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PENETRATOR/ARMOUR INTERACTIONS - BACKGROUND

TO AUSTRALIAN WORK

1. INTRODUCTION

Research into penetration mechanics and armour is conducted in
Australia at the Materials Research Laboratories, Maribyrnong. To highlight
the approaches adopted and the techniques used to meet our requirements, the
most appropriate course is to review the work, examine its proposed
directions, and to discuss some developments and practical applications,

2. RESEARCH ASPECTS

(a) Deformation Mechanisms

Penetration mechanics research at MRL, has concentrated on
mechanisms and geometry of plastic flow, adiabatic shear and fracture
phenomena, and the influences that material structure and mechanical
properties have on performance. Early work centred in particular on
understanding adiabatic shear, and highlighted the effect that this phenomenon
can have on limiting the performance of armours and penetrators [1]. The
mechanism proposed of Zener and Hollomon [2], that adiabatic shear is an
instability associated with the rate of thermal softening exceeding the rate
of work hardening allows materials to be classified in terms of their relative
susceptability to adiabatic shear using simple calculations. The order of
this classification agrees qualitatively with experiments [3,4]. Extensive
microstructural investigations have confirmed narrow bands of intense shear
and simple calculations show that high local temperatures are to be expected
in association with the large strains [5). The influence of adiabatic shear
on the performance of targets has been shown to depend on obliquity of impact
{6] and in some cases also depends on material structure {7,8]. A simple
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model has been developed to describe the mechanism of adiabatic shear plugging
failures and to allow approximate calculations of ballistic resistance from
material strength [9]. Recent work in the US demonstrated that with the use
of a thermal softening criterion it is possible to simulate the separation of
a plug from a target using the EPIC-2 computer code [10].

There are still many uncertainties about the nucleation of adiabatic
shear bands [7]. Basic studies of the theory have shown reasonable agreement
with experiment in some cases [11,12,13), and in others have led to the
suggestion of alternative mechanisms [14,15,16]. Temperature rises at shear
band nucleation have been measured and calculated in the range 50°C to 200°C
[17,18]1, which raises questions concerning the earlier mentioned
microstructural, post-event, estimates of much higher temperatures. However,
this apparent discrepancy can be explained as nucleation and only requires
that the rate of thermal softening exceed the rate of work hardening as a
precursor to the development of high strains. Some target failures attributed
to adiabatic shear have been shown to by only nucleated by adiabatic shear,
while target perforation occurred primarily be a conventional fracture
mechanism (7,8]. Adiabatic shear is also a recognized deformation and
fracture mechanism in penetrators., Work is continuing at MRL to examine
aspects of composition and heat treatment on work hardening rates in steels,
comparisons of the ballistic performance of steels produced by different
manufacturing techniques, and examination of some aspects of adiabatic shear
in very thin targets. As the phenomenon becomes better understood it is hoped
to learn better ways to avoid it where it is detrimental to performance, and
perhaps penetration and target performance can be improved by minimizing its
occurence,

Many targets fail in a ductile manner., Microstructural examinations
at MRL have led to descriptive deformation models, to be discussed below,
which are useful in relating the mechanical properties to the ballistic limit,
More important than this, it is possible to relate microstructural features
and geometric aspects of the impact conditions (projectile shape, target
thickness, obliquity) to the likely mode of failure [8]. The methods used in
the manufacture of metals lead to significant directionality in mechanical
properties, Anisotropy in both plastic deformation and fracture properties
results from texture effects (preferred crystal orientation), residual
stresses, chemical segregation and the distribution of non-metallic
inclusions. These factors significantly affect ballistic behaviour,

Modelling and computational approaches can never be completely
satisfactory as the cost of characterizing the material, combined with the
difficulties of adequately describing the effects succinctly in a mathematical
form will remain prohibitive except in a few special cases. The issue is
illustrated by the photograph shown in Fig. 1 of three tensile specimens which
were taken in three mutually perpendicular directions from a UK manufactured
70 mm thick rolled homogeneous armour plate, The properties measured in the
three directions are tabulated in Table I and illustrate the effects of
anisotropy, particularly ductility. Conventionally the results of mechanical
tests in one direction only are used in computations but a ballistic test is
influenced by proper“ies in all directions, The most appropriate method is to
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observe mechanisms, model the main features, and develop an appreciation of
the likely effects of material structure on ballistic performance. Since
fracture particularly influences behind armour effects, these observations do
not encourage the pursuit of quantitative micromechanical descriptions of
ballistic experiments as the principal aim of penetration mechanics research.

(b) Mechanics

Studies of deformation mechanisms have led to a number of
classifications of target failure [8,19] and also to the development of models
which allow penetration resistance to be related to mechanical properties.

The problem remains simple if the projectile does not deform, and work at MRL
has tested, improved and developed a number of models for ductile hole
formation [20]), dishing [20], discing [8,21], ductile plugging [22]}, and
adiabatic shear plugging [9] failures which have been particularly useful.
There is a large range of models which treat different aspects of the
penetration problem. The models range from those which simplify the problem
sufficiently to make the method predictive, to those which require post
perforution target measurements and are therefore descriptive [19]. when used
carefully the models give valuable quantitative information and they embrace
an understanding of the mechanics as conceived by the model developer. The
models, by taking a variety of approaches, are complementary and contribute to
the development of correct concepts.

A more complex but more interesting problem in modelling the
behavior of modern kinetic energy penetrators is the case where both
penetrator and target deform. A model has been developed for the normal
impact of a flat-ended cylindrical projectile on a semi-infinite target, and a
number of tests have shown that the model gives good predictions of
penetration behaviour which scale correctly with geometry and velocity
(23,24,25]. The model becomes inaccurate at very high velocities as the limit
to penetration depth with increasing velocity is approached, partly because
the rod erosion mechanism which it uses is not realistic [25]. The model has
been used for a number of studies of the effects of length to diameter ratio
and material properties on penetrator performance. Whilst the restriction to
cylindrical geometry limits its use, the model has been of great assistance in
investigating the deformation of the nose of the penetrator, particularly the
enhanced penetration effects first reported by Brookes and Erikson
(26,27,28]. Because ballistic data is available under similar conditions for
both semi-infinite and finite thickness targets [29], it is possible to
estimate the results of firings against finite thickness targets using such a
model.

An aspect of considerable interest in the deformation of slender
penetrators is rod bending. Currently we are adapting a simplified approach
to studying the bending of notched and unnotched rods, by using a static rod
supported at one end and subjected to transverse impact at the unsupported end
by a short cylinder. The deformation is monitored with strain gauges and
flash radiography as well as post event measurements of strain
distributions. Use has been made of the EPIC-2 code to simulate the event and
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to demonstrate some of the wave propagation aspects, and additionally it
appears that simple rigid/plastic deformation models are a useful tool to
study this event. Figure 2 shows the effect of notching a rod on the
distribution of bending strain using flash radiographs. Such a simple
approach allows simple experimentation for the development of understanding,
but only provides part of the answers for real system development.

It is essential to have an understanding of the accuracy and
essential value of both model and computational techniques. Models, which
treat a simplified problem using a combination of analytical solutions and
numercial techniques, and codes, which attempt a full numerical simulation of
the problem, are complementary and lead to a useful understanding of
deformation mechanisms and the effects of changes in materials and
configqurations. The models are limited in scope by simplifying the problem.
However, they are computationally efficient and cost effective. Agreement
between computed results and experiment is good if it is within the order of
twenty percent, as this is really the limit of plasticity theory when combined
with real material anisotropy, and the measurement and characterization of
flow stress and fracture properties. For munitions development, the
computational techniques provide initial bounding of possibilities, and allow
mechanisms and design variations to be studied; however optimizing the
detailed configuration of the munition will always require expensive trials,
The objective of the computations is to reduce this cost, and there is a need
to continually examine the cost of the computational approaches and the
realiability of the answers in each case. A good understanding of deformation
mechanisms also allows unusual concepts to be efficiently evaluated using the
computational technique.

(c) Material Properties

Coincident with mechanics studies, it is essential to have valid
data on material properties at high strain rates, MRL has a continuing effort
on the use of high strain rate compression testing to characterize materials
at high rates of strain (30]. In addition to providing basic strength data,
information on adiabatic shear [31,32] and fracture can be obtained.

Currently the behaviour of a range of tungsten alloys is being examined to see
if dynamic properties can be related to penetrator performance.

It is important to distingquish spalling which is produced by stress
wave reflections, and interactions from discing which is a failure mode
influenced more by the bending deformation of the rear of a target [33].
Microstructure, anisotropy and toughness have an important influence on both
of these mechanisms which essentially determine the behind armour debris from
the target material. Spallation tests are being undertaken at MRL using a
simple test, which has been modelled using EPIC-2 computer simulations to
examine the relationship between the spall strength of a variety of armour
materials and their structure, mechanical properties and processing history.
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3. PRACTICAL DEVELOPMENTS

The value of the research tasks is partly realized through the
benefits of exchange. Australian research, by making a contribution to the
TTCP effort, receives information in return which would be too difficult for
us to generate in both manpower and cost. To obtain a useful exchange, it is
important to make a significant contribution by ensuring that the work is
“"state of the art" and complementary to that of other countries. The research
runs concurrently with work on some practical problems. A high ductility
tungsten alloy was developed for use in the Phalanx close-in weapons system,
Investigations of armour have encompassed some unusual configurations and some
valuable ballistic data has been generated.

Because of cost, vulnerability studies and penetrator assessments
must be done by calculation. The calculation techniques use a combination of
the models discussed earlier [34], with published experimental data where
available, experience, and an invaluable guide to the performance of armour
materials, that is, the tabulations produced by the Army Materials and
Mechanics Research Centre [35]. Behind armour effects can only be estimated
from a knowledge of the materials and their performances, however knowledge in
this area has been advanced significantly by the work of the TTCP Action Group
on Behind Armour Effects [36). There is no substitute for tests where these
are possible and assessments of materials and configurations for lightweight
armour using ballistic tests are carried out at MRL. Complex configurations
cannot be assessed properly using computational techniques.

In reviewing the contribution made by MRL to penetration mechanics
research, the emphasis has been placed on describing the approaches adopted
and the major concepts and directions. Detailed information can be obtained
by reference to the bibliography.

4. ACKNOWLEDGEMENTS

We wish to acknowledge the assistance given in the compilation of
the bibliography by M. McPherson, Senior Librarian MRL.

il




T ———— TemD—— T ——— -~ T~ ———— T

10.

1.

5. REFERENCES

Wingrove, A.L. and Wulf, G.L., "Some Aspects of Target and Projectile
Properties on Penetration Behaviour", J. Aust, Inst. Met., Vol 18,
1973, 167-172.

Zener, C. and Hollomon, J.H., "Effect of Strain Rate Upon Plastic Flow
of Steel®”, J. Appl. Phys., Vol 15, 1944, 22-32,

Recht, R.F., "Catastrophic Thermoplastic Shear", J. Appl. Mechs. Trans.
ASME, Vol 31E, 1964, 189-193,

Yellup, J.M. and Woodward, R.L., "Investigations into the Prevention of
Adiabatic Shear Failure in High Strength Armour Materials", Res.
Mechanica, vol 1, 1980, 41-57.

Stock, T.A.C. and Thompson, K.R.L., "Penetration of Aluminium Alloys by
Projectiles", Met., Trans., Vol. 1, 1970, 219-224.

Woodward, R.L. and Baldwin, N.J., "Oblique Perforation of Targets by
Small Armour-Piercing Projectiles”, J. Mech. Engng. Sci., vol 21,
1979, 85-91.

woodward, R.L., Baxter, B.,J. and Scarlett, N.V.Y., "Mechanisms of
Adiabatic Shear Plugging Failure in High Strength Aluminium and
Titanium Alloys", 3rd Oxford Conference on The Mechanical Properties
of Materials at High Rates of Strain", appril 1984, to be published.

wWoodward, R.L., "The Interrelation of Failure Modes Observed in The
Penetration of Metallic Targets", 1Int. Jnl. of Impact Engineering,
1984, to be published.

Woodward, R.L., "The Penetration of Metal Targets Which Fail by
Adiabatic Shear Plugging”, Int. J. Mech. Sci,., Vol. 20, 1978, 599-
607.

Ringers, B.E., "New Sliding Surface Techniques Enable the Simulation of
Target Plugging Failure", US Army Ballistics Research Laboratory
Report AR BRL-TR-02541, Dec. 1983,

Lindholm, U.S. and Johnson, G.R., "Strain-Rate Effects in Metals at
Large Shear Strains", in Materials Behaviour Under High Stress and
Ultra High Loading Rates, Ed. J. Mescall and V. Weiss, Plenum Press,
1983, 61-79,

Johnson, G.R., "Dynamic Analysis of a Torsion Test Specimen Including
Heat Conduction and Plastic Flow", J. BEngng. Mats. & Tech., Vol. 103,
1981, 201-206.

<4
1
q
‘
. . A
Tom e
Lo n'-n’J




13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23,

24.

25.

26.

Johnson, G.R., Hoegfeldt, J.M., Lindholm, U.S. and Nagy, A., "Response
of various Metals to Large Torsional Strains Over a Large Range of
Strain Rates - Part 1: Ductile Metals", J. Engng. Mats. & Tech.,
vol. 105, 1983, 42-47.

Olson, G.B., Mescall, J.F. and Azrin, M., "Adiabatic Deformation and
Strain Localization", in Shock Waves and High-~Strain-Rate Phenomena
in Metals, Ed. M.A. Meyers and L.E. Murr, Plenum Press, 1981.

Jones, P.N., “The Occurrence of White Zones and Their Influence on
Materials Performance, TTCP-P-TP1, Proc, of Symp. on Adiabatic Shear,
Materials Research Laboratories, Maribyrnong, Australia, May 1979.

Jones, P.N. and Sturges, J.L., "A Carbide Dissolution Model for Strain
Inhomogeneities/White Zones in Steels Under High Speeds of
Deformation", 3rd Oxford Conference on the Mechanical Properties of
Materials at High Rates of Strain, April 1984, to be published.

Costin, L.S., Crisman, E.E., Hawley, R.H. and Duffy, J., "On the
Localization of Plastic Flow in Mild Steel Tubes Under Dynamic
Torsional Loading", Div., of Engng, Brown Univ, Report NSF 18532/7,
January 1979,

Ringers, B.E., "Simulation of the Plugging Mode of Failure in Targets",
M. Appl. Sci, Thesis, Univ, of Delaware, June, 1983,

Backman, M.E. and Goldsmith, W., "The Mechanics of Penetration of
Projectiles into Targets", Int. J. Engng. Sci., 16, 1978, 1-99,

woodward, R.L., "The Penetration of Metal Targets by Conical
Projectiles"”, Int. J. Mech. Sci., Vol 20, 1978, 349-359,

woodward, R.L., "Penetration Behaviour of a High Strength Aluminium
Alloy", Metals Technology, Vol 6, 1979, 106-110.

wWoodward, R.L. and de Morton, M.E,, "Penetration of Targets by Flat-Ended
Projectiles", 1Int, J. Mech, Sci., Vol 18, 1976, 119-127.

woodward, R.L., "Penetration of Semi-Infinite Metal Targets by Deforming
Projectiles”, Int. J. Mech, Sci., Vol 24, 1982, 73-87.

woodward, R.L., "Modelling Penetration by Slender High Kinetic Energy
Projectiles"”, Materials Research Laboratories Report MRL~R-811,
April 1981.

wWoodward, R.L., "Appraisal of a One Dimensional Ballistic Penetration
Model", Proc, 7th Int, Symp. on Ballistics, The Hague, The
Netherlands, April 1983, 281-287.

Brooks, P.N., "Ballistic Impact - The Dependence of the Hydrodynamic
Transition Velocity on Projectile Tip Geometry", Defence Research
Establishment, Valcartier, Report DREV R-4001/74, Oct. 1974.

PR
e .
RN WYY

LT A
LGNV L




Brooks, P.N. and Erickson, W.N., "Ballistic Evaluation of Materials for
Armour Penetrators", Defence Research Establishment, valcartier,
Report DREV R-643/71, Nov. 1971,

woodward, R.L., "“Application of a Model for Deep Penetration", Paper
Presented at TTCP WTP-1 11th Meeting, Sept. 1983.

Tate, A., Green, K.E.B., Chamberlain, P.G. and Baker, R.G., "Model Scale
Experiments on Long Rod Penetrations", Proc, 4th Int. Symp. on
Ballistics, Monterey, Ccalif., Oct. 1978,

wulf, G.L., "Dynamic Stress-Strain Measurements at Large Strains", in
Mechanical Properties at High Rates of Strain, Proc. of the Conf. on
Mechanical Props. at High Rates of Strain Oxford, April 1974, Inst.
of Physics, London and Bristol, 1974, 48-52.,

wulf, G.L., "The High Strain Rate Compression of 1023 and 4130 Steels",
Int. J. Mech. Sci., Vol. 20, 1978, 843-848.

wulf, G.L., "The High Strain Rate Compression of 7039 Aluminium", Int.
J. Mech. Sci., vol. 20, 1978, 609-615.

Hohler, V., Kuscher, G.F.,, Stilp, A.J., Schneider, E. and Tham, R., "X-
ray Cinematography and Visar-Interferometer Measurements of the Rear
Side Bursting During Plate Perforation", Proc. 7th Int. Symp. on
Ballistics, The Hague, The Netherlands, April 1983, 565-573.

Woodward, R.L., de Morton, M.E. and Yellup, J.M., "Predicting the
Performance of Homogeneous Metal Armour (U) Materials Research
Laboratories Report MRL-R-713, April 1978, (CONFIDENTIAL),

Mascianica, 7.S., "Ballistic Technology of Lightweight Armour", 1979
(U). Army Materials and Mechanics Research Centre Techni-al Report,
AMMRC-TR-79-10, Feb., 1979 (CONFIDENTIAL).

"The Technical Cooperation Program Final Report of Sub-Group W Technical
Panel W-1, KTA-9 Behind-Armour Effects of Kinetic Energy
Penetrators”, Defence Research Establishment valcartier Memorandum
2611/83, Jan. 1983,

.
| SN




(a)

Bl.

B2.

B3.

B4.

B5.

B6.

B7.

B8.

BY.

B10.

B11.

B12.

B13.

ML At atse Jaet e des mue aney ) -
Pl A LA R r—p———— T T v -

6. BIBLIOGRAPHY

Modelling

R.L. Woodward and M.E. de Morton, Penetration of Targets by Flat-Ended
Projectiles”, 1Int. J. Mech. sci. 18, 1976, 119.

R.L. Woodward, "Criteria for the Selection of Homogeneous Metal
Armour", Materials Research Labs., Report No., MRL-R-675, September
1976.

R.L. Woodward, "Rational Basis for the Selection of Armour
Materials",
J. Aust., Inst. Met. 22, 1977, 167-170.

R.L. Woodward, M.E. de Morton, and J.M. Yellup, "Predicting the
Performance of Homogeneous Metal Armour (U)", Materials Research
Labs., Report No. MRL~R-713, April 1978. Paper presented to IEP
ABCA-7 NBCD, 1978 Ship Defence Conference. (CONFIDENTIAL)

R.L. Woodward, "The Penetration of Metal Targets by Conical
Projectiles", 1Int. J. Mech. sci., 20, 1978, 349-359,.

R.L. Woodward, "The Penetration of Metal Targets Which Fail by
Adiabatic
Shear Plugging", 1Int. J. Mech. Sci., 20, 1978, 599-607.

R.L. Woodward, "Penetration Behaviour of a High-Strength Aluminium
Alloy”, Met. Technol., 6, 1979, 106-110.

R.L. Woodward, "Modelling Penetration by Slender High Kinetic Energy
Projectiles", Materials Research Labs., Report No. MRL-R-8i1,
April 1981.

R.L. Woodward and J.P. Lambert, "A Discussion of the Calculation of
Forces in the One Dimensional Finite Difference Model of Hashmi and
Thompson", 1Int. J. Mech. sci., 23, 1981, 497-501.

R.L. Woodward, "Modelling of Penetration at High Velocities", Report
Presented at 9th Meeting TTCP WTP-1, October 1981, UK, Minutes Vol.
2, 202,

R.L. Woodward, "Penetration of Semi-Infinite Metal Targets by
Deforming Projectiles", 1Int. J. Mech. Sci., 24, 1982, 73-87.

R.L. Woodward, "Appraisal of a One Dimensional Ballistic Penetration
Model"”, Proceedings of the 7th International Symposium on
Ballistics, The Hague, The Netherlands, 19-21 April, 1983, pp.
281-7.

R.L. Woodward, "Application of a Model for Deep Penetration", Report
presented at 11th Meeting of TTCP WTP-1, September 1983,




(b)

B14.

B15.

B16,

B17.

B18,

B19,

B20.

B21.

B22.

B23,

B24.

B25,

B26.

10

Also B30, B38.

adiabatic Shear

S.A. Manion and T.A.C. Stock, "Measurement of Strain in Adiabatic S
Shear Bands", J. Australian Inst. Metals 1969, 14, 190-191, I

T.A.C. Stock and K.R.L. Thompson, "Penetration of Aluminium Alloys by
Projectiles”, Metallurgical Transactions, 1, 1970, 219-224.,

S.A. Manion and T.A.C. Stock, "Adiabatic Shear Bands in Steel",
International Jnl. of Fracture Mechanics, 6, 1970, 106-107.

T.A.C. Stock and A.L. Wingrove, "The Energy Required for High Speed
Shearing of Steel", Defence Standards Laboratory Report, DSL-R-
370, July 1970,

K.R.L. Thompson, T.A.C. Stock and B.H. McConnoll, "Evidence for
Melting of a Low-Melting-Point Alloy During High-Velocity '.
Impact”, Jnl. of the Australian Inst. of Metals, 15, 1970, 26-28.

J.V. Craig and T.A.C. Stock, "Microstructural Damage Adjacent to
Bullet Holes in 70-30 Brass", Journal of the Australian Institute
of Metals, 15, 1970, 1-5.

A.L. Wingrove, "A Note on the Structure of Adiabatic Shear Bands in
Steel”, Jnl. of the Australian Institute of Metals, 16, 1971, 67- B
70. ..:._,

A.L. Wingrove, "Note on the Structure of Adiabatic Shear Bands in
Steel", J. Australian Inst. Metals, 16, 1971, 67-70. 'Y

S.A. Manion and A.L. Wingrove, "Note on the Formation of Chip B
Fragments Due to Adiabatic Shear", J. Australian Inst. Metals -
1972, 17, 158-160.

A.L. Wingrove, "The Influence of Projectile Geometry on Adiabatic v.
Shear and Target Failure", Metallurgical Transactions, 4, 1973,
1829-1833.

A.L. Wingrove and G.L. Wulf, "Some Aspects of Target and Projectile
Properties on Penetration Behaviour”, J. Australian Inst. Metals
1973, 18, 167-172, °

A.J, Bedford, A.L. Wingrove and K.R.L. Thompson, "The Phenomenon of .
Adiabatic Shear Deformation”, Defence Standards Laboratories Report ST
MRL-R-586, May 1974. -

A.J., Bedford, A.L. Wingrove, and K.R.L. Thompson, "Phenomenon of ®
Adiabatic Shear Deformation”, J., Australian Inst Metals 1974, 19,
61"73.




T n DR aan s Mt R e e e e p— —— g -
} . - e — " — v v

B27. R.L. Bish, "An Explanation of Adiabatic Shear", Journal of the N 4
Australian Institute of Metals, 21, 1976, 114-116,. [

B28. M.E. de Morton and R.l.. Woodward, "The Effect of Friction on the f_'j}gf
Structure of Surfaces Produced During Ballistic Tests", Wear, 47, e
1978, 195-209.

B29. R.L. Woodward and R.L. Aghan, "The Structure of a White Etching Band ® j
in an Explosively Fractured Steel", Metals Forum, 1, 1978, 180,

B30. R.L. Woodward, “adiabatic Shear Plugging in the Penetration of
Armour”, Paper presented at TTCP PTP-1 Symposium on Adiabatic
Shear, 11th May, 1979, Materials Research Laboratories. |

B31. J.M. Yellup and R.L. Woodward, “Some Investigations Irto the
Prevention of Adiabatic Shear Failure in High Strength Armour : 1
Materials", Res Mechanica, 1, 1980, 41-57. -

B32. R.L. Woodward, B.J. Baxter and N.V.Y. Scarlett, "Mechanisms of . {
Adiabatic Shear Plugging Failure in High Strength Aluminium and @ ]
Titanium Alloys", 3rd Int, Conf., on Mechanical Props, of :
Materials at High Rates of Strain., Oxford, England, April 1984.

Also B6, B37, B50, B51, B52, B63.

{c) Mechanism o .
. B " ~"<
B33. T.A.C. Stock and T.0. Mulhearn, "The Deformation Produced During Deep .jf g
pPunching”, Exp. Mech. 1969, 9, 230-235, RS q
B34. A.L. Wingrove, “Forces for Projectile Penetration of Aluminium”, J. "o ]
physics D. (Appl. Physics), 1972, 5, 1294-1303. }
B35, A.L. Wwingrove, "Penetration of Metals by Projectiles", Metals . _-.2‘f
Australia, 1973, 5, 251-252. o
B36. R.L. Woodward, "void Formation in Defeated Aluminium Alloy Targets", ®
Metallurgical Transactions 7a, 1976, 894-896. 1
B37. R.L. Woodward, "Metallographic Features Associated with the B
Penetration of Titanium Alloy Targets", Metallurgical Transactions, .
10A, 1979, 569-573, o
L 4
B38. M.E. de Morton, R.L. Woodward and J.M. Yellup, "Defeating Armor and A
Projectiles by Fracture", Fracture at Work, Melbourne, Australia, R
12-14 February 1979, 11.1-11.17, Publ: University of Melbourne, NS
Melbourne, Australia, 1979, A "f
B39. R.L. Woodward, “Penetration Resistance of a Magnesium Casting Alloy", o |

J. Mater. sci., 15, 1980, 2117-2120.

1M




e

v T e——— — T —— " ERSC A A g Sk s acl

B40, C.J. Osborn and R.L. Woodward, "The Effect of Penetrator Geometry on
the Deformation of Ductile Metal Targets", Strength of Metals and
Alloys, Vol. 1, Melbourne, Australia, 16-20 August 1982, 467-
472. publ: Pergamon Press, Headington Hill Hall, oOoxford OX3 OBW,
England, 1983.

B41, R.L. Woodward, "The Interrelation of Failure Modes Observed in the
Penetration of Metallic Targets", 1Int, Jnl. of Impact Engineering,
2, 1984, (June Issue).

B42. P. Leach and R.L. Woodward, "The Influence of Plate Directionality on
the Mode of Failure During Projectile Impact", Accepted for

Publication in Journal of Materials Science, 1984.

Also B2, B3, B63, B73.

(a) Experimental Techniques

B43. A.L. Wingrove, "A Device for Measuring Strain-Time Relationships in
Compression at Quasi-Static and Dynamic Strain Rates", Jnl. of
Physics E, Scientific Instruments, 4, 1971, 873-875.

B44. G.L. Wulf and G.T. Richardson, "The Measurement of Dynamic Stress-
strain Relationships at Very High Strains", Journal of physics
E: Scientific Instruments, Vol. 7, 1974, 167-169.

B45. R.L. Woodward, "A Note on the Determination of Accurate Flow
Properties from Simple Compression Tests", Metallurgical
Transactions 8A, 1977, 1833-34.

B46. N.J. Baldwin, "Velocity Measurement of Projectiles" Materials Research
Laboratories, Maribyrnong, Metallurgy Division Report MD 76-8,
Sept. 1976,

Also B47, B48, B49, B57.

(e) High Strain Rate Properties

B47. R. Woodward, E.N. Baig and R.H. Brown, "High Strain Rate Behaviour of
a 70/30 Brass and a Mild Steel”, Proc. Conf. on Stress and Strain
in Engng., Instn. Engrs. Aust. Pub. No. 73/5, Brisbane 1973, 224.

B48. G.L. Wulf, "Dynamic Stress-Strain Measurements at large Strains", in
"Mechanical Properties at High Rates of Strain", Institute of
Physics, London., Conference Series No. 21, 1974, 48-52,

B49. R.L. Woodward and R.H. Brown, "Dynamic Stress-Strain Properties of a

Steel and a Brass at Strain Rates Up to 104 per Second", Proc.
Instn. Mech. Engrs, 189, 17/75, 1975, 107.

12




i
4

B50. G.L. Wulf, "The High Strain Rate Compression of 1023 and 4130 Steels”,
Int, J. Mech. Sci., 20, 1978, 843-848, - b

Al ey

BS1. G.L. Wulf, "The High Strain Rate Compression of 7039 Aluminium", Int.
J. Mech., Sci., 20, 1978, 609-615,

B52. G.L. Wulf, "High Strain Rate Compression of Titanium and Some Titanium
Alloys”, 1Int. J. Mech., Sci., 21, 1979, 713-718,

(£) Spalling

B53. E.E. Banks, "Fracture and Fragmentation in Shock Loading of Metals",
J. Aust Inst Metals February 1968, 13, 39-47.

BS54, E.E. Banks, "Metallographic Features of Explosively Produced Spall
Fractures in a Low-Carbon Steel"™, J. Iron Steel Inst. 1968, 206,
1022-1026.

B55. J.M. Yellup, "Spall Fractures in Armor Materials", Prevention of
Fracture, Australasian Institute of Metals, Parkville, Australia.
1977, 109-118, ’

B56., R.C. Andrew, G.M. Weston and J.M. Yellup, "Spall Fracture via Grain
Boundary Sulphides (U)" Materials Research Laboratories Report
MRL-R-799, 1980. (Restricted), -

BS7. J«M. Yellup, "The Computer Simulation of an Explosive Test Rig to
Determine The Spall Strength of Metals", Accepted for Publication
in International Journal of Impact Engineering, 1984,

(g) Armour

B58. P, Dunn, J.D. Oliver and E.J. Hill, "Non-metallic Armour Materials -
Nylon Felts", Defence Standards laboratory Report DSL-R-296,
August 1967. (CONFIDENTIAL).

BS59. P. Dunn and E.J. Hill, "Lightweight Materials for Combat Helmets",
Defence Standards Laboratory Report DSL-R-478, October 1971,

B60, P. Dunn and G.F. Sansom, "Glass Faced Lightweight Armour", Materials
Research Laboratories Report MRL-R-641, Oct, 1975. (CONFIDENTIAL).

B61, J«.M. Yellup, R.L., Woodward and M.E. de Morton, "Metallic Target - b
Materials to Defeat Small Calibre Ball Shot", Materials Research

Laboratories Report MRL-R-684, April 1977. (CONFIDENTIAL). jk';~:f

B62, R.L. Woodward and J.M. Yellup, "Composite Metallic Armour to Defeat

Ball shot". Materials Research Laboratories Report MRL-R-732,
Dec, 1978, (CONFIDENTIAL). - ?

;-i:iz;-:i:ﬂzj




B64.

B65.

B66.

B67.

(h)

B68.

B70.

871.

B72.

B73.

14

et B e i s o ae  n e e e S e b ve Suaceee Sescirecta - - - -

R.L. Woodward and N.J. Baldwin, "Oblique Perforation of Steel Targets
by .30 cal. AP M2 Projectiles". Journal of Mechnical Engineering
Science, 21, 1979, 85-91,

R.L. Woodward, "Comparison of Single Plate, Spaced and Laminated
Armour Impacted by a Hard Steel Projectile", Materials Research
Laboratories Technical Note MRL-TN-453, May 1981,

J.M. Yellup, "The Performance of Composite Metal Armour Against
Fragment Simulators (U)". Materials Research Laboratories Report
MRL-R-823, July 1981. (CONFIDENTIAL).

R.L. Woodward, "Ballistic Experiments with Laminated Metal Targets",
U.S. Army ARRADCOM Ballistics Research Laboratory, Tech. Report
ARBRL-TR-02303, March 1981.

R.L. Woodward, "Electroslag Refined Steel as an Armour Material", in
ESR Steels for Defence - State of the Art, MRL Seminar, December
14, 1982, Report MRL-R-879, May 1983.

Also B2, B3.

Penetrators

J.M, Yellup, R.L. Woodward and M.E. de Morton, "Investigations into
the sSintering of a 95%W-3.5%Ni-1.5%Fe Alloy", Materials Research
Laboratories Tech. Note MRL-TN-443, October 1980.

R.L. Woodward, "Phalanx Penetrator Effectiveness", Proc. of 1982 Above
Water Weapons Conference, R.M.C. Duntroon December 1982,

R.L. Woodward, J.M. Yellup and M.E. de Morton, "Development of a
Sintered Tungsten Alloy Penetrator”, Metals Forum 6, 1983, 175-
179.

R.L. Woodward, "Bending of Beams Subjected to Transverse Impacts"”,
Materials Research Labs., Report No. MRL-R-886, April 1983,

R.L. Woodward, "“"Transverse Projectile Impacts on Beams", Jnl. of
Appl. Mechs, Trans. A.S.M.E. 51, 1984,

R.L. Woodward, "A Note on the Deformation of Conical Penetrators",
Accepted for Publication in International Journal of Impact
Engineering, 1984.

PGP U ST




— Bt~ el St Al S A BRS Ah Al a e e e e e e o o

TABLE 1

TENT"ILE PROPERTIES OF ROLLED HOMOGENEOUS ARMOUR

PLATE IN THREE ORIENTATIONS

orientation «2% Proof U.T.S. Fracture Redn Area Elongation

{(Mpa) {Mpa) Stress (MPa) % %

Principal (A 676 822 1456 61 21

Directions in (

Plane of ( ,‘

Plate (B 688 839 1478 62 22

Short 654 766 802 11 6

Transverse
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FIGURE 1, Tensile test pieces from rolled homogeneous armour, left and right
are from principal directions, B and A respectively (Table 1), in
the plane of the plate and the centre specimen is from the short
transverse direction,




FIGURE 2, Comparison of the bending deformation of continuous and
pre~cracked slender heams subjected to a transverse end impact at
velocity of 775 m/s

(a) Continuous Beam, flash radiograph at 15, 30 and 50

microseconds after impact. ;ff‘-¢fq
(b) Beam containing a crack, flash radioqraph at 15, 20 and 25 Lo

microseconds after impact. @
These radiographs also show the wires to be strain gauges together :L:I;{:ﬁ

with the flash X-ray triqger wire, ic}{3i
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