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ABSTRACT

The first documented high velocity tungsten long rod experiment in Sweden that clearly
demonstrated the occurrence of dwell was conducted in 1987, In a set of impact experiments
with different types of coniined ceramic targets, one of the tests with a titapiwn diboride arget
showed a tremendous protection capability compared 10 the other targets tested. Post-mortem
examinations showed that in this target, the wngsten rod had initially penetrated the ceramic in
an ordinary way to a depth of some mm but then started o llow radially instead of conlinuing 1o
penetrate through the sample, This single resull was nol possible 1o repeat and i was handled as
an anomaly since the dwell phenomenun was not estublished at that tme, and he experiment
was soon forgotten. Ten vears and over 200 dwell related experiments later, it is now well estab-
tished that high velocity dwell and interface defeat is a result of the exceptional strength of (he
ceramics, and that this high strength is available if target damage can be suppressed. The major
parts ol the basic research tn Sweden on dwell and interface defeat has been performed at FOI
and focus has been on the loading conditions on the ceramic front face. Both stationary and non-
stationary loading conditions relevant for an armour implementation have been analysed theo-
retically and studied experimentally in order to determine the performance limits of diffcrent
ceramic materials.,

INTRODUCTION

Initial studies on hard materials for armour applications starled 1in Sweden during the -
ties. At this time, geological materials like yranite and diabas were lested for armour applica-
tiens. primarily for protection against shape charge warheads. The first report on ceramics for
proteciion against penetrating threats came in the late sixties and the first experiment with ce-
ramic armour lor protection gpainst projectiles was made in 1973, The armour material at that
time was an alumina used for electrical isolation which was produced in Sweden by FO keramik
AB.

During the carly etghties, a special test facility with o smooth bored gun {calibre 30 mm)
was set-up at FOA (later FOGU in order to Tacilitate systematic studies of the interaction between
smail scale long rod projectites and various types of armours. An initial study of the protection
capability of high quality ceramics was initiated 1986, The materials (AL O:. 81Ny, BiC, 8iC and
TiB:} were produced by ASEA Cerama A using a glass-encapsulated hot iso-siatic pressing
teehnigue w produce large samples of full dense materials.

The Orst documented high velocity tungsten long rod experiment that clearly demon-
strated the oceurrence of dwell was conducted in 1987, In a set of impact experiments at veloci-
tes of around F330 mvs with different types of confined ceramic targets. one ol the lests with il
titanium diboride target showed a rremendous protection capabitity compared to the other targcty
tested. Post-mortent examinations showed that in this target, the tungsten rod had initially pene-
trated the ceramic in an ordinary way to a depth of some mm but then started to flow radially
instead of continuing to penetrate through the sample. This single result was not possible to re-
peat and it was handled as an anomaly sinee the dwell phenomenon was not established at that
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lime. and the expariment was soon forgotten. Figure 1 shows the recovered ceramic from this
specHiC [es,
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FIGURE !. Post morten1 cxamination of the titanium diboride “dwell target”. The impact direc-
tion ts from the top.

A ceramic armour consortium was formed by the Swedish Defence, Swedish ceramic in-
dustries and Swedish armour producers in 19940, The overall objective was 1o develop know-how
tfor design and manufaciure of weight and cost effective add-on ceramic armour for Swedish
Military vehicles and vessels. especially for the CV-90 IFV. The program included basic as well
as applied studies but, despite a large experimental program on the interaction between small and
medium calibre projectiles and various types of ceramics lasting nearly four vears, onby ane rest
indicating dwell was reported (a small scale experiment with titanium diboride).

The fist time dwell was investigated in an impact experiment in Sweden was in 1996, At
this time information about the work by Hauver ef of. had just reached Sweden and the first smali
svale teverse impact experiments with boron carbide tareets were just 1o be conducted. Several
of these expeniments showed dwell 10 occur for constderable periods of time and although the
intitial idea of the experiments was not primarily to study dwell, these experimems opened for a
Swaedish research progrum on dwell and mterface defeat. This effort is still continuing, but now
with o smaller founding.

Ten vears and over 200 dwell related experiments later. it is well established that high ve-
loctty dwell and interface defeat is a result of the exceptional shear strength of the ceramics, and
that this high strength s available if target damage can be suppressed. The major parts of the
basic research in Sweden on dwell and interface defeat has been performed at FOT (earlier FOA)
and focus has been on the loading conditions on the ceramic front face. Both stationary and non-
starionary loading conditions relevant for an armour implementation have been analysed thee-
retically and studied experimentally in order to determine the pecformance limits of difleremt
corantic materials.

This paper summarises the work done ut FOT on dwell and interface defeat for high vieloe-
ity long rod protectiles impacting generic ceramic fargets.

4 - Advances in Ceramic Armor il
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DWELL AND INVERFACE DEFEAT

Dwell and interface defear was systematically studied and (Irst reported by Haover of o, b
and later by Rapacki et ol ", They showed that by using ditferent devices for toad distribution aad
attenuation, including shrink-fited or hot-pressed continements, target damage could be sup-
pressed. Tn this way it was possible 10 design thick ceramic armour svstems capabie ol defeating
long-rod projectiles at high impact velocities on the surtace of the ceramic. This capability.
named dwell or, if the threat was completely defeared. interface defeat. signities that the projec-
tile material is forced o flow radiully outwards on the surface of the ceramic material withow
penetrating signilicantly. The mode of interaction is illustwated in Fig. 2 schematically as well as
by a low veloclty water jet and a tlash X-ray picture from a high velocity impact experiment.

(a) (v (€
FIGURE 2. Dwell illustrated schematically {a). for a low velovity walter jet (b and lor a lush
velocity tunpsten long rod projectile (¢} (flash X-ray picturc).

The aim of the research at FOI was 10 estimate the transition velochy (ie. the masinun
velacity at which interface defeat can be maintained) at vacous Joading conditions for different
combinations of projectiles and ceramic targets. Another goal was to identify eritical veloeities
which may serve as upper and lower bounds to the wansition velochty. especially those related to
the material properties of the projectile and the target. )

Tn *7, the transition veloeily was studied for different types of ceramic materiats {boron
carbide. silicon carbide. titeniwn diboride and Syndie) and in * it was estimated for one tvpe aof
ceramic material (four grades of silicon carbide). The possibility to maintain dwell for a long
period of time was studied in ”,

The influence of the properties of the projeciile on the transition velocity was examined in
Tand ' In 7. use was made of two different projectile materials, a tungsten heavy alloy and mo-
ivbdenum, with large difference in density, Tn 7 the trunsition velocity was estimated for a coni-
cal projectile and compared to that of a cylindrical projectile. In ™' the transition velocity of an
uncanfined target was sludisd.

In *ihe influence of the strength of the cerumic material on the transidon velociy was
studied using two models. viz., one for the surface pressure during interface defeat and ouc lur
the yield conditions in the ceramic material. The contact load during dwell at normal impact was
further analysed in ¥ and ¥,

The constitutive models JHE and JI12 by Johnson and Holmguist were used o model
the response of the ceramic material. JH1 was used in '** under assumed conditiaons of imerface
dereat and JH2 was used in ~ to model both interface defeat and penetration.

4.1
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EXPERIMENTAL TLCIHINIQUES

A pao-slage light-gas gun was used for the impact experiments deseribed in ™' The
pump-lube digeter of the gun is 80 mm and e dizneter of the lavoch-tube is 30 mm, The im-
pact experiments are performied m a tank comnected direetly 1o the lannel tube, The experiments
in " were performed with a 30 mm powder gun which has a similar impact tank and instrumen-
tation as that of the light-gas gun, Figure 3 shows part of the light-gas gun facility.

’ | . 1 ‘\\.
FIGURE 3. [High pressure section, faunch tube, impact tank and flash X-ray svstem of the two
stige light-gas gun.

All the impact experiments were performed in a small scaie with simple projectile and
target geometries, Either the projectife was launched against a stationary target (direct impact) or
the reverse impact technique was Used, The later means that the target is launched against the
prajectile, which is fixed in front of the muzsle of the faunch whe, These two impaet technigques
are kinematically equivalent. Ixamples of projectile sef-ups in reverse impact experiments are
shown in Fro, 4,

FIGURFE 4, Eﬁmples of projectile set ups in reverse impact tests.

6 - Advances in Ceramic Armor I
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Several X-ray flashes {1530 kV - 450 kv were used to depict the penetration process. The
flash X-ray technique makes it possible to sce through the target and confinement materials.
Therefore, it offered the possibility 10 study the penetration process in detail. Ao example of the
Xeray set-up is shown in Fig. 3.

450 kV
450 kY
450 kV

P50 RV

450 kY

Velooity picture -

FIGURE 3. Typical X-ray set-up.

PROJECTILE AND TARGET MATERJALS USED

Two tungsten heavy alloys, DX2-HCMI from Pechiney and Y9235 from Kennametal
Hertel AG. were used as projectile materials. The ceramics used were produced by pressure as-
siated sintering (SiC-B. SiC-N, SiC-5C-1RN, SiC-HEN}) and hot iso-static pressing {(B,C-ACL
8iC-AC, TiB-AC). The diamond material in °, Syndic. is 2 polyerystalline diamond composite
produced by 13e Beers. In the reverse impact experiments, the projectile was mounted in frone of
the nuzzle of the launch tube using elther thin threads or a fixture of Divinveell. Tweo tvpes of
steel were used as confinement. Initially a empered steel, 8IS-2541-03, was used. This is com-
parable to AISIY'SAL 4340, 1t was later replaced by a Marageiny steel (Mar 3303, The flont cover
was initially made of steel (23471-03}), but fater pure copper was used.

MODELLING AND ANALYSES

Tn '". critical velocities related to the wansition between interface defeat and penctration
were determined for eylindrical and conical projectiles. Idealised loading conditions were wsed.
Thus. the transient part of the loading and the influence of the radial growth of the surface load
fur the centeal projectiles were nol taken inte account. The loading conditions are illustrared in
Fig. 6.

The surlace pressures and the comesponding critics] velocities at which plastic yield is
initiated at a point on the axis below the surface and the domain of plustic yield reuches the turger
surface were established in . These states of yield, labelled incipient plastic viehd (IY) and lull
plastic yield (1Y), respectively, arc illustrated schewaticaliy n Fig. 7.

Advances in Ceramic Armor il - 7
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A plastie slip-line solution for the indentation of o rigid puncl inle a vigid-plasie half-
space was used 10 obltain an approximale critical surface pressure corresponding o full plastie
vield (FY). Accordinp to this solution. the relation p,, =3.70r,, between the mean pressure
and the shear vield strength r, s valid. Here the mean pressure was taken as the maximum sue-
face pressure. Le. g, =3570r .

These critical surtace pressures corresponding 1o incipient yield (1Y) and fall plastic yield
{FY), pive the approximate critival surface pressure intervai

(130+1.03v)a,, € p, 52850, (2)

where g, =2ry, is the yicld strength in uniaxial compression accordilig 10 Tresca’s bypotbesis
and v is the Poisson’s ratio of the ceramic. As relation (1} provides a relation berween the
maximum sweface pressure p, and the lnpuact velocity v, . this relation and inequalitics (2) give a
critical velocity interval for the impact velocity « .

In '™, both eylindrical and conical projectile foading was studied by means of numerical
moedelling, The surface pressures and the correspunding critical velocities were established at
which damage 1s initiated at a point on the axis betow the surtuce, the domain of damage reaches
the target surface, and a ring-shaped surthce failure is inidated (damage and failure defined ac-
- cording o the Johnson and Holmquist constitutive models JH1 and JH25),

These states of damage, labelled incipicot damage (1D}, full damage {FD) and suriace
Lailure {SFL are ilustcated schematically in Fig. 8.

Incipient damage (1) Full damage (FD) Surface failure (SF)
- T _//__,_,d_—__,
i
i
p=) Deivee

D=0 D=0

a (b) (<) .
FIGURE 8. Crinical ie\-'el.‘s(o)T damage and tadure used, (aj Incipient gamage (10), (0) full dumage
{(FI) and (&) surtace failure (SF). Reprinted [tom Relerence [10] with permission from Elsevier

The code Autodyn was used to determine the surface pressure on the target and the resuli-
ing target damage due to impact by conical and evlindrical projectiles. The simulations, two-
dimensional with rotational svinunetry. were carried out in two steps. Lo the first siep. the pres-
surc disteibution on a flat, rigid and friction-Tree warget surface was determined (Eulerian simuia-
tions, Johnson and Cook constitutive model '®). In the second step. the surface pressure distribu-
tion was applicd to a deformable target. and the damage of the target material was assessed (La-
grangian simulation, Johnsen and Holmquist constitutive model JEHT). Since each enitical level of
damage and fallure corresponds to a critical suface pressure, it was possible to determine the
critical impact velocities v, v and v,

Advances in Ceramic Armer lll - 9
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[RANSITION VELOCITY VERSLS MATERIAL PROPERTLES AND CONFINEMENT

Tar specific studies of the transition velocity, two slightdy different targets were devel-
oped {designated Target A and B). For Target A, used in ", the threaded front and hack steel
plugs were locked axially bv rings which were clectron-beam welded onto the tube. This was
done in order to aveid carly confinement failure. This target was used for estimations of the tran-
sition velocities for two grades of silicon carhide, titanium diboride and Syndie.

In order to facilitate the comparison of the fransition velocity of materials with only small
differences in mechanica] properties. lhe target configuration was further developed. Tn panticu-
lar. the front cover and the continement tube were redesigned so that the rransition velocity could
be ussessed in a more reproducible way, The increased simplicity of the target also facilitated
modelling of dwell.

In this case, the confinement consisted of & thick-walled steel cup with a circular copper
cover. The copper cover was expanded in its central part 1o a eylinder with diameter 4 mm and
lestgen 8§ mm. [t was glued onto the steel tube afong the rim. This target {Target B) was used in *
1o determine transition velocities for four grades of silicon carbide, 8iC-B, SiC-N. 8iC-SC-1RN
and 51C-HPN.

I order to study the influence of confinement on the transition velocine for $1C-13, a third
uncanfined target was vsed ', The copper cover was similar to the one used for Target B.

I'he geomctries of largets A, 8 and C are shown in Fig. 9.
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1a) (1s3) (c)
FIGURE 9. (a) Target A. (b} Targer B and (¢) Target C. Lengths in mm.

Yield sength of the target material

The transition velocity was determined for ditferent 1y pes of ceramic materials (8iC-B,
SHO-AC TH3-AC. and Syndic) with relatively large vartation in Vickers hardness. The Vickers
hardness was used 1o estimate the vield strengths of the ceramies. Figure 10 shows the transiton
veloeities determined from e impact experiments together with critical velocities corresponding
o inctptent vield (1Y) and full plastic vield (FY). The eritical velocities were determined from
equation (1} and inequalities 12), The lewer curve corresponds to Poisson’s ratio v - 0.07 .
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FEGURL 0. Transition velocity », frem impact wests and eritical velocitics v .
vield strength o, (solid curves). The ends of the error bars represent the highest velocity with-
ok penetration (w ) and the lowest velocity with penetration (), respectively, Reprinted from
Reference [7} with pernission from Elsevier.
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Fracture toughness of the target marerial

Yhe transition velocity was determined for four grades of silicon carbide having relatively
small variations in hardness and toughness. The transition velocities are plotted versus normal-
sed hardness and toughness in Fig. 11,
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FIGURE 11, Transition velocity \
K, . The lower and upper limits correspond to the highest velocity withour penetration <) and
the lowest velocity with penetration (). respectively. The lell and right lnits correspand to the
standard deviation in harduess and {raclure loughness, Reprinted from Reference 8] with per-
mrssion from Elsevier,

vorsus (a) Vickers hardness /7 and by fracture toughness

Advances in Ceramic Armor Il - 11



Research in Sweden on Dwall in Ceramics

Influence of the confinement

The rransition velocity for one grade of silicon carbide (SHC-B) was determined for three
ditferent rarget designs representing ditferent continement conditions. The estimated wransition
vehucitics v are indicated as shaded areas in Fig, 12, The dashed eurve in the figure is based on
Tate’s model.

1000 - ©

= I3
5 s

] R-F=10.8 GPa,*
o .

»

os
& o’

500 - o

u (mis}

.

i -
?T'arget C @ TargetB Target A

<>

1000 1500 2000
vu {mis)

FIGURE 12, Penetration velogity » versus impact veloeiny v, in SiC-B for Target A (#), Turger

B (o and Target C (<), The shaded areas indicate ransition regions. The dashed curve is hased
an Tate’s model,

Densiny of the projectiie materia

Target A in Fig. 9 was used to study the influsnee of material properties of the projectife
on the transition velocity. Two diffcrent prajectile materials, a mngsten heavy alloy and maolyh-
denum. with densities 17600 kg/m® and 10220 kg/m’. respectively, were used. The observed
intervals for the transition veloeities are shown in Fig, 13 rogether with the penetration velocities
extimated Fom Fate's model,
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FIGURE [3. Penetration velocity o versus impact velocity v, {oe DX2-HCMF (&) and Mo ()
impacting SiC-B. The shaded areas indicate transition regions. The dashed curves are bhased on
Tate’s model.

FRANSITION VELOCHY VERSUS PROJECTILE GEOMETRY

in order to assess the influence of a conical nose shape on the wansition velucity. experi-
mienial tests with conical and cylindrical WHA projectiles lmpacting sificon carbide targets were
perfurmed together with numerical simulalions using the Autodyn code.

As pointed out above. the simudations were ran in two steps. In the first the surface pres-
surcs on the target were determined for different iupact velocitios under assumed condition of
interface Jefeal. In the second. these surlace pressures were apphied Lo the urgel in order 1o ab-
tain gritical states of damage and luilure related o the wransition between inlertuce defeut and
penctration, sec Fig, 8.

I the experiments, projeciides with eylindricul and conical fronts ol neminal length 30
nun, Fabricated by grinding simtered Y9235 rods, were used, The conical frant projectiles had spex
angle 107 (halCapex angle & - 57

The target consisted of a silicon carbide evlinder (SiC-B3) shrink-titted into a cvlindrical
stect cup. In the lests with the cxvlindiical projectiles and the conical projectiles with the larger
tront diameter, a small exvlindrical copper cover was glued slong its rim w the surtace of the ar-
pet. The yeometries of the projectiles, the target and the copper cover are shown in Fig. 14,

Advances in Ceramic Armor Il - 13
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(b)

FEGURL 14, {a} Projectiies and (b) target with copper cover. Lengths in mm. Reprinted from
Relerence [10] with permission from Elsevier,

The dependence on halt apex angle & of the experimentally estimated eaasition veloeiry
. " and v' . corresponding 1o incipient dam-

12

v, and the calculated eriticat impact velocities +
age. tull damage and surface failure. respectively. are shown in Fig, 15,
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I'IGERE {8, Transttion velocity 1 fTom impact tests and critical velocities ¢, wl¥ 07 from
simulations versus halt apex angle ¢, The ends of 1he crror bars represent the highest velocity
without penetration {2 and the lowest velocity with penetration (~ ). The solid curves are sec-
and-degree pelynemial tirs (o the simulations (<), Reprinted from Reference [10] with permis-

sion from Elsevier,
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[MSCUSSION

In order to establish nearly quasi-static loading experimentally an attenuating device has
10 be used. In the FOI studies, this device was the (rom plug. innially made of steel, with a thick-
ness sufficient enough to considerably reduce the initial iransient load en the surface of the ce-
rainic. This attenuation device was later changed to a copper cover that established crosion of the
projectile before it reached the ceramic surface. During this process and the ensuing radial flow
of the projectile material, the copper cover was eroded so that the projectile material was lefi
unsupported on the target surface. The results in * show that after radial flow has been estab-
lished. it continues steadily for a long time (several hundreds of micro seconds in ¥,

[n 7, the surface pressures and the cumesponding critical velocities were established at
which plastic vield s initiated at & point on the axis below the swrface and the domain vt plustic
vield reaches the target surface. These staies of vield arc shown as lower and upper critical ve-
leeitics in Fig. 10. 1t ean be noted that the estimated transition velocitics in the experiments are
close to these critical velocitics.

In Fig. 11, Si-N shows the lowest transition velocity, slightly above 1500 mys, and SiC-
HPN the highest. slightly above 1600 mis. As the target configurations and impact conditions
were the same in these tests, the difference between these transition velocities should depend on
ihe mechanical properties of the ceramic materials. Furthermore, as the maximum surface pres-
sure p, produced by the projectile during interface defeat is approximately proportional to the

square of the impact velocity v, according to equation (1), Le. py = v; . the 8% higher ransition
velocity for SIC-HPN than for SiC-N comresponds (o a 16% higher maximum surlace pressure. ([
the transition veloeity v, and the corresponding maximum surface pressure p, are related o the

shear yield strength r,, of the ceramic material through ., e p) o v;‘. as proposed in 7, the
strength of $iC-HPN should be about 16% higher than that of SiC-N. As can be seen in Fig.
1 H{a). however, the ranking in terms of hardness of the ceramic materials is not the sanie as that
in terms of transition velocity. Actually, the hardness of SiC-HPN is 7% fower than that of $iC-
N. This indicates that hardness alone, which reflects the shear vield strength, is not sufficient for
estimating of the relative performance of ceramic materials in terms ol transition velocities,
Thus, the wansition velocity cannot be controlled by plastic flow alone.

Figure 11(h) shows the transilien velocity versus [ractlure toughness, Here, an increase in
transition velocity corresponds 10 an increase in fraclure oughness, although the uncertainty in
fracture toughness is farge. The maximum surface pressure is.16% and the fracture toughness
15% higher for SiC-1[PN than for SiC-N. This obscrvation indicates that, under the prevailing
conditions, fracture may have more influence than plastic flow on the transition from interface
defeal to penetlralion. As a consequence, the observed transition velocities may not be the maxi-
mum ores achievable, By suppressing ol the iniliation and propagation of cracks through in-
crease of the confining pressure, it may be possible w increase the wansition velogities,

The influence of conlining pressure may be one reuson lor the differcnce in transition ve-
locity berween the three SiC-B targets used in Fig. 12, The wrget designs are shown o Fig. 9.
Target A, with a front cover (and back plug) welded 1o the confining tube. gives 8% higher tran-
sitien velocity as compared to Target B and 63% higher velocity as compured 1o Target C.

The influence of the material propertics of the projectile on the transttion and penetration
velocities is shown in Fig. 13, The transition veloeity intervals detemmiined for a Tungsten praojec-
lile, DXZ-HCME, and a Mo projectile impacting SiC-B are indicawed by grey wones. The as-
sumption that the transition from interface defeat to penctration occurs at a critical surface pres-
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sure gives po, = fop,. Using of equation (1) and material data for DX2-TICME and Mo then
gives the relation hetween the transition velocities as v, v, = 1.34. This agrees reasonably
well with the experimental result v, v, =1.28.

in the tests with conical projectiles, the size of the copper cover was large compared to
the iniial diameter of the projectile tip. This means that the inital loading of the target surface

was smoother than in the tests with cylindrical projectiles. Yet, the transition velocity tor conical
projectiles and copper-covered targets was significantly lower than that for the eylindrical pro-

jectiles for the same kind of target. The decrease of the critical velocities v, v.° and v, with
increasing hall apex angle & observed in Fig. 15 is mainly an effect of the increase in ihe maxi-
mutn surface pressure with this angle. For the cylindrical projectile {8 =07 the magnitudes of
these velocities and the experimentally determined transition velocity », are related as v, =990

mis < it =1230 mis < w, = 1442 mis < 0 = 1690 m/s. For the conical projectile {¢= 57) and

capper-covered target, they are related as v =960 mfs <+v§ = 1030 m's = v =1028 mis < v.”
1500 mis. Thus, for the conical projectile the transition velocity is much lower relative (o the
three critical velocities than that of the cylindrical projectile, and it is close to (he critical velocity
vy associated with the formation of surface failure observed both in the experimental tests and
in the simulations. This means that the difference in transition velocity hetween the cylindrical
and the conical projectile is too large 1o be explained by the increased surface pressure afone.

The main reason for the ditferent modes of penetration of cylindrical and conical projec-
tiles. and the large difference in transition velocity, is believed to be the radial growth of the sur-
face load from the conical projectile. This growth has the effect that cone-shaped surface cracks
are exposed to the radial flow of projectiic material under rising surface pressure. Therefore,
when the pressure is sufficientty high, projectile material penetrates into the cracks as seen in the
experiments,

CONCLUSIONS

The aim of the research ar FOL was to estimate the transition velocity for various loading
conditions and combinations of projectiles and ceramic targets and to identify critical velocities
which may serve as upper and lower bounds for the transition velocity. These critical velocities
have been related to the matedal properties of the projectile and the target.,

The experiments show that there is a distinct transition from interface defeat to penetra-
tion, Possibly. there exists a unigue transition velocity for cach combination of projectile, target
material and target configuration. Tests with dilferent projectile materials (WHA and Mo) indi-
cate that the transition occurs at a eritical surface pressure.

The ceramic material with the highest hardness shows the highest transition veloeity.
2110 mvs (Syndie), but for one type of coramic material {tour grades of siticon carbide), the rank-
ing in terms of hardness is not the same as that in terms of trangition velocity. This indicates that
hardness alone, which reflects the shear vield stremgth, is not sufficient for estimation of the rela-
tive performances of ceramic materials in terms of fransition veloceities. It follows that the transi-
tion velocity cannot be controlled by plastic fow aione, Figure 11{b) shows that an increase in
transition velocity comresponds W an increase in fraclure toughness, although the uncertainty in
fracture toughness measurement 1s large, This abservation indicates that, for this target configu-
ration, fracture may have more influence than plastic flow on the transition from interface defeat
w0 penetration. As a consequence, the ubserved transition velocitics may not be the maximum
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oncs achicvable. By suppression of e initiation and propagation of cracks through increase off
the confining pressure, it may be possible 1o increase the transition veloities for all materials
tested.

The main reason for the different modes of penctration of eylindrical and conical projec-
tiles, and the large difference in transition velocity, is believed to be the radial growth of the sur-
tace load from the conical projectile. This growth has the effect that the surface crack is exposed
v the radial flow of projectile material under rising surface pressure. Therelore, when the pres-
sure is sufficiently high, projectiie material penetrates into the crack as seen in the cxperimental
1es5ts.

FUTURE RESEARCH

Even if the dwell phenomenon is well understood, some fundamental questions still needs
further examination. ln several of the studies at FOI, a complicated interaction between the flow-
ing projectile material and macro-cracks has been observed at velocities close 1o the transition
velocity. Infiltration of macro cracks by projectile material may enhance crack propagation sub-
stantially and contribute to the degradation of the ceramic target and thereby inhibit further
dwell. This phenomenon iy linked 10 the strong influence of the conlining pressure on the ransi-
tion velocity since the propagation ot macro-cracks is sensitive to the confining pressure.
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