (b) AT A LOAD OF 31.9 kg

The previous applications have all dealt with ______________

quasi-static deformation of the sample. It is alsc r -~
possible to use speckle photography to record TI
dy89 i defoiination event%. A Beckman & Whitley rWW of View

18 otating-mirnor high-speed camera and uwlsedI
ruby laser have been modified for such . study. 4 4  ... ,

A pulse of light from a small flash tubxc pl~ceri
insidc the camera is arranged to illuminate a 0 ga ball
photodiode at the edge of each of the 25 relay lenses
in the camera. This can only happen when the FIGURE 7. SPECIMEN GEOMETRY
rotating mirror is pointing directly at the appropriate FOR BALL IMP'ACT EXPERIMENTS.
frame. The photodiodes then repeatedly Q-switch a
ruby laser, whith illuminates the sample, and records In this example, experiments were carried out to
a speckle pattern'. The camera is run once with the measure the displacemern field induced in a plate by
sample stationary, and once with the event in solid particle impact. Figu~e 7 illustrates the
progress. thus double exosure speckle pliotogmaphs geometry. The specimen was machined frorn a 6 ini
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FIGURE 8. HORIZONTAL DISPLACEMENT COMPONENT FROM BALL IAPACT ON PMMA,

sheet of cast polyracth.yl niethacrylate (PMMA). The ..

projectile, a 2mm steel bali impacted wi,  a velocity - •
of 115 ±10 m s " . A

The results giving the horizontal displacement
field from this experiment are illustrated in figure 8.
The inte.-frame Pime is 1.65 pis, the field of view is14 x 5.5 m , and de contour interval is 2 gmi.

HIGH RESOLUTION MOIRE PHOTOGRAPHY

When two gratings are superimposed. bepting
between the gratings gives rise to a so-called moirr
fringe pattern. In experimental mechanics this effect
is used to measure in-plane displacements, out-of..
plane slope, and surface forrr.7 For example, in-plane
displacements are determined by bonding a grating to
the specimen surface. The fringe pattern formed by
superimposing a ststiona'y reference grating, either
by direct contact or by imaging through a relay lens, FIGURE 9. OBJECTIVE LENS WiTH SLOTTED
then represents a contour map of the displacement MASK FOR IMAGING HIGH FREQUENCY (15U
component perpendicular to the nrating lines. The LINES MM- 1) SPECIMEN GRATINGS
sensitivity (i.e. fringe contour intervl) is equal to the
pitch of the specimen grating: with conventional Figure 10 shows the imaging system used. The
moird photography the maximum practical grating masked lens (OL i ) image~s the specimen grating
frequency is aro'und 40 lines mm- 1 (I ram-l), (SG) onto the reference grating (R), forming real-
corresponding to a sensitivity of 25 'm fringe- t . In time moird fringes, which are recorded by a high
the high resolution moir6 technique, a masked lens speed camera (HSC), an Imacon 792, Illumination is
is used to image the specimen grating. The lens and provided by a Xenoii flash lamp (X) and beam-
mask are designed to operate at a ma nification of splitter (DS). FL and FL2 are field lenses. The
1:1, with a frequency of 150 1 m -in in both the theory of fringe formation is described in reference 9.
spcimen and image planes. Real time fringes are The specimen grating is a thin reflective phase
tn recorded with a high speed camera allowing grating, formed either In epoxy resin, or (for low
displacements to be measured with a sensitivity of modulus samples) silicone rubber.
6.7 pm fringe - 1 . and with microsecond time
resolution. This masked lens is illustrated in figure 9. The recorded patterns are digitised and then

analysed by computer, using a 2-D Fourier transform
trchnique8,9.



coi responding mismatch fringes; it is shown in figurc
Applicatior 1 12 as a sequence of contour maps, where dimensiont

are in mm, and the cofliour heights are in trn. Thc
onie problem to which the high resolution moire magnitude of the strain field can be seen to increase

photography technique h,1 becii applild is the study with timt. from the initial application of the dynamic
of dynamic framt'ire of ~. rectangular PMMA plate load.
containing a long craci . Whenr landed by a tensile
strcss pulse along one edge, a di'latadional pulse
?nters the plate, trailed by Rthear waves which
initia'e a~ the pI~te edges as the pulse passes. High 33
resolution moird photography has been used to
measure the displacement field in the vicinity of the
(stationary) crack d~p as the pure dilatational pulse
passes. Figure 11I shows the high resolution moird .
fringe patterns recordcd by a high speed camera over
a 25 mm x 25 mm field of view centred on the crack 0 4 W*-.~.a '.

tip.Thefirst fringe pattern was recorded only 10.5 ,±s 2 ~ a~
after the arrval of & dilatational pulse incident from " a

the fringes are only slightly modified from thelo.
mismatch fringes. Towards the end of the. sequence, .0

the fringes become more closely spaced. indicating 1J*- .

increasing tensile horizontal strain (P,,). The a6o

interframe time is 5 gis.
FIGURE 12. CONTOUR PLOTS OF THE

.0 X HORIZONTAL IN-PLANE DISPLACEMENT
COMPONENT OBTAINED FROM ANALYSIS OF

F FIGURE 11.
4 I.1sc

From these displacement fields, the mode-I
stress intensity factor K,' can be calculated. It was

- - compai-ed with a theoretical solution based on a
~ > c4Kstrain-gauge record of the input stress profile and thc

expected response for step pulse loading of an elastic
plate, The prcdictca and measured K values are in
agrcement to within 5 to 10%.

Wo 11t1  13S 01, RG F12 01, ;

FIGURE 10. EXPERIMENTAL ARRANGE-MEN1 Application 2
FOR HIGH R ES OLUTI ON M 0)n F
P11OToGRAPHY. .A second example is given tiy expcriments

carried out to invcsfigate the effect of impact by
rectangular projectiles on composite disc specinm..

3 Tbnc discs simulate 2-D sections thougl' artillery
tihells. The disc.- are 5 mm thick and consist of ai i i 3 1 Ecentral polycarbonatc region with a diameter of 15.9

I mm, 19.1 mnm, or 22.2 mrm, surrounded by a copper
rin of external diameter 25.4 mm and wall thickness

1.mm. The interm'ning region was filled with ui
slcone rubber liner. Epoxy reflection gratings were

2 4 ( applied to the polycarbonate region, and the .tii was
I to measure the level of strainis that were present inII the polyearbonatt, region for different thicknesses of
Ill ( rubber. Phosr,' )r bronze projectiles were fired by
III means of i rew..,ular bore fa un, giving projectile
II JJ{ ~~velocities of 56.0 ± 1.1 m s '.Hi gh speed sqecs
V 11~ corresponding to each of the rubber ticknesses were

* ~recorded. By way ofexample, figure 13 shows the
19. 1mm disc with a rubber thickness of 1.55 mim The

FIGURE 11. MOIRE FRINGE PATTERNS imp~act occurred horizontally fram the left; the
OBSERVED AT TIW FCRACK IN A PMIAA PLATE gratings were veriieal so the fringes represcit the

honrzontal ditplacc'inent component, and compressive
Tile horizontal conmonent of the in-plane stiiins show uhi as a tiecrtase in the fringe sp( In.

displacement field has been calculated as a function With a specini grating frequency of 150 lines miii
of time from these fringe patterns and from the the sensitivity 1, 6.7. pin fringe-'. Only the ccntral



polycarbonate region is visible. The interframe time shown in figure 14, where the contour interval is 2
is 5 ps. A compressive stress wave can be seen pm. Though not all the results are shown here, thesc
entering the polycarbunate from the left, crossing the experiments demonstrated the substantial reductior.
disc in approximately !5 ps. Figure 13 was analysed in strains which can be achieved through the use of n
by the Fourier transform method, and the liner.
displacement field measure~d from the eight frames is

FIGURE 13. HIGH SPEED MOIRE SEQUENCE OF A COMPOSITE DISC UNDERGOING SLIDER
iMPACT FROM LEFT TO RIGHT. INTERFRAME TIME -5s.

2 4 6 8
& .s j...-,c,-rFZ ,

;~~~4 lo"t r , .

1 3 5 7

, , 0~ $ 7 > . \, --
".'aL- , .-. 'S "...P .>."

FIGURE 14. CONTO)URS OF HORI/)NfAL UISPLACLMLN1T COMPONENT FO)R Tilt" HlGHt SPEED)
SLQIJLNCIE; StIOWN IN FIGIURFE 13. CONTO'[UR INTEtRVAL :2pim.



DIGITAL SPECKLE PATTERN Applications
INTERFEROMETRY

Brazilian tes, experiments were performed on
In digital speckle pattern interferometry, the inert PBX simulants in order to compare the effect of

sample is illuminated by two collimated beams of the polymer binders on the mechanical properties.The
light as shown in figure 15. The resulting pattern of interferometer was configured to measure horizontal
illumination is a set of cosine-squared fringes, in-plane displacements with a sensitivity of 0.433
modulated by a speckle pattern which is formed as pm fringe- . The Brazilian test loading rig was
described earlier. The camera of an image-processing started, and phase-stepped speckle patterns were
system is focused on the surface of the specimen to recorded every 25 s during the deformation. A
observe these patterns. The fringe spacing is sequence of such incremental phase maps for a
A/(2sina) where X is the wavelength of light being composition with an hydroxy-terminated
used, 633nm in this case and aL is the angle of polybutadiene binder is shown in figure 16 in which
incidence. If a is approximately 200 then the grating black represents phase values of -7c, and white is +x.
spacing is approximately 1 pm. This is too fine for the Each map shows the change in horizontal
camera to resolve and only the speckle pattern is displacement component that occurred in the 25 s
visible. between successive exposures. One fringe

corresponds to a phase change of 2n and v relative
If the sample is subjected to an in-plane displacement of 0.433 pm. rhe initial fringes arc

displacement, then the speckles move as has already essentially horizontal, indicating rigid body rotation
been noted with speckle photography. However, as of the disc. Tensile strain in the horizontal direction
the points contributing to their intensity move across is proportional to the phase gradient in the x
the fine cosine grating, the intensity of the speckle direction; the build-up of strain at the centre of the
-will also vary sinusoidally at the grating frequency, If disc is clear from the tilting of the fringes to the
a speckle moves by 1pm, then it will change from vertical in that region. In the last frame the phase
bright to dark, and then to bright again. If the phase map has become very noisy at th.- centre of the disc.
angie of the speckle along this sinusoid can be
determined, then so too can the motion. There are
three unknowns in this determination: the minimum
intensity, the m.ximum intensity, and the phase
angle, so one observation will not yield sufficient
information to determine the phase uniquely. To
provide this extra information. the length of one arm
of the interferometer is altered by known fractions of
a wavelength using the phase modulator shown in
figure 15 and at least three measurements must be
made. A sensitivity of order tens of nanometers is
possible.

Armourd Optical Fibre,
with egral lunchlng lens

and Compt

Phase Modulatcr

FIGURE 15. OPTICAL ARRANGEMENT FOR
SPECKLE INTERFEROMETRY

lhe main disadvantages of this are. that at least
three phase-stepped images must be acquired
between which the specimen must not undergo any
significant motion, so restricting the method to FIGURE 16. WRAPPED PHASE MAPS OF INERT
quasi-static tests, and that only one component of PBX IN THE BRAZILIAN TEST
displacement can be obtained.



We believe this to be due to fracturing of the
specimen, giving rise to excessive displacement and ACKNOWLEDGEMENTS
surface tilt, andl hence. !o speckle decorrelation
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SIMULATED FRAGMENT ATTACK ON CASED MUNITIONS
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The mechanisms which, under simulated fragment atack, can lead to igpition in
sections of cased charges have been studied using high-speed photography. The
front-end geometry and velocity of the projectiles, the casing material and
explosive filling of the target were altered to determine their effect on these
mechanisms.

INTRODUCTION considering explosive fillings such as TNT, where shear
The response of cased munitions to high velocity effects were also found to contribute to the initiation

impact is an area of major concern to weapon designers. process.
The impact, caused by billet or shrapnel fragment Cook em al. have carried out much work in this
during either intentional or accidental attack can elicit a Cook taly he effect out chwrk in on

varity f rsposesfro th muitin. he ost area, particuiarly on die effect of the charge casing on
i riy ofreponses thefrompt hock mnitition fthe m the munition's response. They have shown that for thinjlyilrtrespos stepop hc ntaino h barriers of steel and aluminium, it Is possible to model
explosive filling, leading to detonation of the whole initiatios using ad alii m citi l to mde l

charge. If the shock pressure resulting from the impact area criterion, but that for initiation through thicker
is not high enough to shock initiate the charge, it may barriers, this model is not applicable. Liang eta.i used

nevertheless penetrate the casing and cause ignition of the DEFE 2-d init eleen ai cod

the charge within. This may or may not be followed by the DEFEL 2-D finite element d namic code
a delagatin-todetnaton ranstio (DT), incorporating the Mie-Gruncisen equation of state toa deflagration-to-detonation transition (DDr), calculate the pressure and ternperature distributions

depending upon the degree of confinement, which will p p

in any case have been reduced by the impact, and the within explosive charges impacted by flat-ended
nature of the explosive filling. The impact, whether it projectiles. They found that shock initiation mech-
penetrates the casing or not, may not cause a sustained awisms were dominant for bare charges, but that for

ignition of the filling though it is still possible that the heavily confined charges, viscoplastic heating of the

damage which results from this impact may increase the explosive was important and that adiabatic shear band
sensitivity of the charge to further impact.s, heating in the explosive near the periphery of the plugwas a possible ignition mechanism.

The series of experiments detailed here address the Using thin barriers, Haskirs et al.6 , ip projectile
problem of observing inside a ci'd c!"irge whilst it is att;ck trials (n PFA, investigated whether altering the
undergoing simulated fragment attack at impact front-end projectile geometry affected the critical
velocities below which shock initiation is caused. velocity for initiation. They concluded from theoretical
Shock initiation mechanisms have been extensively and experimental results that flat-ended projectiles,
investigated due to the seriousness of response. Early whc erinal shkt the losve, rethc
work by Dewey and Slade' and Brown and Whitbread!2  which transmi a I-Dshock into the explosive, were the
using right circular cylinders fired at bare and lightly- most efficient at causing initiation. Projectiles with
covered explosives, impacting on the flat end of the cone angles of less than -120", which have a subsoniccylinders, showed that the critical velocity for initiation contact periphery velocity, and flat-ended projectilesof the sample was independent of the length of the impacting thick barriers, produce divergent shocks it,projectile, as long as the length was greater than about the explosive material and are therefore less efficient at
half the diameter. If the material of the projectile was causing initiation. They also investigated the effect of
changed, then the criticzl velocity was altered so that charge-linzr materials and foand that rubber liners
the impact shock pressure remained constant reduced the impact shock, providng the ruher's

Hugoniot curve did not lie between that of the casing
If the charges weru more heavily confined, Howe er aid :le explosive

al.3 found that shock initiation did not always explain At impact velocities below thc. shock initiation
'the detonation thresholds that were observed, and that titeshold, there is the posibility of the charge
the length of the projectile was important when undergoing a wide variety of reactins from DDT to



ncochet of the projectile with no apparent reacion. casing should undergo tensile and shear failure undcr
Although the hazard will generally decrease with impact and the explosive filling would be affected by
lowering impact velocity, any response, from DDT to shear stresses and rapid viscous flow ahead of the
brnming leading to case venting, My be transmitted to projectile though to a lesser exten, than for the flat-
other mnitions stored in close proximity. The initial ended projectile.
impact may th.is escalate row a smatl-scale event into
a more devastating large-scale accid&;,t. Much work In orde; to isolate the cfG'ci. of whether the casing
has been carried out by Boggs et al,7 into quantifying fr.cture surfaces cause ignitions in the explosive, the
the range of respoitses a munition may exhibit under casing of the target was cut at the projectile entry point,
various stimuli, including bullet and fragment attack, so leaving effectively a bare charge. The targets were then
that a mechanistic understanding of the reactions and tested for their respoose to the three types (if projectile.
predictive capability could be achieved for a given
munition. Whilst most of the research effort has The effect of casing material (see Table 2) was also
understandably been concentrated on the most investigated by using both copper and steel. Due to the
hazardous SDT and DDT responses, the aim of the different physical properties of these two materials and
experiments detailed in this paper was to investigate their different modes ef failure (copper undergoing
and understand the mechanisms which cause ignition of ductile failure at higher strain rates than steel, which is
the charge in the first place. Further responses were nidte prdne to brittle fracture) It was thought that the
noted but are not the primary interest of this work. ciing material may alter the likelihood of ignition.

EXP. "RIMENTAL Voids were introduced between the casing and the
There are a number of putative mechanisms for filling and at varying distances from the casing within

ignition, including heatinl due to rapid viscous flow the filling to assess their effect on the sensitivity of the
ahead of the projectile, adiabatic shear band formation target to ignition. These voids were included to
and heating of the explosive filling in contact with the through debonding from the casing and imperfect
points of casir.g failure. In order to isolate the effcts of r
these mechanisms, various parameters and conditions in processing.
the experimental arrangement were altered. High..specd The impact experiments were performed using a
photography was used to observe directly the igntion
sites and give a photographic insight into the ignition single-sge, twin-solenoid operatet gas- gun withImechanisms. helium cs the propellant gas becaus e of its low

molecular wight. The gun barrel was 2 m long and of
The front-end geometry of the impacting projectile 1 .2 mm ho:e. The projectiles were mide of silver

was varied in three ways to altcr the flow conditiors steel (density 7.F g cm-" ) and sabot-driven to keep tiv.
and shear stresses ahead of the. proj.ctile. The mass of explosive to a minimum to conp!y witd safelyand hearstresesahea of imehe nstrair~ts. The sabots ,,,ere male of nylon 666 rod
projectiles were either flat-ended, hemispherical-ended (densit T sabot werece fo n 66 ro d
or 30" cone-ended (see Table 1). A flat-ended (density . I g cAw3) with a recess for the projectilo at
projectile would be expected to cause shear failure of the front ad material eared out at the rear to educe
the casing and push the plug of casing ahead of the the weigt of the coibinatioa, as shwn in figure 1.
projectile w',' the explosive. This geometry was also The prvlectile wrs fired r.t the targ-t at velocities in the
expected to cause the highest amoun, of shear stres, and range 350 to 65( m sI. Although the flat-ended
vi cous low in the filling. At the otb,.- exteme, a 30" projectile impats a shock into the explosive filiing, it is
cone-ended projectile should cause ten,.ile failure of the below the critical shock initiation pressure and theoefure
casing, followed by penetration of the fiing by the hocK ititiatio, was not expected to sccur.
projectile and the defonned points at casing tracture. In In adtition io varying the front-cnd geometry olthe
th, case of the hernisphm:rical-endod projectile, the

TABL.E 1. FRONT-END GEOMEIRY AND DIMENSI(JS OF PROJECTIILES

front-end georneoy diameter (mni) length (m.n') mas; (g)

flat 5.2 16 2.6

hemisphercal 5.2 16 2.4

3(} cone 5.2 20 2.3

T,BLE 2, PIYSICAI., PROPERTIEL OF TIh-E fARGET (AFING MA'Ih.RIAS
p te ,alsPecifi!c heat P

caring mnateria i dersity, Young's fJdp, (Jlductirity cafcit4( cn,-) (s-a) s-U m-kK-) I X(- -J -g- I I)--- - - - -

copper 8.91 136 39)

swl (mild) 7.86 210 _C) 470
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14GUREt 1. SCHEMATIC DIAGRAM (F Ti ll.
SABOT-PROJECTILE COMBINATION.

projectiles, the imp.act velocities were varied to
determine whether differenat mechanisms become more
dominant a' different vclocitie./0

There were 5 types of explosive: filling used as
targets, as detailed i e 3. FIGURE 3. SCHEMATIC DIAGRAM OF THE

The targets were 19 mm diametor x 6 inm thick PROJ.CTILE PENETRATION TARGET
discs of expl(,sive, encased by 1.5 mm of either copper ARRANGEMENT.

or mild steel and sandwiched between two 10 mm thick
blocks of polycarbonate, as shown in figure 2. The a s shock was imparted to the explosive on impact
blocks also acted as sahot strippers, although as a resuil, of the sabot. The effect of this impact is clearly visible

in some shots, but since it occurred at least 15 ps after
TABLE 3. TARGET FILUINCS. the projectile hod impacted, it had no effect on the

initial ignition mechanisms.
do-sir

explosive composition (WI %) (gcm- ) Projectile penetration experiments, to determine the
E 4 Ramount of kinetic energy lost by the projectile in this

PEi4 RDX (88%)/gr , (12%) _1,_... . process, were ..so perfomed on sheets of copper and
cyclotol RDX (60%)/TN'I'(40%) 1.61 stcel W' thc saine thickness ar, the target casings. These

experiments were performed using metal sheet/air
octol IIMX(70%)rNT(3t;%) 1.81) gap/metal sheet and metal shect/cyclotol/nictal sh:et

LX.14 HMX (95.5%)/estane 1,83 wuangemenLs for comparion (see figure 3).
(4.5%) The velocity of the projectile was measured by

PBX HMX (88%)/binder 1.74 fimino it between two laser beams a known distance
(12%) apart. The timer was coincted to ar, iip-down counter

which was used to fire 1he camea at the. corTect time,

spacern irspetive of projectile velocity.

S_-- The impacts on target.,; were recorded using an
Imacon 792 camera op.rating in framing mode, with
franiing ratws of between 5 x 10' and 1 ), 10" frames per
second, and tho;c for th,: projectile penetratiovex cxperimenl using an Iniacon 790 in streak mod: at

filled ring I 10) us mi "1 . In addition, ati IMC, Ultranjc camera,
with programmaible inwrframc and Cxposurc times, was
used for some of the cyclotol filled target experiments.

EXPI'RIMENTAI. HF-SULTS
Projectile penetration of steel and copper casings

i /ylon At the impact velocities in this study, the flat-ended

sibot proiJctiles produced sufficiently high shear strain rates
in both metals to shear out a plug of cesing, with

stel initially rel' ively little defornation of the sUxoaunding
projectile I material Figure 5 shows r. steel projeclile penetrating

an unfiled copper casing, with the pluag (p) cilaily
"visible aft-r peneiration. Photographs obtained of ti

sante event with a stecl ring were almost identical, and
polycarlbnate blocks examination of the rings and plugs afteiwaids

confirmed that the failure was very similar in the two
FIGURE2. S(HF.MAI1(C J)IAG;RAM o)tu 'ImIF cawes, although the subsequent deformation around the
TARGET APRANGEMFNT. point of failure was rather greater foi the coppe rings.
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- S CRE 5. FLAT-ENJ)ED PROWF2IJ IMPACT OF AN UNFILLED COPPER CASIMfi AT 4(X) in s.
(FRAMING RAT 2 x I01 fps)

With pointed projectiles, the strain rates in the metal flat-endcd impacts. This may involve a comnbination1 of
during penetration are far less than for dhe flat-ended ductile and adiaibatic. shear failure..

pr~cLiles. The copper casing undergoes du~ctile failurc
and te projectile emerges relatively undamaged. From streak photographs of the penctration of flat-
However, fhe harder steel ca-sing causes the point to he ended projectiles through steel and copper plates, the
deformcd by the initial irnpuct. and it does not siivivie kinetic energy lost in thie process was estimated. Stuel
the, penetration, emerging with a -ounded profile as pro jcctilcs of 2.5g impa'ling 1,6 mm steel rlate with a
shown in Figure 6. velocity or'5(X) in s- we-re estimated to t ave lost I(XM J

of kinctic energy. If this energy is deposited
Iiemispherical-ended proJe"'tiles impacting coppzr adiabatically, into a thin region (- 5o Vin) of shear band

led to predominantly ductile titilurre on penetration, with ak iht edgte ot' the plug, then an initial temperature rnsc
a thin layer of copper being stretched across the front of of greater ilhan 2(XXJ K would be achieved, and although
the projectile. Or. .imlpactin~g mild steel, thev penetration d. ts would b ., quenched -very quiickly by conduction into
occurred by phoggirng, with a weil-defined plug of steel the 1:ed,(y (A tlu. plug, it might b.- e;,lpecled to conlstitute
being removed in a similar manner t," thats.een with th:,, L, vi'H1ic ignition sou!'ce for the explosive within.

lRepriting these- tests wvi~i explusive sandwichved
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FIGURE 6. 30" CONE-ENDED PROJECTILE IMPACT OF AN UNFILLED STEEL CASING AT 400 m s-1.
(FRAMING RATE 2 x 1o fps)
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FIGURE 7. FLAT-ENDED PROJFCTfILE IMPACT OF A COPPER-CASED LX-14 TARGET AT 506 msi  .
(FRAMING RATE 2 x I05 fps)

between the plates enabled the amount of energy lost by readily observed in the yclotol, octol and LX- 14
tc projectile i. passing through the explosive layer to comporitions in the absence of any voids. The main
he calculated. For a cast cyclotol composition, this was source of ignition appeared to be due to the rapid flow
of the order of 10- 20 J mm-1. of the explosive around the front of the projectile, with

additional reaction sometimes seen associated with the
Ignition tests on explosive compositions compressive wave moving ahead of the projectile into

Table 4 shows threshold flat-ended impact the surrounding material. Figure 7 shows reaction in a

velocities for observed ignition sites for the target of LX-14 and the outbreak of burning (b) in the

compositions tested. Values are given for both kav and damaged material ahead cof the projectile, together with
cased charges. Whe-re. ignition was not observed in thc some possible ignition behind the compressive wave
hg-sed htograpWhsee i poition was nosualyv int front (c). There is further ignition at the failed edge of

-overed unhined from the tc ti-box. the zasing on impact of the sabot (frame 3). There does
not senem t be ignition associated with the initial failure

Subseuent experiments, to observe different types of the casing.

of ignition mechanism, were mostly restricted to Figue 8 shows a similar impact on a target with cut
cyclotol, octol and I X-14. which had the lower lid removed casing, and the ignition is very similar to

that observed in the fully cased sample. The bright

Effect of projectiefrontnd geometry flash of light in frame 4 is probably due to compression
of air trapped under the end of the casing by the sabot.

Above the threshold velocity for flat-ended
projectiles quoted in table 4, similar ignition sites were Further ignition due to sabot impact is apparent in

TABLE 4. THRESiHOLD VELOCITIES FOR FLAT-ENDED IMPACTS

Threshold velocity (in s-1)

Composition Copper Steel Conns

PE4 > 610 > 610 > 610 some ignition with voids

cyclotol 530 550 520

octol 550 - 540 tests in steei inconclusive

LX-14 4W0 - < 5W0 not yet tested in steel

PBX > 580 > 580 > 580 not yet tested with voids
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'FIGURE 8. FLAT-ENDED PROJECTILE IMPACT OF A CUT COPPER-CASED ITX-id TARGET AT

506 as-1 . (FRAMING RATE 2 x105 fps)
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FIGURE 9. FLAT-ENDED PROJECTILE IMPAcIT OF A COPPER.-CASED OCI'OL TARGET AT 570 m s-1.
(FRAMING RATE 2 x 105 fps)

some of the high-speed photographs. Figure 9 is a Figure 10 shows the collapse of a void at the casing
sequence showing a flat-ended projectilp impacting a under the point of impact of a flat-ended projectile on a
cased samnple of octol, taken using an WMO Ultranac sample of cyclotol, There is a second, similar void at
image converter camera. The sabot impact occurs in 12 mm, from the point of impact. Thc heating of the
frame 3. In the later frames, two regions of burning are trapped gas in the first void causes it to luminesce, and
clcarly visible, one in the damaged material bchind the burning of the surrounding matcrial is apparnt in frame
projectile as it crosses the riing and the other across a 4. 'he second void does not undergo such strong
ho~der ara moving away from th. sabot impact. compression as it is much further away from the point

of irmpact and &.us similar luminescence does not occur.
No ignitions were observed with either pointed or Almost all of the explosive wa% burned in this test, in

hizmisphcric al -ended projectiles up to !he maximum contrast to those tests in which no voids were. present
velocities tested (- 610 in s-1), nor were there any when most of it was recovered, indicating that the first
subsequient ignitions due to sabot impact on the air-eady void w:s the main source of ignition.
damaged rnatedl~l of the type observed wih the flat-
ended projectiles. Figure 11I shows the effect of a flat-ended projctile:

impacting a -.am ple of cased octol with a void 3 nm
Fffect of voidv from tnc point iff impact. Thz projcctile is below tnc

Voids of di-ameter 1.5 mm were introduced into surf~ce of the charge and cannot be'seen. but the shock
samp!es of octol and cyclotol ot various distanccs from wave causing the collupm, is visible as a. darkening of
the point of piojectile impact. Since the mechanism by the surface of the charge, and th- efllapse. of the void is
which a void acts as an ignition sittu is by heating due to complete, as indicated by the flash of light, roughl
Sh(KWk iaduced adiabatic collapse of the void, it woteld i's pfter die shock wave reaches it. Burning of the
be expected that. !he effectiveness of the void would mirrounding material is visible in ;he suse~ient

dc~ceasewid disApcefro theIx~it o impct.fra-mes. Impact of' the sahot, with further associated
decrasewit. di~aice rom ticpoit ofimpct.reaction, is visible in frame 7,
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FKOtiL" 10. "4'.A -ENDED PROJECTILE IMPACT AT 556 mn s-1 OF A STEEL-CASED CYCLOTOL
TAJW1E i AN.1TA A V01'0fi AT THE SITE OF IMPACI AND, SECOND VOID NEAR THE TARGET CENTRE.
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FIGURE 11. FLAT-ENDED PkOJECTILE IMPACT AT 564 mn s-1 OF A SYEEL.-CASED (701.O TARGETJ
WITH A voID 3 mmr FRO)M T1LiE SITE OF IMPACT. (FRAMINGi RA'TE 5 x. 105 fps)

Impacts with pointed and heni.plerical-cnded impact vclocities siudied, the projectile penetratcs by
projectiles wei-c far less effective at rapidly collapsing sheuring a plug of mietal from the target, AssunfinF thatvoids, giving little or no light output and no ignitions, hsi ai.l naihtcsempoes h rcu.

energy will lead to the edges of the plug txeinV hot, and
1,,iSC1JSSI()N tHs mnigl:t provide a possible source of ignition a; the

lligspcd phtogaphyof he ip~tt OjIlu-endd plug is driveni through the cxplosive compositonm.
piojec(iles onl coppw'r and stel largets showi that at the.



Calculation of the temperature rise at the edge of the 'ONCLUSIONS
piug from measurement of the energy lost by the High-speed photography of projectile inpat. on
project-ie snggests that very high temperatures may be te imp ct
achieved. However, even if quenching of this hot cased and uncased charges has permitted directien bywcondctio n ofh inouenthinod of ths plug ~ observation of the ignition sites within the explosive.

wegion by condbcon of eat into ie body of the plug is These observations suggest that. the _apid flow ofigiored, whichaterial around the front of he rojctile may be moreinvolved, the temperature rise in any one small region mat as n ignition oure thanctie may bramore
of the explosive which comes into contact with the edge important as an ignition source than the hot fracture
ot the plug will be limited by the duration of that surface of the puig of casing which is sheared out in the
contact. This dui'ation is. roughly determined by the course ofcasig penetration.
imoact velocity and the casing thickness if the filling is ACKNOWLEDGEMENTS
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