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application of Pricdrich's method. A numerical example for an
aluminum target and projectile 15 presented to illustrate some

of the {eatures of the calculation, and an experiment is proposed
to test the theory. The experiment should also allow a reasonably
precise measvrement of sound velocity immediately behind the
snock front to be obtaincd, This possibility applies equally

well to the case of target and projectile of different materials.

Fuchs, O. P,

AIAA Journal September 1963

Th, Ex

A statistical interpretation of experimental results derived from

a small number of test shots strongly indicated that the motion
of penetrating bodies might be governed by the combined result
of at lcast three differont kinds of laws of resistance acting
simultancously upon the moving body. Coensidering the fact that
during the penetration the relative velocity between the target
and projectile varies from a maxinum speed to zero, the threc
laws of resistance have been chosen as functions of the zero,
first and second powers of instantaneous velocity. As a result,
a differential equation has been adopted as a working hypothesis.
Finally, suitably chosen integrations lead to equations that de=
scribe penctration deptt and penctration time as a function of the
instantaneous velocity. A comparison betweon theoretically
prodicted results ana oxperiimental results is shown,

fugedgo, L. E., "A Theoretical Study of Dynaic Plastic Deformation Undcr
Impact Loads, "

Sth Symposium on Hypervelocity Ininact

vol. I, Part 1, Nonr = (G) =0020-6. (X) October 1061

Th, Thk

A theoretical treatment of dynanic plastic deformation under
impulsive loads is prosented. Lguations of motion based on
diclocation theory are employed. The specific problem solved
is the deformation of a semi=infinite half space which 1s struck
suddenly by a cylindrical projectile. Bhe method of solution

is based on a sct of continuous equations derived from discrete=
diglocation theory of plastic deformation. The basic physical
assunption of this model of deformation is that the total aeforin=
ation ot the mediun is comnosed of clastic deformation or
distortion of the body accompanied by the motion of dislocations
under the applicd stress.,
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The elastic and dynanic plastic equations of motion for the stresses
and displacements in a metallic plate under impact of a metallic
cylindricael punch are analytically and numerically solved. An
elementary theory for time to fracture under nigh, rapid stresses is
developed. Several enaineering applications arising in thin plate
penetration are solved utilizing the theory.,

c blems, "
Sth Symposium on Hypervelocity lipact
Vol. I, Part I, Nonr - (G)=0020-62(%) October 1961

Th

An essential feature of a mathematical model for a physical phe-
nomenon is that it oo tractable to known moethods of solution. In
stress wave propagation this is often achieved by making certain
simplifying assumptions, as for example, when the material be-
haves elastically, or for higher stresses when 1t follows a particular
elasto=plastic rule of behavior (yicld criteria). It is the purpose
of this paper to show that by linuting the physical configurations
ot the phenomenon it is possinle to reduce the mathematical
complexity of a mathematical model withont imposing any undue
restriction on the physical properties of the material under con-
sideration,

Though the particular theory aeveloped is not rostricted to any
stress level, it is regarded as being mainly applicable to low stress
levels where the assumption that the medium is o tluid may not
possinly be valid, In nypervelocity fipact, low stresses will
occur near the rear surtace of a plate when a wave reflects from
that surface, or in the tail of a stress pulsc,

schring, 1, Williari, Jra, "Ovscrvations of the Phonomena of Hypervelogit
npact, "
4th Symposium of Hypervelocity Inipact
APGC-TR=60U=34, Vol, II, September 1960
Th

A critical examination is made of the step=hy-stop mechanism of
crater foruation under condition of hypervolocity impact. The
formation of a crater is treated as a throe-ste p rrocess, en-
coumpassing the pricary pernetration of the impacting pellet, the
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descriptive analysis of the stress ficld causing cavitation within
the material, and lastly, the elastic and/or plastic recovery of
the walls of the crator, A model of crater for:nation is developed
pased upon both available theory and experimental techniques
which permit the moritoring of the complete process.

1,: V..Lmr,;u;u;y b,umg,“"
U. S. Naval Nuclear Ordiance Lvaluation Unit
Albuguerque, New Mexico October 1959

Th, Ex, Thn, M, LV

A brict cummary of the theoretical and semiempirical penetration
formulae is given. Two semienpirical expressions are employed
for predicting the ponetration of a strong ductile steel, one for
fragment velocities less than 3,000 ft/sec, the other for veloci-
tics between 3,000 and 6,000 ft/sec., For mild-steel and
aluminum=alloy armor, use is made ol empirically derived
tormulae from the work at The Johins Hopkins University, Project
Thor, The formula of R, W. Gurney is used for predicting the
initial velocities of fragments from cxploding shells and the
actual striking velocities are calculated by considering aur drag.
Several approximate methods are suggested for predicting residual
velocitics of fragments which perforate target material. The in=-
formation presented should segve only as a guide in predicting
actual results in regard to vulnerability of weapons to fragments.

Ginns, D. W,., "The Mechauical Properties of Som2 Metals and Alloys

Broken at Ultra High Speeds,” Journal, Institute of Mctals, Vol. 61, p. 6l
-+ 1937

Glass, C, M. and P R s t al Appr oct

Provlom, "

4th Symposiu on Hypervelocity Impact

APGC-TR=60=39, Vol, III September 1960

Tne iniluence of physical properties, such as modulus, ductility,
fracture stress, etc., on metel deformation at high velocity is
often ignored, and hydrodynamic conditions are assumed to hold
true during the deformation. This approach introduces large
sources of error in many cases. Upder hypervelocity impact con-
ditions of a tragment striking a semi-infinite target, the physical
propertics of the target arc the deterinining factors in the target
reaction. The crater produced, and total stressed region in the
target, are described in terms of stress-strain relations in the
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target material. This approach predicts a linear variation of
crater volume and stressed rogion volume, with the energy ot
the incoming fragment,

" "

Edward Arnold, London 1960

J. Appl. Physics, 31:019=-20, March 1960

Ex, NM

Experiment in which a 1018 steel projectile is fixed at high
velocity and impacted upon a barium titanate ceramic to study
the ferroelectric charge iclease from the barium titanate.

It was noted the flat facod projectile was indented by the flat
face of the target and the depth of indentation was a function
of impact velocity,

. M 'oe. W. W..." bservation of Hypervelocity
l] E: ,l "
Sth Symposium on Hypervelocity Ir pact
Vol. I, Part 2, October 1961

Particular attention has been given to impact studies of both
hard and soft aluminum, 2014 and 1100 F, and two types of
steel, 1020 and hardened 4340 stecl. Spheres of aluminum
and nylon (3/8" diameter) were the principal penetrators for
these studies. The highest velocitios were 6,03 kmi/sec with
an aluminum sphere and 5.64 kn/sec with o nylon sphere.
Aluminum spheres of 1/4" diameter were also fired; maxirmun,
velocity was 6.27 kim/sec,

Although much new information has been obtalned about hyper-
velocity impact phenomena, still more data at higher velocities
are needed before scveral pertinent questions can be answered,
The effect of target strength is not vet resolved, although it
appears from the ENV valucs for the different arades of aluminun
and steel that at the velocities attained, physical properties are
lnportant,
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Mctuln.r',hnl Socicty Conference, Estes Park Colorado, July 1260
Proceedings of Response of Metals to High Velocity Deformation Conference,
Interscience Publishers, Page 93, Vol. 9

Th
Presentation of a method by which the plastic properties of ma-
terials can be investigated at strain rates up to 1.5 x 10 /sc
through impulsive loading techniques. Comparison ic made
botween the elasto-plastic and strain rite thcories showing
that « lasto=plastic theory cannot account for plastic behavior
for the range of strain rates obtained and that the customary
Molvern strain rate theory fails to properly take account of
structurc in determining strain rate effects. A description is
given of strain rate effects in terms of dislocation theory and
the existence of a liniting strain rate is deduced from dis-
location processcs.

Horrmana, W, and Jones, A, H., "Survey of Hypervelocity Impact Informa -
tion, " ;
Massachusetts Institute of Technology Septenber 1961

Ex, M, Thk, Thn, LV, HV

Available information relating to cratering and ponetration in
metallic targets has been gatherea. I[mpact of compact particles,
micro=-particles, and rods at rormal and oblique targets and on
thin targets, multiple spaced targets, and shiclded targets is
considercd. Experimental data is presented in tabular and
graphical form for ready references. Available theortes and
sendemuirical theories as well as empirical correlation expres=
sions are summarized in uniforim notation and are compared with
cach other and with the experimental, For norinal impact on
quasi-infinite targets two cnpirical correlation expressions are
deduced which are more generally applicable than previous ¢x=
pressions. A qualitative description of the cratering process 15
given and realistic regions of impact are defined. Recommenda-
tions for futurc experimcontal and theoretical work are made.

mwmwmwwmm
Korea," J.A.M.A, 150, 1477

Hopkins, H, G, and Kolsky, H,., "Mechanics of Hypervelocity Impact of
Solids, "

4th Symposium of Hypervelocity Impact,

Volume I, APGC-TR-60-39 September 1960
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Th

Lu general, the unsteady motion produced during the impact of
solid projectiles and tarjets tavolves, ina t ighly complex
manner, combinations of fundamentally different physical
regimes characterized through the occurrence of elastic and
plastic deformatior, incorpressible and con.pressible flow,
and, in the limit, explosion conditions. A severe compronise
is necessary between physical realitics and mathematical
conmplexities in theor tical studios of hypervelocity impact,
and accordingly only a limited aegree of precision is possinle,

‘ " \ P > "
Watcertown Arsenal
Watertown, Massachusetts
Report No. 710/451 July 1942

Ex, M, Thk, LV

Further studies of the mechanism of penctration of homogencous
armor plate by metallographic means of the nature of the deforma-
tion produced in 1,/2" thick homogencous rolled armor plate by
caliber .50 armor-pic rcing bLullets,

Iohuson, D, K., Cannon, E, T,, Pyl ger, L, P, and Grow, R, W, , “"Cratoring
Produced in Metuls oy High Velocity Trpact,”

Department of Clectrical Engineeri.

University of Utah

Tecnnical Report UU=4 ]Ll)" 1959

Ex, M, Thk, LV

Steel spheres were accelorated to velociticos up to 2.5 km/sec and
impacted on targets of copper, lead, alumiau: . magnesium, zinc,
silver ana 4140 steel. Volume, area and devth of the resulting
craters are plotied as functions of projectile . nergy or momentun,
Crater volume was found to be proportional to projectile energy.
Arca and penetration were dependent on vrojectile deformation

as well as velocity.

lones, A, H., Polbewus, 1. F.. Heprmann, \W.. “Survey of Hypervelocity
v . viforer 4 1 »”

Massachusctts Institute of Technolouy December 1963

More information which has beer gathered sinee Volume 1 of ihis
survey was published has been discussed. Tris pertains to
inpact on quasi-infinite targets, finite thickness targets, thin
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plate targets and shiclded targets. Data for impact into targets
of the type deseribed are presented in graphical forn and com=
parcd with present theory. Also, data has been gathered for
inmpact on composite tarjets., Recommendations for future ex-
perunental and theoretical work are made.

inard ) oC ot jckne
ctration of Projectiles Impacting ot V itie 3,000 ft/sec,”
Langley Rescarch Center
Langley Field, Virginia December 1958

Ex, M, LV, HV, Thn, Thk

This study tricd to detennine the offects of target thickness on
the penctration and cratering characteristics for a target resuli-
1ng from impacts in the 4000 {t/scc=13,000 {t/sec range. They
uscd aluminum proicctiles into aluminum targets and steel pro-
jectiles into aluninur and copper targets. Penetratior was
found to be a funcuon of thickness provided that the penetration
was greater than 207 of the target thickness.

Kinard, W, H. and Lanbert, C, H.,Jx.‘ ALJILQL_LNML{LQQ{_Q_
NACA RM ‘Lb E!~ . 1956, N 63-18¢( 43

Ex, LV, HV, M, Thk

Results of stecl projectiles fired into copper targets at velocities
frori 5,000 to 11,500 it/sec indicate that as the target temperature
15 Increased the crater size also increases. Projectiles impacting
targcts heated to 900°F produced craters having as much as twice
the volume of craters produced by projectiles of the same type
impacting targets having a temperature of 30°F, It appears that
the decrecasing of the speed of sound in the target material as it

15 heatod can be used as a parameter to predict the amount of in-
creasca crateriag to be expected when targets are heated.,

‘Sth Sympo;m n on Hyporvelouty Impact
Vol. 1, Part 2, Cctober 1961

Lx, M, Thk
The model prescnted here is substantiated oy the following experi-
mental observations:
L The crater size cbscrvations at various impact velocities
in a number of target materials, and the crater size ob-

servations in the two aluminum alloys at various temperatures

«Jle



indicate that the strength of the target material is the
predominant factor in determining the final crater size
in targets of ductile material.

- 4 The investigation of shock vropagation gives evidence
that the dynamic strengths of materials under hyperve-
locity impact substantially exceed those under static
loading conditions, in targets of brittle materials,

. The observations of crater growth show that craters are
formed in periods of time long comparad with those for
the completion of the transient and steady-state regimes.,
They also substantiate the existence of a rebound in the
crater dimensions in the latest stages of development.

Kinslow, R,, “Properties of Spherical Stress Wave oduc crvoe=
lg&{tg lmmgt, -
ARO, I:ac¢;

AEDC-TDR-63-197
Ex
- . A semi-empirical nodel derived which will, it is hoped, con-

tribute to the understanding of the nature of waves and fractures
in solids caused by hyperve locity impact,

The distance within a solid at which the shock wave slows down
to an clastic wave is conzidered as the radius of a “cavity" to
the surface of which a forcing function can be applicd to produce
an elastic wave similar to that produced by thie impact of a high
velocity projectile.,

By the use of a high=specd computer, the characteristics of the
forcing function arc found which will produce the same effects
as those caused by a projoctile. This foreins function can be
described by a mathematical series, cach term being of the form
for wrnich the gyeneral wave equation can be solved. This pernits
the computation of particle disvlacen ‘nt, part cle velocity and
principal stresses within the target.,

Kolsky, H, und Shearman, A, C., "Lirestigation of Frae ctures Produced by
Transicit Stregs Wwaves," Rescarch, Vol, 2, p. 384, 1949

Kraft, J. M,, "Surface Friction ia Ballistic Pe netration, " J. Appl. Physics,

Vol. 26, 1242 1958

Ex, M
The frictional adhesion betweo projectile and target during o
ballistic penetration has been measured with a torsion-type

“25 =
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Hopkinson bar, The apparatus allows measurement of the tor-
sional adhesion of a spinning projectile during target penetration.
By assuring the friction resisting rotation to equal that resisting
axial penetration, the energy lass due to friction was computed.,
The results show that the torque=time pattern during penetration
of a "mecranically" clean projectile can be predicted with the
assumption of a frictional crergy loss just sufficient to keep the
sliding curfaces at the melting temperature of the metal. Mctal-
lographic analysis of the target metal at the projectile interface
gives a further indication of a molten interface. In these tests,
sliding friction accounts for about 3% of the striking energy of
the projectiie; common surface contaminants, not necessarily
special lubricants, reduce this loss to less than 1%.

Kramer, 1. R, and Maoddin, R,, "De i the Initiat

Metal Single Crystyls,” Journal of Metals, Vol. 4, p. 197, 1952

Kreyennagen, K, N, and Zernow, L., "Penectration of Thin Plates,"

5th Symposium on Hyperveloci: y lmpact

Vol. 1, Part 2 October 1961
Ex, M, Thn, HV

This paper discusses the process of penetration of thin plates by
hypervelocity projectiles. In the experiments which will be des-
cribed, aluminum alloy plates of 0,100" thickness are impacted

by one aram titanium projectiles at velocities of the order of 5 km/sec.
These conditions are in a regime wherc complete penctration occurs.
The results of these experinents suggest a general model for such
Lnpact and penetration phenomena.

Kublmann, H, W., ot al, e ~The Development of Lamingted Armor,"
Battelle Memorial Institute for Watertown Arsenal, Watertown, Massachuse'ts
April 194¢

Ex, NM, LV, Thn

Several laminates were prepared using plasticized polyvinyl chloride,
polymethyl methacrylate and plaskon 920 as the binders for 2x2
vasket=weave, 13=ounce nylon. The ballistic and physical properties
of these laminates were studicd in the hope of cstablishing some
correlation between the two properties. It was found that polyvinyl
clloride bonded laminates were gencrally superior to the other binders.,
However, bonded nylon was nou particularly superior to unbonded nylon.
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Annual General Mtg., Transaction, Vol. LXIV, pp. 140-149, 1961

(Canadian Mining and Metallurgical Bulletin, Vol. 54, February 1961)

rin "“J. Appl.

Physics, Vol. 26, No. 5 May 1955

Ex, M

The velocity of shock waves in aluminum and the associated
translational motions, produced by metal-metal impact have been
determined by an clectrical contact technique. The results ob-
tained have been uscd to evaluate an cquation of state for the
metal.,

Mayfield, E. B., and Rogers, I. W,, "Cratering and Shock Wave Phenomena

teel Plates at High 1 :t Spegds, " J. Appl. Physics, 31:472-3, March 1960

Ex, M, Thn, LV

The impact of aluminum projectiles on steel pvlates for impact veloc-
ities of 2500 m/sec to 3000 m/scc and about 1100 m/sec was studied.
Crater volume and penetration were measured. Shock wave velocity
from the free surface was determined and the particle velocity cal=
culated. For annealed 4130 steel plates impacted at 2770 1 /sce
average velocity, the average free surface particle velocity was
0.205 mm/usec. Existing theory on cratering and penetration gave
excellent agreement with the observed values.

McDermott, C. E.,. Cannon, E, T. and Grow, R, W., "Temperature Studies
and Eftects in Perforation of Thin Alurinum Targets, "

Department of Electrical Engincering

University of Utah

Technical Report UU=-3, May 1959

Ex, M, Thn, LV

Steel spheres were aceelerated to velocities of 2.5 km/scec and
lmpacted on thin aluminuin targets. These targets varied in thick-
ness from 1/18" to 5/16", The targets were also tested at varying
temperatures of 70°F, 200°F, 350°T and 500°F. The residual ve-
locity was measured after perforation. It was found to be an in-
creasing function of the target temperature .,
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McKenzic, R. 1., Martin, I, F., and Kenworthy, H, M., "High Vclocity
Lmpact of Smell Mctal Spheres Upon Ilat Mctal Targets,”
3rd Symposium or Hypervelocity Limpact February 1959

Lx LV

A diccussion of some of the data, analyses and observations
associated with two series of special fragment=target impacts.
Several expressions reloting penetration and cratering with ve-
locity and other parameters correlated to those data are lutroduced.

The range of velocitics was from 1000 to 6000 ft/sec. The fragments
were as small as 15 grains and as large as 7000 grains with selected
sizes in between.

McQueen, R, G, and M - P., "Equation of State for Ninetcen Metallic
Flements ‘ron Shock Wave Mcasurenments to Two Megabars," J. Appl. Physics,
Vol. 31, No, 7 July 1960

E!’ !5

Planc wave explosive systems were used to accelerate thin metal
plates to high velocities. Shock pressure resulting from the col-
lision of these driver plates with a stationary target plate are
approximately three times greater than in the driver plate. The
photographic flash gap technigue was used to record velocities
associated with the shock waves. The new experimental data ex-
tend the Hugoniot loci into the one to two megabar region for 19
metallic elements: Ag, Au, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sn, Th,
Ti, TI, V, W, 2n, Bi, Fe, Sb.

Mgllecker, 1. B, and Gailus, W. 1., "The Light Armor Testing Laboratory and
&Lé.Q_L' 1548 r(z};B. m‘.!ﬂ.T_th..a ¥

Monsanto Cheniical Company

Vol, II December 1945

Ex, NM, LV, Thn

A discussion of glass and glass facial armor tests with velocities
to 3,000 ft/sec. Glass alone when supported by some non—armor
material such as artist's clay was found to absorb most of the
energy ol the projectile (7/32" steel sphere) penetrating it. Test-
ing equipment and procedurcs along with graphs of data and pictures
of tests are included in this report.

.



Mever, E. A, and Jansen, N, 1., "Inforpation Regarding the Eucray Absorbing
i i 5 n in T ey

Bjorksten Research Laboratories, Inc. June 1957

Ex, C

Deals with errors in speed measurements in firing range.

Morris, C. R,, Partridge, W. S, and Cannon, E, T,, "Perforation of Thin_
Aluminun Targets,"

Technical Report UU-1 August 1958

Ex, M, LV, Tho, E

Stecl spheres were accelerated to a velocity in the range between
0.5 km/sec and 2,63 kr /sec and were impinged normally upon
thin targets of aluminum, The amount of energy lost by a pellet
in pcrforating a target was found to be directly proportional to the
kinetic energy of the impinging pellet, The minimur: amount of
energy required for a pellet 1o pertorate o luminum was found to be
an Increasing function of target thickness. It was also found that
the hole diameter increased as the impact velocity increased.

r o

g 1of S C I rsonnel Armor, "
Special Summary Report 9A129 covering period July 1, 1954 to May 31, 1955

Discusses small squares, ribbons, cte. of plastic.

‘Brien L. and Davis, R, S., "On the Fracture of colids Undor Impulsive
Loading Conditions, "

Response of Mctals to High Velocity Deformation Proceedings

Estes Park, Colorado 1900
Vol. 9, p. 371, Metallurgical Socicty Conferences, Interscicnce Publishers
Ex, M \

A discussion of scabbing or spalling phenor.ena that is assoclated
with the reilcction of a compression stress wave from o free surtace,
both in terms of the previous work in this ficld and results o:»t.s\lvmd
by the authors. In addition, multiple=pellet technique for obtatplng
the pressure profile of an incident compression shock is discussed
The reported dependence of stress for fracture as o function of the
intensity of the incident compression at the position of fracture is
-explained in terms of errors introduced by the techniques used to
measure shock protiles.,




Qleott, 1. S., “Chemical Strepgthening of Glass," Science, Vol. 140,

No. 3572, 14 June 1963

Ex, NM

Through the years glass has been particularly noted for its trans-
parency, refractoriness and chemical durability, Unfortunately,
because of at fragility, the use of glass has been limited when-
cver even modest forces might be applied to it. During the past
few years, however, steps have been taken by glass scientists
to reduce the vulnerability of glass to fracture. Annecaling, the
first step in making glass a useful material, has enabled us to
make articles with strengths adequate for satisfactory scrvice.
Physical tempering provided the next big advance, pernmitting
strengtns more than three times those of annealed glass in simple
shapes. Today, chemical strengthening is a real possibility for
producing glass articles, regardless of design, more than three
tines the strength of physically tempered ware.,

Lopact; 1. The Role of Melting and Veporization in Hypervelocity Lupact,”
Sth Symposium on Hypervelocity Impact
Vol. I, Part 1, Nomr=(G)-0020-62(X) October 1961

Th

During the portion of a hypervelocity impact where tremendous
pressures arc present the strength and latent heat of fusion do
not affect the process in an important way. However, in the
later stages of the impact when the pressure and internal energy
fall 1o a low level, the condition of the matcrial can become
important,

When the matcrial is shock loaded the entropy undergoes a
substantial increase, proportional to the third and higher powers
of the shock strength, Stronger and stronger shocks level to
fusion, heated liquid, vaporization and superheated vapor of the
material as the final state. This paper discusses the final con-
dition of the material as a function of shock strength.,

Olshaker . L., and Bjork, R - odynamn t > i
Iimpact, 1. Scaling Laws for Dissivdlar Materials,"
Th

The fundamental cquations of motion of hydrodynamics are applied
to an impact process. [rom these the Hugoniot relationship is
aerived. Using the equations of state as found in the Los Alamos
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tests the shock process is described, Using the information
obtained from these cquations scaling laws were arrived at
that correlated crater size with the various projoctile=target

combinations.
" ( r 2 - U " "
Welding Journal Rescarch Supplement, p. 1 March 1955
. id High Velocity Ductile Fracture "
J. Appl. Physics, Vol. 26, No. 7, p. 900 July 1955
Th

The Griffith energy criteria, dW = =dU (dW = crack propagation
work, =dU = releascd elastic cnergy) cannot be applied to es-
scntially ductile fractures. In particular, it does not represent
the condition of rapid ductile fracture propelled by the clastic
vl.ergy ot’ the ip(cimcn. he condition of such fractures is

d¢ W, dx = =-d U/d‘( ,» where X is the plastic extension accom-
panying the propagation of the crack.

Paca, Traucis B,, "The Response of Matorials to Dynamic lLoads,"
U. S. Army Engiuecr Rescarch and Development Laboratorics
Fort Belvoir, Virginia

Th

A review is made of the static and dynamic response of materials
to stress. The action of stress and strain waves involved during
lmpact is discussed in terms of wave propagation under various
boundary conditions. Cottrel's dislocation theory of delaved
vielding is discussed. The test apparatus used in the application
of dynamic loads arc reviewed and their characteristics analyzed,
A simplified method 1s presented for conducting dynamic loading
tests on materials of various kinds and on materials having a very
high strength.

EQSL.-_LA_Q_-.._..LD_L__._M._MR_LQ__L LJ—LI.A——L—Q———W A K
Waves in Stecl and Lead, ™

Proccedings, Physical Society, Vol, 60, p. 1 1948

Palimer, £, P,, "Pcnetration and Cratering, "
University of Utah Technical Report UUU=7, October 13, 1961

Ex, Th, M, LV, Thk, Thn, E
This rdport is the sunmary of work that has been carried out in
the following five phases:
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X, A systematic investigation of the influence of target
properties and projectile properties in high-velocity
cratering and the formulation of empirical impact laws
describing the results,

. A investigation of penetration and porforation of thin
targets of aluminum and glass.,

3e An experimental and theorotical iavestigation of the
transiont behavior in cratering, including an investi-
gation of cnergy distribution and flow and wave motion.

& A dctailed theoretical and experimental investigation of
¢ lastic and plastic wave propagation in a rod.

S An investigation of impact at velocities up to 25 km/sec
utilizing nicron-sized spray particles.,

Partriage, Willion S, , Vanile
Foramatio i Metallic Tgrgets, ™
J. Appl. PhLysics, Vol. 29, No. 9 September 1958

Ex, M, LV, Thk

Spheres of copper, lead, tin, iron, aluminum, zinc, silver, and
Lead=tin alloys were accecleratea to velocities of 0,75 to 2.25
ki/scc and impacted normally upor targets of the same material
as the pellets. Conditions were maintained so that pellets lost
no mass before striking the target. The target mass was large
compared to the mass of the pellet, so the targets could be con-
sidered somi=infinite.

The volume of the crater produced was found to be directly pro-
portional to the kinetic encrgy of the pellet in the energy range
investicated,

The pencetration varied linearly with the velocity or momentum of
the pellet, The areca of the crater as measurad in the plane of the
original surtace of the target was found to be directly proportional
to the momentum of the pellet at the time of the impact,

[ the case of the lead=tin alloy series, a correlation was ob-
served between the crater parameters, the phase diagram of the
alloys, and various functions of the pellet mass and velocity

for the following series of alloys: 1007 lead, 90% lead, 10% tin,
107 lead, 90% tin and 100% tin.
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Ex, NM, LV, Thk

‘Penetration of wax pellets into wax targets was found to vary
linearly with the cube root of the pellet mass and the pellet
velocity up to velocities in excess of twice the sonic velocity
in the wax target. The crater area varies directly as the impact
velocity, but there is a marked increase in the constant of pro-
portionality above the targct sonic velocity. The volume of the
crgter per unit energy of the pellet was found to be 2,23 x 10™8
m”/joule for the lower velocity range and above the target sonic

velocity the value was found to be 2.75 x 1079 /]oulc

It was observed that a large part of the crater volume is created
by deformation of the target material and that only a small part
15 duc to ejection of the target material,

Proceedings of Sympuslun on Structur.ul Dynamics under High Impulse Loading
May 1963

Th

Interest in this topic centers on the constituative equation or
behavior of materials under the extreme conditions of high impulse
loading. Recent and current work in the field is treated generally
and one area, the elastic=plastic behavior of aluminum at com-
paratively low pressures, is considered in dotail.

Petterson, D, R,, Stewart, (., M, e Dynanics of Body Armor Materjals U ader

High Spced Impact; Part IV Dynain =Str. Jurves from
=Position Distributio

Textile Rescarch Journal, 30, 422, 1960

f Now /meri ate .
Final Report, Contract DA 19-129-QM=209,

CONFIDENTIAL

cele r i :
Metals Technology 11, 1, 1944, Also known as Technical Publication
No. 1684 ot thc Am, Inst. Min. and Met, Lng.
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Rocht, R, F. apd Ipson, T. W., “Ballistic Perforation Dynamics,"

Journal of Applicd Mcechanics

Paper No. 63-APM-24 (ASME) September 1963
Th, Ex

Analytical equations of the types required to define ballistic
perforation dynamics are developed. These equations concern
both blunt and sharp nosed fragments perforaiing plates normally
and at oblique impact angles. Residual velocities are defined
in terms of magnitude and dircction. Analytical models and
confirming experimental data, which are presented here, specif=
1cally concern the ballistic velocity-impact range to about 25%
of the velocity of longitudinal sonic waves in the material.

Reed, E, L nd K
Ballistic Propertic

Watertown Arsenal
Natertowrn, Massachusetts

Report No. 710/261 July 1938

S. L., "Corrclation of Microstructure and
p L‘ "

Ex, M, Thn

A correlation of microstructure and ballistic properties of all
homogencous armor plate on hand at Watertown Arsenal. It

was found that spalling was caused by laminations, carbides

in definite chains in grain boundaries and martensitic structure.

Advanced in Rescarch and Applications. Compression of Solids by Strong
é.llﬁ‘;\ W AvesS, s
Th

Using the basic relations of fluid mechanics and experimental
data obtained from impulse loading the equations of state were
determined for many pure metals. Two wave structures resulting
from phasc=changes are discussed. The methods of arriving at
the experimental data are discussed also.

c = 2 titativ a
Under Explosive Attack,”
J. Appl. Physics, Vol. 22, p. 555, (UU) 1951
R ar S., "Scabb : v :
Scabbing,"
J. Appl. Physics, Vol. 23, p. 1229 (UU) 1952
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Rinchart, I, S., "Discusgion of Paper by D, S. Wood, 'On Longitudinal
Pl : 3 T T

Waves of Elastic=Plastic Strain _in Solids,'"
Journal of Applied Mechanics, Vol. 20, p. 307 1953
Rinehart, I. S. and.Pearson, ]., "Bchavior of Mectals Under Impulsive Loads,"
American Socicty of Metals
Cleweland, Ohio 1954
Ex N

This book discusses the cnaracter of impulsive loading, in-
dicates the conditions under which such loading can develop,
and describes the main phenomena that become involved when
materials, primarily metals, and system of material bodies are
subjected to rapidly applied loads of short duration.

Riney, T. D. and Chernoff, P. R., "Inertial, Viscous and Plastic Effects
in High Spced Impact,”

Sth Symposium on Hypervelocity Impact

Vol. I, Part 1, Nonr-(G)-0020-62(X) October 1961

Th

When an ultra-high=speced projectile strikes a target a strain
rate which depends on the impact velocity is imposed on the
projectile and target materials. The resulting flow of the
matcrials will be resisted not only by the inertial forces, but
also by the dynamic yield strength of the materials and by
viscosily stresses with magnitudes which depend upon the
strain rate. The only serious attempt to calculate the pheno-
menology of hypervelocity impact from basic principles has
considered the medium to be a perfect fluid and consequently
neglected the strength and viscosity effects. Since the pre-
dictions fromt" e perfect {luid model are found to differ from
the extrapolated results of hypervelocity impact tests, onc
is led to consider the problem anew in order to formulate a
mathematical mode! which takes into account the inertial,
viscous and strength effects.

Rockowitz, M., Carcy, C. A., Dignam, J. F., "Hypervelocity Impact of
Heatea Copper, ”
5th Symposium on Hypervelocity Impact

Vol. I, Part 2, October 1961

E, M, HV, Thk

Hypervelocity impact of semi-infinite blocks of OFHC-type
copper has been made with aluminum, chrome alloy steel and
tungsten carbide projectiles of 1/4 gram mass at velocities up




to u.5 km/sec. The target temperature varied between room
temperature and 1600°F,  All impacts were made normal to the
target surface.,

An investigation is made to determine how the importance of
target temperature and mechanical properties vary with increas-
ing projectile velocity., Also, a corrclation of the variation of
encrgy/volume and target tensile strength is made,

Rutgers Upiversity, "lgvestigation of Low Density and Reinforced Ceramic
Suuctures for Application in Hlmet and Body Armor, "

Final Report, Contract DA 19-129-QM=-1974

CONTIDENTIAL

Sth Symposiur: on Hypervelocity [rmipact
Vol. I, Part 1, Nomr=(G)=0020=62(X) October 1961

Ih
The model of impacting to be constructed here consists essentially
ol a scequence of time regimes, not always non-overlapping.

The first time regime begins at the moment the projectile first en-
counters the target. At t=0 both target and projectile beain to
acform, according to the relation between their respective densi-
ties and compressibility factors., 8

When the impact is supersoric, the velocity of impact is greater
than the acoustic velocity of either projectile or target material.
The second time regime is taken to begin at the instant T, at
which the velocity of the advancing front has just become sonic
in the projectile.

The third regime (and also the fourth), is taken to begin at the
time T which the temperature in at least one local domain is
"just sufficient" for melting to begin locally. It is possible

that within this time regime, the shock waves reflected from the
rear boundary of the projectile will return, adding to the complex-
ity of the reaction. Because of the high pressure present, this
melted material will be extruded, flowing along the small space
betwcen the boundaries of the respective unmelted parts of the
bodics and up the sides of the crater produced.
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Shand, E, B,, "Fracture Velocity and Fracture Enerqy of Glass in the Fatique

Range,"
American Ceramic Society Journal 44:21-26, January 1961

Ex, NM
A method is developed for determining crack velocities from the

stress-time curve of fracturc. Velocitics of glass broken in air
and in a vacuum converge at a value between 1 and 10 mm/sec.
This convergence is considered to be the upper limit of the
fatigue range. Fracture energy has been computed in terms of
strain energy release rates. For glass broken in air under low
stresses this cnergy is about equal to the surface energy of the
glass, but when in vacuum it is fiftcen times greater. At the
upper limit of the fatigue range it is thirty times greater; where -
as, at the terminal velocity of fracture it is of the order of fifty
times greater. It is concluded that surface energy must constitute
only a small part of the cnergy absorbed in the fracture process.,
This excess energy has a pronounced influence on the fracture
process and on the measured strength of glass.

. Shand, E, P., "Corrclation of Strength of Glass With Fracture Flaws of
Measured Size "
American Ceramic Society Journal, 44:451-5 September 1961

Ex, NM

The purpose of this study was to develop a method of producing
a single small crack on a class surfacoe wnich would become the
Initiating flaw in the fracture process. Technigues for measuring
the dimensions of the flaw also formed an essential part of the
study. The cracks were formed by pressing a wedge -shaped
tungsten carbide point against the glass. Mecasurements were
made from visible patterns found o the iracture surface after the
glass was broken. Strict adherence to carefully worked out pro-
cedures was found to be cssential for obtaining satisfactory
cleaved cracks.

Smith, 1. C., Blandford, I. M.. and Schiefer, H, I',, "Stress-Strain Relation-
ships in Yarns Subj - cted to Rapid Impact Loading, Part VI: Velocities of Strain

Waves Resulting from Impact,"
Textile Research Journal, 30, 752, 1960

Smith, J. C., "Characterization of Textile Yarns for Use Under Ballistic
Impact Conditiong, "

U. S. Department of Commerce

Symposium on Personnel Armor

Naval Research Laboratory 4-5 October 1961
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South, T, Ra, McCrackin, F, L., and Schiefer, He .. “Stress-Strain

» , » f
Wave Propagation "
Journal Rescarch National Bureau of Standards, 55, 19, 1955
Textile Rescarch Journal, 25, 701, 1955
Sodha, M, S, and lain, V, K.. "Physics of Acmor Penetration, "
J. Appl. Physics, 29:1769-70 December 1958

ct Obligu ngles, "

NASA TN D-94 October 1959
Ex, M, LV, Thk

Small metal spheres were fired into copper and lead targets at
velocities up to 11,000 ft/sec. Target penctration and cavity
volume can be correlated as functions of the ratio of projectile

to target density and the ratio of impact velocity to speed of
sound in target material. Impact for which the correlation
equations apply is described as occurring in the fluid-impact
region. This type of impact as well as other types is discussed.
Penetration for impact at oblique angles is correlated with that for
normal impact on the assumption that the component of velocity
parallel to the target surface does not contribute to target penetra-
tion.

N 3 3 3 - 1 3, -

> 5 gets \'4 S 2 i
Procecdings of 3rd Symposium on Hypervelocity Impact, February 1959

Ex, M, LV, HV

A summary of some results in the field of high-speed impact
obtained at Ames Rescarch Center. The projectiles were metal
spheres and rods to determine, for enginecring purposes, the
damage caused by small bodies such as :neteoroids impacting
against a surface such as a skin of a satellite or space vehicle.
Several different metals were employed as target materials.

Impact at both normal and oblique angles were studied. Projectile
velocity ranged from a few hundred feet per second to nearly 12,000
ft/sec.
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Textile Rescarch Journal, Vol. 28, p. 361 May 1958

Ex, NM, LV, Thn

A body armor panel consisting of twelve identical layers of 2x2
basket-weave nylon fabric was investigated after impact by a
fragment simulator .22-caliber steel missile in the range of
330-420 m/sec (1100-1400 ft/sec) striking velocities., The
kinetic energy of the projectile was cither slightly higher or
lower than that the panel could absorb (706,000 g=cm).

Completely and partially penetrated holes were investigated.
The area surrounding the bullet holes was studied to learn about
the various types of deformations and damages in each layer.

Cross sections at various levels were made. It was recognized
that the permanent damage was localized to a small area close
to the path of the projectile.

After scparating the panel into individual layers, the stoppage of
the projectile was studied. There was some damage due to heat
of impact. Stress propagation was prevented by cross yarns.

\'J "Hydroc i I =
Amcrican Soc. Naval Enginecring Journal, 72:137-4) . February 1060

Trent, D, I,, "Metcoroid Impact on Shielded Space Vohicles, "
ASME 63-AHFT=-69

Th, Thn
The design of a minimum weight reliable meteoroid shield must

be based on a knowledge of the mechanisms of hypervelocity
impact, because of the inability of present experimental equip-
ment to duplicate meteoroid velocities. This study consists of

a preliminary analysis of the problem of cratering and penetration
using a hydrodynamic model. An analysis is made of the impact
of a solid projectile on a metal plate. Conditions for penetration
of the shield and destruction of the vrojectile are explored. Var-
fous materials are comparcd for use in meteoroid shields and
fecommendations are made for material selection.
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Thomzon, W, T., —ADM&&LMLQHMQLMM&L

J. Appl. Physics, 26:80 1955

Th, E, Thn

The proclen of armor penetration of thin plates is considered
from a quasi=dynamical approach. Equations are derived for
the encrgy dissipation due to plastic deformation and for
heating ot the projectile target intertace, Both the conical
and the oaival heaa are considered in the application of the
general cquations.,

Van Valkeabuwy, M. E., Clay, Wallace G. and Huth, 1. H.. "Impact
Phenoric na at High Sveeds, "
J. Appl. Physics, Vol. 27, No. 10 Octover 1956

Ex, M, NM, LV, Thk

A study of riqh speed me ml-'o-r etal impact in the velocity
range 1 to 5 mm/usce using 1,/8" diameter spherical pellots

is da :;r:n'xu:u. Pellet materials include aluminum, magnesium,
steel, brass, lead ana zinc. Experiments relating to the
mechanisms of cmtermg and the perforation of thin targets are
precented. For the 1/4" diameter spherical pellets, it is found
that the volume of the crater per unit energy of the impacting
pollet is essentially constant for each material and that the
penetration is proportional to the velocity of the pellet so long
as the pellet velocity is less than the velocity of sound in the
target matcrial, An attompt to moael very high speed impact
by using soft wax targets in which the sonic velocity is less
than the impacting velocity is outlined.

Sth Syr’.puou i on Hype r\.'('loclty Impact

Part 2, Vol. 1 October 1961
Ex, M, Hv, Thn

The increasing demand for information pertaining to the effects

of hypervelocity impact on targets of finite thickness has led

Lo the following mvestigation of target perforation by a small,
high velocity projectile. The behavior of five different target
materials = lead, aluminum 250, 202480 and 2024T-3, and
magnesium AZ51X, B90-46T - has becn investigated at two angles
of attack, 0 degrees and 60 degrees. The projectile employed
throughout i1s a 0,024 gram steel cylinder, projected at a veloc-
ity of 3.2 km/sec. The target materials varied in thickness,
ranging from 0,031" to 1.0", Graphs are presented which
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illustrate the following: hole dimensions as functions of target
thickness, mass of spall as a function of target thickness, and
the spatial distribution of the spall fragments.

von Karman, T, ang Duwecz, P,, "The Propagation of Plastic quggmg‘ngn in
Solids, "

J. Appl. Physics, Vol. 21, p. 987 1950

Whitlock, L, W,, "lnvestigation of Variables Effecting the Performance of
Wcight Arnour, " :

Midwest Rescarch Institute

Final Report, Contract DA 23-072-ORD-815, W,A,L. File 710/1049, June 1955

CONTFIDENTIAL

Wood, D, S. and Clark, D, S,, "The Influence of Teaperature n_the
e De for Yiclding in Annealed Mild Steel, "
Transactions, Amcrican Society for Metals, Vol, 43, p. 571, 1951

Yuan, §, W, aod Bloom, A M., "An Analytical Approach to Hypervelocity
Impact,

North A erican Aviation, AIAA Summer Meeting June 1963

Th

Based on the assumption that the regime of fluid impact exists when

a projectile strikes a target, an expression has been developed for

4 penetration parameter as a function of an impact velocity parameter.
This exvression is obtained from the sin ultancous solution of one-
dimensional ®juations of a viscous compressivle fluid., Hugoniot
cquations of state are used in this analysis as "derived by Walsh,
Rice and MeQueen, Good agreement betwoeen theory and experi-
mental data is obtained,

Zaid, M., “Au Analvtical Approach to Hypervelocity Impact Mechanics,

4th Sympocium of Hypervelocity Iinpact
APGC-TR=60-39, Vol, 111 September 1960

Th

A vresentation of a rational theory of target perforation by ultra-
high speed penetrators. The over=-all approach is the same as that
taken previously by the author in the theorotical and experimental
studics of thin plate perforition by non=deforming projectiles; that
is, the perforation process is idealized to retain only its ~ssential
characteristics. Then, based upon this idealization, a mathemati-

cal description is written and solutions obtained. In order not to
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obscure the basic concepts with solution and techniques, only
the derivation of the equations of motion is presented in detail.
The case considered i1s that of normal perforation of a deformable
target by a non-deformable cylindrical penctrator traveling at
hypervelocities; its extension to the deformable penetrator of
other gecometry and obliquity or target thickness being directly
obtainable from the techniques presented in this paper.

Zard, M., "Pcnetration by Hypervelocity Particles, "

Sth Symiposium on Hypervelocity Impact
Vol. I, Part 1, Nonr=(G)=-0020-62(%) Octobar 1961

Th, Thk

In this paper additional cquations are presented for the solution
to the problem of a non=deforimanble ultra=high speed penetrator
striking a semi=infinite deformable target. These, together with
the ones of a previous papcer, provide a complete mathe matical
description of a penetration model. Based on these cquations,
and on an assumed stress=velocity relationshio, various "growth"
laws are postulated and solutions for penetration distance, veloc-
ity and time history are obtained. From these it is seen that
although the phenomenon is sensitive to the exact magnitude of
physical paramcters, it 1s much less sensitive to a variation in
the formulation of the "growth" law.

The paper suggests nmany areas in which experimental work would
be fruittvl, and additionally provides 4 model capable of extension
to the deformable-penetrator deformable-target problem.

Zai M., and Paul n ]
Frarnklin lustitute Journal, Vol. 264, pp. 117-126, 1957

Thn .

The problem of perforation of thin plates by high speed projectiles
1s considered from a momentum viewpoint. Equations representing
the magnitude and direction of forces, velocity, etc. as a function
of penetration distance are derived for the conical projectile under
normal fimpact. Good correlation between the theory and experiment
is obtained. A model of thin plate perforation by conical projectiles
is analyzed.
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Zaid, M. and Paul, B., "Normal Perforation of a Thin Plate by Truncated

Projectiles,”
Franklin Institute Journal, Yol. 265, p. 317 1958

Ex, Thn

The general solution to the problem of perforation of thin plates
by high speed projectiles is extended to truncated conical and
ogival projectiles. The velocity distance relationships are
obtained for these general cases, and the forces are evaluated
for pointed ogival projectiles. Comparison of theory and ex-
periment is made and the agreement is satisfactory.

Zaid, M, and Paul, B,, "Obligue Perforation of a Thin Plate by ¢ Truncated
Projectile, "
Franklin Institute Journal, Vol. 268, p. 24 1859

Ex, Thn

The author's previous analyses of normal perforation of thin
plate by high specd projectiles are generalized to include
truncated cones, at oblique striking angles. A complete ve-
locity-displacement history is obtained for the most general
case. Results are presented in graphical form.

Zener, C., "Mechanism of Armor Penctration, "
Watertown Arscnal

Watertown, Massachusetts

Report No. 710,/454 September 1942

Ex, Thn

A study of the types of plate reaction to projectile impact. For
striking velocitics ncar the ballistic limit the elastic displace-
ment of plate may be calculated and about 207 of the projectile's
energy is dissipated by elastic waves in plates of thicknesses
equal to the projectile's caliber, the fraction of energy dis-
stpated decreascs rapidly as the plate thickness increases. The
shear plugs are discussecd and the stress system is reconstructed
Plastic deformation is also discussed.

Watertown Arsecnal,
Watcrtown, Massachusetts
Report No. 710/492 May 1943

Ex, Thn
A study of the forces which act upon projectiles during armor
penetration, and the effects thereof. Friction was found to have
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negligible effect during armor penctration. An estimate has been
made of the forces which arise from the inertial resistance of the
plate material. The shape of the ogive and the resultant forces
arc also discussed. When the projectile penetrates in a ductile
manner by pushing the plate material aside, the force needed
increases as the plate hardness increases.

Zener, C., "Mechanism of Armor Penetration, "
Watertown Arscnal

Watertown, Massachusetts

Report No, 710/492-1 March 1944

Ex, M, Thn

Cxarmples of shatter are presented, and the mechanism of the
phenomenon is analyzed. A correlation was made by means
of the stress-strain curves of the projectile steel, the expan-
sion of the bourreclet with the hardness of plate, the striking
velocity, and the hardness of the projectile.

Zener, C., "Mcchanism of Armor Penetration, ™
Watertown Arscnal

Watertowrn, Massachusetts

Report No., 710/492-2 August 1944

Ex, Thn

A method is outlined for computing the stresses and the deforma-
tion in armor during projectile impact. The primary problem in this
computation is the evaluation of the effect of the plate material's
inertia. Two approximations are made; the first, the force acting
upon the plate is assumed to be so distributed as to give rise to
no localized plastic deformation. The second is the method of
support to give the velocity of the plate and the bending moments
which can be computed in the first approximation. Examples are
given of the effect of wave propagation both in the plate and in
the projectile.
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2.1 Geometrical Description of Material Effects

Elasticity, plasticity, etc, will be described in terms of the
deformation of an infinitesimal cube. It can be shown that this approach
lcads to an invariant formulation in the tensor sense.

In the initial undcfgmgd state, the material points are referred
toan orthonormal vector E:sxs lx’ Every material point P is associated with
a position vector P = 2! L.

K|
At each mass point P, a set of three infinitesimal orthogonal vectors §
are chosen to represent the sides of an infinitesimal parallelepiped.

* See Appendix C for an explanation of the coordinate system conventions
usecda in this report.




l‘he infjinitosimal side vectors are chosen parallel to the basis [j so that
Si = dz-?i .

L4

At later times the S; are transformed in ;‘i which describe a
_geformgd parallelepiped. The locally linear transformation connecting
Sj and sj is

a 0%
Sj = B] bl
i
B i ¥
J ay’
» 1
S; basis Yy coordinates
3 =N =
Y* coordinates s; basis

Deformed

Iho specification of the ':f:‘j basiz (a3 a function of time) in terms of the
Sj basis completely describes the acometrical deformation, and is there-
fore equivalent to the conventional strain tensor. The strain tensor is
easily expressed in terms of Bi-l. However, the parallclepiped concept
1s much more intuitive, £

La
; Since the §; are defined to be orthogonal and normalized,
Bi} may be simnly expressed as

Yt r
B S50 65 . Bi) 1s not a tensor.
% The usefulness of By’ arises from the fact that the stress vectors
M; in the s; basis are
M;=als =alp/} s
i=a-s; =a=B’§,




as a consequence of conservation of momentum applied to an infinitesimal
parallelepiped. The §L are called the image vectors. The a' are scalar
functions which determine the relation between deformation and stresses,
The a! presumably are functions of the image vectors, time derivatives and
perhaps integrals. We chose not to make implicit use of the stress vectors
in the stress-strain relation; i.e., the stress vectors are given explicitly
in terms of functions of the image vectors. This suffers no real loss in
generality and is more convenient computationally,

Graphically, the forces on an infinitesimal parallelepiped are

always parallel to the adjacent sides and act through the center of each
side,

»
S2 -
M;
\__ &
Sy M[
53

2.2 ]Isotropic Stress-Strain Rolations

Any dynamic stress=-strain relation must certainly reduce to the
classical static form as the strains and time rates go to zero.
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