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ABSTRACT

This monograph examines the mechanics and physics
behind current vehicular armor technologies and the
threat munitions they face, to the extent that the
technology is unclassified and widely disseminatedhe
subject is examined from a number @erspectives. It
begins with fundamentals and then delves more deeply
into details.

In the early days of antiarmor munitions, the kinetic
energy of hardened metal projectiles caused them to
push through tough steel armor plateThe first
advancement wa the highervelocity, subcaliber
penetrator in the secalled hypervelocity armoipiercing
shot design. Its decreaseetdiameter, higher-density
penetrator core and higher striking velocity resulted in
higher impact pressures and evolved into the long rod
penetrator. Increased striking velocities increased their
depth of penetration and, as in the shapecharge jet,
erosion of the penetrator became the normAt the same
time, weight-efficient spacedarmorsand then reactive
armors were developed.

Separatly, the highly lethal shaped charge and other
lined-cavity charge warhead designs evolved,
particularly the explosively formed penetrator and the
hemispherical liner geometry These advances were
made easier by the development of the Gurney and the
Tayla models of metalexplosive sandwich behavior,
which also drove advances in fragmenting warhead
design.

The important safety issues involved with working with
energetic materials are also discussed as are the
recommended qualifications of personnel who wh
with these materials. Finally, a historical overview of
fighting vehicle armor and antiarmor technology is
included as an appendix.
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FOREWORD

When | started my career as an eag@ung engineer at

the U.S Army Ballistic Research Laboratory (BRL) in 1985,

| did not arrive with a background in penetration
mechanics and terminal ballistics from my college
coursework. | therefore relied heavily on the advice and
guidance of the folks who were already experiesd in
the ballistics field.

Graham Silshby and Drew Dietrich were already well
established fixtures at BRL when | arrivetheir careers
began in the 1960s during the Vietnam War and
extended through the first Gulf War and into the early
21st century. These were times of rapid evolution and
innovation in armor and antiarmor technologyand both
of these men were at the forefront of these changes.
New and improved armor materials were becoming
available in conjunction with increased understanding of
mechanisms and advancements in modeling and
simulation.

Drew Dietrich was the respected chief of the Impact
Physics Branch and had an extensive background in
chemical energy munitions (shaped charges and
explosively formed penetrators)In this role, he guided
much of the evolution of these technologies at the BRL.
Despite his leadership duties, Drew would always make
time to help a ballistics neophyte with questions and
concerns. If he didn’t know the answer, he always knew
who did. His attitude percolated dwn to all of his
employees in that branch, which made collaborative
work a pleasure.

Graham Silsby was an accomplished terminal ballistician
in the Penetration Mechanics Branch when | met him.
While | was approaching a technical issue from the armor
side, he was approaching it from the antiarmor sigend

this different perspective was often very instructivéle

was always willing to answer questions, provide advice,
and take the time to thoroughly discuss any issue with a

new employee.In the early 199s, | had the privilege of
working with him in developing a smoothbore, high
velocity, 40mm laboratory gun system, which is still in
use at several experimental facilities at the BRL and at
sister labs.

Over the years, aBBRLmorphed into the US Army
Re®arch Laboratory, Drew and Graham were always
there to lend an ear and provide useful advice to me,
other researchers, and Army leadershiphis monograph
captures a great deal of their sage instruction in a handy
printed reference.This collection ofindamental
concepts (along with citations and bibliography)
provides a goodsingleintroductory source to assist the
next generation of ballistics researchers in learning their
trade.

Matthew Burkins

Leader of the Tactical Systems Protection Team
Armor Banch, Terminal Effects Division
Weapons and Materials Research Directorate
U.S Army Research Laboratory

(Retired January 2018)
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PREFACE

This monograph is published under the auspices of the
Defense Systems Information Analysis Center (DSIAC)
DSIAC is. Department of DefensedoD) Information
Analysis Center (IAC) operated by the SURVICE
Engineering Company and a team of subcontractors
under Contract FA807-14-001 The center was
established onl January 2014 and is the consolidation of
six legacyDoD IACs:AMMTIAC, CPIAC, RIAC, SENSIAC,
SURVIAC, and WSTIAMe DoD IAC Enterprise is a
component of theDoD's Scientific and Technical
Information Program (STIP) prescribed bpD Manual
3200.14 Government oversight of DSIAC is provided by
the IAC Prgram Management Office, DTHZ 8725 John.J
Kingman Road, Suite 0944, Fort Belvoir, VA, 228508,
and an appointed Contracting Officés Representative
(COR) andssistant Contracting Officer's Representative
(ACOR)AII questions and comments regardithe
content of this monographmay be directed to the
following:

SURVICE Engineering Company
Aberdeen Area Operation

ATTN: MmBrian Benesch

4695 Millennium Drive

Belcamp, MD 21011505
4102737722
brian.benesch@survice.com

A Technical Monograph is a oreolume work of

research or literature on a single subject that is intended
to capture unique (and potentially perishdb) technical
information, insights, and experiences from senit@vel
personnel and make them available to other community
practitioners for personnel/community development,
technical training, and/or information archivingAs such,
Technical Monographsre often broader in scope and
applicability, more detailed in content, and/or more
closely reviewed/refereed than typical technical reports

ABOUT THIS MONOGRAPH

This monograph presents the physics of the interaction
of antiarmor munitions and their targg fighting vehicle
armor. The first armor was intended to protect against
smallarms bullets, and of necessity, antiarmor munitions
were then introduced. Bottarmor and antiarmor
munitions continue to evolve apaceThere are two types
of antiarmor munttions: kinetic-energy (KE)enetrators,
intended to push through armor by virtue of theilKg

and explosive warheads, the most significant of which in
terms of heavy fighting vehicle armor is the shaped
charge warhead.

This work is necessarily based orethuthors
perspectives, both lifdong researchers in their
respective areas dkEand shapedcharge penetration
and the respective heavy armors. It starts aimed at the
beginner and ends at the journeymds level.

In this material, you will not learntmut the performance
of specific ammunition but rather the process of armor
penetration, so as to be able to improve your ability to
design and to analyze the performance of antiarmor
munitions and to understand how vehicles are armored
against them. Thenaterial presented here is primarily
from observation rather than theory, and practical and
factual rather than speculative, sbshould complement
whatever background you have. After reading this
material, a technician involved in testing should be able
to tell if the shot went as expected. The engineer should
be able to predict gross results in advance and draw
reasonably sound inferences from the signature that a
penetrator leaves on a target. Using penetration versus
velocity data gleaned from theiterature or developed
in-house and the simple assumptions discussed, the
analyst or program manager should be able to tell if
particular performance claims are realistic. To avoid
confusing the reader, where possible, figures are shown
such that the moton of the projectile is from left to right,
a commonly accepted convention in ballistics.

Preface/l v
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This monograph will not address weapons of mass
destruction on the mega scale or the terminal ballistics of
smallarms projectiles on the mini scale. The
performanceof the latter seems to beloselylinked to

the exact design of each model of ammunition, as well as
the gun from which it is fired, the target impacteeénd
other complicating factors. In particular, the very
complex topics of wound ballistics and protion

against small arms will not be addressed.

TheKEpenetrator material in this monograph expands
on three editions of Mr. Silsbyselfpublished
monograph, Penetration Mechanics of Adtimor Kinetic
Energy Penetratqr®1987, 2004, and 201[1] used as a
hand-out in lectures on the subject, primarily for Baldini
Resource Associates, and on material prepared as
handouts for a course on armored fighting vehicles
presented in 2007 Thematerial onKEpenetration was
derivedfrom extensiveexperience in the field.The
shapedchargediscussionis from Dr. Dietrich’s Baldini
Resource Associates lecture mateii2], presentedover
roughly the same time spasas Mr. Silsby’s lectures, on

the effects of jets from linegtavity chages, the design of
shapedcharge warheadsand on survivability and
lethality modeling.

DEVELOPMENT OF ANTIARMOR MUNITIONS

An unattributed “In Brief” summary of an article entitled
“The Most Invasive Species of All,” by Curtis W. Marean in
Scientific Améran (2015) is telling.

Of all the human species that have lived on
earth, onlyHomo sapienmanaged to
colonize the entire globe Scientists have
long puzzled over how our species alone
managed to disperse so far and widé

new hypothesis holds that two innovations
unique to H. sapiengrimed it for world
domination: a genetically determined

propensity for cooperation with unrelated
individuals and advanced projectile
weapons|[3].

This monograph addresses a subclass of tater
subject

Itis a sad state of affairs that in the approximately
300,000 years sindd. sapiendiverged from earlier
ancestors (already adept at hafting a worked stone point
to a wooden spear shaff{y], we are now capable of the
complete destrudion of our species Regardless of how
peaceloving a people may be, faced with a seemingly
uninterrupted chain of adversaries intent on dominating
others by force, it is necessary to study walve use the
scientific method to uncover more and more knoetige,
and then apply it to build automatic weapons, mount
multiple, independently targeted thermonuclear
warheads on a single ballistic missile, produce-{6h
tanks with a succeeding design under contemplation,
and design handheld, tank-destroying weapors that can
be made with simple tools

Over the recent decadeshe nature of the threat to the
United States has evolved from a global war against
determined conventional forces to a prolonged series of
wars against a number of loosely affiliated insurgent
The M1 main battle tank as a shock weapon had proven
quite superior to the opposing tank forces which we
encounteredthrough the Korean Wabut isuselesper
sein taking and holding ground against insurgent forces
The focus on armored vehicle desidhas shifted to
protection against ambush with antiarmar
rocket-propelled grenades and improvised explosive
devices employed as buried and efbad mines The last
of the individuals involved in the introduction of the M1
tank and its ammunition and their subsequent
improvements, including the authors, are retiring, often
for the secondor third time, hence this monograph

Preface// vi
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Most antiarmor munitions defeat thearget by
perforation, so much of this work involves penetration
mechanics However, the mechanics of moving metal
with high explosives is also important to understanding
how fragments are thrown from a higfexplosive
warhead, how the shapegathargés lirer is collapsed and
spit out as a verjigh-velocity coherent jet, and how to
increase the effectiveness of individual armor plates by
throwing them with explosives in explosive reactive
armor.

There is no magic material just waiting to be discovered
that will “bust through anything? Unlike exterior
ballistics, terminal ballistics is a very messy discipline
The three approaches to advancirtge understandingof
terminal ballisticsare analytical modeling, computational
modeling, and experimentation The subject of terminal
ballistics is sorely lacking in physit®sed models with
simple equations that can be used to predict behavior
The few existing models will be discussed.
Computational modeling is now quite sophisticated and
provides solid insighs$ into behavior Unfortunately, we
are not in a position to provide useful insight into current
computational abilities in ballistics This would be a very
good subject for a review article or a monograph by
someone skilled in that artStill, experimenation is
always needed to verify computational results and to
surface unexpected behaviors

The knowledge that allows understaridg and
exploitation of a new technology comes in three stages,
which is aprocessthat isoften continued in a design
spiral First, the effect is observed or inferred from
current knowledge Second, geriod of detailed analysis
and experimentation then leads to understanding the
physics and mechanics involvedrhird, his knowledge is
then exploited in sophisticated designthat maximize
the performance of the hardwareln this phase, a good
grasp of solid mechanics becomes necessary

An exampleof this knowledge developmenis shaped
charge technology, as related by Walters in 198]. Von
Forester in Germany in 18&hd Munroe in the LB in

1888 observed that when an explosive charge was
detonated in contact with a heavy metal plate, a cavity in
that charge produced a distinct additional depth of the
depression made on the target materialOncethis
phenomenon wasdiscoveredthe study ofit spread,
people wondered what the cause was, and in the process
discovered that an inert liner on the hollow cavity greatly
enhanced the effect This effect was used to defeat
armor in WWIevenwithout a clear understanding ofhie
physics Improvements in instrumentation in the form of
flash xrays (flash radiography), more precise
instrumentation, clever experimental design, and
computational modeling resulted in great advances in
understanding, and finally, various people waell out

the physics The resulting mathematical models were
then exploited to gain significant increases in
performance from existing launch platforms

In interpreting the results of both computational and
experimental work, keep in mind thagverything is
constrained by physical law, particularly conservation of
mass, momentumand energy Newton's laws of motion
and the complex relationship between stress and strain
in elastic and plastic deformation and fracture
Mechanical deformation proesses such abose found

in forging, metal formingand machiningcanbe

observed Results vary in smooth and continuous ways
with changes in striking conditionsWhile sometimes a
sudden change in behavior is noted, it is usually a result
of changes o a variable unknown to the experimenter,
or of changes tothe process crossing from one regime
into another. Typical of the latter would be rod
deceleration during penetration halting erosion under
some conditions, but not under othersEven fracture
related phenomena are remarkably repeatable

Ultimately, the terminal ballistician will need to be well
versed in a number of topicsl highly recommend

Preface// vii
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reading a current textbook on materials and
manufacturing practices, getting as much handm
experienceas possible with machining and machine
tools, and keeping up with advances in materials and
fabrication. Take the ASM International short course
titted Elements of Metallurgy or Metallurgy for the Nen
Metallurgist™ (Trademark, ASM InternationalThe
Materials Information Society). This is a serious, week
long, short course with exams and a certificate at the end
that you can be proud of. Itis also offered as anlme
course and a selpaced course. If you are a mechanical
engineer and did not takea course in solid mechanics,
consider taking one as part of your continuing education.
Also, the civil engineering courses of structural analysis
and structural design provide a deep understanding of
stress and strain, while the portions on reinforced
concrete are applicable to any composite design. A
course on fatigue and fracture mechanics is also highly
recommended. Understand the difference between
commercial and specialty materials and how
specifications and standards are written and interpreted.
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THE AUTHORS

After long careers there, MGrahamSilsby and Dr

Andrew Dietrich both retired from the Us Army

Research Laboratoty (ARIs) Weapons and Materials
Research Directorate (WMRD), the successor in business
to the US Army Ballistic Research Laboratory (BRL), at
Aberdeen Proving Ground (APG), Maryland

Mr. Silsby, the primary author, has both a BSME
specializing in engineering science and a BSCE
specializing in structuresHe retired from ARL in 2005 as
a senior reseeh mechanical engineerHe was then
employed part time in a similar capacity at SURVICE
Engineering Company, Belcamp, MD, retiring again in
December of 2017 SURVICE was founded in 1981 to
provide expertise in survivability and lethality modeling
and asessment and has expanded to provide a broad
range of engineering services to both the military and
civilian sectors

Mr. Silsby has over 40 yeaexperience in research and
development engineering, the last 35 of which were
spent in penetration mechanicsvork first in the ARls
Armor Branch and then ARL.Lethal Mechanisms Branch,
Terminal Ballistics DivisiarOne of the main focuses of
the work over that time span was the development and
improvement of the armor on the M1 tank and the
Bradley fighting \ehicle, as well as improvement of their
antiarmor ammunition Mr. Silsby has an experimental
rather than theoretical inclination and enjoys design and
development of unique items

He has extensivéiring-range experience, both darge-
caliber and at redeed scale Most of his experimental
firings have been done using smoothbore laboratory
powder guns for ordnance velocity work €2 km/s or
3,000-6,000 ft/s) Thereduced-scale work was primarily
phenomenological, while thdarge-caliber work was
primarily developmental He has worked extensively
with a 50mm highpressure powder gunwhich was

designed many years ago for BRL by associates of Hal
Swift at the University of Dayton Research Institute
can deliver useful masses up to about X&/s. He has
overseenhigh-velocity KE penetrator shots using two
stage light gas guns at other installations, at striking
velocities up to 4.5 km/s with typical

100-200-gm laboratorylong-rod penetrators

Dr.Dietrich, recently deceasedgceived hisbachelors
(1965) masters, and PhD. degrees(1968)in physicsfrom
the Johns Hopkins University Department of
Mechanics His graduate research involved modeling
penetration in hypervelocity impact for BRL under the
well-respected Robert BRobby Pond and Cg Glass

He began his career at BRL1968as a research
physicist, working there in increasingly responsible
positions primarily involving research and development
of shapedcharge warheads and armomie also received
a secondmastersdegree from theArmed Forces
Industrial College He retired as Chief of ARL's Impact
Physics Branch iWMRDin 2002. Upon retiring, he
returned to ARL as a civilian contractor, retiring again in
2007, for a total of ove40years experience
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1. TERMINAL
BALLISTICS

The study of fighting vehicle armor and antiarmor
munitions is driven by the terminal ballistics of the
impact of the projectile on the target.The munition
designer hopes to defeat the armor and kill the vehicle
and its weapon systemThe armor designeseeks to
thwart such intentions.

The effects of impact can range from no effect, to
extremeknockingand shaking ofan impacted object, to
deeply penetrating and even perforating the targefThe
study of penetration mechanicexaminespenetrating
impacts, which are of particular interest to the militaryA
subclass openetration mechanicds the study of the
penetration by nonenergetic projectiles (kinetic energy
[KB penetrators) as opposed to those projected by an
energetic warhead, such asshapedcharge (SC) jet.
This monograph is focusedn the details of KE
penetration in general.

There are also nonperforating munitionsuch ashe
high-explosive (HE) plastitiEP) round, discussed in
detail in Appendix A, Section A.3lt is aspin-stabilized,
full-bore, bulletshaped projectile with a thin, ductile
casing filled with plasticized HHt has a base detonating
fuze with a slight delay, which allows the explosite
squash outwhen it contactsthe face of the armor before
it explodes. The shock wave reflecting off the rear
surface of monolithic hull armor throws a spall off the
back about the size and shape of a very lajfree-form,
table-top ashtray. While m&ing no through hole, the
massive chunk of metal and a lot of smaller debris
bounce around the fighting compartment, seriously
endangering the crew.For various reasons, the HEP
round is no longer considered a significant threat against
modern tanks

Among other nonperforating defeat mechanisms is
shock. While the HEP round certainly delivers the
ultimate shock, the formation of the spall is the armor
defeat mechanism.Most antiarmor munitions that do
not perforate do not generate a spall, but they dcash a
vehicle very hardwhich canbreak one or more critical
components,

Mine-throw is another defeat mechanism, in which a
large explosive charge imparts motion to portions of, or
the entire vehicle, again severely damaging critical
components, often theoccupants. And sometimes, a

HE round will break a critical exterior component such as
a wheel or track, rendering the vehicle next to useless.
We will concentrate on penetrating munitions in this
work.

1.1 KE PENETRATION

A KE penetrator uses the energy of its motion to push
into and hopefully through, a protective barrierfFigure

1-1 visualizes a number of processes operating during
the penetration of an armor plate target (rolled
homogeneous armor [RHA]) by a modetarge-caliber,
long-rod penetrator. With the rodstriking the target at
sufficiently high velocity, the stress (the force per unit
area) in both the rod and target exceed that necessary to
cause their respective materials to flow.

The figure is a crossection of a rod penetrating a thick
target plate. The rod is eroding, with the spent material
lying along the cavity wall and being ejected up range as
fine debris. The target material is pushed aside laterally,
as well as u@and downrange. Entrance Ips have formed
asymmetrically due to the obliquity of the targetThe
penetrator-target interface is close to the rear of the
target, and a predictable pattern of cracking of the
material (indicated by the interior lines) has formed as a
result of the taget deformation. If there were no more
penetrator left, or if the existing penetrator were to slow

Chapterl. Terninal Ballistics// 1-1
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PENETRATOR DEERIS

RADIAL CRACKS
CIRCUMFERENTIAL CRACKS

SHEAR CRACKS

Figure £1. Generic KE Penetrati¢gBource: Silsby [1]).

to a stop at this point, a partial penetration would result.
In the case illustrated, a bulge has been produced. If the
rod overmatches the target, the target is completely
perforated. The remaining tail of the rod (called the
residual penetrator), smaller rod fragments, a rear surface
scab (improperly called spalllgrger target fragments

from the breakup of the scab, and smaller target
fragments from the penetration channel are projected

off of the targets rear surfaceComputational results

from the early hydrodynamic elastiplastic (HELP) Code
are quite closed an actual radiograph of the penetration
(Figure :2) [4].

An actual shot is quite violent, is over in an instant, and
much of the penetrator material is usually reduced to
highly deformed and hence very hot chips, which may or
may not burn up quickly.High-speed cameras and flash
radiographic shadowgraphs typidan a terminal ballistic
range cannot show what isccurringinside the target.

An experimenter must pay attention to detail, exercise
good housekeeping during the conduct of a test series
and be observantWhen the experimentecarefully
marksthe ted articles before the shot andleansup after
each shot to recover as much residual material as
possible clearly related to that specific shot, the
consistent set of signatures on the penetrator and target
residue that can be related to individual shotsilslowly

. C T . . .- B
.

PENETRATOR TARGET
85gULD 10 101 mn RHA
DU-34 T ot 60 deg

at 1500 mi's

Reference Jonas and Zu;ms

ARBRL-TR02137 feb 1979 PHERMEX Radiograph

Figure 22. Computation fom HELP Codand Radiograph
(Source: Jonas and Zukas [6]).

reveal details of the processes involveilating surfaces
from fracture, markings from flow, and other clues
permit reassembling many of the major fragments to see
how the target and penetrator failed (ruptured)With
enough test firings, andhence observations, the entire
process becomes apparent

If sufficient funding is availablecurrentcomputer
modeling of penetration mechanics provides a plausible,
detailed, timeresolved picture of the flow processesn
addition, you can set up eeduced-scale firing point and
take a singlepenetrating flash radiograph per shot
through 4-6 in. of steel at the Los Alamos National
Laboratorys (LANIs) PulsedHigh-Energy Radiographic
Machine Emitting Xrays (PHERMEX) flash radiography
facility, which isprimarily used to image the implosions
of nuclear warhead designg(The PHERMEX radiograph
and computational run at the corresponding time in
Figurel-2 are in a slightly rearranged form frothat of
Jonas and Zukas 1978)).

1.2 ACCURATIPENETRATIONWMEASUREMENT

Figure 13 shows \arious ways of measuring the depth of
penetration channels.However, vew c shows the true
penetration depth.

Chapterl. Terminal Ballistic#/ 1-2
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Figure £3. Measuring Penetration DepttSource: Silsby [1]).

If penetration is déined as the path length of the
penetrator-target interface, inview a, that length would
be from the undisturbed face of the target where struck
to the bottom of the channel where the penetrater
target interface was when penetration stoppedlhe top
left measurement starts at the top of the entrance lips,
material that was pushed ugange after initial
touchdown, sothe actual penetration depth is not
shown. Inview b, some legitimate penetration is
ignored becauset is measued to the back of the
uneroded rod. Viewc shows thetrue penetration depth
asis sometimes seen in practice, because the target
material is pushed dowrrange ahead of the penetrator,
so that the penetrator must push its way through more
than the initial thickness of thearget plate to perforate.

Figure :4 showspenetration measurementin a stack of
targets. Frequently it is necessary to lay up a number of
plates(a laminated targetfo achieve adequatehickness
to stop along-rod penetrator (LRP)The penetration
measurement method shown in Figurgé-4 is correct
(more or lesspecause the penetratottarget interface
must push its way through each plate, for which bulging
is suppressed by the stemmingfiect of the plates
behind, then penetrate the final target plate as if it were
the only plate in the stackln reality, this would be true
only if the stack of plates shown were backed by a lot
more plates. Otherwise, at some point in the penetration
process, free surface effects would result in some of the

PENETRATION =

T1+T2+T3+P4?

T1T2|T3

R

Note: The penetrtion vafue shown here 5 not the same a5 It would B In 3 semd- infrite target

Figure 4. Measuring Penetration in a Laminated Target
(Source: Silshy [1]).

rear plates separating, so that the penetrator would have
to transit some bulged material.

1.3 ARMOR

Armor is anything used to protect something and has
ranged from a sheefs fleece (aegis) to woodeshields to
extremely hardmetals. Circumstances sometimes
severely constrain the choices available, as with armored
transparencies (windows). There are many drivers to
armor design, usudy costand performance The
measureof performanceis usually tle weight needed to
stop a threat of some given penetration capability

A good, low-alloy steel of intermediate strength and
rather high elongation to rupture is almost universally
used where cost is the only driver, and each nation has
its own recipe. The U.S. uses Rélfow-alloy,
deep-hardening steel similar to American Iron argteel
Institute (AISI) 4340 but with lower carbon content to
reduce the number of fragments generated in the event
of a perforation. It through-hardens to the desired value
in very thick sections and, being crosslled, its
properties are nearly isotrojg.

Where weight becomes important, as on ship
superstructures, digh-hard steel alloy typical of that
used to make saw blades is used, or aluminign

Chapterl. Terminal Ballistic#/ 1-3



FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS

DSIAC Monograph 202840

Graham F. Silsby and Dr. Andrew Dietrich

Distrbution A: Approved for public release; distribution is unlimited.

substituted. In weight-critical applications such as in
aircraft and body armor, more expensive mateldare
usedsuch as titanium or magnesium, ceramics,
composites, and/or fabrics of strong, tough fibeOften,
layers of various materials cdre more effectiveagainst
a given threat than can a monolithic slab of one material.
Armor can be appliedto anexisting design, but weight is
almost always reduced by incorporating the armor into
the structure and supporting features as much as
possible, while at the same time using necessary
components such as the engine to protect the more
valuable and irreplacable crew members.

1.4 PENETRATOR MATERIALS

As with armor, the choice of penetrator materials is
driven by the application.Density, strength, and
toughness are important for KE penetratorgon (as
steel)isrelatively inexpensive, aare uranium and
tungsten. For explosively driven applicatiosy other
properties can be more importanthan cost and copper,
aluminum, molybdenum, and uranium liners in explosive
warheads form them intchigh-velocity, lethal

penetrators. U.S. antiarmor KE penetrators used in
combat are almost alwaymade froma uranium alloy;
becausethe material does not mushroom as much in
penetration, and therefore more of its KE is used to
increase the depth of penetration than is the case with
tungsten. In addition, uranium is essentially free because
it isa by-product of producing enriched uranium for
power production and nuclear weaponsHowever,it's
mildly radioactive but the practice ammunition is
universally uraniumfree.
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2. EVOLUTION OF
CURRENT ANTIARMOR
THREATS

2.1 KE PENETRATORS

With the introduction of the tank, armored with a layer of
very competent, tough, and strong steel, antiarmor KE
ammunition began as fulbore, hardened-steel solid

shot, with some variations in the design details.
Improvements in performance were gained at the
expense ofincreasinglylarger guns, which became
increasngly costly and unwieldy.However, ncreased
awareness of the basics of penetration mechanics
permitted improved performance while retaining the

BOURRELET SUBPROJECTILE

CRIMPING GROOVE

existing gun systems longergsulting ina tremendous
cost savings.Figure 21 shows the evolutiorof KE
penetration, leading to an early LRP round that would be
shot out of alarge-caliber tank main gun, scaled as
though all were fired from the same service weapon.

Externally, anodern LRP round would not look much
different from an early ong as the extendedength of the
modern rod is buried in the propellant bed within the
case.At some point, designers realized that with an
appropriate profile of the sabot body, sufficient friction
forces could be generated with smooth mating surfaces,
as the friction chuk in a lathe can adequately grip
cylindrical bar stock A short section of driving lands is
used to prevent axial slip at the beginning of the powder

burn.
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Grooves in the sabot engage driving lands on the penetrator to transfer accelerating forces from sabot to penetrator.

Figure 21. Evolution of Antitank KE PenetratdiSource: U.S. Department of the Army [7, 8]).
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The round in viewa in Figure 21 is callecarmor-

piercing (AP) shotA very tough, reasonably hardyll-
bore, solid tool steel projectiléis fired at what would be
an extremelylow velocity by modern standardsAP shot
strikes at such a low velocity that it does not erode in
penetrating most materials, but opens a holthrough
which it advances, akin to the manufacturing process of
piercing or punching. A punch can sink into a thick solid
by exceeding the solid’s flow stress (which depends on
the material’s uniaxial yield strength and loading
geometry. For a flathosed cylindrical punch and a thick
plate, the punch must be at least about three times as
strong as the material being pierced)lhe force opening
the armor material, working over a distance, expends
projectile energy. Thisaction slows the penetratof and

if the armor is thick enough, stops it.

By reducing inbore mass from that of the AP shot, more
energy from the propellant can be imparted to the
projectile. This concept was exploited in the
hypervelocity AP (HVAP) round, vidw for the 90mm
tank canron introduced at the end of World Wdt
(WWI1I).A lightweight aluminum carrier surrounds a
smaller penetrator of a dense material such as tungsten
carbide. The flight body itselthasthe same presented
area anddrag coefficient, but lower overall masand
hencewill slow more with distance downrangebut by
launching at a higher muzzle velocity, the round should
have a higher striking velocity except at extreme range.
The higher density of the penetrataiesultsin a higher
impact pressure for the sameelocity, and hence deeper
penetration.

An evolutionary improvement orthe HVAP roundvas
the HVAP discarding sabot (HVAPDS) round for the
105mm cannon(view b) in which the core and cap were
carried in a smaller flight body, which was in turn pulled
up the gun bore by grooves in the lightweight carrier

called a sabot mating with outstanding driving lands on
the penetrator. The sabot (French fdtboot”) is shed
away, or discarded, from the projectile on exiting the gun
muzzle. The AP shot and th#VAP are sphstabilized,
requiring a rifled gun tube for accuracy, while the
HVAPD®rojectile is unstable at typical spin rates for
solid shot. Rather, they are fin stabilized like an arrow
and must be fired from a smooth bore tube or be despun
by use d special driving band designs if shot from a
rifled tube. However, theyare generally rolled at about
100 revolutions per second to cancel out the effect of
small disturbances in flight caused by variations from
perfection in actual rounds.

In the modernAPfin-stabilized discardingsabot
(APFSDS) roun@iewc), the payload mass was kept
about the sameas the HVAPDBy further reducing the
diameter and stretching the length of the penetrator.
Ballisticquality, high-density engineering materials such
as sintered tungsten alloy (WA) powder metallurgy
products and depleted uranium (DU) alloys were
developed concurrently with other aspects of the LRP
ammunition design. Beingfin-stabilized, the APFSDS
round can be fired from a smoothbore gunThe smaller
presented area of the flight body results in a lower loss of
velocity to drag. The resultant higher striking velocities
result in the rod eroding as it pushes through the target
material. Thus, the longer the rod, the thicker the armor
it can perforate.As rod lengths increased, so did sabot
parasitic massAdvances in sabot design and materials
and in interior ballistics have actually resulted in ever
increasing muzzle velocities for longend longerand
hencemore andmore lethal LRPs.

1 Round: The complete piece of ammunition, or alternately, a projectile in flight.

2 Projectile: The entire entity projected by the gun, either in the gun bore, or alternately, flying through the air aftestimt has been discarded.

3 Penetrator: That part of the projectile intended to penetrate the target. Other parts, e.g., fins, are just parasitic mass as fapesetrator is concerned.
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2.2 LETHAL MECHANISM GKEPENETRATIOMNN
CHEMICAL ENERGY (CE) WARHEADS

Most practical CE warheads produce one or more KE
penetrators intended to defeat a target by perforation.
Thissection discusses KE penetration as a major element
of the terminal effectiveness of such weapons.

Historically, the first CE warhead was the ttigmenting
munition, typically artillery rounds, bombs, and
grenades. While the blast from a bare explosive charge is
effectiveand can make a major dent in thick armor plate,
it is the fragment cloud from the metal or other casing
that ismost lethal A rule of thumb in warhead test
facilities is that a weltlesigned containment facility that
can reliably contain all possible fragments repeatedly will
also withstand the blastA typical fragmenting munition
would be an “iron bomb” dropped from an airplane or a
HE shell fired from a gunAccording to the Federation of
American Scientists’ Military Analysis Network’s
Department of Defense (DoD) 101 web s[&,a U.S.

Mark 82 506b dumb bomb has a bit over 20 of HE in

a casing weighing roughly 30(.

The velocity of HEhrown fragments is about as fast as or
faster than the fastest projectile from the highest
performance single-stage powder gun,

1,500-2,500m/s. Fragment velocities are computed
using the Gurney equation§lQ]. These equationsre
physicsbased models originally developed by R. W.
Gurney of the U.S. Army Ballistic Research Laboratory
(BRL) in the early 1940s for plates on sheets of explosives
andthey wereexpanded by others to encompass all
conceivable geometriesThey predit¢ the throw-off
velocity of an inert plate or shell contaittg a layer of
explosive, with or without tamper, using an
experimentally derived constant for the energy of the
specific explosive in questionThe epansionand

rupture of the casing into fragments usep someof the
energyinitially imparted to the metal sheetand airdrag

slowsthe resultant fragmentsapidly as they approach
the intended target

Thesizeof a fragmentfrom a monolithic shell containing
a smple explosive fill depends on the explosive loading
conditions, the metallurgy of the case, and the case wall
thickness. For example, the slivers from a particular
155mm howitzer HE round are about the sizealittle
finger, and many can perforate merthan%zin. of armor
steel at close rangeThe actual design of fragmenting
warheads is usually much more sophisticated than just a
shell filled with HE.

Arange of technologiess available to optimize the
fragment mass distribution.Modern warheads ca be a
simple shell of nonballistic material over an array of
preformed fragments.As the detonation wave passes,
thesefragmentsare compressed radiallyMetals are very
stiff (nearly incompressible) andor stresses not too far
above the yield stressire modeled as undergoing elastic
expansion or contraction to the yield point and are
considered incompressible in the plastic regiméUnder
conditions of explosive loading, however, metatsin be
significantly compressedbut this is generally ignoreth
warhead design.)Under this assumption, compression in
a direction of one of the three mutually perpendicular
axes €.g, radial[perpendicular to the axis of revolutiof)
is accompanied by the extension of the individual
fragments in the other two axe €.g.,axial[parallel to the
axis of rotatiorj and circumferentialtangent to the
circumferencd). Any conditions of confinement will
affect the partitioning of the expansion, but not the total
expansion. (An example of this is the continuoys
welded railroad rail.Unable to extend along the
direction of travel when heated or cooled, it simply
expands in the directions normal to the direction of
travel) As the shock wave encounters free surfaces on
the fragments to be accelerated, some ofdhmaterial in
each fragment may be thrown off, so final striking mass
may be less than intendedThere are a number of ways
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to optimize fragment mass and direction and maximize
velocity.

The penetration ability of individual fragments depends
on their material, their striking geometry (attitude), and
the vector velocity of impact relative to the intended
target. The velocity of the fragments depends on their
mass, and hence density, so a tradeoff is made to
optimize terminal effects.For example, againsircraft
targets, aluminum may be used for the fragments to gain
maximum velocity and hence maximum hole size.

2.3 THE SC WARHEAD

The next CE warheat be developed followirg HE
fragmenting munitionswas the SC or linedavity charge.
It uses a metalined conical or similar cavity in the front
of a cylindrical or, ashownin Figure2-2, a truncated
conicakcylindrical explosive charge to produce a very
high-velocity, thin, stretching jet on detonatior(similar
to acoathanger wird. Because its primarily anantitank
(AT)weapon, it is referred to as aigh-explosive antitank
(HEAT) roundAn early, typical SC round, the M830, is
compared to anearly, typical LRP round, the M829, in
Figure 23. A small, longcylindrical spike on the SC
warhead mounts the impact fuze well forward of the SC
body to give time for the jet to form and stretch to its
intended length. Boththe M830 and M82%redesigned
for the RheinmetaHldesigned 120mm smoothbore
cannon on the Mitank.

Figure 22. CrossSection of an Earlier SC Warhg@&burce:
Dietrich[2]).

([ F=
C

Figure 23. Typical SC (top) and LRP Rounds for the 120mn
M256 Tank CannofSource: Silsby [1]).

After initiation, a detonation wae sweeps through the
explosive charge forward over the liner much faster than
the forward velocity of the warhead, throwing the liner
progressively forward and inward onto itself on axi$he
intense stagnation pressure at the center of the material
sends a thin jet othigh-velocity material forward and
leaves a lowvelocity slugwhich does not contribute to
lethality except that it is necessary to the formation of
the highly lethal jet(Figure 24).

The jet stretchess a resulbf a velocity gradient

resulting from the exact design of the warhead:he
farther from the target that the warhead is detonated
(the standoff), the longer is the jet striking the target and
the thicker the armor it can perforateTypically, the jet

tip can be moving at over 1@&m/s, while the last

effective portion of the jet might be traveling at Rm/s.

Engineersselectingmetalsfor military applications
typically considerductility, a measure of how much a
material stretches in tension before breaking4ost
materials that are ductile are also malleable, that is, they
can be severely deformed in compssion before
breaking up, although the correlation between
malleability and ductility is not universalThe SC liner is
typically made of a very malleable material, usually
copper or ahigher-density material such as tantalunin
military applicationsthe jet material is solid metal, well
below its melting point, and where the slug gods
unimportant. In their primary civiliaruse, to perforate oil
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Figure 24. SC Jet Formatigisource: Dietrich [2]).

well casings, lineswill often be powdered netal in a
frangible binder. The jet they throw will perforate the
well casing and penetrate the strata but not plug the
hole, as would a solid slug, thus allowing the oil to flow
back into the well.

For the military SC, at some elongatighe jet will break
up (particulate) and will gain no further penetration
capability with time (and distance down rangeRather,
as the particlesnove off axis and tumble, performance
declines Figure2-5 shows a typical penetratiostandoff
curve forapost-WWII eranilitary SC warheadCurrent
SC design technology is very matuasd so is not
discussed in detail in this monograph

The jet from a SC warhead penetrates hyeitgnamically,
i.e.,the impact pressure is so high relative to the
penetrator and target material strengths that they
appear to bestrengthless fluids.SC gnetration is
essentially independent of velocity, depends on relative
densities, and for a given combination, lengtidone is
the determinant of depth of penetration under ideal
conditions.

In a real warhead, the jet does not have a lot of standoff,
so elongation is limited, but the jet creasa deep

6 -
a
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3 4
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W o
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Penstration and standoll are notmalized by dividing by charge dameter

Figure 25. Typical PenetratioStandoff CurvégSouce: Silsby [1])

tunnel, which allows the rear portion of the jet to
elongate more thanexpected from the standoff alone.
Figure2-6 illustratesSC penetration.Many warheads
throw a nearly radial spray of very higépeed debris that
leaves a characteristic splash signature around the
primary penetration.

Some tank main gun systems use@und in which the
casing on a SC warhead has been designed for

fragmentation, so one round serves as both an AT and an

antimateriel round. This design reduces the SC's
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Figure 26. Typical SC Penetration of Armor Pi&eurce: Silsby [1.

effectiveness to some extent relative to that from a
nearly fultbore liner, as perforrance scales with linear
dimension. However, using a more sophisticated liner
geometry ensuresadequate jet penetration

performance. There are many practical advantages of
not having to choose between loading an HE or a HEAT
round. From personal observiain of the effects on

range impact area infrastructure of one such round,
about half of the fragments can perforate 44. structural
steel at close range

2.4 OTHERLINED-CAVITY CHARGES

Nonjetting variants of thdined-cavity charge evolved
contemporaneously with the SCOne example is the
hemispherical liner warheadThe interaction of the
advancing detonation front with the hollow
hemispherical liner first accelerates its central element
forward at high speed, while with time the material is
thrown increasinglyon axis on top of the earlier material
until the detonation front has swept the warheadThe
impact forces elongate the bilding penetrator, which,
like the SC jetelongates in flight and ultimately breaks
up, but at much greater range than the SC jethe result
is a relatively shori_RRlike projectile that is lethal at
very long standoff§Figure2-7). Note that whilethe liner
material piles on itself and elongates as in the SC
warhead, it does not form a jet and slug, so that all of the
liner mass is effective.

Another lined-cavity charge is the explosively formed
penetrator (EFP{Figure2-8). A carefully designed liner,
usually mildly curved and often of variable thickness like
a lens, lines the forward end of a putike explosive disc,
also usuallyhaving avery caefully engineered shape.
Central detonation from the rear throws either the center
(rearward folder) or the periphery (forward folder)
forward relative to the rest of the metal and produces a

(Acaprtwd Froem Wakers [3])

Jet will continue to stretch in flight. (Modeled with the early HELP code)

Figure 27. Penetrator from SC with Hemispherical Lii®ource: Dietrich [2]).
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Figure 28. EFP Smart MunitioriSource: Silsby [1]).

shorter slug again incorporating most of the liner mass.
Unlike the SQwhich forms a jet that springs off a slug,

and the hemispherical lingmwhich forges itself into a
stretching slug, the EFP merely forges a nearly cylindrical
thin metal disk into a nostretching slug with little or no
mass lossSlugs from both the hemispherical liner and
from the EFP warheads travel at aboubR0m/s.

Figure 28 view a shows the two classes of EFP warhead
design. The results on a target are about the same.
view b, a submunition dispensed from an artillery or
rocket round falls over the target aredt is suspended
from a special parachute such that its sensor scans an
everdecreasing spiral on the groundit is initiated at the
appropriate time after a targets detected, attacking the
relatively thinner roof armor of the tankln view c, an
artillery round scans for a target as it flies over the
battlefield. At the appropriate time aftetarget
detection, the warhead initiatesThere would be more
than one liner to provide adequate ground coverage.

Viewd illustrates an EFP AT mingvhen the sensor
detects a tank above it, the fuzing initiates a
programmed sequence that first blows off the
overburden and sensor hardware withladack powder
charge, revealing the liner, then detonates the explosive
to form the slug that perforates the relatively thinner
armor on the bottom of the tank.

2.5 THE IMPORTANCE OF INCREASED KE PROJECTILE
STRIKING VELOCITY

The history of the evolution bthe KE projectile has been
a series of increases in velocity and in lengiWelocity
increase is extremelimportant at ordnance velocities
because inpact pressure rises with the square of the
striking velocity and penetration increases until the
impact pressure is much higher than the strengths of the
materials involvedand penetration becomes like a
liquid-on-liquid process (hydrodynamic penetration).
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Figure2-9 showstypical data for penetration per unit
length (P/L) of penetrator into a solid (monolithic, semi
infinite) armor target, as a function of striking velocity.
The data are from Tate et al. (1978%], Silsby(1984)

[13], and Cuadros (1987}14]. The various regimes are
labeled with bars spanning the velocity rangeéNote that
what one person labels as a blisteringdBO0 ft/s is

another person’s much slowerl,500 m/s. Also note that
what one person calls hyp@elocity is really
hypervelocity, while the muzzle velocities for HVAP shot
are on the low end of the ordnance velocity intervahC
jets strike in the #9 km/s velocity regime, while the
speed of sound in steel is about 6 km/Because the
interface béween the penetrator and the target sinks
into the target at some fraction of the striking velocity,
almost all penetration is subsonic relative to the speed of
sound in metallic and ceramic armor.
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Figure 29. Typical P/L vs. Velocity Data for Tungsten L-onc
Rod Penetrators vs. RH&ource: Silshy [1]).

Over the whole curve, the increase in penetration with
velocity is the greatest at typical tank cannon LRP
velocities. Byadjusting the gun and projectile system to
slightly increase velocity while launching the same
length of penetrator (but not necessarily the same
diameter), it will be able to perforate thie armor, and
hence defeat more heavily armored tank#gain, the
curve is per unit length of penetratorBy doubling

length, penetration is likewise doubled, at least to a first

approximation. In the remainder of this monographKE
penetrator” refersto a long, fast KE penetrator and not
AP shot or an HVAP round.

2.6 ADVANTAGES AND DISADVANTAGES OF KE VS.
SC AMMUNITION

2.6.1 KE Ammunition Advantages

In general, explosively filled rounds can only endure
limited acceleration without risking an ifbore
detonation and hence have a low muzzle velocity
relative to antiarmor LRP round$s hisdisadvantage
coupled with their bluff bodies makesexplosively filled
roundsmore subject to disturbances in flight such as
buffeting cross winds and gives morime for the
disturbances to grow before impachence, they are less
accurate than KE rounds

In contrast, he flatter trajectory of a KE round reduces
inaccuracy from poor range estimatigavhich results ina
better probability of hitting a target. TheKE initially
imparted to a SC round does not contribute to its
penetration, and its blast does not couple well to heavy
structures such as tankddowever, when a KE round fails
to perforate and is stopped in a targetost ofits KE is
absorbed by the taget, producing a severe shockln a
perforation, morebehind-armor debris is generated by a
KE projectile as opposed to a SC jehich increases the
KE projectile’s probability of a kill given a perforationin
addition, the inert projectile in KE ammdution helps
reduce vehicle vulnerability if its ammunition stores are
hit.

2.6.2 KE Ammunition Disadvantages

There are disadvantages to KE ammunition as wk#.
velocity decay reduces its effectiveness with range to
target. While it is never good practice to fire over
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friendly territory, the SC round at least is composed of a
single projectile following a predictable trajectoryln
addition, the sabot petalsjectedfrom a KE round
endanger a large area ahead of the guand the KE
ammunition has poor spotting ability. The ideal tank
engagement from the friendly force’s point of view is
attack from a prepared ambushGiven that the
ambusher can onlyire two or three shots before
becoming vulnerable, andthere maybe two more from a
nearby, prepared firing position, it is imperative that the
gunner be able to determine his hit pai promptly so as
to re-lay (reaim) the gun for subsequent shotsThe

small diameter of the KE round leaves only marginal
space for a tracemyhich isnecessary for the gunner to
judge the trajectory before impact

KE ADVANTAGES VS. HEAT

Also, while a KE round just disappe&anto the dirt or
trees if the SC round detonates, it creates an
unmistakable signature.The blast, flame, and smoke
from a nonlethal hit or close strike have considerable
shock and screening value, possibly slowing the enemy’s
counter-fire. Finally, \Wwereas the LRP is strictly an
antiarmor munition, the multipurpose SC munitions have
intentionally traded away some of their impressive
penetration capability to add a fragmenting case, so
some antipersonnel rounds normally carried can be
replaced with them, increasing the tank’s capability in its
primary role as a tank killeiThese advantages and
disadvantages of KE ammunition vs. HEAT rounds are
summarized in the following lists.

KE DISADVANTAGES VS. HEAT

@ High velocity results in:

- Flatter trajectory, hence less influence of
ranging errors

« Shorter time of flight, hence less influence
of target lead errors

Highly lethal behind-armor debris fan

Maximum available energy goes into penetration

© 00

Inert projectile reduces vulnerability

@ Velocity decay reduces penetration capability
with range

@{ Discarded sabot petals endanger a large area
ahead of the gun

@ Poor spotting ability

No psychological shock/screening in a nonlethal
hit or near miss

Lack auxiliary antipersonnel/anti-materiel effect
of HEAT’s blast, case fragments

Chapter2. Evolution of Current Antiarmor Threat$ 2-9



FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS

DSIAC Monograph 202840

Graham F. Silsby and Dr. Andrew Dietrich
Distribution A: Approved for public reledsgribution is unlimited.

3. NORMAL
INCIDENCE SEMI -
INFINITE
PENETRATION: DATA

Chapters 3 through 7 will address only KE penetration. A
good approach to understanding the penetration

process is to study the simplest interaction geometry
first. After the processeat work are understood, then
additional factors can bexplainedone at a time. The
simplest interaction is for a penetrator in the form of a
long right circular cylinder of uniform properties to

attack a halspace of armor. The rod trajectory is aght
angles to the target face. This is referred to as normal
incidence penetration. The rod axisalong its line of
flight, not tipped (yawed). The process is then symmetric
around the striking rod’s axis and is two-dimensional.

That is, the valuesf variables depend on two distances:
along the axis and along the radius, but not along the
third dimension, the angle around the axis from some
arbitrary plane containing the axis of symmetrg,g,
vertical.

The effect of various penetrator and targetrameters
(variables) is discussdd this chapter as opposed to the
effect of striking geometry parameters, such as target
obliquity and yaw. Rather thaa discussion involving a
fixed velocity, the informations presentedas a curve
that relates reponse to increasing velocityNote that
most ofthesedatawere generated at reduced geometric
scalej.e.,with small penetrators and targets, not
something shot from a tank cannonAlso,there is a
fundamental difference between the behavior of the
commonly used steel and tungsten penetrator materials
and that of DU. The datasedin this chapterareinitially
from attack by steel alloy penetrators, then some
tungsten (powder metallurgy) alloy rod datare used

3.1 EXPERIMENTATION ANDATAINTERPREATION

Figure 31illustrates total penetration (nopenetration
per unit length [P/1) for various lengths of a British tool
steel rod into a very thick armor steel target. Note that
the penetration increases with rod length, as expected.
However, the curves cross, and may not even have the
same shape suggesting a more complex process than
expected. An experimentalist’s job when exploring new
conceptsis todetermine the underlying physics where
possible, or barring that, at least generasaifficient data
at appropriate points sdghe underlying physicsan be
modeled empirically with sufficient accuracy to be useful
in the development process.

40F L/D 12 EN25T STEEL
vs 150 mm RHA ot 0°

E or 714 mm lg, — |
353 899 mm Ig,
=z
o
g 20
- 56.7mm Ig.
w
=
w 10r
a
REF: TATE et ot, 4™ |NTL.
SYMP, BALLISTICS, 1878
0 L L 1 1 1
0 0.5 1.0 1.5 2.0 25

Vg (km/s)

(Adapted from Tate ot o, [ 120
All rods are British EN25T steel of length-to-diameter (L/D) ratio of 12,

Figure 31. Penetration vs. Velocity for Three Rod Lengths
(Source: Silsby [1]).

Data should be interpreted carefully. Each data point is a
sample of reality, as representatias the experimenter

can practically achieve, but undoubtedly subject to
random error not necessarily normally distributed. For
well-behaved data, and absent any knowledge of the
physics behind the process, the best curve totfitough
three points is astraight line. If the behavior is constant,
the line will be more or less horizontal. The straight line
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is anapproximation to the behavior studiedthe region
where the data existThe straightine fit allows
generaton of actual numbers that predict future
behavior and some estimate of the errors in the
experiment by seeing how the individual points vary
from the straight line fit that minimizes the error. With
only three datapoints, there is no way oéstimatingthe
actual behavior very far away from the region of the data
points. So maybe the nearly straight line for the
56.7-mm rod length is curved like the linghrough the
extensive 71.4nm data set. A few more data points at
the extremes would help tamprove theprecision of the
curve.

Smooth processes should result in similar curves, not
ones that cross, like the 72#m and 89.9mm lines
shown in Figure 3L. The only reason th&9.9mm line

for the longest rod crosses that of the middle one is to try

to approach its lowest data pointHowever, the error
due to the fit mustalsobe balanced among the other
points. Each pointis weightedequally in the fitting
scheme when the error distribubn is unknown It would
appear that no simple curved line would be able to fit
well through the two bottom points. Maybe there is a
gross error in the lowest point, and the curves look like
those in Figure 2 and Figue 3-3.

It does not seem unreasonable for one single data point
in a set of 15 to ban outlier. However, fitis, and is in
the wrong place on the graph (at the extremes of the
curves), it could make interpretation difficult. Again, a
few more data points woulctlarify this uncertainty A
statistician’s rule of thumb in curve-fitting isthat at least
five data points plus the number of parameters in the fit
are neededbefore the fit will not be unduly influenced

by outliers[15]. By any measure, the data set for the
56.7mm long rodin Figure 31is a bit inadequate if the
performance curve is a parabolaiginating at some

point on the horizontal axis (zero velocity would certainly
result in zero penetration, while target strength would

20 F L/D 12 EN 25T STEEL EE
. vs 150 mm RHA ot O° ¥
~
El &
E A
% &
=
2 20
=t
o
'._
2
w 10
a
REF: TATE etel, 4™ iNTL.
SYMP BALLISTICS, 1978
0 A Il ! 1
0 0.5 1.0 1.5 2.0 2.5

Vg (km/s)

|Adiprted from Tate ¢t al [12)
Without information about the shape of the curves 1o expect,
this interpretation of the data is less plausible than that of Figure 3-1

Figure 32. Another Interpretation of the Same Data Set a:
Shown in Figure 3L (Source: Silshy [1])

S
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2F
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0 0.5 1.0 1.5 2.0 25
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(Adapted from Tate et al. [12])

Figure 33. Normalizing Penetration by Rod Length
Simplifies the DatgSource: Silsby [1]).

suggest a positive velocity below which no penetration
would be observed).

Plotting data as they become available can neak easier
to resolve questions about the dataShots should be
concentrated at extremes and at velocities where the
data would best influence the shape of the regression. A
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certain number of shots in a firing program should be
allotted in advance to @an up the data after the
preliminary analysis, even if it means scheduling a
second block of time in the range. The cleap shots
must be planned in addition to those allotted for
repeating shots when there is something obviously
wrong (bad velocity, bd yaw, target mounted upside
down and backwards in the butt, etc.)t is important to
makeextra penetrators and targets the beginning,
becausefinding identical materialdater on may be
difficult, and producing a small batch of any pai$ not
economical.

Do not throw out any data point as a result of how well
or poorly it fits a curve The postulated curve may not
reflect reality, or there could be a lot of real variability in
the process, as opposed to error in measurement. Preset
criteria shoutl be used to decide when to disregard data
e.g.,yaw in excess of lor velocity outside a plus or
minus 20m/s window. Then all data that falls outside
the window of acceptability should be excluded from the
analysis, not just the points that are incoamient for

your hypothesis.The variation in penetration data igot
usually normally distributed, whiclis anassumptionthat
underlies most commonly used datfitting schemes.
Small variations in measured velocity, materials
properties, etc. probably @ normally distributed, but

the effect of pitch and yaw is probably nil up until some
threshold, thenit only degrades performance, never
improvesit, at least on normal incidence targets.

One measure of penetrators. armor performance is to
measure thevelocity at which the penetrator will just
perforate a given armor. Candidate penetrator designs
can then be compared quantitatively. In this salled
“limit velocity” testing, knowing the exit velocity adds
significant information, so striking velogjtvs.residual
velocity plots largely supplanted the earlier method for
determining the limit velocity that just used whether or

not the target was perforated Lambert and Jonas H] of
BRL developed an early computer dafiting algorithm
that used information from both perforating hits and
nonperforations?

To collapsethe datasets in Figures-3 and 32 to the

same curve dvide by the rod’s initial striking length
(normalizing he data) (Figure 38). A simplifying scheme
such as this aids in spotting bad data points also. It has
the same result as pooling data from several sets. If the
rule used is good, it increases confidence in the shape of
the curve while slightly broademig the region around

this central trend in which the actual behavior could be
expected tolie if alarge number of additional shots were
fired.

3.2 EFFECT OF ROD LENGTH ON DEPTH OF
PENETRATION

The data presented and their interpretation in Section
3.1 reveal that increasing the length of a longpd
penetrator at a given striking velocity increases the
penetration depth proportionally, while increasing the
striking velocity of a given length of penetrator increases
the depth of penetration. The data hersuggest that this
depth of penetration increases strongly with velocity, but
as later data will show, the curve turns down at about

2 km/s and becomes nearly flat at about 3 km/s.

3.3 EFFECT OF PENETRATOR DENSITY ON
PENETRATION

Next to length, penetrato density is the most important
factor affecting penetration. Compare the two sets of
long-rod (L/D 10 and above) data on the plot of R/&.
velocity shown in Figure 3. Data for WA penetrator
densityof 17.3gm/cm?®[13, 12]are supplemented with a
single curve summarizing a large amount of P/L data for

4 See the Bibliography for useful resources for the analysid mterpretation of large amounts of data.

Chapter3. Normal Incidence Serhfinite Penetration: Datd/ 3-3



FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS

DSIAC Monograph 202840

Graham F. Silsby and Dr. Andrew Dietrich
Distribution A: Approved for public reledsgribution is unlimited.

L THE DENSITY EFFECT 3 -~
1.5 ®
A
e | /
z‘ /
5 |
P s
[*]
£ | & _ast
s o
E sk N LEGEND
o ﬁ J' ———n—'u:‘:mu :::::mv
o LAY (USEN @ LAY (N S es)
| or .. ® Maey LA

[ 1 2 3 ‘
VELOCITY (km/s)

Figure 34. Effect of Penetrator Density on Penetrati®ource
Silsby [1]).

approximately L/D 10 WA rods with dengtsof 17.0 and
17.6 gm/an®[17]. Well below this curve is a set of steel
data [12, 18]densityof 7.83 gm/an®) andis
supplemented with a limited number of higkhvelocity,
steelpenetrator, long-rod data from BRk 50mm
high-pressure powder gun in Range 309A9]. The two
sets of da& are quite representative of their respective
classes. Note the clear difference between their plats.
would be clarifyingto collapse the data onto one curve.

This chapter presents observed data, whilbapter 4
presents the underlying physics. Aslibe derived in
Chapter 4, if one considers the momentum balance on
two strengthless jets of the same crosgctional area of
materials of different densities impinging on one
another, one can solve for the relative penetration of one
into the other. Tls numberis proportional to the square
root of the ratio of the two densities, totally independent
of velocity. Empirically, this scalled“density law has
worked well for modeling SC jetarget interactions,
where the average jet velocity is very highVhile the KE
penetrator datapresented in Figures-3 and 35 show
that penetration increases monotonically from zero to a
bit above this density law number (theoretically 1.49 for
typical ballistic WAs on steel and exactly 1 for hie-like
impacts),the data do appear to be flattening out at near

the density law value at high velocities, and the
difference between the two curves each figure
appears to be proportional to the velocity.

DENSITY NORMALIZATION

1.5~
04\-1 = * oy e i
X s o
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0 2 3 4

VELOCITY (km/s)

Figure 35. Normalized Density CurvéSource: Silsby [1])

The raw data in Figure-8 are corrected by this factor
and replotted inFHgure 3-5. (Since the ratio of targeto-
penetrator density is unity for steel on steel, only the
tungsten-on-steel curve is affected.Ysing this factor
reduces the spread betweethe two curves
considerably, but obviously doesn’t completely remove
all differences, particularly at ordnance velocities, the
range of velocities from current powder gun@bout
1-2 km/s).

3.4 EFFECT OF PENETRATOR AND TARGET
STRENGTHS ON PENETRATION

There are two strengths involveih penetration:
penetrator strength and target strength At striking
velocities where the penetrator erodes, penetrator
strength has little effect on penetrationWhile the effect
of target strength is significantit is not assignificant as
target density.
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3.4.1 Strain Rate Effects on Material Strength

Material strength is dependent on the rate at which

strain (deformation) is applied. Under ballistic impact,
both penetrator and target materials tend to act stronger
than observed in a tensile or compression test
conducted at normal deformation rates. This
observation is confirmed by the results of special tests
(Hopkinson bar impact tests) developed to measure
material properties at strain rates up to about

10° mm/mm per second, typical rates encountered in
ballistic impacts. Increases in apparent strength of up to
about three-fold over quasistatic strength may be
observed, with this strain rate effect more apparent in
some materials than others.

3.4.2 Temperature Effects on Material Strength

Temperaturealso affects materiadtrength. The hotter a
material is relative to its melting point, the lower is its
strength. Over the most extreme temperature range
available in the environment, thigffectis probably not
noticeable in tungstensinter-alloy, LRPs, but it is a minor
influence in steel. The difference in temperature
betweenanarmor plate shot at 10Fduring the winter
and at perhaps 160 afterbeingin the summersun all
day willbe reflectedin the data when a very sensitive
measure such as limit velocity is uselt is more
significantthat small changes in the temperature of the
propelling charge will significantly affect the muzzle
velocity, and hence the outcome of a test, btite

striking velocityshould always be measured and
recorded) It is important to éther conduct tests under
reasonably constant conditions (there will be no
noticeable difference over a range of typical indoor
temperatures) or record the (estimated) temperature of
the components in case some questions arise.

3.4.3 Penetrator Strength

No homogeneous set of data from the literatureould be
found to compare the effects of penetrator strengthge.,
data where all factors other than strength were held
constant. Data from disparate sources with penetrator
hardness, and hence strength, wang from very soft to
about a hardness of 56n the RockwellC(HRC}cale,
unfortunately were sparse and included data from shots
with and without bulges and revealed no systematic
trend.

3.4.4 Target Strength

The data showing the effect of target stregith in

Figure 36 come from a comprehensive work by Hohler
and Stilp [18] and from Sun, Wu, Zhao, and Shi [20] in
China. Hohler and Stilp were unclear about whether the
strength reported was yield or ultimate. Target strengths
varied from that of typi@l structural steels to that of
armors. There is an almost linear correlation between
hardness and strength [21], so strengtlse shownthat
were inferred from hardnesses whestrengths per se
werenot reported. Strengths and hardnesses waret

TOOL STEEL LONG RODS vs STEELS at 0 deg
o i
LINES (Honier B Stiip)
CHOWR (AERMAN] STEEL mOD
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Figure 36. Effect of Target Strength on Penetration Depth
(Source: Silsby [1]).
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reported at all in Sun et al., but the data fit theend in

the German data quite well if it is assumed that the
Chinese 0.45 carbosteel is similar to the German ST 37
steel, and that the Chinese armor steel is similar to that of
the German HzB20 armor steel. It is not clear in the
figure, but the P/Ls would probably converge to a
common value at higher velocities.

3.5 PENETRATIONHOLE DIAMETER

In thin targets, the penetrabn hole diameter is about

that of the penetrator. In thick targets struck at low
velocity, the penetraton hole diameteris also essentially
that of the (rigid) penetrator. As rod erosion occurs, hole
diameter suddenly jumps up, as the advancing rod has to
push the debris from the mushrooming head aside to
create the cavity. The cavity diameter continues to grow
with increasing striking velocity. As an extreme example,
hole diameter is about five penetrator diaeters at

4.5 km/s for tungsten on RHA 3], achieved in a twe
stage, light-gas gun facility totally impractical for any
contemplated military system. It is interesting to note
that at a given velocity, the hole diameter deep in thick
targets is about tle same as that in senmnfinite targets,
whether or not perforation occurs.

Figure 37 illustratesthe effect of velocity on hole
diameter at ordnance velocitysfired by Silsby for
Roecker and GrabarekP It was generated using
reduced (one-third) scale 94% WA long rods against
both semtinfinite and finite RHA. The large cross in the
plot is one standard deviation on the vertical spread in
hole diameter data from 16 shots at one intended
striking velocity, while the horizontal bar is one standard
deviation long about the average velocity. There is
considerable scatter in the diameter, perhaps because
most real holes are quite irregular relative to their
diameter.
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Figure 37. Hole Diameter vs. Velocity at Ordnance Velocities
(Source: Silshy [1] from Roecker and Grabarek [22] data).

As discussed in Section 2.3, witlydrodynamic
penetration, the everting penetrator maerial exersforce
on a target to open a hole, and the formation of a hole in
the target redirecs the penetrator material streamThe
only way a penetrator can influence a target antte
versais through interface forces. At each point of
contact, Newton's laws dictate that these forces must be
the same on both sides of the interface. That force is
determined by the curvature of the turning penetrator
material, its thickness and density, and its local velocity.
It has been obsemd that target materil inertia and
shear (friction) forces between target and penetrator
material streams are low. tliese forces arassumed
absent the target only exerts a normal force on the
penetrator stream, a force limited to a value determined
by the target materiaktrength and loading geometry.
The radius of curvature varies smoothly from the
centerline out to where the penetrator material stream is
directed up-range, establishing the diameter of the hole.
Comparing between casewhen all other conditions are
eqgual, rods of higher velocity, or of higher density
material, or of larger diameter, should result in the larger
hole size.
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3.6 PENETRATIONHOLE VOLUME

Hole volume is related to both penetration depth and
hole diameter. Armoipiercing shot will produce a hole
whose diameter is just that of the shot. At higher
velocities, an eroding penetrator will produce a hole of a
characteristic diameter depending ostriking velocity,
strength, and failure behavior, which vaconsiderably
among penetrator materials. Conceptually, as the
striking velocity for @ LRP drops, at some point the hole
diameter will just be large enough to pass the erosion
debris. If theeroded penetrator debris is laid into the
hole at the speed the interface advances, the hole
diameter must be 1.414imes the rod diameter to just
pass the debris. While it has been postulated that hole
volume in typical ductile metallic targets may be
proportional only to striking energy, experimental
researchers such as Hohler and Stilg][bave found that
to be the case only at striking velocities well above the
ordnance velocity regimgFigure 38).

HOLE VOLUME

IS RELATED TO:
o PENETRATOR ENERGY
© TARGET STRENGTH

—

Ee——1
e VELOCITY
ARE THE VOLUMES EQUAL
=] FOR EQUAL STRIKING ENERGIES?

NOT REALLY (HOHLER & STILP),

Figure ahown Is spocularve

Figure 38. Hole Volumes are not Entirely Proportional to
Striking Energy(Source: Silshif)f

3.7 THE L/D EFFECT

Penetration depth isnot necessaily independent of rod
length and diameter. Under a set of conditions where
the aggregate sum of all of the various nonsteady state
effects was not close to zero, an effect of L/D on
penetration depthwould be expected (Of coursethere

could belargedifferences in behavior from that
occurring during steady state, buhey would balance
each other out, andvould not be noticedunless we set
out to study them in detail instead of just looking at the
final penetration depth.)

These effects can be groupéddto start-up and endof-
penetration effects. The penetrator could be heavily
influenced by the free surface of the target face until the
penetrator-target interface had sunk a number of red
diameters into the target where the target material is
heavilyconfined. Similarly, when the interface gets
within some number of roddiameters of the target's rear
surface, target sel€onfinement drops. If aLRP were
fired into a very thick target down a long hole, so that
penetration both started and stopped degin the
interior, constraint conditions would be considerably
different than striking the same target on an open face.
Differing P/L values for the two different striking
conditions would be evidence of such a fresurface
effect.

Several other enebhasescenarios could result in an L/D
effect. The target is penetrated by the penetrattarget
interface. While this feature advances at some fraction of
the striking velocity, its speed is not negligible. As the
last of a penetrator is spent on the targgberhaps the

zone under it continues to advance a bit. Likewise, under
certain striking conditions, penetrator material everting
into the penetration channel can have a forward velocity.
Perhaps this annulus of material then slams into the
bottom of the channel, increasing the depth of

penetration a bit. These possibilitiesvill be discussed in
Chapter4, which addresses mechanics rather than data
uninformed by physical understanding.

An L/D effect on the P/ks.velocity curveis expected
when significant influences cause the total penetration
to be different than expected from the steady state rate.
In mathematical form, this can be written:

Chapter3. Normal Incidence Serhfinite Penetration: Data/
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- - 1)

Thekis probably a function of velocity, anthe

term would be approximated by very long rod
data, where the presumably shotived, unsteady state
effects are swamped by the long duration of the steady
state phase. It isassumal that the hole growth was
reflected in the seemigly linear hole diametews.
velocity data, the second terraould be refinedby

writing it asaV/L, whereais a constant.

3.7.1 Normalizing L/D Data

ThelL/D effect is quitesignificantas shown inFigure 39,
which illustrates copious iroron-iron data from
numerous sources cited earli¢t7-20, 23]. Thesedata
canbe normalized by finding & in Equation 1 that
collapses all the data onto one curve

The normalized curve shown iRigure 310 shows
significant reduction in spread. The value kWwas
computed from data at one striking velocity. Nethat
the L/D 5 line blends into the L/D 1 lin@ndthat the
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Figure 39. P/L vs. Velocity as a Function of (Furce: Silsby [1]
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Figure 310. Normalization by L/@Source: Silsby [1]).

L/D 1 and L/D 10 curves lay essentially on top of each
other up to about 2.5 km/s, seeming to imply that
whatever effect causes this difference in penetration is
independent of velocity. Thisesultdoesn't appear to
support the hypotheses about secondary penetration
and target inertia causing additional hole growth, as
these phenomena should increase dramatically with
increasing striking velocity Note that the value for semi
infinite penetration for an infinitely long rod is only a few
percent below thatof an L/D 10 rod, which implies that
the hole growth term is small.

3.7.2 Exploiting the L/D Effect

If the P/L for an L/D 1 penetrator is significantly greater
than that for an L/D10 penerator, it has been suggested
that an existing rodbe cut upand spacel out, as
suggested in Figure 41, toimprove overall penetrator
performance. Thipossibilitywasonce an intriguing
topic for discussionbut now the reason why it doesn’t
work has been discovered. The debris from individual
segments is everted and rebounds back towards the
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Figure 311. Exploiting the L/D Effec(Source: Silsby [1]).

penetrator axis, interfering with the following sgments,
a familiar phenomenon in SC jet penetration.

3.8 MORE MATERIAL PROPERTIES IMPORTANT IN
SEMHNFINITE PENETRATION

Most of the semiinfinite penetration process tat counts
occurs with the penetrator and target in a state of
compression and shear. The compression tends to keep
cracks shut and not induce them to run rapidly. Under

these circumstances, the notch sensitivity of materials is
not as important as whenhe materials are in a tensile
stress state. Many times, the materials are being
employed in a relatively soft and very tough state, with
very large critical stress intensity factors, as in RHA. A
pair of radiographsshown inFigure 312, illustrates an
important point that is not well understood: A target
degrades a penetrator only when and where it contacts
it. At normal incidence, the degradation is in the form of
erosion, while at oblique incidence, the penetrator is
both eroded and given a tippingate. If identical
penetrators at identical velocities perforate a brittle and
a ductile target of otherwise similar properties, it is
irrelevant in terms of the effect on the rod that the brittle
target was later found as dust, while the ductile targst i
intact with the exception of a hole in it. Ductility and
strength are usually not independent propertiedf
structural integrity and seconeround hit protection are
not issues, in armor, it is advantageous to trade away
ductility for strength, so asd erode more of the rod with
the same thickness and weight of armor.

The Z%in. diameter ball on the lefin Figure 312is a steel
bearing ball, while the one on the right is an aluminum

STEEL BEARING BALLTARGET

CERAMIC GRINDER BALL TARGET

Figure 312. Steel (left) and Ceramic (right) Ball Targ&eurce: Silsby [1])
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oxide ceramic grinder ball. The two shots, BRL Scaled
Armor ConceptsProgram shots 292 and 293, were fired
in 1978 to settle the question of whether the penetration
process was the same or different in these two quite
different target materials. Two identical penetrators
were fired at identical velocities at the identicaize balls
and radiographed at close to the same time delay into
the target. The penetrator, a rod about orthird the ball
diameter, is entering the ball from left to right. (A
common convention in ballistics and in this monograph
where feasible, is tht figures are drawn showing flight
from left to right.) Bothpenetratorsexhibit the water
splash like entrance signature in the penetrated zone.
The radiographs reveal no significant difference, though
multiflash radiographs are hard to interpret becae
severallater imagesare overwritten on the same filmin
this casethe residual fragments and pieces of the three
small wooden dowels that supported the ball from the
plywood to the right and the haltone rendition further
obscure the images The only difference noted after the
shots was that small but discrete chunkdé the steel ball
were left, while the ceramic was shattered to dust.

3.9 EFFECT OF SIZE (GEOMETRIC SCALE)

One of the most troubling considerations in terminal
ballistic testingis havingto operate at reduced scale due
to launcher limitations, cost conderations,etc. It is well
known that many material@aregrainy as a result of their
composition or processing. For example, concrete is an
engineered composite in which the coarser part of the
aggregate is gravel or crushed stone, and the finer piart
sand. The distribution of sizes is carefully controlled to
minimize void volume that must be filled with the
cementwater paste that cures to a roelike matrix. Most
structural concrete includes steel reinforcing baif.you
have to test a munition sue as a bomb designed to
penetrate concrete it is best to conduct mangarefully
controlled tests economically. Gun launching a reduced
scale simulant seems like the best approach. It would
seem logical to make every part of the penetrator and

target a educed-scale geometric model of the real thing.
Modeling the concrete, including @educed-scale
reinforcing barand theaggregate would be challenging.

There are other considerations of this reducedale
modeling. What about reducedscalevs.full-scde
penetrators of sintered and/or cemented alloys such as
tungsten-nickekiron? Should you start with finer
powders and use scaledown processing equipment to
make the rods? What about precipitation hardening
alloys such as DU alloyed with weight-percent

titanium (DU-3/4Ti), or the maraging steels? Hawould
the grain size of the base metak scaled downand
what would be the metallurgical effects of scaling down
the size of the precipitate, ffossible? How would

harden and temper alloys, of whicRHA and 4340 are
typical, be scaled dowR Notch sensitivity definitely
doesn’t scale geometrically. Different fracture behaviors
between model and prototypeare possible

Although it is challengingscaling is not a serious
impediment to developmental testing.No experimental
evidencehas been found thasuggessthat the result of
a geometrically scaled test was far from that of the
prototype. In the data for tungsten rods on RHA targets,
presented earlierin Section 3.3and shown again in
Figure 313, the penetrator masses fired at ordnance
velocity were less than 100 gm2). Three of the four
Silsby hypervelocity data [3] are clusters of three shots
at well separated requested velocities, witine or two
125-gm and one or two 256gm geometrically scaled
long rods. Only the three darkenesymbolsin Figure 3
13 (of the four Cuadros data fl) are points in which the
penetrators weighed in excess of 700 grams. Only the
highest-velocity shots ajpear to be significantly above
the trend.

The most important factor favoring reducedcale testing
is thatmanyreduced-scale tests can be fired for the price
of a singlefull-scale test. The thorough understanding
of the underlying mechanisms gained by extensive
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All open symbols are from shots at about '4 scale or
less, while the three solid symbols are shots at near full scale.

Figure 313. The Effect of the Geometric Scale of the
Experiment(Source: Silsby [1]).

reducedscalg exploratory testingcan be appliecto
optimizing performance. In addition,a limited number
of full-scale shots in the region around the optimumuill
prove (or disprove) the concept and at the same time
provide a test of the scaling.

The size of themodel should beas close tdhat of the
prototype as practical or economicalAlso,the model
materials’ engineering properties (strength, elongation

to rupture, etc.)should beas close to those in the
prototype aspossible For example, a model penetrator
whose diameter is, sap0 times the material's

characteristic grain size will probably behave the same as
a full-scale penetrator that i$0times the grain size in
diameter.

Mass drops as the third power of the decrease in size, or
scale factor. Thus, a small reduction in scale can
frequently relieve a constraint imposed by excessive in
bore mass for guAaunched work. If a small velocity
increase were needed from an existing gun, it would not
be unreasonable to fire a modedcale ordnance velocity

shot at, say 80% scale, where the mass would be about
50% that of the prototype.

Within reasongverygeometric dimension is reduced by
the same scale factor. The aggregate in the concrete is
scaled down. Thicknesses, lengths, hole dimensi@ts,
are made smaller by the same amount in both penetrator
and target. All material properties are kept the same as
those of the prototype. Ideally, the model would be
made from the prototype’s material or of its raw

materials. If practical available materials are used. For
example, the hardness of RHA varies witlickness (but
not in the through direction in any plate): the thinner
the plate the harder (and hence stronger) it is. Rather
than slice thin plates from the corresponding thick ones,
we have the temper drawn on thin plate to bring the
hardness down to tle value of the prototype. This
method is a simple operation involving heating the plate
to relatively low temperatures and holding it long
enough to let the metallurgical transformations
complete (typically a fewhour operation at most).

Geometric scalingcannot be applied toroot radii on

highly stressed areas of the penetrator or target because
the stress intensity factor governs whether or not the
material flows or cracks locally, not the average stress in
the region around the radius or discontinuityThe stress
intensity factor depends in turn on the size of a radius or
other discontinuity (such as a typical flaw, crack, or
inclusion) in the material. Typically, the size of driving
lands and other features on a real projectielimited by
the minimum root radius that a single point tool can
consistently generate during the entire finishing cut over
the part. If the radii are below about 0.5 mm (0.020 in.),
toolsmay be wornduring cutting and may need to be
replaced

Thus, two factors militate agast reducing the size of
critical features on a scaledown rod or target. One is
that the prototype features are already so small that you
will not be able to consistently reproduce them at a
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smaller size anyway. The other factor is that high
strength materials such as penetrators typically have
relatively low fracture toughness values, so that large
part-sectionsare brittle rather than ductile. Thus, root
radii and part geometry, and possibly metallurgy, should
be adjusted to produce the desired stress concentration
factor on impactwhile considering changsin material
property with strain rate, and so onTheseadjustments
are challengingto even the best stress analysit is
recommended that parts be designed to be as simple as
possible so that internal flaws rather than madeade
features are the likely limiting factors. In this way, the
model and prototypewill likely perform the same.
However, anybrittle behaviorshould be noted

To scale a penetrator dowsignificantly, make the length
that of the prototype times the scale factor. If the
prototype is not close to a simple cylinder in geometry,
make themodel rod as close to the overall geometry as
practical,e.g, long tapers are modeled as long tapers,
long cylinders of different diameters are modeled as long

cylinders of scaled diameters, etc. However, small details

arenot included. For example, enteaded fin hub will be
modeled as part of the basic rod, adjusting model rod
diameter slightly to maintain correct overall scaled
length and mass. Features necessary for firing at
reduced scale are freely included,g, using 60 V-form
threads for trat¢ion launch. When there is no pressing
need for all of the fulscale detail to bencluded on the
reduced-scale rod, make it a hemispherically nosed right
circular cylinder of such a diameter that the factor by
which the mass is reduced is the cube roaftthe scale
factor. This diameter is called the effective diameter.

Figure 314 showshow decreasing the scale factor
affects the design, mass, length, and diameter of a
penetrator. Drawn for the purposes of illustration only,
the large penetrator on tle top typifies an LRP. Made
from an unusual uranium alloy having a density of

“]Ij L/D 15 DU 18.3 g/cm®

SCALE MASS LENGTH DIAMETER
FULL 1000 grams 250 mm 16.67 mm
HALF 125 grams 125 mm 8.33 mm
THIRD 37 grams 83 mm 5.56 mm

QUARTER 16 grams 62.5 mm 4.17 mm
TENTH 1 gram 25 mm 1.67 mm

Figure 314. Geometric Modeling of a Penetrator as Scale
Factor DecreaseéSource: Silsby [1]).

18.3 gn/cm?, a 256mm-long L/D 15 rod would weigh
exactly 1kg. The effective diameter of this speculative
rod would be 16.67mm.

As can be seen in Figure3},a 50% decreasm scale
radically drops the mass frorh kg to 125gm. The
cylindrical forward part, which would mount a wind
screen, has been scaled exactly, while the root radius at
the intersection with the taper is identical to that of the
prototype. The driving lads have been replaced with
nonfunctional helical threads with the same root radius
as the prototype, but with a minor diameter scaled down
by 50%. The fin hub has been eliminated to provide a
larger bearing area for pustaunching. The rear taper
would be the same, and minor irregularities in mass
would be ignored. If necessary to provide enough
bearing area, the taper on the rod would be altered to
increase base diameter but maintain the correct scaled
mass. At smaller scale, the rod becomes a
hemispherically nosed right circular cylinder and finally
loses the hemispherical nose.
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4. NORMAL
INCIDENCE SEMI -
INFINITE
PENETRATION:
MECHANICS

Understanding penetraion mechanics contributes to the
understanding of the penetration dataRememberthat
the semtiinfinite targets are being struck by long rods at
normal incidence at ordnance (tank cannon) velocity.

4.1 THE REACTION OF PENETRATMARTERIALUPON
PENETRATION

Upon penetration, the rod erodes while forming a cavity
in the target. Themain concept is that the rod everts, or
turns back on itself, as though forming a tubélowever,
the material in thetube isnot necessarily continuous.
For the usual materialased in antiarmor LRPs, the large
shear deformations almost always result in particulation
of the everted material. At the right striking velocity, this
material lines the penetration channel and can be picked
loose from a sectioned targetMore-ductile penetrator
materials will actually yield a continuous tubd-igure 41
illustratesthe physics more clearly.

In Figure 41,view a, the important featuresf the
penetrator are showrin the line artabove the centerline
Below the centerline, alpoto-composite evokes what
the event must have looked like while in progresan
appropriate length of aphotograph of an unfired rod(1)
forms the tail. The sectionedubular recovered
penetrator material(2)from one shot, and the recovered
cap(3)from another are pasted onto a drawing of the
average penetration channel from two senrmfinite
shots. The photocomposite is shown sectioned behind
the cap, whilethe line art alove the centerlineis shown
in full crosssection The original undeformed teeth on

Figure 41. Penetrator Eversion During Penetratiddource:
Silsby [1]).

the incoming rod (4) are badly sheared with additional
sheared surfaces extending from the sharp raatii (5).

While the threads serve as tracers, improviting ability
to determinethe process from the recovered target and
penetrator residue, it is not clear which way the teeth
should point. The orientationappears to becorrect from
continuity considerations.

Rad erosion is a shearing process and is confined to a
zone near the penetratotarget interface. Viewed
standing still relative to this interface, penetrator
material feeds into this zone from left to right as a rod
and exits from right to left as a tubeTarget material
advances on the interface from the right and is pierced
and opened by the action of the impact inertial forces of
the penetrator stream.The penetratortarget interface
can be considered to be a rigid punch sinking into the
target at theinterface velocity. The conservation laws,
continuity considerations, an empirical relationship
between relative erosion of rod and targets.velocity,
and various assumptions can be invoked to compute the
rod material exit velocity with good agreement ith
reality. At ordnance striking velocities, the exiting tube
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moves uprange at a very low velocity relative to the
target, and, in fact, penetrator material is sometimes
found adhering to the channel wall.

In the shot illustratedn Figure 41, the teet on the
surface of the rod restrict material flow at their base,
while the root radii create high stress concentrations.
These factors constrain the creation of new surface to the
zone between teeth.These lines of shearing are
suggested by the finer fies in the drawing, while the
original tooth profile is suggested by the heavier lines.
The newlycreated sheared surface is particularly evident
in the first few teeth behind the mushroomed head in
the composite photograph. Cret#on of the everted tube
can follow one of two widely different pathsDepending
on a balance between the penetrator material’s strain
hardening and thermal softening properties, the tube
can either be smooth and continuous, or comprise a
number of highly sheared zones forming gbs, exactly as
seen in machining metal.

Figures in the literature typically show the rod material
flowing into the target interface and coming out as
detailed in Figure 41,view b. This is probably an
oversimplification.

Compression forces predominate over shearing forces in
the zone of material near the center of the rod at the
interface. Under this loading, it is quite likely that a dead
zone forms ashown in the larger scale detailf Figure 4
1,viewc. Such a rod (and target) flow field is much more
understandablethan that depicted in viewb. The

doubly cusped dead zone, compiiisg either penetrator

or target material or bothand only casually ative in the
flow process, acts as a more or less rigid feature
facilitating the opening of the rod and target materials as
in the metakforming operation of piercing. The friction
with the flowing penetrator and target materials would
create a tendencydr the material in the dead zone to
circulate as indicated by the arrows in treditional

detail in Figure4-1, viewd.

Experimental terminal ballistics work shows that, at tank
cannon velocities, the rear of a long rod decelerates only
slightly until itis nearly consumedIn fact, you can set
your imaging trigger delays by this assumptiorOnly

when the rod erodes down to a few diameters in length
does the speed drop seriously. Séer example the
extensive literature referenced in an excellent BRlvey
paper by TWright [23].

4.2 THEREACTION OFARGET MATERIAUPON
PENETRATION

In semiinfinite penetration,the target materialdoesn’t

go very far.Thisfactis also true in deep penetration of
finite targets. Little or no target material is actally
evacuated from the target in creating the penetration
channel. At impact speeds even in the hypervelocity
regime, the target material is essentially incompressible.
Even under stresses causing general yielding, the bulk
modulus of metals is too hig to accommodate the
creation of a void volume without gross target material
flow, observed predominantly at the nearest free surface,
which is usually the struck surfac&igure4-2 illustrates
the movement of the target material The gridded
surfacethrough the target in the plane of impact on the
left would deform something likethat shown on the

right. Think of the zones as annuli around the axis that
have the same volume before and after penetration.
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Figure 42. TargeMaterial Displacement After Penetration
(Source: Silsby [1]).
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(This figure ionly illustrative and not from any
experimental data For discussion of experimental data
from confined split targetssee the BRL report by
Bruchey and Glass 42)

4.3 SIMPLE PHYSICAL RELATIONSHIPS

Remember that we are discussing LRPs impacts on semi
infinite RHA targets at normal incidenceWe are used to
thinking of the target as being fixed and the penetrator
as attacking the target with a striking velocity. Instead,
imagine that you are moving down range at such a
speed that you are standing still relagvto the
penetrator-target interface. Mathematically, this is
accomplished by subtracting the interface or penetration
velocity,U, from the instantaneous velocity, of the rod,
and the zero velocity of the targefFigure4-3). Now the
rod velocity rehtive to the interface is\(- U), and the
target velocity is-U (i.e., to the left in Figure-8). What is
the velocity of the exiting tube of materialThe only way
it can lose energy going around the corner in the
interface is through friction degradton of KE into heat
through plastic work.

RELATIVE VELOCITY

U-(v-u) =2u-v

Interface is fixed, penetrator and target
move with speeds (V- U) and U, respectively.

Figure 43. Everting PenetratofSource: Silsby [1]).

How much energy is lost to plastic work was deduced
indirectly by observing the results of shooting small WA
long rods into two 6in. cubes of armor backo-back at
increasing velocities.Thetesting wasconducted to
generate penetrationvs.velocity data to compare with
an earlier lot so as to qualify (or not) a new lot of
tungsten rods for a customerOnly thefirst block was
penetrated; the second block serd to restrain the first
block inertially for a time so it would act more nearly like
a semiinfinite target. Up to some velocity, the bottom of
the hole had a residual penetrator stuck in the bottom of
the penetration channel, but b tungsten debris. At
about 1700m/s, the penetration channel was lined with
a tightly adherent layer of tungsten chips and the
residual rod at the bottom. Above that velocity, the
bottom of the channel was choked with debris on top of
the last of the paetrator. Apparently,at lower velocities,
the debris headed ugrange and did not wedge into the
target channel. At about 1700m/s, the debris came out
radially and lodged against the wall of the channdt.

had no velocity relative to the wall of thegmetration
channel that would dislodge it.Beyond this velocity, the
debris headed down rangeand it was dislodged again
coming to rest on the base of the residual rodf.it is
assumedthat the everted material turns the corner
without losing any velodty, this threshold velocity would
be about 1600m/s,agood correlation: some energy is
lost, as it must be, but not muchUnder that assumption,
the thickness of the stream of everted penetrator
materialcan be calculateds well.

Thus, with a small eor, every little packet of material is
assumed to maintain constant speed while being
severely redirected, as in a train going around a sharp
curve, exiting with a speed\ - U) relative to the
observer fixed at the interfaceBy subtracting exiting
material speed from target speed, the relative velocity
can be determined between penetrator and target,
which is2U- V. Section4.4 discusses how to determine
the value ofU.
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4.4 DERIVATION OINTERFACE VELOCITY

The interface velocityl), can be related to the P/L value
observed from experiment.n Figure 44, three
shapshots of the penetration are presentedit the top,
the rod, traveling at its striking velocity, is just
touching the face of the targetAt some intermediate
time, the rod has partially eroded and sunk some depth
into the target. Assumingthere isno deceleration of the
rod, it isthen completely eroded and the penetrationis
finished (bottom). The average velociesof the tail of
the rod and of the interfacere calculatedas shown in
the figure. Then,one velocityis divided by the other,

and the common increment of times cleared out.The
minor mathematical manipulation of dividing all terms
by penetrator (only) overall lengthl, is then performed
to obtain the amazingly simple relationship fadg/V. In
reality, the pd does decelerate, and usually some
uneroded rod remains, but the principle is the same.

Figure 44. Simple Mathematical Relahships Yield Value
for U(Source: Silsby [1]).

4.5 DERIVATION OF THE DENSITY LAW

Two coaxial streams of strengthless liquids of equal areas
and different densities impacting each otheran be used

to explain thederivation of the density law When

viewed from a frame of reference fixed in relation to the

lower-density stream(for convenience called the target
stream), the material from the highedensity stream
(called the penetrator strearis burst open at the
centerline and exits in a sort of conical spray in which the
thickness of the diverging exiting spray decreases with
radius to satisfy conservation of mas$he material of
the lower-density stream exits similarly, in contact with
the inner surface othe higher-density stream, with the
two streams in general sliding radially relative to each
other. The interface moves relative to the frame of
reference.

A familiar, albeit sort of twadimensional (2D), analog of
this is a tire rolling on a flooded pavement that throws a
spray of water out ahead of the line of contact moving
with the vehicle, the tire being one stream and the water
being the other. However, a special frame of reference
can be selectedlong the common axis of the two
streams such that it is fixed at the interface between the
two streams, and the exit streams are at 96 the axis
(Figure 45).

Shown with the crigin at the center of mass.

Figure 45. Streams of Equal Area but Different Densities
Impinging on Each Other Coaxial(§pource: Silsby [1]).

Imagine a control volume comprising a right circular
cylinderwith a largerdiameter than the liquid streams
centered on this origin and coaxial with thenBecause
the streamsarestrengthless, there is no force applied at
the surface of the control volura, and the vector time
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rate of change of momentum within the control volume
must be zero

Call the crossectionalarea of the stream#and a unit
interval of timeAt. Arbitrarily, call the lowedensity
stream the target stream and the highetensity stream
the penetrator stream.Call the velocity of the penetrator
streamVkand that of the target streanV;. Using this
nomenclature and equating momenta,

” ”

B Yow Yo, or

® (1)

Then call the distance traveled by the target stredm

the penetration of that stream, and call the distaac
traveled by the penetrator strean, the length of
penetrator consumed in penetrating the target stream in
a unit time. Then:

- — - @

Rearrangingequation1 and taking the square root gives:

—  —8

And substituting inEquation2 gives the density law for
hydrodynamic impact, also known as the hydrodynamic
limit:

- — 3)

Toput this in perspective, for steedn-steel (or any like
on-like) impacts, the hydrodynamic limit is 1, while for
typical ballistic WAsit is about 1.49Figure4-6).

Applying the assumptions of hydrodynamic (no
strength) behaviorto ordnance velocity peetrator-
target interactions isnot as accurate There are at least
two problems. First, & the velocity drops into the
ordnance velocity regime, the impact pressures drop

.
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Figure 46. Tungsten on Steel LorBod Penetration Data with
the Hydrodynamic Limit Superimposed (Horizontal Line)
(Source: Silshy [1]).

and the hydrodynamic assumption gets less and less
plausible. The otherproblem involves the geometric
boundary conditions on the real situationThe small
cylinder of target material to be swept by the penetrator
material is surrounded by a large additional amount of
target material disposed in such a fashion that it is very
effective at constraining radial flow of target material in
question both by inertia and strengtt{fFigure4-7).

Shown with origin at the center of mass.

Figure 47. Small PenetratdDiameter, Large Target but
Different Densities on Each Other Coaxidl8ource: Silsby [1]
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4.6 THEINFLUENCEFPENETRATOR STRENGTH AT
HIGHER VELOCITIES

The data on the effect of penetrator and target strength
on penetration shown inChapter 3 seem toindicate that
target strength is important and penetrator strength is
not, but this is only true at higher velocitiescRemember
that, against the same targea hardenedsteel core in AP
shotis more effectivehan a soft core in conventional full
metal jacket ball ammunition.Loading conditions and
geometry dictate the stresses generatedhile material
properties determine the responsefor a strong
penetrator, as velocities increase, first it penetrates
rigidly, and then at a threshold of velocity, begins to
erode while penetrating.Figure4-8 shows the semi
infinite penetration of a long rod, which haslang,
gquaststeadystate phase.

PENETRATOR
FLOWS
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Figure 48. DeepPenetration(Source: Silsby [1]).

The penetrator iSmpacting at such a velocity that the
impact pressure is higher than the rod strength, and it
flows. The rod material feeding into the plastic zone is
loaded in compression but cannot support more stress
than the yield stress value of its material undie

loading conditionsthat occur. The target material ahead
of the deforming rod has a characteristic pressure above
which it cannot resist, higher than the uniaxial

compression strength of its materialue to the heavy
confinement radially and axially.

The vector time rate of change of momentum of the
plastically deforming penetrator materidbeing turned
from its forward directiondue to being trapped between
penetrator and target adds a hydrodynamic pressure
component to the maximum stress that the peairator
material can exert on the target by its strength.

The strength component is the penetrator material’s
plastic flow stress, the equivalent in a triaxial state of
loading to the yield stress in uniaxial loadingt is a
function of both uniaxial conpressive yield stress and
the loading geometry. Increasing the impact velocity will
not change the penetrator strength or decrease the
target strength. Rather, the time rate of change of
momentum in the penetrator’s plastically flowing zone
increases wih increasing velocity and is responsible for
the increase in penetration with velocitylt is the
pressure at the penetratotarget interface generated by
the velocity, densityand curvaturef the outward

flowing penetrator material stream that advanceke
interface. The hydrostatic pressure in the turning stream
of the penetrator metal increases with depth from
atmospheric pressure at the surface to a maximum at the
target interface.

As velocity increases, the interface pressure increases
with the square of the velocity, until soon only inertial
forces are important.There isalsoa change in
momentum of the target material as well, as it is being
violently displaced outward from the centerline.
Penetrationthen increases only slightlyith velocity
once the hydrodynamic forces greatly exceed the
strengths involved, although the diameter of the hole
continues to increase (See SectioA.7.) This
hydrodynamic limit is reached at about 3 km/s for
tungsten or uranium on steel.
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4.7 UNBALANCED UNSTEADY STATE EFFECTS )

Two separate effects that woulboth tend to increase 5/

the depth of penetration are frequently postulated and Y 1

seem plausible.One is target inertia.The penetrator

target interface is plowing through the target at the 5 -1
interface velocity.While the interface speed is some f L

fraction of the striking velocity, it is not negligiblelt

could well be that even when the penetrator hdseen - - -

spent on the target that the target material ahead of it fﬁgm e R

would continue to recede for a bit as a result of its own

inertia. Figure 49 illustrates the praess.This effect

should be most apparent in higilensity, lowstrength Figure 410. Secondary Target Penetration Caused by Forw
) o ) Moving Penetrator ResiduéSource: Silsby [1]).
targets struck at high velocitiese.g.a lead 0.22caliber

rifle bullet fired into a lead block.
by the square root of targeto-penetrator density. The
results are presenteth Figure4-11.

) X Figure 411 indicates thatthe interface velocity is just
— positive for striking velocityVs, above 1 km/s, and
approximates the functiond = (Vs— 1 km/s)Ns, which
rises from nothing ats= 1 km/s to about 1/2/;at Vs= 2
km/s,and approaches the value &fs at infinite V.. That

is,the interface velocities range from about1/%;to

Figure 49. Target Hole Growth due to Target Material Inertie
(Source: Silshy [1]).

3
l
A second process possibly contributing to additional '
hole depth is secondary penetten. If the residual - 2
penetrator material has significant forward velocity E
relative to the target, it could cause additional é 1 // /ocﬂ*
penetration beyond that caused by the penetrator itself. gx’ //111‘ vﬁ"|
Figure 410 illustrates this process. 0 o'ﬂ", /2 “"\}b I 5
T it
o" y
Todetermine whether target inertia and secondary -1

penetration are likely to occurinsertreal numbers into ,
For steel-on-steel and tungsten-on-steel data from Figure 3-4,

the S|mple relatlonShlpS for the interface Ve|OC|ty(aS Note that the horizontal axis is within the graph, not at the bottom.

discussed in Sectiod.4) and plot the secondary striking

velocity for the steel and tungsten longod data from Figure 411. Interface Velocity and Relative Velocity Betweer
Figure 3-4. Remember to use P/L and not P/L normalized Penetrator and Target vs. Striking Veloo(§ource: Silskj)
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about 2/3Vsin the high end of the ordnance velocity
regime. Everted penetrator material from a steel
penetrator will always go ugrange regardless ofs, while
tungsten debris only begins to head down range %>
1.7 km/sand only breaks the km/s velocity threshold
for penetration of armor steel at & of 4km/s.
Secondary penetration isunlikely to occurat ordnance
velocities.

4.8 SUMMARY

The empirical data irChapter 3 andan understanding of
the physical processes discussedGhapter 4can enable
engineers/analystdo make realistic judgements anitial
calculdions about situations of interestFor example,
using 1)the discussion of the L/D effe¢Bection 3.7);
2)the segmented penetrator design discussed Section
3.7.2and shown in Figure3-11 and again irFigure4-12;

and 3)assuming a strikingelocity of 1500 m/s into RHA

and a 26mm diameter,an engineer/analyst could
answer the following questions.

— L

TR FTES)

10 L/D ! SEGMENTS

—_——

- @2 )

! L/D IO ROD

IMPROVEMENT = 7 -

Figure 412. Segmented PenetratdSource: Silsby [1]).

1. Assuming the segments are 20 mm in diameter, what
would be the expected penetration of the L/D 10 rod and

the 10 L/D 1 segmentddsign?

The tungstenon-RHA data in Figure-23indicates
the P/L at 1500n/s is about 0.75, so an L/D 10-&tm
rod would be expected to penetrate to about 150

mm. Assuming that the P/izs.L/D data for steebn-
steel(Figure 310)were similar to that oftungsten,
then an L/D 1 segment would penetrate about twice
that of an L/D 10 rod at 1500 m/sSo the segmented
penetrator might be expected to penetrate

300 mm.

2. What would the velocity of the everted material be
relative to the penetration channehh®

Usingthe equations in Figures-8 and 44 would
indicate thatthe eroded penetrator material would
be moving uprange relative to the target at about
214 m/s.

3. If the 94% tungsten hole diameter data are
representative, how much clearance or ieterice would
there be between the incoming segment’s outer diameter
and the inside diameter of the everted spent penetrator
material?

Figure 38 would indicate that the hole diameter
would be about 1.9 times the rod diameter or
38mm. When viewed relative to a fixed coordinate
system attached to the interface, the penetrator
material comes in and goes out at the same speed
By continuity, the outgoing material volume of

n(r,? - ri¥)sequals the incoming volume of niry?s
Eliminating mand the common speedip?= 1,2 - I,

or r? =r.% - 1. Insertingthe numbers,r? = ((19 mmj -
(10 mmy) orr? =361 mn¥- 100 mn¥ = 261 mn¥,
hencer;= 16.16 mm, well clear of the penetrator
outer diameter. However,the conceptdid not

actually work due to the everted material rebounding
off the channel walls and converging on the incoming
penetrator.
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FIGHTING VEHICLE ARMOR AND ANTIARMOR MUNITIONS

DSIAC Monograph 202840

Graham F. Silsby and Dr. Andrew Dietrich

Distribution A: Approved for pubktease; distribution is unlimited.

5. NORMAL
INCIDENCE
PERFORATION

5.1 PERFORATIONS.PENETRATION

What happens if there is a rear surface to the armor, and
it isn't too far from the front surface? Many people know
that a bulge forms on the rear of a thicluctile target
element, breaking out as the rod emergeEarlier
discussions concentrated on either a cauaad-effect

look at things, or the process of gross plastic
deformation, as might be seen in forging or other metal
forming operations.

At a timescale of microseconds, disturbances travel
millimeters,a good size scale for looking at the details of
the process.The localized reactions of materials to the
localized applications of force or displacement
propagate as waves, spreading throughout the entire
penetrator and target in time, reflecting and re
reflecting, combining on a broader scale to dictate the
gross behavior observedTo provide a different
perspective from which to understand penetration
mechanics in general, and the perforation process in
particular, without going into great detail, conder the
wave mechanics of the interaction.

5.2 WAVE MECHANICS

As the rod strikes the front of the target, elastic
compression waves spread throughout the target and
penetrator at their respective material’s bulk sound
speed. This speed depends on the etic modulus and
density of the material and is about 6 km/s or

6 mm/microsecond(us)in steel. Ahead of the wave
front, the material is undisturbedBehind the wave front,
the particles of material are accelerated to some

characteristic speegdwhichis well below the penetration
velocity. The wave spreads out, and its strength drops
due to geometry, the inverse square lawkor everyfree
surfacethe wave encounters, material is free to move
without bumping into other materialsand slowing
down, and so inertia carries the material into a state of
tension. This reflected tensile wave propagates back
inward at the bulk sound speedThe result of a wave
reflecting off a free surface in a direction normal to the
surface is essentially a doubling of the material’s particle

speed in the zone behind the reflected wave.

Additional penetrator material is constantly feeding into
the interface zone, causing continuous acceleration of
the materials to try to escape the advancing interface.
Over a long time compared with the time it takes the
elastic disturbance to cross the zone of interest, and due
to multiple reflections of the stress wavethe material
gains sufficient speed for gross plastic deformation to be
recognized wherever there is a velocity gradient (which
is just about everywhere)The speed at which a plastic
as opposed to an elastic disturbangeropagates is low

to nil, so hat plastic flow is confined to the immediate
vicinity of the advancing interfaceThe relatively small
rod mushrooms and flows radiallyThe struck face of the
target around the penetration hole is accelerated up
range as the interface sinks into therget, forming a
petalled impact splash surrounded by a broad, low
mound.

In the meantime, the disturbance reflecting off the
target’s rear surface is at first weak but gets stronger and
more localized as the penetratetarget interface
approaches.The maerial in the zone directly in the line
of the penetration picks up speed fastest, while the
particle motion in surrounding zones is slower and has
both a radial and normal componentA growing bulge
forms. The material ahead of the penetrator is moving
faster and faster but is being restrained to some degree
by the strength of the target material and always
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maintains contact with the (slowly decelerating)
penetrator.

Penetration can be consideredmposed deformation,
rather thanas animposed force resuihg in acceleration
resulting in deformation. The strengths of the materials
limit the amount of force that can escape the immediate
area where they are appliedRather, a rigid conceptual
entity, the penetratortarget interface, forces its way into
an essentially incompressible, plastically deforming
target, pushing target material aside and into a shape
dictated primarily by the presence of free surfaces at
which gross deformation can occuin the processthe
level of compressive forces necessaryget the material
out of the wayis generated but affecs the material only
through the flow process.The strain state in the material
determines when and where flow and fracture occur.

As the interface gets close to the rear surface, gross
bulging begins. Microscopic fractures appear in the
target interior, growing in response to continued
increases in strain, and coalescing into gross failure
planes. If conditions are right, the residual rod breaks out
of the rear of the targetFigure5-1 showsa moment in
time before and a moment in time after breakoutNote

the different spatial and temporal distributions of the

RESIDUAL EVERTED BULGE
PENETRATOR FRAGMENTS
FRAGMENTS

- l‘ﬁ_.-_..
/ . '.h-l b

TARGET INTERIOR
FRAGMENTS

Ve M., ete.

Figure 51. Normal Incidence Perforaitn (Source: Silsby [1

various classes of behindrmor debris In Chapterg, a
similar figure will show how obliquity influences the
spatial distributions.

Figure5-2 is a series of photographs showing the
progression in deformatiorof the target rear surface as
the penetrator nears it and then achieves perforation.

The right panel in the lowest view has shaared-out inner exit lips (below) and
a badly mangled residual paretrater (above)

Figure 52. Target Deformation from Bulge to Perforatioi
(Source: Silsby [1]).

Figure5-3 is a photograph of a sectioned target
perforated by a largediameter, short L/D ratio
penetrator simulating an EFFRebounding elastically off
the residual paetrator's mushroomed tip, the plug or
scab is the fastest thing behind the target (by tens of
meters a second)Next is the residual rod with a
characteristic mass, Mength, L., and velocity, V,
respectively The material sheared loose from the
periphery of the target scab forms a bubbighaped
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Figure 53. Sectioned Perforated Targé&bource: Silsby [1]).

cloud of debris corresponding to the velocity gradient in
the target rear region that formed itA more collimated,
higher-velocity cloud of smaller debris forms from the
residual penetrator material that wasot fully everted at
breakout.

Figure5-4 shows the residual piece of the perforating
EFP simulant and the plug of target material recovered
from the range. The dark blue color is from the extreme
heat from the plastic deformation of the parts.

Figure 54. Residual Penetrator (left) and Target Plug (right)
(Source: Silsby [1]).

5.3 LIMIT MEASURESV,, Vso; ®s0, AND \&- Vg

How does penetratiorvs.velocity relate to the real
measures of performance, that is, to ballistic limit
measures such as limit velocity” ballistic limit is a
threshold of some parameter above or below which the
penetrator gets through the target, ad below or above
which it does not. Ballistic limits can be used to compare
the performance of various penetrators against
standardized target designs, or the performance of
various armor or armor components against a
standardized threat projectileIn all cases, only data
from fair hitsareused. Thatis, data should not be used
from a highyaw hit where some part of the side of the
penetrator struck the penetration channel wall, or data
from a shot in which the projectile bent, broke, or was
foreshortened from excessive launch acceleration, or
data from other circumstances not representative of the
desired interaction.While such data should not be used
to find a desired value, it should be reported, as data
very expensive to generate and perhajpshers could
glean something useful from resultsAlso,measure and
record as many factors as possible such as target plate
actual thickness, hardness, ambient temperature, etc.,
because many things will influence the outcome of a test
significantly.

Theintroduction of flash radiography allowed
researchers to accurately measure the length and
velocity of the uneroded portion of a penetrator behind
the target (if one was present). Several empirical
formulae were proposedand techniqueswere
developed to use this additional data to increase the
accuracy of the limit velocity estimate or to reduce the
number of shots needed to get a value with a particular
confidence level.Several of the seminal papers on these
VsV techniques are not accedide on the web for
various reasons, but a BRL report presenting test and

5 For more information on the various measures of limit velocity, see Misey 1978 [25]. Grubinskas 1993 [26] provides awmfemaiw the \&oballistic
limit velocity requirements specified for testing highard armor (HHA) (MHA-46100) evolved over successive revisions of that standard.
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