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FOREWORD

The area of ““Dynamic Behavior of Materials and Structures'’ has elways been
one of great interest to Army engineers and scientists. It is important for a better
understanding of the design and performance of all Army materiel including guns,
ammor, explosives, military vehicles, and bridges. A conference on ‘‘High Loading
Rate'’ was conducted in March 1959 by Mr. James J. Murray at the Army Research
Office-Durham. In 1961 a group of Ammy engineers, during a meeting of ‘‘Operation
‘Crossfite’ conducted by this office, unenimously voiced the necessity for a meeting
on dynamic behavior. As a result, the 1962 conference on this subject was held at
Springfield Armory.

In its role of responsibility for Army scientific symposia, the Army Research
Office-Dutham organized the conference for the benefit of all Army scientific agencies.
Participation from academic institutions and industry was obtained. More then one
hundred and fifty participants from Govemnment, universities, and industry attended
the conference.

The Amy Research Office-Durham is most appreciative to Springfield Armory
for acting as host for the conference, and for the excellent arrangements which were
made. Special mention should be made of the efforts of Dr. Alexander Hammer and
his Commanding Officer, ‘Colonel C.L.P. Medinnis. Dr. Sudhir Kumar of this office
acted as General Secretary of the conference, and has edited these proceedings.
Thanks are also due Messrs. J.N. Crenshaw, Harry O. Huss, Frederick J. Lindner,
J- Nelson Daniel, Charles . Kropf, Joseph 1. Bluhm, and Robert E. Weigle for serving
on the Planning Committee of the conference.

We are grateful for the special addresses presented by The Honorable Finn J.
Larsen, Major General F.H. Britton, Major General Alden K. Sibley, and Dr. L.W.
Wallace. Finally, I should like to thank all the authors and participants for the high
technical standards which made the conference a success.

NILS M. BENGTSON

‘Colonel, GS
‘Commanding

I1




PREFACE

The Amy Conference on Dynamic Behavior of Materials was held at the Springfield Armory,
Springfield, Massachusetts on 26-28 September 1962. 1t was sponsored and conducted jointly by the
Amy Research Office-Dutham and Springfield Armory.

As desired by the Planning Commitiee, this conference was held with emphasis on design criteria.
However, a cross fertilization of different disciplines with common interest in dynamic behavior of
materials, wos considered desirable. With this in mind, the session headings were kept quite general
so as to accomodate different points of view. Active participation from all quarters of the Army both
as authors and attendees was obtained. As many as 156 attendees took part in the conference.

Unfortunately, due to an accident, Dr. G.G. Quatles, the programmed General Chaimman of the
Conference, could not come and the undersigned filled in for him, und opened the conference on
Wednesday, September 26th. The Keynote Address was then given by Major General F.H. Britton on
U.S. Army Materiel Command Headquarters Organization. Five half day sessions, three in the momings
and two in the aftemoons were held. Banquet gathering with an address by Honorable Dr. Finn J.
Larsen on ‘‘Materials Research'’, two luncheon gatherings with addresses by Major General Alden
K. Sibley and Dr. L. W. Wallace on ‘R & D for Army Mobility’’ and ‘‘Managerial Environment”’
respectively, highlighted the socinl gatherings. Ample time for individual discussion of papers was
also provided after their presentations. Several movies on technical topics were shown as part of
some paper presentations.

The program of the Conference was as follows:

WEDNESDAY, SEPTEMBER 26

0800  Registration
0900

Wolcoms by Commending Oticar, Springliald Armery, Springhield, Dynemic Lowst Yield Swess Vorsus Tomporaturs Relationship

Massachuserts
WILLIAM GRIFFEL, Picotinny Assonal, Dover,
COLONEL C. L. MEDINNIS New Jorsey
0915 Introduction of Keynote Spacher ! for Evel of Astiliory and Rochet Lounch-

o Portormance ot Rock lslond Arsenal
COLONEL NILS M. BENGTSON
Commending Officor, U.S. Army Resserch Ofice-Durhom A.C. HANSON, Rock Islend Arsencl, Reck lslond,

Dwhea, Nerth Caroline lilinois

Keynote Address Ettects of Shock Weves on Underground Sucturas - o Survey
of the Fundomentsl Problem
MAJOR GENERAL F. H. BRITTON
Dractor of Reseorch snd Development, Asmy Moteriel Command DIETRICH E. GUDZENT, U.S Asmy Ordnance Missile
Support Agency, Redstene Arsenal,
1000  CoHee Brosk Alebeme
1030 Remorks by DR. G.G. QUARLES, Chiel Scientific Advlla‘v, Ofice, 1200 Lunch
Chief of Engineers, Weshington, D.C., G | Chei
of the Conference, followed by inwoduction of Session 1245 inteduction of Lunchesn Spesker
Choirmen

MR. JAMES ). MURRAY, Dwector, Enginaering Sci-
oncos Divition, U.S. Army Resesrch OHice-
Durham, Durham, Nerth Careline

SESSION | - Problem Areas

CHAIRMAN - MR. JOSEPH CRENSHAW, Dynamicist,

U.S. Army Ordnance Miseile Support Agency, Luncheon Address
Redstene Arsensl, Alsbome

MAJOR GENERAL ALDEN K. SIBLEY
CO-CHAIRMAN - MR. NELSON DANIEL, Chiel, Systoms C ding G I, U.S. Army Mebility C. d, Deweit

ond Equip Division, Aviatien Director- Arsenal, Conterline, Michigen
ste, U.S. Army Trensportation Resesrch
Command, Fert Eustis, Virginie

1080  Some Preblems Invelved in Testing Materiels at High Strein Rotes

"ULRIC 5. LINDHOLM, Sehior Resserch Enginesr, South-
west Research Institute




1110 TUSESSION UL Deaign Uiteria

CHALRMAN DR ALE XANOER HAMME R, Chief,
Mechomicul Research Branch, Spingtield
Ammory, Siringfield, Massachusetts

CO CHAIRMAN - DR, HERMAN P GAY, U.S. Army
Bollistic Ressarch Loboratories, Aber-
desn Proving Ground, Maryland

Study of Shock and Yibration Effects on Yehicles Thiough
Dynamic Simulations

FRED PRADKO, S. HLAL, ond V. KOWACHEK, U.S.
Army Tank Automotive Canter, Detroit
Arsenol, Centerline, Michigon

Rolled Armos Sree! Brittle Fracture Temperoturas and Design
Significance

V.H. PAGANO, U.S. Aimy Tank-Automotive Center,
Detroit Arsenal, Centerline, Michigan

Dynamic Stress Concentration Foctors

RICHARD SHEA, Watertown Arsenal, Wotertown, Masso-

chusetts
1445  Coflee Breok
1515 The Dynomic Behovior of Hypercritical-Speed Shafts
JOHN E. VOORHEES, C.C. MELLOR, ond
R.G. DUBENSKY, Battelle Memorial Institute,
Columbus, Ohio

Dynomic Response of Military Bridges

LT. W. GENE CORLEY, Fort Belvoir, Yirginio

Structural Dlllgn Criterio for M||||uvy Yehicles

CLARENCE WINFREE, Detroit Arsenal, Centerline,
Michigan

1700 - 1830 Social Gathering

THURSDAY, SEPTEMBER 27

0900 SESSION Il - Design Criteria

CHAIRMAN - MR. CHARLES J. KROPF, Army Tonk-
Automotive Centor, Detroit Arsenal,
Centerline, Michigan

CO-CHAIRMAN . MR, HARRY O. HUSS, Assistant fo
Chief Engineer, CBR Engineering Group,
U.S. Army Edgewood Arsenal, Marylond

The Effect of High Rate Loading on the Me'chunicol Properties
of Ordnance Moteriols ’

. ALEXANDER HAMMER and HUBERT CADLE, Spring-
field Armory, Springfield, Massachusetts

Determination of Yield Strengths of Enginesring Materials ot
High Loading Rotes

EARL H. ABBE, Springfield Armory, Springtield,
Massachusetts

Explosive Deformation of Beams

EN. CLARK, FH. SC'HMITL and D.G. ELLINGTON,

Picatinny Arsenal, Dover, New Jersey

1015 Coffes Brack

v

1045

1200

1245

1330

1445

1515

1900

Photothermoelustic Determinativn of Gun Tube Suesses Due to
Repetitive § ting

LT LG MLLKE ond T F. MACLAUGHLIN, Watervliet
Arsenul, Warervliet, New York

Comporative Foarming Techniques for Titanium Helmets

HELEN AGEN, U S. Army Quortermaster Research ond
Engineering Conter, Natick, Massachusetts

Lunch
introduction of Luncheon Speaher

DR. ALEXANDER HAMMER, Chisf, Mechonicol Re-
search Branch, Springfield Armory,
Springfreld, Maseachusetts

Luncheon Address
DR.L W. WALLACE, Conference Leader, Top Manage-
meant Seminor, OME TA, Rock 1slond Arsen-
al, Rock {stand, Ilhnois

SESSION IV - Instrumentotion and Techniques

CHAIRMAN - DR. REINIER BEEUWKES, JR., U.S. Amy
Moterials Ressorch Agency, Wotertown
Arsencl, Watertown, Mossochusetis

CO-CHAIRMAN - MR. JOSEPH |. BLUHM, Wotertown
Arsenol, Wotertown, Maossachusetts

Eaperimental Dynomics of Materials

GEORGE GERARD, Director of Enginesring Sciences,
Allied Research Associotes, Inc., Boston,
Mossachusetts

A Method for Ropid Dynamic Evaluation of Large Weapon
Components

THOMAS F. MACLAUGHLIN and JOHN P. PURTELL,
Watervliet Arienal, Wotervliet, New York

Tonnile Impact on Rubber ond Nylon

MALCOLM N. PILSWORTH, JR., U.5. Army Quortermaster
. Research and Enginsering Conter, Notick,
Massachusetts

Coffes Breok

High Loading Rate Testing Machine; Development and
Typicol Moteriols Tes) Applications

TM.ROACH, Picotinny Arsenal, Dover, New Jersey

A Medium-Speed Tensile Testing Machine

A.G.H. ANDERSEN, Watertown Arsenal, Woter town,
Massachusetts

A New Concept for Studying Presaure Yersel Configurations
Under Very High Pressures and Loading Rates

T.E. DAYIDSON and D.P. KENDALL, Wamerviiet Arsenal,
Wotervliet, New York

Bdnqt‘t'

Toastmaster of the Evening

DR. RICHARD WEISS, Director, U.S. Army Reseorch Office,
i Washington, D.C.

Banquet Address

DR. FINN J. LARSEN, Assistant Secretary of the Army
(Research and Development)
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‘ARMY RESEARCH OFFICE(DURHAM)

FRIOAY, SLPTEMSER 2H

1014 Fhotelastic Studes of Dynomic Snossos in Low Modulus
Materials
o830 SESSION V- Fundomentol Studies
DR PD FLYNN, J T GHLBERT, end A.A ROLL,
CHAIRMAN DR ROBERY € wLIGLE, Chiel Scien Feonblord Arsenel, Philedelghie,
1180, Wotervhiet Arsenal, Wotervhies, Now Pennsyivonie
Yarh

A Method for the Study of the Dynemic Respense of High
CO CHAIRMAN - DR. S DAVID BAILEY, Duector, Steength Matenials
Piensering Rerearch Divasion, U S Army
Quartermaster Ressarch ond Enginsering
Conter, Natich, Massachusetts

FRANCIS B PACA, US. Army Engineer Resserch and

Development Labweties, Fart Belver,

Vitgima
Dynamic Behavior of Roch Under Confining Prassure

Responss to Theust Buildup
FRED A. DONATH, Associote Professer of Geology,
Columbia Univernity IN CRENSHAW, US Army Ordaence Minsile Suppart
Agency, Rodstens Assonal, Alohome

Prediction of Matel Reaction 1o High Rete Loading tiom
Stenderd Swess Swain Curves (U) 1200  End Conlerence

C.M. GLASS, R.B POND, U.S Arey Bollisric Re
seorch Laborotanes, Aberdesn Proving
Ground, Morylend

Respanse of Cylindvical Shells Enposed to Eaternal Blast
Lesding (U}

WILLIAM J. SCHUMAN, U.3. Army Ballietic Resemch
Laboratesies, Aberdeen Proving Ground,
Morylond

0945 Colien Breek

These proceedings have been edited quite carefully, however, there may still be several over-
sights and shortcomings, for which the Editor accepts full responsibility. For reasons of economy
these proceedings were published at this office.

Itis apleasure to express our geatitude to Dr. Alexander Hammer, without whose untiring efforts
this conference could not have been held so efficiently. We are also very appreciative of the help
rendered by the members of the Planning Committee and the Review Committee and the many other
individuals without whose help this conference could not have been possible.

In this volume, there is included in addition o the proceedings of this Amy Conference a
supplement of abstracts of papers, presented almost simultaneously at two other important con-
ferences on the same subject. The three conferences were held in distant locations of the country
for different audiences. While, there may be several participants who attended more than one con-
ference, alarge percentage could not, and it was felt desirable to have this consolidated presentation.
For this reason a list of participants of the ASTM conference and a list of invitees (list of parti-
cipants could not be supplied to us by the organizers) of the Air Force Conference have also been
included. Acknowledgement and thanks are due to The Aeronautical Systems Division, the Office
of Aerospace Research, University of New Mexico and The American Society of Testing Materials
for making this material available and for granting permission to reproduce it.

£ A AT

SUDHIR KUMAR
General Secretary of the Conference
and Proceedings Editor

Engineering Sciences Division
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Keynote Address
U. S. ARMY MATERIEL. COMMAND HEADQUARTERS ORGANIZATION

Major General F. H. Britton
Director of Rescarch and Development
Army Materniel Command

May | express my thanks to Colonel C. L. Medinnis for his welcome
and to Coulonel Nils M, Bengtsor for his kind introduction, Both are to
be congratulated on co-sporscring this conference which I believe will en-
hance the reputation of our Army laboratories particularly those in the
commodity commands,

The gentlemen who will speak to you during the course of this confer-
ence represent several disciplines in science and engineering. Most speak-
ers come from Army laboratories. This is an admirable feature and helps
in improving the coherency of our Army endeavors. The contributions of
the speakers {from our contractors and university associations add breadth
and vision to the whole program,

The Planning Committee headed by Dr. Alexander Hammer has brought
together design engineers and scientists who are working in the field of
dynamic loading. This approach is a praiseworthy one and we hope that
many more conferences of this sort will follow where Army engineers and

scientists will mingle and exchange ideas about our needs and possible
solutions,

The opportunity of participating in this conference on '""Dynamic Be-
havior of Materials and Structures' offers an occasion to explore with you

the dynamic changes in management resulting from the reorganization of
the Army.

As all of you know, 1961 and 1962 have been years of great change for
the Army. Weapons have become more and more complex and costly.
Management of their rescarch, development and production calls for new
approaches so that cost, over-runs, recliability failures and schedule slip-
pages will be sharply reduced and a better program balance achieved,
The impetus for this increased attention to the management problems has
come from Secrctary McNamara., I believe a review of these changes will
interest you, - o




One ot the study projects which was assigned to the Army by Sccretary
McNamara was "Project 80, on the Ariny organization. Mr., L. W. Hoel-
scher  Deputy Comptroller of the Army undertook the study and was assisted
by 4 team of Army othicers and civilian employees. It was, as Secretary
Tetat-as has pointed out "a critical self-examination of the Army, by the
Army. " The sweeptr g changes recommended by the Preject 80 study group,
ard approved by the Secretary of the Army and the Secrcetary of Defense,
thus take on more significance, perhaps than would have been the case had
they been made by an outside group. unfamiliar with all the traditions and
nuandces ol the way in which the Army works,

The changes which the Hoelscher Committee recommended in the or-
ganzation of the materiel side of the Army are the most dynamic and cer-
tainly the ones of greatest interest to this audience.

First and foremost  the Hoelscher Committee recommended that the
materiel functions of the several technical services -- Engineers* Ord-
rance, Signal Chemical, Quartermaster, and Transportation should be
transferred to a new single command, with the commander reporting di-
rectly to the Chief of Staff and the Secretary of the Army. Even if this had
been the only change recommended by the Hoelscher Committee, it would
have been revolutionary for the technical services, which were so long a

part of the Army picture, going back in some cases to the origins of the
national government.’

Essentially in the old system, complete integration among the tech-
mcal services on the difficult task of weapons acquisition, development and
production, was time consuming. In an aircraft, for example, the Trans-
portation Corps had responsibility for the air frame, the Signal Corps for
the electronics gear  and Ordnance {for any armament the plane carried.
There was almost no large modern weapon systems that fell wholly within
the techmceal bounds of a single technical service. Usually several were in-
volved.  And while primary respensibility was typically assigned to a spe-
cific technical service  the problems of coordination were found to be acute.
‘n additien. the division of authority between DCSLOG and CRD, also created
sotme problems, It as seldom in a large modern weapon system, that we
can draw a clear line between development and production of a system, and

the transition period from development to production is often a critical
phase in the Iife cycle of a weapon,

Coordination problems among the technical services and the problem
of divided responsibibities between the development and procurement phase
of a weapon system led many obscervers to the belief that the '"lead-time"
on Army weapons was cxcessive, that in some cases costs were higher

Not ircluding the civil functions




than necessary, and that performance, once in the ficld, was not always
equal to the needs of combat personnel. Briefly stated, such factors led
the Hoelscher Committee to recommend a unified Army Materiel Cominand.

ORGANIZATION OF ARMY MATERIEL COMMAND

The headquarters organizatior of the Army Materiel Command is shown
in Figure 1.

Within headquarters there s o strong supporting staff that can relieve
the Department of Army stift personnel of much of the day to day activity
that they have been forced to condact e the past, This should permit the
Army headquarters staft 'o fcons roreas.egly oo lotg-range plans  pro-
grams and pohcies. Alsc included ys the Rescarch and Development Direc-
torate about which I will say more larer,

AMC COMPTROLLER AND DJRECTOR OF PROGRAMS

Now let me direct your attention to the Office of the Comptroller and
Director of Programs. This otfice, urder Gerneral Bunker combines two
functions that are often scparated in large organizations, We bhelieve that
the two functions of Programming and Funding belong together, and that
their combination in this single office will add considerable strength and
cohesiveness to the direction ard control of operations,

AMC PROJECT MANAGERS

Here we have "Project Managers.” There are currently around tharty
(30) large dollar value or critical programs that can be identified. These
30 some programs are a minute fraction of the total number of items which
will be handled by AMC, but irvolve a large fraction of the funding. It is
clear that if AMC is to discharge its overall nussion satisfactorily, thesé
programs must recerve a major share of our attention and must be vigor-
ously and effectively managed. For this purpose we have established as
an integral part of the AMC structure a system of Vertical Program Manage-
ment that will be applied te these programs. It should be stressed that this
vertical management structure 1s basic to the concept under which AMC
was established. It was not something hastily superimposed on a functional

organization. It1s, and will continue to be the main management pattern
for about half of our total resources.

Before turming to a discussion of how this project management system
works and how it interfaces with the AMC functional organization, let us try
to define more precisely what we mcean by vertical project management,
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This terin means the vesting in a single individual, group or organi-
zation, of the sole line authority and responsibility for accomplishing the
objectives of a program.  The individual is charged cxclusively with the
accomplishment of his progrim objective and his attention and effort are
not divided among a host of other tasks and programs,

Three things essentially identity the project manager approach, In
the first place. he has an adequate proicet staff assigned to his immediate
office and responsive directly te him. This staff consists in part of tech-
nical personnel who can follow the main problems of the weapon (whether
they be developmental or production) and who can initiate proposals for
solving technical problems, subject to approval by the project manager,
The techrical personnel will in addition 1eatiate the tecknical development
plan.  The project manager also has a maragement or administrative staff
immediately responsive to the needs of the project in such areas as pro-
gramming, budgeting, financial management and the like.  The project
manager works closcly with AMC staff in the programming and budgeting
of the overall R&D program because he must participate in husbanding the
resources of the Army.

A sccond feature of a project-vriented organizational structure is the
fact that the project manager controls the dollar resources allotted to his
project. These funds, plus his authority over a specific project, means
that the project manager can "buy' a substantial amount of support and
assistance, both from in-house laboratories and installations, and from
contractors,

A third feature of project management in AMC is that each manager
can communicate directly with the Commanding General of AMC,

COMMODITY AND OTHER COMMANDS

AMC has five commodity commands, a Supply and Maintenance Command
and a Test and Evaluation Command as outlined in Figure 2. The Com-
mands represent a regrouping of the former technical services along com-
modity lincs. Thus the Missile Command replaces, on a somewhat ex-
panded basis, the former Army Ordnance Missile Command at Huntsville,
and has also becn assigned Watertown Arsenal production facilities. Major
General Francis J. McMorrow 1s the Commanding General. Responsibil-
ities include free rockets, guided missiles and associated equipment,

The Electronics Command under Major General Stuart S. Hoff at Ft.
Monmouth includes among its responsibilities communications, electronic
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wiarfare, combat surveillance, automatic data processing, radar and me-
teorological materiel,

The Mobility Command at Detroit under the direction of Major General
Alden K. Sibley is quite complex. Here responsibilities include among

others, air and surface mobility, power generation, construction, barrier
and bridging cquipment, and general purpose vehicles.

The Munitions Command urnder Major General William K. Ghormley
combines the Army Chemical Center, Fort Detrick, CBR Agency with
Frankford and Picatinny Arsenals and Joliet, Pine Bluff and Rocky Moun-
tain Arsenals, ete. Nucdlear and non nuclear ammunition, rocket and mis-

sile warhceads, chemical biolegical and radiological materiel and pyro-
technics are among the respors:bibities of this command.

The Weapons Command at Rock Island under Major General Nelson M.
Lynde, Jr. is assigned Watervliet and Rock lsland Arsenals and Springfield
Armory. Its responsibilities are specialized on small arms, gun type weap-
ons and systems,

The Test and Evaluation Command under Brigadier General William
F. Ryan is located at Aberdeen Proving Grounds. Activities include field
engineering, service production and surveillance tests and evaluations, and

supervision of troop tests conducted ty the Combat Developments Command
or CONARC.

The Supply and Maintenance Command in Washington, D, C. is under
Lt. General A, Schomburg. Jt combines many functions of the Army through
the wholesale level. Involved are stock control, storage, distribution, de-

pot maintenance, transportation and disposal of Army controlled materiel
and supplics.,

The Commodity Commands undertake development, engineering, pro-
duction planning and production work. In addition all commodity commands
have laboratories where research directly associated with the respective
commodity is accomplished. Where a capability already exists in the re-
scarch arca, and has been utilized by all Army agencies, it is expected
that this capability will continue to be maintained and to be improved in
quality for the betterment of the Army endeavor, A single example might
be mentioned, namely the nonferrous capability at Frankford Arsenal in
the Munitions Command. This is an important and nationally recognized
endeavor useful to all Army Commands. There are many other examples
but in order to save time I will not discuss them further.




RESEARCH AND DEVELOPMENT DIREC OR ATE

Returtang row to the RAOD Directcrate of Headguarters Army Materiel
Commoand, the Diredtorate consists ot tour divisions ot offices as shown

- l"llulll'“ g Thev are o totlows

Rescarch Dovosion ander Brigadier Geseral . G Zacrdt svith respon-
Sohaibrty tor tormalatierg and supervising all hasio ard apphed rescarch pro-
prams and divecting seven Aty Tabor itagies

Derelopment Divisoon vader Bogadier General W G Merram with
responsibhilhities tor directing arnd sapervisong the plars and activities of
e Rescearcl aad Development Dircotorate that traeslates the cutput of re

soatch e ity osetal components ard eed items of cquipment

Plar < and Polioy iy sionvander Colonel ) W Bavm with responsibil -
1toes tor tormulating the Army Materiel Command Rescarch and Develop-

ment policy and plas and tor evaluating program progress.

Techrmoal setc g e Othiee vnder Colonel )08 O Spergler wath
respensibhivbities tor obtaaang produc g oand d stobotor g techoical antell-
?_’\l'l'l( U

There are several naportant tater s whooh wall snterest you and shoald

pet be vverle ked

Forst of all ander the Roscarcl Division there are seven Independent
Aty Laborateries as showr e Fopure

Fach s o Class D activaty altboagh the program ot the Ceatirg and
Chenmcal Lab s maraged by AMRA AMRA v addition o= assigned the
Wate rtown Arseoal Laboraterics ard the Materials Rescarch Laboratory.

These ‘ndependert Arimy Labor vornies are not assocrated with a speciriic
commodity commard bat work noareas which cover impertant Army - wide
reparements Thoy ciar Fowever provide support te the Commeoedity Com-
marde workirg inomany areas of direct anteres<r to them, Inthis respect
therr work miught be corsidered as a cortractor type operation for the com-
modity command concerved,

Rescarch which as divectly asscaratcd wath a commodity atea will be
accemphished o Laboratories or Agencies within the commeodity commands,
The part of the activity o these commodity command taboratories, which
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are Army-wide in scope will also continue as has been previously mentioned.

A second feature is that the rescearch programs of all organizations
within the Army Matericl Command, including those of the Independent
Laboratories and those of the mayor subordinate commands are authorized
by the Research Division,

A third feature is in the arca of materials rescearch.  The fields of
materials are vast, the number of materials many, the number of inde-
pendent investigators large and the number of reports immense, Complete
coordination is essential, Here a real challenge exists in pulling together
the whole activity into the materials program of AMC and integrating the
product with the national offort.  AMRA will be the focal point for this en-
deavor,

DEVELOPMENT DIVISION

The Development Division AMC will look to the field installations for
detailed technical competence. Development as well as research is a nec-
essary step'in placing equipment in the hands of the troops, in effective
quantities at the appropriate time. Let me here take time to mention with
pride the significant contributions which Springfield Armory is making to
the combat capability of the U. S. Army. The new family of infantry and
tank weapons are examples including the M73 and M85 machine guns, Ml4
rifle and M79 Granade Launcher. Jtis important to recognize that these -
products are developed in-house at Springfield Armory by its own engineers.
And I am corifident that Springficld Armory and the Weapons Command will
continue to bring about not only improvements in component life, reductions
in weight and greater reliability but also unique weapons based on new con-
cepts and new principles.

Example outside of Springfield Armory but within the Weapons Com-
mand might be cited. At Watertown the results of research at several lab-
oratories including onc outside of the Weapons Command, and their con-
tractors were applied to the casting of large gun parts. Improved quality
was obtained. This was the reason for the effort, and it was accompanied
by not only savings in cost but also savings in production time. At the time
the work was done Watertown was part of the Weapons Command,

At Rock Island Arscenal the Rescarch and Development effort in rubber
has resulted in the use of polycarboxylic clastomer for forearm, butt étock,
pistol grip, check pad and carrying handle of the M60 machine gun. The
materials were compounded based on rescarch work and pilot production
was worked out in-house.
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R&D PLANNING AND TECHNICAL FORECASTING

The facts of life are that it takes from 6 to 40 years after a new dis-
covery to put weapons in the hands of troops that make use of that know-
ledge.  Reduction of this lead time presents us a splendid opportunity in \
AMC to improve our management,  This is in the ficld of technical fore-
casting and long range rescarch and development planning, At the pre-
sent time, the rescarch and development cycele is in a large measure con-
trolled by several factors such as funds, the results of basic and applied
rescarch, the quantitative matericel requirements which are established
by the Combat Developments Command, the results of feasibility studies,
Army war plans, Army capability plans, and the Army long-range de-
velopment plans. These plans establish objectives and requirements for
the Army and indicate certain problems to be solved. During our planning
we must keep in mind other factors such as certain key times when ad-
vanced technology would indicate a time for introduction of something
radically new into our system,

Our problem is to pull all this together, and here is the approach
which we will take.  We will consider our rescarch program, the in-house
work of our laboratories, that of their contacts in the academic world and b
industry, and the work of the laboratories within the commodity commands,
to obtain the primary input for our longer-range technological forecasting.
We intend that these laboratories not only participate in actual research,

but in the planning for research to meet our objectives. !

The commodity commands will provide inputs to our planning in the
arcas of icchnolugical improvements needed in various elements of wea-
pons or cquipment systems to meet stated objectives,© The DA staff, the
Combat Developments Command, and other such agencies will provide in-
puts such as tactical capability objectives, tactical materiel performance
objectives and design objectives which will be required on the battlefield
and in concepts of future warfare,

From the intelligence community we expect information and predic-
tions on foreign scientific achicvements,

We will weave all of these inputs into a planning matrix and defini-
tively interrelate our development programs for the future with those of
the current time frame, We will then be able to establish priorities, and
subdivide assets and competence to work in certain predetermined areas,
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CAUTION

This has been a very brief review of the Army Materiel Command's
organization for performing rescarch and development, and I have touched
briefly on the project managers and our proposed method for long-range
rescarch and development planning. However ] think it is only fair to
put out here i word of caution,

As I mentioned in the beginming, we are in the act of merging and ad-
justing the former technical service organizations into this new organiza-
tion., We arce introducing new approaches - - for example our cfforts to
move out with more critical. speaific  defimtive rescarch and development
planning, our establishment of a separate test agency, the separated inde-
pendent Army laboratories directly under the Headquarters, and the over-
all control of key projects by the project managers.  All of this is going to
take time to have its full impact. However, given dedicated people, and
the adequate knowledge. with real effort we will meet the objectives which
have been established as desirable for the reorganization of the Army,
You are assured that the Army Materiel Command will bring to the battle~
field those weapons that are neceded by our soldiers and which will give us
the capability we must have for victory.
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SOME PROBLEMS INVOLVED IN TESTING
MATERIALS AT HIGH STRAIN RATES

Ulrie S. Lindholng

ABSTRACT

An intensive ceffort i1s now being given to the determination of the
rate dependence of the deformation of engineering materials. - The diffi-
culties associated with obtaining accurate and consistent experimental
data on the mechanical response of 4 material at very high loading rates
are becoming better known,  These difficulties are primarily associated
with inertial effeets in the loading mechanism, in the micasuring and re-
cording system, and in the specimen itself. Other problems arise from
size effeets or specimen geometry, in assuring axiality of the loading and
the change trom isothermal to adiabatic test conditions. Some of these
difficultics appear to be surmountable while others are inherent to the
problem. A brief review of two typical dynamic testing methods is given
in the light of the above-mentioned difficulties. Emphasis is given to
miethods which yield both instantancous stress and strain data. The re-
sults, in terms of stress vs, strain and stress vs, strain rate, of sev-
cral investigators are presented. There is a general need for further
intensive experimental work aimed at defining basic material behavior,

INTRODUCTION

The continuing and expanding need for quantitative information
on the dynamic strength properties of materials has led to the large
amount of experimental work in this area in recent years. However, we
still cannot say at this time that the state of the art is such that dynamic
material behavior is fully understood. This lack of understanding largely
accrues from the inherent difficulties underlying the experimental prob-
lem.  Although there is general agreement, with exceptions, that the
basic material response is altered with changes in the rate of loading or
deformation, quantitative information available on the magnitude of these
changes is often dependent upon the particular testing technique employed.
Recognition of the source of these discrepancies is essential both in de-
signing an experimental test technique and 1n interpreting the results ob-
tained from a given dynamic test. Most of the problems encountered in

*Dr, Ulric S. Lindholm, Senior Rescarch Engineer, Department of
Mecchanical Sciences, Southwest Resecarch Institute, San Antonio, Texas
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performing dynamic tests have been discussed to varying extent in the liter-
ature. It is the purpose of this paper, first, to review these problems and

then to discuss two typical test techniques and some of the results obtained,
The main emphasis will be on testing at very high rates and on establishing

the influence of strain rate in the plastic deforration of metals,

OUTLINE OF PROBLEM AREAS

Most of the problems associated with testing materials at very high
deformation rates are associated, of course, with inertial effects. Inertial
cffects enter the problem in many ways: 1n accelerating the loading mech-
anism, in the ability of particular stress and strain measuring devices to
follow the high rate ot deformation 1n the response time of the recording
system, and, perhaps most important of all, 1n the ronumtform distribution
of the variables to be measured over the volume of the specimen, Other
items to be considered are the specimen geometry and size (closely re-
lated to the last item above), the uniformity of the loading, and the effect
of heat generated within the specimen during the loading.

Loading Mechanism

As the desired rate of loading increases, the normal static or quasi-
static testing machines soon become untenable because the forces required
to accelerate the moving parts of the testing machine soon equal and surpass
the forces required to deform the specimen, therefore. conventional test-
ing machines have to be abandoned. For the higher strain rates, an impact
machine or apparatus of some typeis generally employed. There is an in-
termediate range in strain rates where a pressurized gas or hydraulic sys-
tem can be employed, head spceds as high as 100 fps. being obtained. Our
present discussion however. will cinsider only the impact type device as
being applicable at the highest loading rates.

In impact loading devices, the load 1s transmitted to the specimen,
cither directly or indirectly, by a mass accelerated to the desired impact
velocity. The manner in which the impact load is coupled to the specimen
has been achieved by a variety of techniques. Figure | shows four differ-
ent basic arrangements of the specimen, specimen support, and impacting
mass. The large blocks denote assumed rigid masses, whereas the thin
rods represent elastic clements (generally cylindrical bars) which may be
used as either load transmission or measuring elements or both,

In Figure la, the specimen itself 1s accelerated to strike a rigid

15




Y

RIGID MASS SPECIMEN ELASTIC MEMBER

N\

(o)

\\\

- (0)
WNW'E
- (c)
N\\E
— (d) ’

Figure 1. Schematic of impact loading arrangements
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mass. This technique was used by Taylor and Whiffin (1)* to determine
dynamic yield stress from measurements of the final deformation in the
specimen., Generally this technique has limited applicability because of the
difficulty of making transient measurements on the test specimen, In Figure
b, the test specimen is mounted on a rigid mass and is deformed upon im-
pact from a second mass., Habib (2) has used this method in compression of
copper cylinders, indirectly dermving the dynamic stress-strain curve from
a large number of measurements of the energy absorbed and permanent
deformation in similar specimens subject to varying impact velocities and
impact niasses. This method requires a large number of specimens to
obtain a single stress-strain curve. Volterra. et al, (3) used the system

of Figure lb with the supporting mass susperded as a ballistic pendulum,
The same type of arrargement as in Figore Ib and also le can be used in
tension as well as compression, with the smpactinrg mass moving in the
oppusite direction and contacting a tup or shoulder on the free end of the
specimen. The impacting mass can be swung as a pendulum, as in modifi-
cations of the standard Charpy (4) or 1zod (5) impact testing machines, or

a rotating flywheel can be used (6, 7) to produce the impact.

In Figure lc, an elastic element has been substituted for support
of the specimen. This element is usually a dynamometer or weigh bar of
varying length connected in series with the specimen and used to measure
load. Arrangements of this type have been used in tension by Mann (6),
Clark, et al., (4, 10). Manjoine ard Nadai (7.8.9), and Baron (4). In com -
pression, Turnbow and Ripperger (11) have utilized a Hopkinson pressure
bar as the elastic element, while Alder and Phillips (12) have substituted
two glass blocks for the elastic element. measuring the load by the bire-
fringence created in the glass.

For several rcasons it can be advantageous to separate the test
specimen from the impacting mass by ar elastic loading bar as in Figure
1d. This bar can aid in transferring the load uniformly to the specimen
and also act as an elastic clement in the measuring system. This type
of split bar system has been used with various modifications by Kolsky (13),
Krafft, et al. (14), Campbell and Duby (15), Hauser et al. (16) and the!
writer (17). In Kolsky's apparatus the .mpacting mass is replaced by an
ex plosive charge to initiate the pressure wave in the bars.

* Numbers in parenthescs refer to References listed at the end of the
paper.
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An exception to the above axial mmpact arrangements s the technigue -
ot Clark and Duwes (18) who obtinned dynamice loading If thin walled cylindrical
specimens by impacting o highly incompressible internally contained fluid col-
umin,  The eyhindrical specimens wer e thus ruptured by the internal pressure
pulsce. This type of loading and thin walled specimen was designed in order to
mintmiiz e wave propagation effects in the specimen,  The attempt has also
Leen made to derive information on material properties from measurements
of the propagation of plastic deformation in long rods or wires. These methods
ar e basced on the plastic wave propagation theory of von Karman (19) and
Taylor (20) where the velocity of propagation ¢ of a strain increment is given

by ¢<= |! & , where AT s the slope of the stress-strain curve at the
p de de

given strain level and pis the mass density of the material. This is a rate
independent theory in that dajole is taken from the static or an invariant

stress-strain curve. Rate dependent properties of the material are thus de-
rived from the use of a rate independent theory, which must lead to some in-

herent errors, Examples of this method are Campbell (21) and Johnson,
Wood and Clark (22).

The problems associated with the loading mechanism are not in ob-
taining sufficient impact velocity, the impacting mass may be accelerated
by means of free fall under gravity, rotating flywheels, spring or gas
loaded guns or explosive charges. Rather, the problem lies in being able
to fruitfully integrate the loading mechanism with the specimen configura-
tion and the available methods of measuring the desired quantities. Care

must also be taken to take into proper account the elasticity and inertia of
the loading mechanism,

Mcasurement and Recording Devices

Measuring and recording devices arce required which will respond
to the fastest loading rates attainable.  Thus, many very accurate devices
used in static work cannot be o mployed because of their inherent inertia.
The measurement of force is obtained most directly by means of an elas-
tic dynamometer or force measuring bar connected directly in series with
the specimen as indicated by the elastic elements in Figure 1. Indirect
measurcements of force may be obtained from energy (2) or acceleration
measurements {3). .

The design of a proper force measuring bar requires considerable
care. In many cases short bars have been used. The maximum rate of
loading that can be mcasured by the bar is limited by its resonant frequency.

For example, if a force bar of 10 inches in length is made of steel, it will

18




have a resonant frequency of approximately 10, 000 cps or a period of 100 @
sec,  The total duration of a test employing this force bar must then be
much greater than 100 4 sec. inorder to prevent severe oscillations

from occurring in the force records,

[f the response for shorter time periods is required, as is the
case at the higher strain rates, the legth of the force measuring bar
must be extended until the period of tongitudinal oscillation becomes
greater than the total time of the event to be recorded.  This type of
long force measuring bar is generally referred to as a Hopkinson pres-
sure bar after B, Hopkinson (23) who first used it in impact studies. The
length of the bar permits the force history at the loaded end to be com-
pletely recorded at a gauge station before o reflection returns from the
far end of the bar. Pressure bars as long as 58 feet have heen used. The
theory of the Hopkinson pressure bar has been described in great detail
by Davies (24). This deviee can be used with good accuracy to measure
transicents with effective wave lengths large in comparison with the bar
radius. For shorter wave lengths, the pulse will suffer significant dis-
persion,

The force in the clastic dynamometer or pressure bar is usually
measured by means of electrical resistance strain gages bonded directly
to the bar; however, use has also been made of measuring the displace-
ment of the free end of the bar, both by photoelectric (7) and capacitance
gage (13) methods. Strain gages may be used in a bridge circuit so that
only the direct stresses are recorded, the bending being cancelled. Many

references to the use of resistance strain gages for dynamic measurements
can be found in the literature,

Measurement of the instantanccus deformation or strain in the
specimen 1s generally more difficult than stress. As in static testing,
two techniques can be used: measurement of strain directly on the speci-
men or measurement of the motion or displacement of the loading sur-
faces. Direct measurements on the specimen impose severe difficulties .,
Mechanical type extensometers are, of course, inapplicable because of
their inertia. Resistance strain gages may be bonded directly on the spec-
imen but are limited in range to relatively low values of strain. They
have been used, however, to study yield behavior {It). The frequency res-
ponse of resistance strain gages properly bonded is limited only by their
finite gage length,  Bell (25) has developed an optical method for measur-
ing plastic strains to 10% using very fine diffraction gratings ruled onto
the specimen, This technique, although experimentally very difficult to
use, has scveral advantages; relatively large strains may be measured
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and gape lenpths as small as 00000 mmch may be used. ehmimating integra-
Lo effects across the gage. Bell has used ths techmque to advantage in
studying wave propagation in long rods. Ripperger and Yeakley (26) have
described an eledtro-magnetic -induction method for measuring particle

velocitieos which nght be emiployed to advantage in dynamic testing,

More often, the average strain across the specimen 1s determined
by measurement of the displacement of the loading members. If the load-
ing and support members are assumed rygid, the displacement of these
members can be measured by means of streak or high speed photography
2) or photoelectric devices (7). At the highest strain rates, the dis-
placement of the faces of the clastic supporting pressure bars in contact
with the specimen can be measured cither by integration of the strain-time
records from strain gage stations on the bars (15, 16 17) or directly from
particle displacement measurements on the bars (13).  This latter method
will be described in more detail later, '

v

The cathode ray oscilloscope is the only recording instrument with
frequency response sufficient for transient measurements at the rates con-
sidered. Here the frequency response is only limited by the associated
circuitry and amplifiers.,

The chorce of suitable stress and strain measuring devices is
guided not only by therr response characteristics, but also by their ability
to allow simultancous transient measurement of these two variables with-
i as short a gage length of the specimen as possible, so that errors due
to wave propagation in the specimen are minimized., The ideal situation,
of course, is to be able to measure stress and strain independently as'a
function of time at the same point within the material.  For other than this

condition  wave propagation within the specimen must be taken into account,
as 1s discussed next.

Inertial Effects in the Specimen

The most difficult problems to overcome are those associated with
the inertia of the specimen itself, The loads applied at one point or over
a finite surface arca of the specimen are propagated 1nto the specimen at
a fimte velocity, This finite propagation velocity results in a nonuniform
distribution of the stress. strain and particle velocity over the specimen.
at any instant of time. For uni-axial compression or tension specimens,
two problems arisce, the propagation of the deformation along the length of
the specrmen and the influence of the lateral inertia forces generated by
the Poisson expansion or contraction on the measured forces.
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If the specimen, or rather the gage length over which the variables
are measured, is of such a length that the transit time for the disturbance
to traverse this gage length is of comparable magnitude as the total dura-
tion of the test, then the resalts must be interpreted i terms of large am-
plitude wave propagation theory,  The reglect of wave propagation cffects
can lead to spurious strain rates effocts derived from average measure-
ments made over the gage length {2770 1 the condition ¢ vis1s whereby the
measured results must be artcrpretcd in terms of a wave propagation the-
ory, the problem arises as to the proper theory 1o use, Recourse is gen-
crally made to the rate independent theory, The adequacy of this theory is
aopen to some question in that i1 peglects st that phenomenon which s under
investigation, the deperdence of the strosss strain carve o0 strain rate. Thus,
before the equations govern g wase propagatior cas bo sclvedat s nec-
essary to have first av acearate krowledge of the mater.al beha jor, An
alternative approach availoble s te obtarn measurements or the propaga-
tion of plastic waves and then attempt to determine what form of material
property law will best desernibe the results obtained,

If the specimen is of such a length that a large number of internal
reflections occur within the time interval when measurements are made,
the distribution of the variables within the specimen can be considered
uniform. Consider deforming the specimen to a maximum strain € at the
strain rate € . The time duration of this dcformatior 1s f,/e during
which the loading wave travels in the material a distance ce/é. where ¢ is
the appropriate propagation vetocity., Thus, the number of reflections
occurring in a specimen of length £ will be

cE
: N="Te
Oor upon rearranging,
f-—£_¢
N g

I, for example, the specimen is aluminum for which we assume the plas-
tic deformation propagates at approximately,1/10 the elastic wave velocity
then ¢ ¥ 20 x 103 in/sec. If we further prescribe that 10 internal reflec-
tions per 1% of strain are necessary 1n crder to approximate uniform con-
ditions, 1.: 20. Thus, for this ¢ase if the spccimen is | inch long the max-
imum strain rate satisfying the conditions imposed is 20 per second, It

is readily seen that to measure small strains at high strain rates, extreme-
ly short specimens would be required 1t order to be able to neglect propa-
gation cffects 1n the specimen. A specimen length of 0,20 inch would allow
one internal reflection per 1% strain at a strain rate of 1000 per second
which may be sufficient for the accurate measurement of large strains neg-
lecting propagation. Compression specimens as short as 0,020 in, in
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lenpgth have been osod.

In addition to the axtal motion of the specimen, radial expansion or )
contraction also occurs simultancously due to the Poisson effect,  The radi-
al motion is resisted by radial inertia forces tending to constrain the speci-
men to ats imtial lateral dimensions. These lateral inertial restraining
forces tend to increase the measured stress ggnecessary to produce a given .
straun e in the specimen over that stress @ necessary to produce the same
deformation when no kinetic energy is imparted to the specimen, For a
cylindrical specimen with cross sectional arca A and length ¢ , the radial
kinetic enerpgy can be expressed as

€
K.E. :Aef(mrvﬁde
[o]

[f we assume the specimen expands uniformly, the kinetic energy can

also be expressed in terms of the radial particle velocity Vjof a point on '
the circumference of the specimen of radius r, as
"oy, l
S
L
K.E = [mdv, = LAV
o
where pis the density of the specimen. If ¥V is Poisson's ratio
vr e
V.= ar
and de \*
| 212 e) c
K.E= 7 Alpvr (Gt
Equating these two expressions for the radial kinetic encrgy and differ- \
entiating with respect to €, we obtain
22 dg_

-1 pvr .
C A AP TS

This expression gives a correction to be applied to the measured stress

to account for the radial inertia. If the variations in strain rate during the
test arce small, this correction may be negligible. It is assumed that the
specimen 1s short and the radial deformation is..uniform, and alsc that the
static value of Poisson's ratio is valid under dynamic conditions.

As is scen from the above discussion, scvere difficulties arise
in trying to scparate that part of the measured dynamic load due to basic
mechanical properties of the specimen material and that which is produced
solely by the inertial forces required to accelerate particle motion in the
spccimen, Inertial cffects can not be climinated in any measurements over
a finite gage length, although they can be minimized by testing at a nearly T
constant strain rate, a difficult variable to control at very high testing rates,

Some advantage can also be obtained by testing in pure torsion where
radial motion is not present,
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Figure 2. Strain-time records taken near the impact end of a cylindrical
rod {(from Ref. 28) 2'3




Sioe Frtects and Spedima n Geonetry

The overall s.ze and shape of the specimen s determined by the
eanver of loadicg, either an tension, compression or torsion.  In ten-
Ston tnpact tests the spedimen is generally sinilar to those used in the
statie test with a redoced sectionan the middle and provisions for grip-
prng the speaimen at cach end. Because of difficulties in gripping the
specimen and applyirmg the load, tension specimens are of necessity of
apprecrable lergth ard propagation nonuniformities across the length of
the specimen car rot be avorded at very high toading rates.  The com-
pression specrner bas some advantage in that it can be made of uniform
cress section and quite short an length, For very short compression
specimens, however, the intluence of frictional restraining forces at
the loading surfaces may become significant. These can be alleviated to
some extert by preper Tubrication,

oaddition to considerations of specimen length, the lateral di-
merstons also have aninfluence. since errors caused by radial inertia
forces mcrease with increasing radius,  Fhus, radial dimensions should
also be kept small. For any precision testing technique, the influence
of spreimern size on the results obtained should be considered.

Axiality of the Loading

The loading device should be designed so as to insure the uni-
formiuty and axiality of the loading. This is particularly important in
the 1mpact lcadirg of short specimens where the strain does not have
time to distribute itself uniformly over a cross section during the in-
terval of measvrement. This is illustrated in the strain-time records
obtaired by Bell (28} from akial impacts on long aluminum rods shown
ir Figure 2. If the strain development from the impact face is consid-
ered to emanate from an infinite number of point sources distributed
over the sarface  a gage station at a fixed point on the lateral surface
of the bar will feel first the shock arriving from the nearest point on
the impact face. The shock from some further point, say on the op-
positc drameter of the bar, will arrive at some later time depending
cr. the bar dimensicrs and the shock velocity D, In Figure 2, tp is the
time cf arrival at the gage station of the wavelet from the nearest point
0% the face and t, the arrival time from the far side of the impact face.
(a) and k) are measurements at 1/4 bar diameter from the impact face
and ic; is at 1/2 diameter. Record (a) and (c) appear to represent uni-
form impact cver the entire face while in (b) first contact appears to
have been made at the far side of the impact face since the first recorded
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signal occurs at time 1), After some length of travel the wave front will
tend to smooth out because ol internal reflections from the side walls,

For direct mpact of the specimen with o moving mass, precise
alignment is difficult to control, thus, there 1s some advantage in the
split pressure bar system shown o Figure 1 (d), With this system the
surfaces may be lapped and prealigned, '

The discussion herctofor has been concerned exclusively with
assumed umaxsal tests, To the writer's knowledge. there has only been
one investigation of biaxial dyramic stress-stram characteristics, that
of Gerard and Paprino (29) sinp the rupture of thin circular diaphragms.
Dynamic combimed strese stodoes could preve osetul in defimng a dynam-
ic yield surface ard alse o dye one Porssorn s ratio,

Thermal Effects in the Spesinien

In the transition from static to dynamic testing, the test conditions
go from isothermal to adiabatic. At high rates of straining, the heat pro-
duced by the process of inelastic detormation does not have time to be dis-
sipated, causing a local increase in temperature, Nadai and Manjoine (8)
have measured with thermocouples the increase in temperature of pure
iron tensile impact specimens for which the test duration was less than 2
milliseconds. The temperature rise recorded at three stations along the
specimen is shown in Figure 3. At the fracture cross section a tempera-
ture rise of almost 50°C was measured. Instantanecous temperature rises
much greater than this undoubtedlv occurred on localized slip and rupture
surfaces. Since for mest mater:als. temperature has the inverse effect
from strain rate. such increases in temperature might be expected to
soften the material and thus to flatter out the stress-strain curve at high
strain rates and large strains. Although thermal conditions within the
specimen cannot be controlled during the test. therr influence on the ma-
terial response should be considered.

TWO TYPICAL TEST TECHN.QUES

The high strair rate testing apparatus must take into account each
of the items discussed in the previous section, There is, of course, a
strong interdeperdence between the loading mechanism, the measurement
techniques and the specimen desigr, cach of which must be considered in
terms of the integrated system. Two typical impact testing apparatus and
some of the results obtained with them will nowbe reviewed in order to
illustrate the above discussior.
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Tension Tests of Manjoirne and Naday

The apparatus of Manjoine and Nadai (7) is typical of tensile im-
pact testing devices and was one ot the first to give complete stress-strain
data. The high speed machire 1s shown in Figure 4. The tension test speci-
men € is suspended between two vertical columns by a force measuring
bar a attached to the migid erossbead, To the lower end of the specimen
is attached an anvil d.  The load s applied to the specimen by impact of
two hammers [ which contact the arwvil, The hammers are attached to the
flywheel g and are released by a solenord operated pin, The load applied
to the specimen is measured by the elastic extension of the force measur-
ing bar. This extersior re meascerod by the ¢banpe e wadth of the narrow
optical sht I which regulates the awmcar o Vghr fallrng or the photo cell
o . Straints measurcd by the ot or of 1o base of the arvil which is al-
so recorded photoelectrically as showr,  The output from cach photo cell
was fed dircctly to separate chanrels of an X-Y oscilloscope to give the
stress-strain curve directly,

The test specimens were standard tens:le test specimens with the
diameter of the reduced section being 0.2 1n. and the gage length of the
reduced section | in, with 1/16 in. radius fillets. All the deformation re-
corded by the anvil movement is assumed to occur in this | in., gage length.

The natural frequency of the force-measuring bar was estimated
to be around 15, 000 cps and that of the force-measuring bar. test speci-
men and anvil together on the order of 10,000 cps. The duration of the
fastest tests was 500 to 600 microseconds, thus 5 or 6 oscillations of the
system occurred during these tests. Thke amplitude of these oscillations

increased with increasing strarn rate as shown in the actual test records
given in Figure 5.

Some representative results of Nadar and Manjoine on the effect
of strain rate on true stress at varying strains for mild steel are given in
Figure 6. The shaded arca represents the nearly constant stress main-
tained during clongation at the yicld poirt, The yield point elongation in-
creased with increase in rate of strain, These curves indicate an in-

creasing influence of strain rate at the higher rates especially upon the
yield point.

Pressure Bar Technique of Kolsky

Typical, and perhaps most used of the pressure bar techniques
of compression testing, is that of Kolsky (13). In this method, the speci-
men is compressed between two faces of a split Hopkinson pressure bar
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by an elastic pressure pulse propagated in the bars. The original Kolsky
apparatus is shown in Figure 7. The pulse is initiated by detonators fired
against a hardened steel anvil which transmits the pulse to the first or in-
cident steel pressure bar, When the incident pulse reaches the specimen,
part of the pulse is reflected because of the mechanical impedence mis-
match and part is transmitted through the specimen to the second or trans-
mitter bar. The particle displacement produced by the pressure pulse is
recorded both before and after it passes through the specimen by the cylin-
drical and parallel plate condenser nicrophones, respectively, In later
work, both Lindholm (17) and Hauscer. et al. (16) used resistance strain
gages in place of the condenser microphones to record the pressure pulses.
These investigators also initiated the pulse with a mechanical impact rather
than the explosive charge. The gage stations are so placed and the pres-
sure bars arce of such a length that the loading of the specimen by the initial
pulse is recorded before reflections return to disturb the strain or dis-
placement readings,  The two straimm-time or displacement-time records
are recorded simultaneously on the cathode ray oscilloscope,

Both the instantancous stress and the strain in the specimen are
derived from the displacement or strain readings o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>