
FINAL REPORT

ON
,,

APPLICATION OF THE EXPLOSIVE TEST TO EVALUATE SHOCK
PROPERTIES OF HIGH YIELD STRENGTH STEELS

E’ARTI-PRELIMINARY INVESTIGA~ON OF TECHNIQUES,FOR
DIRECTEXPLOSIONTESTINGOF HIGH YIELD
sTRENGTH STEELS

BY

A. MULLER, W. G. BENZ and W. A.. sN~L~G

~ART II-THEORETICALINVESTIGATIONOF THE ~RACTu~
OF STEEL PLATES UNDER EXPLOSIVELOADING

BY

mwm SAIBEL ,,

I
An BeAuction CornPanr3lUG

,. Undw Bureau Of shim ~n~~ NOb+42$2

COMMYITEE ON SHIP CONSTRICTION

NATIONAL BEsEARCH COUNCIL

AWISORY TO ‘“

,,

SHIP WEWW-JRE COMM~EE

UNDER

BUW, U,Of Ships, NavY Dw8~ment
Contract NOb8-94231

‘i
f$.EmLNO..3SIX9 ;.,, ,

{
‘J6”c@PYNo......Q

DATE:JUtiY i$j 194$



Code34.3. N!W DEI’A3TMiNT

NC’CS-343:3(’343) Bureau of Ships

Washington.25, D. C.

BUG 101949

Lt. Comdr. James McIntosh
U. S. Coast Guard Headquarters
1300 E Street, N. ‘;!.
Washington 25, D. (1.

Dear Sir:

SUBJECT: Final Report on lfApplicationof the Explosion Test to
Evaluate Shock Properties of High Yield Strength Steelsw
SSC-29, Air Reduction Company, Inc., Murray Hill, N. J.
Contraat NObs-’3l+232.

There is enclosed for your information and file one copy of the
subject report as follows:

Ze;ort Serial IJo. D= CODY No.

ssc-2y July 13, 1949 ---‘--- -26

.

Any Comnents on this report which you cere to submit will be appre-
ciated and should be addressed to the Chief; Bureau of Ships;
attention Coie 343i

Sincerely yours,

p.@? ‘%4-

Encl.
C, M. TOOKE
By direation of
Chief of Bureau



cm.,ADDRESS
NARECO,w,,bi.,tm,D.C.

NATIONAL RESEARCH COUNCIL
2101 CONSTITUTION AVEhTUE, WASHINGTON’, D. C.

DIVIS1ONOF ENGINEERING A3D INDUSTRIALRESEARCH

July 13, 1949

Chief, Bureau of Ships
Code 343
Navy Department
Washington 25, D.C.

Deer Sir:

Attached is Report Serial No. SSC-29 entitled
“Applicationof the Explosive Test to Evaluate Shock Properties
of High Yield Strength Steels.” l!hlsreport hae been sub-
mitted by the contractoras a Final Report of the work done
on Research Project SR-Z?5under Contract NObs-34232 between
the Bureau of Ships, Navy Department and the Air Reduction
Company, Ino.

The report hae been reviewed and acceptance recom-
mended by representativesof the Committee on Ship Con-
struction,Division of Engineering and.IndustrialResearch,
NRC, In accordancewith the terms of the contract between
the Bureau of Ships, Navy Department an~ the National Academy
of Soienees.

Very tru+~yours,

e k~’: ““{’”””’Ay, / .M.$t4,.# =&&.&.,

C. Richard Soderberg, Chairman
Division of Engineering and

IndustrialResearoh

CRS:mh
Enolosure



PIBEFACE

The Navy Department through the Bureau of Ships is distributing this report
to those agencies and individuals who were actively associated with the research
work. This report represents a part of the research work contracted for under
the section of the Navy~s directive IItoinvestigate the design and construction
of welded steel merchant vessels.’!

The distribution of this report is as follows:

CoPy No. 1 - Chief, Bureau of Ships, Navy Department
CoPy No. 2 - Dr. D.J. Bronk, Chairman, National Research

Committee on Ship Construction

Copy No. 3 - V. H. Schnee, Chairman
Copy No. L - J. L. Bates
copy No. 5 - H. C. Boardnmn
Copy No. 6 - Paul Ffield
COPY No. 7 - M. A. Grossman
COPY No. 8 - C. H. Herty, Jr.
Copy No. 9 - A. B. Kinzel
Copy No. 10 - J. hi.Lessens
CoPy No. 11 - G. 5. Mikhalapov
Copy No. 12 - J. Ormondroyd
Copy No. 13 - H. ‘(i.Pierce
Copy No. li+- E. C.Smith
Copy No. 15 - T.,T. Iiat,.son

Copy No. 16 - FiM Jonas”sen,Research coordinator

Council

Members of Project
SR-96, SR-9%,

Advisory Jomnittees SR-25, SR-92,
SR-99, SR-1OO and SR-101

Copy No. 16 - Finn Jonassen, Chairman
Copy No. 17 - R.H. Aborn
Copy No. 18 - L, C. dibber
CoPy No. 5 - H. C. Boardman
CoPy No. 19 - l’.J. Dolan
Copy No. 6 - Paul Ffield
CoPy No. 7 - M. A. Grossman
Copy No. 8 - C. H. Herty, Jr.
copy No. 20 - C. E. Jackson
CoPy No. 10 - J. Ni.Lessens
Copy No. 21 - M. w. Lightner
Copy No. 11 - G. S. Mikhalapov
Copy No. 12 - J. Ormondroyd
Copy No. 22 - R. E. Peterson
Copy No. 13 - H. i. Pierce
copy MO. 23 - R. L. Rickett
copy No. 11+- i. c. Smith
COP.YNo. 15 - T. T. ~atson
Copy NO. 24 - A. G. Bissell, Bureau of bhips, LiaisOn
copy NO. 25 - Mathew Letich, American Bureau of Shipping,
COPY No. 26 - James iIcIntosh,LJ.o.Coast Guard, Liaison

Liaison



Copy No. 27 - Comdr. R. D. Schmidtman, U. S. Coast Guard, Liaison
copy No. 28 - T. L. SOO-HOO, Bureau of Shipe, Liaison
copy No. 29 - t,,lm.Spraragen, ~[eldi~ Research Council, LiaisOn

copy No, $0 - R. E. Wiley, Bureau of Ships, Liaison
copy No. 31 - J. L. Wilson, American Bureau of Shipping, Liaison

Ship Structure Committee

copy lfo.32 - Rear Admiral Ellis Reed-Hill, USCG - Chai-
Copy No. 33 - Rear Admiral Charles D. Wheelock, USN, Bureau of Ships
COPY No. 34 - Brigadier Gen. Paul F. Yount, War Department
COPY No. 35 - Captain J. L. McGuigan, U. S. Maritime Commission
copy No. 36 - D. P. Brown, American Bureau of Shipping
COPY No. 3 - V. H. Sohnee, Committee on Ship Construction - Liaieon

Ship Structure Subcommittee

copyIio.37 - Captain C. M. Tooke, USN, Bureau of Ships, Chairman
copy No● 38 - Captain R. A. Hinnera, USN, David Taylor Model Basin
copy No. ~ - Comdr. R. H. Lambert, USIJ,Bureau of Ships
copy NO. 27 - Comdr. R. D. Schmidtman, USCG, U. S. Coast Guard Headquarters
Copy No. 40 - W. G. Frederick, U. S. Maritime Commission
Copy No. 41 - Hubert Kempel, Office, Chief of Transportation, War Department
cOpY l~o.25 - Mathew Letich, American Bureau of Shipping
COPY No. 26 - James McIntosh, U. S. Coast Gu.@.rd
Copy lTo. 42 - R. NJ.Robertson, Office of Naval Research, U. S. Navy
copy No. 43 - V. L. Russo, U. S. Maritime Commission
copy No. 30 - R. E. Wiley, Bureau of Ships, U. S. Navy
copy No. 31 - J. L. Wilson, American Bureau of Shipping
Copy No. 16 . Finn Jonassen, Liaison Representative, NRC
Copy JJo.&& - E. H. Da,vidson,Liaison Representative, AISI
copy No. 45 - W. Paul Gerhart, Liaison Representative, AISI
COPY NO. 29 - Wm. Spraragen, Liaieon Representative~ FEW

,. ,.

Navy Department ..

COPYNO>46 - Comdr. R. S. Mandelkorn, USN, Armed Forces Special Weapons Project
Copy No. 24 - A. G. Bissell, Bureau of Ships
Copy No. 47 - A. Amirikian, Bureau of Yards and Docks
COpy l~o. 48 - J. W. Jenkins, Bureau of Ships
Copy No. 49 - Woah Kalm, New York Naval Shipyard
copy No. 50 - E. M. MacCutcheon, Jr., David Taylor Model Baein
copy No. 51 - W. R. Osgood, David Tsylor Model Basin
cOpY No. 52 - N. E, prOmisel, B~eau Of Aeronautics

copy NO. 53 - John Vasta, Bu~eau of Ships
cOpy No. % - J. E. Walker, Eureau of Ships
Copies 55 and 56 - U. S. Eaval Engirsering Experiment Station
Copy No. 57 - U. S. Eaval Gun Factovj Attn. Code Il~911J
Copy No. 58 - U. S. Naval Proving Grwnd, Attn. Armor & Projectile Lab.
copy No. 59 - Bureau of Ordnance, Attn. Re3
copy No. 60 - Naval Research Laboratory, Attn. Nechanics Div., Code 3800
Copy NO. 61 - New York Naval Shipyard, IVIsterial.Laboratory
COP{ NO. 62 - Industrial Testing Laboratory, Philadelphia ITavalShipyard



COPYNO.63 - Philadelphia Naval Shipyard
copy No. 64 - San,Francisco Naval Shipyard
COpy lJO.65 - David ,TaylorModel Basin, Attn. Library
Copies 66,and67 - Publications Board, Navy Dept. via Bureau of Ships, Code 330c
Copies 68 ~nd 69 - Technical Library, Bureau Of $hips, Code 337-L

U. S. Coast Guard

Copy No. 70 - Captain R. B. Lank, Jr., USCG
Copy No. 71 - Captain G. A. Tyler, USCG
copy ]?0. 72 - Testing and Development Division
COPY No. 73 - U. S. Coast Gue.rdAcademy, New London

copy X** 74 - E. E. Ksrtinsky

Representatives of American Iron and Steel Institute
Committee on Manufacturing Problems

Copy No. 75 - C. M. Parker, Secretary, General Tackmical Committee,
American Iron and Steel Institute

copy No. 18 - L. C. Bibber, Carnegie-IllinoisSteel Corp.
Copy No. 8 - C. H. Herty, Jr., Bethlehem Steel Company
CoPy No. ~ - E. C. Smith, Republic Steel Company

Welding Research Council

copy no. 76 - C. A. Adams Copy }To.78 - LaNotte Grover
copy No. 77 - Everett Chapman COPY NO. 29 - Vis.Spraragen

Committee on Ship Steel

Copy No. 79 - R. F. Mehl, Chairman
Copy No. El- C. H. Herty, Jr., Vice Chairman
Copy No. 80 - ITm.}1.Baldwin, Jr.
cOpy No. 81 - Chas. S. Barrett
Copy No. 82 - R. M. Brick
copy No. 83 - S. L. Hoyt
Copy NTo. Q - 1. R. Kramer
copy No. 21 - M. W. Lightner
copy i%. 85 - T. S. Washburn
cOpy ~0, 16 - Finn Jonassen, Technical Director
copy No. 86 - R. H. Raring, Technical Secretary

COPy No. 87 - C. R. Soderberg, Chairman, Div. Eng. & Ind. Research, NRC
copy No. 3 - V. H. Schnee, Chairman, Committee on Ship Construction
COpy No. 16 - Finn Jonassen$ Research Cow dinator, committee on ship cOnetruCtion
Copy No,>8$ - A. !!Iuller, Investigator, Research Project SR-25
copy No. 89 - Vi.G. Benz, Investigator,Research Project SR-25
Copy No. 90 - l!.A. Snelling, Investigator, Reeearch project SR-25
copy No. 91 - E. Saibei, Investigator, Research Project SR-25



COPY No. 92 - S. T. Carpenter, Investigate, Research Project SR-98
copy 1$0.93 - L. J. Ebert, Investigator,Research Project SR-99
Copy No. 10 - J. M. Lessens, Investigator, Research Project SR-101
Copy No. 94 - C. !w,MacGregor, Investigator,Research Project SR-102
copy No. 95 - C. E. Sims, Investigator,Research Project SR-11O
copy No. 96 - E. W. Suppiger, Investigator, Research Project SR-113
copy No, 97 - C. B. Voldrich, Investigator, Research Project SR.1OO
copy NO. 98 - Clarence Altenburger, Great Lakes Steel Company
copy No. 99 - J. G. Althouse, Lukens Steel Company
Copy i!o.100 - A. B. Bagsar, Sun Oil Company
Copy No. 101 - British Shipbuilding Research Assn.~ Attn: J. C. Asher, Sec.
copy No. 102 - E. L. Cochrsne, Massachusetts Institute of Technology
copy No. 103 - George Ellinger, iiationslBureau of Standards
cOpy No. 104 - M. Gensemer, Carnegie-IllinoisSteel Corp.
Copy No. 105 - M. F. Hawkes, Carnegie Institute of Technolo@J
COpy ~10. 106 - w. F. Hess, Renseelasr Polytechnic Institute
Cow No. 107 - 0. J. Horger, Timken Rollsr Bearing Company
COpy NO. 108 - Bruce Johnston, Fritz Laboratory, Lehigh University
Copy No. 109 - P. E. Kyle, Cornell University
copy No. I.lo- J. R. Low, Jr., General Electric Company
copy No. 111 - N. M. l’ewmzrrk,University of Illinois
copy NO. 112 - J. T. Norton, Massachusetts Institute of.Technology
copy NO. 113- Ordnance Department, Armor Section, Attn. Col. A. P. T~ber
Copy iio.114 - Ordnance Research & Development, Attn. OFCYfB- Materials
copy No. 115 - !?!.A. Reich, General Elstric Company
COpy ]?0. 116 - L. J. Rohl, Carnegie-IllinoisSteel Corp.
copy No. 117 - W. P. Roop, Swarthmore College
COpy No. 118 - R. D. Stout, Lehigh University
copy No. 119 - Saylor Snyder, Carnegie-IllinoisSteel Corp.
Copy No. 120 - Watertown Arsenal Laboratory, Attn. J. F. Wallsce
Copiee 121 thru 1.45- Sir Chas. Wright, British Joint Services Mission(l’Ia~JStaff)
copy No. 146- Carl A. Zapffe, Carl A. Zapffe Laboratories
copy No. 147 - International Nickel Co., Inc., Attn. T. N. ArmstrOng
copy NO. 148- Transportation Corps Board, Brooklyn, N. Y.
Copies U+9 thru 153 - Library of Congress via Bureau of ships, Code 330c
copy No. 15L - File Copy, Committee on Ship Steel
Copy No. 155 - NACA, Attn. Materials Research Coordination,U. S. NFIVY
Copies 256thru 160 - Bureau of Ships, Code 343

COPYNO.161-
CODY No. 162 -
CopjjWo. 163 -
copy 110.164-
copy No. 165 -
copy No. 166 -
Copy NO. 167 -
copy No. 16t3-
COPY No. 169 -
cOpy No. 170 -
copy No. 171 -
COPY NO. 172 -
copy No. 173 -
copy No. 174 -
copy No. 175 -

(Total - 175 copies)



FINAL REPORT

of

APPLICATION OF THF EXPIOSION TEST ‘TOEVULJATE
SHOCK PROPEHTiXS OF HIGH YLtID STRENGTR S’IEELS

PRELIMINARY
EXPLOSION

PART I— ,—

INVESTIGATION OF TECHNIQUES FOR DIRECT
TESTING OF HIGH YIELD ST1tFfiGTHSTEELS

by

A. Muller, W, G. Benz, and ““l.A. Snelling

PART 11

TKEORETICAL INVESTIGATION OF THE FRACTURE OF
STFXL PLATES UNDER EXPU.X51VELOADING

by

Edward Saibel

BUREAU OF SHIPS, NAVY DEPART~NT
Contract NObs-3k232

AIR REDUCTION LABORATORIFS
AIR REDUCTION COMPANY, INC:
MURRAY HILL, NIO~/LTERSEY



PART I-—

PRELIMINARY INVESTIGATION OF TECHNIQUES I’ORDIRECT

Exuos IoN TESTING o~ HIGH YELD sT~NGT}I sm~



i

ABSTRACT

Results of a preliminary investigation to

for direct-explosion testing of high yield strength

establish optimum technique

steels has been mdertaken.

optimum

plosive

test-plate size, method of supporting test plate, and type of CM.

required have been established,,

A theoretical study of the state of stress existing in test plaies

was made.
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GLOSSARY

1. Direct-explosion test - a test of steel plate in which the force

to produce deformation arises from the detonation of a measured

charge of high-explosive powder in contack with the pl.ate under test.

2. Rate of detonation or shock velocity - the rate of propagation of

the shock wave produced by the detonation of the explosive charge.

Thie shock wave is transmitted to the plate and the primary stress

waves therein are initially assumed to have this velocity.

3. Dish - the hemispherical-like deformation of the test plate p-,oduced

by the explosive forces. Dish is measured fran a straight edge placed

across opposite edges of the plate to the center of tipact antiIS

expressed in tillimeters.

4. Shock limit - the weight of explosive required to produce maximum

deformation of test plate without visible cracking.



SWARY

A preliminary investigation was condueted to

procedures for evaluating the shock resist.mce of high

steel. The significant results are listed below.

1,

2.

3.

L.

5.

6.

develop optimum test

,yieldstrength etructure.

The minimlumsj.zetest plate thaL can be expected to behave like a

large plate when subjected to =plosive loading is 18! x 1S!’x t

inches in dimension.

The shock limit for Mn-Mo steel is the same whether the test plate

is supported along all four d,ges by loose bars arranged in pi~iwheel

configuration or by a rigid welded box-like frame.

There is no significant difi’erence in shock limit whcm the support

bars rest on a steel plate on a massive

a steel plate lying on firm earth. The

is considered more satisfactory because

concrete foundation, cr on

concrete foundation, or base,

its rigidity i: reproducible

snd does not change as soil does with changing weather conditions.

The shock limit decreases as the detonation velocity of the explosive

charge used for testiqg increases, For exa.qle, +,heshOck iifl~tfor

Mn-Mo heat treated steel is 10CVJgrams for an explosive having a

detonation velocity of 2144 meters per second and 580 grams for a

powder with a detonation velocity of Q48 reps.

Aa the detonation velocity of the explosive used for testing increases.,

the dish, or deformation of the plate which can occur without visible

fracture decreases, i.e., with explosives hav:ng deimat !.cnveloc-

ities of 21/+4and 4148 reps,the d~.ahis 63 and

for heat treated steel testealwith shock limit

Cver the entire range of detonation vd.ocities

51MM, respectively

charges.

of the explosives

used, failure in the heat treated bk:-llnsheel was similar to a span.
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The crack on the tension face of the test plate usually extended

along a circle approximately four ti.chesin d@aeter and concentric

about the vertical centerline of the e.xplosive. With excessive

charges similar cracking occurred on the compression side of the

plate but the circle about whicl:+:hecrack extended was approximateely

one inch in diameter. Depending upon the severity of’the sharge,

the cracks extended either partially or completsly around the ftiur-

tich circle. l’fhenthe crack sx%ended around the entire periphery,

a circular piece of the full thickness of the plate was dislodged,-

This piece shows characteristic shear fractures at both faces which

extend inward approximately one-quarter of an inch with the remainder

exhibiti~ cleavage fractdre. Because of the nature of the fracture,

its origin was not definitely apparent but observation shows that

it is located approximately one quarter inch below the campression

face of the plate and somewhere near the periphery of the one-inch

circle about which the compression face of the large plate usually

cracked.

7. Although in any one series of tests with a single batch of powc.er

the consistencey or results is excellent, a few momalous resuits

have been obeerved which require further inveetigation. Iu testing

the Mn-MO steel, the shock limit was established at 800 grams with

one lot of powder having a detonation velocity of 32+5mps and 65o

grams with another lot having almost identical det,ona+,m~velocity,

3250 mps. ‘Uhetherthis &lscrepancy may be attributed to the ex-

ploeive or to differences in the steel, particularly the heat

treat,’nent,should be investigated.
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INTRODUCTION—.-—

The fail.ursof ships in service h:,sfocussed attention on the llmittlei’

nature of steels heretofore considered ductile. Recent irivestigatirmsshow that

mine steels which nmy be considered ductile on the basis of conventional

mechanical tests are extremely brittle undc,rhigh velocity shock loading, or

under loadi~ which involves complex multi-axial stresses, particulai>lyat low

temperatures, Furthermore, the degree of brittleness in se~7ic.evaries widely

among steels of almost identical chefical composition, harcbless, and ductility>

the lat.ter property being represented by deformation measured in the tensile

or bend test at room temperature.

Considerable inherest has been shown in the development of a test

which is capable of evaluating the performance of steels subject~d co severe

forces resuiting from shock loading, and developing in rigid weldm-lstrut‘cures

operated at low temperature.

The direct-explosion test developed during World War II shm,;spromise

of being capable of discriminateing between shock resistant and s:lock-sensiti..w

steels which cannot be distinguished by regular testing methods, This relatively

simple test is conducted by cletonating a measured explosive charge havi~; a known

detonation velocity, or velocity of shock wave, in contact with a test.plate

supported horizontallj,along all four edges. The maximum weight of t.he ex-

P1Oeive charge which a plate ao tested can withstand without visihle cracking is

considered a measure of the ability of the plate material,to saiisfacto];ily

PerfOrm Urldersevere service conditions.

In the past, the performance of prime steel as evaluated by tk,eV-notch

Charpy impact tes.thas been correlated with perfcmnance umder high velocity shock

such as ie encountered in bal.lietictests rrsingbi..wtsolid projectiles. The
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‘velocityof the projectiles in these tests ranged fron approximately 750 to

2500 feet per second. Although this is considered

,>aredto the relatively low velocity of the Charpy

pared to shock waves arising from explosions which

within the ra,ngefrom approximately 60C0 to 16,COO

Ilhighvelocity,!when COm-

test, it j.slcx when cOm-

have a propagation rate

feet per second. To date,

there has been no direct correlation between low temperature Charpy impact

resuits and resistance to deformation at these high shock velocities.

The direct-explosior test shows merit in its ability to evaluate the

performance of welded joints for several reasons. Heretofore, estimation of

the shock performance of even a simple weldsd structure required that the

specific properties of prime plate, weld metal, and the individual zones at

the heat-affectedregion be established by a series ef coneurrent tests at

different temperatures and that these rea~ts then be interpreted La terms

of the overall response of the joint. With the direct expiosion test the

necessity for the above procedure is obviated, since the test siinultaheoualy

evaluates the various regions of the plate and weld in such a manner ;.hatthe

result indicates the ability of the weldment to withstand severe loading con-

ditions.

Summarizing, the direct-explosi?ntest possesses certain a‘~aritages

over other tests, e.g., the V-notch Charpy impact test, because ~t i~ relatively

simple, may be applied to full.thickness plate, and ia capable of evaluatlng

the overall performance of welded joints.

Further development of the direct-explosion teat procedure has been

undertaken to ascertain the optimum size of test plate, the type of support for

the test plata which yields most consistent results, anflthe type of explosive

to be used in subsequent phases of this investig~tion.

The originally proposed program of investigation to e~aluate the shock
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properties of marine constructional steels is outlined below:

1. Determine the efiect of plate size on the quantity of explosive

reql.liredto fracture a gj.ventype of plate.

a, Using one-inch low-alloy Ni-Cr plate to detemine the amouut

of charge required to just crdck the following:

1) 12 x L2-inch test plate

2) 18 x 18-inch teet plate

3) 24 x 24-inch test plate

4) 30 x 30--inchtest plate

(The test plate is supported on four sides and rests on a heavy

rj.gidbase plate, Tests to be conducted using powder having a

detonation velocity of 3200meters per second; 105-sm diameter

charge).

2. Determine the effect of rigidity of support on the amoux$.of powder

required to just produce cracking in optimum size test plates a$

determined in above (same steel and explosive as used in 1) ,,

a. Loose frame; heavy concrete block and armor support

b. Rigid frwne; heavy concrete block and armor support.

c. Loose frame; 36 x 36 x l-inch armor support on firm eat.h

d. Rigid frem; 36 x 36 x l-inch armor support on firm earth

3. Evaluate the shock resistance of one-inch Mn-Mo quenched and drawn

plate, using test

a. Determine the

eieei at 70°F

plate size and support determi:xxiabave, as follows:

quantity of powder required to just fracture this

using a potiderwith a detonatior.velocity of 3200

meters per second,

b. Repeat 3a with 1+000meter per secorxl~owder and with hipjierdeton-

ation velocity until spalling is produced in the plate material.
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C. liiithstandardizedpowder, (deton.atiOn VeiOCit.y

required for spalling) determine the weight of

just below that

charge which just

produces fracture at four temperatures “todetermine whether o~

not transition effects axist in this test.

4. Repeat phase 3 above for other steels in the program.

5. Determine the effect of welding on shock perfoi~mnce of one-inch

Mn-Mo austenitized, quenched, and tem~rad pl.ate and of other selected

steel.

a.

b.

c.

d.

t?.

Variables to be investigated

1) Electrode composition and coati~

2) Joint design and pass sequence

The specimens to be used in this i.nvestigaLion are to be of the

single 1!II!weld type

A1l tests are to be conducted at 70°F

The preheat given thsse spectiens will be dictated by the results

of the work on electrodes now being conducted at the Philadelphia

Naval Shipyard

Work on specimns fabricated with submerged melt aa~ those sub-

jected to various stress relieving processes is to be !eferrsd

6. The origin of fracture

samples of the vario.w

be examined,

7. A theoretical study of

of plates tested is to be determine~. Selected

types of fractures encountered in this work will

the etresses produced by the eyplosion of a

charge of powder on a plate is to be made. To assist in this analysis,

the experimental data listed belotimay be helpful. The assistante of

the David Taylor Model Basin staff will “berc!quested in carrying out

this experimental progmmh
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a. W@ speed motion picture studies of the reactions of the plates

to an explosion

b. Strain gage StUdieS 01’the reaction Of a piate to allOxplOSiOn

This program was approved by the SR-25 Advisory Comnitte~, Conmlittee

on Ship Construction, National Research coui~cil.,on lviirch3, 1948.

A dnilar investigation is being sponsored by the Depa+mmnt of the

Army to evaluate shock resistance of thinner materiels.

DETAILS OF THE DIBICT-EXPLCX510NIEST

In conducting the direct-explosionteSL, a

continuously supported along its four edges by means

square plate specimen is

of four cold-rolleel-steel

bars arranged in pinwheel fashion as shown in Fig. l-A. Time bars in tu’n

rest upon two large steel plates, the lower three inches thick end the upper

one inch thick, which weigh approximately 2500 pounds and rest on a massive

steel reinforced concrete base. ‘h square opening provided by the 2+5 x /+-inch

rectangular supporting bars is 16 x 16 inches for 18 x 18-inch speciue:lsjthere-

by providing one-inch overlap along the Tour sides of the epecimen. The

8wetriC:111y supported specimen is shown in Figure 1-B. Previoutiwork indi-

cated that a firm base on which the specimen and relat,eds~pports could be

placed is necessary to e.limtiateinconsistencies in the teet.

A cylindrical paper contai-.er,105 millimeters in diameter, containing

a given quantity of exp7Losi.vepacked to a definite density is then cenbered in

direct sontact with the surface of the plate as shown in Fig. 1 -C. A cut-awe.y

section revealing the explosivc in the container is shown i~ F~g. 1.-D,

A special initiator is then placed in contact with the center of the

top section of the explosive, also si]ownin Fig. 1-D. This initiat.or consists

of a 1.5-inch diameter ring of Lnsign-BickfordPi”flaaccmdwith a piece extending



across the center of the ring,

in Fig. ‘2. One end of each of

circle to make a ring with the

-a-

bot.hfirmly

two lengths

atta-.hedto a wocd.en i]lugas shown

is bent in the form of a ser.i-

opposite end of one ci’these pieces twisted around

the exterriingportion of the other. A suitable detonator is attached to the

extending piece of Primacord.

When the detonator is fired, the ie.~th of Primacord detocates, whith

in turn activates the explosive charge. The usc of the flat ring initiator

produces an essentially flat detonation wave originating from a plane rather

than a point.

The powder and initirrtorassembly is placed in a large cylindrical

paper container, Fig. l-E, which is then filhd with screened

Fig. 1-F. This paper centaincr is 8.5 inches in diameter and

and, when filled, holds approximateely 35 pounds of 2Q-3O mesh

acts as a confinement, increases reproducibility of the test,

use of a smaller charge to produce a given force than when no

Ottawa sand,

12 ir.theehigh

San.:, The sand

and ~rrrits the

,:cnfir]enerrtis

used. Fig. 1-F shows the compieted aseembly ready for detonaticn.

In cons dering the explosive used for testing, it is necessary to

examine the general effects of explosives in producing danage. These effects

may be conveniently classed as brisant effects and gas-volume effect.s, tineinter-

relationship of which is complex and which provides the many variations in shock

produced by aYplosive action. A highly brisant explosive produces a shattering

blow which, when applied to steel plate, usually tends tc produce failure para-

llel to the surface of the plate, or ~ispa~ing!ldirectly beneatm the location of

maximxn impact energy. Ekploeives with hi~ bfisance have a rapid detonation

rate, On the other hand, m explosive with low br~.sanee, or low rate of deton-

aiion$ tends to produce deformation in the vicinity of the application of the



explosive force

plate surface.
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amd tends to fracture steel P“@te ~ a dfiectiOn rior~l ‘0 ‘he

Actual behavior of a given steel subjected to the ac’bionof a

specific F?XP1OSive necessarily depends upon both the characterisiics of!the

powder and the properties of the pbte.

The gas volume of an explosive ray be likened to the mass of a

projectile ir,flight. Explosives possessing high gas volume for a given rate

of detonation will impart more energy when detonated than corresponding ex-

plosives with low gas volume. Similarly”,”the detonation velocity of an ex-

plosive may be likened to the speed of a projecti.le. A variety cf projectile

weights and velocities may be used in ballistics to fracture a given armor;
,.’,..

likewise, the gas volume and rate of’detonation of explosives may be varied,

within reasonable Iimite, to accomplish the same purpose. The ballistics

analog,yprovides a convenient though over-s~mpl.ifiedphysical picture of the

rate of detonation and gas volume effects in explosives.

In general, the direct-explosion test is cond~cted so tha+,an ex-

plosive with a detonation velocity or brisance which just avci~s prw;.cing a

spalling type failure is used in testing a particul.armaterial. Cas volume

effects appear less important but, in general, a powder with a high gas volunw

is considered desirable. By keeping the rate of detonation of the

a nvmimum without producing spalling, it,is believed that the most

condition is provided,

xp?.o sive e.t

:ievere test

t~henthe direct-explosion test is used a: a dis:rM!:lator to ~scertafil

differences in shock sensitivity, a group of five to ten piates is tested Waler

controiled conditions to determine the maximum weight of a give:texplosive of

fixed density which will deform the plate witbout visibl.efracture on the tension

face. The !!shock limit‘ris then est,ablished~y~,.~titive tests for that ~om,t—.. — _,

Of}owder which wil1 just avoi~roducin-n~-vi sible crack on the tension side of——. —.— .— -
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the plate ,ondertest Thus the shock resist~.’k-rties cf various steels——.. -—. L-. -—.G ,—. -— ——-. —..-.——.——.—.

are estsbl..ished in terms of the.!!shock lirnitf~whi.ch is axxresswd in terms of—— —, —.—,.._— —— —. ,—. -——. ..—..—

wei~ht, in grain_s~ the explosive used.—-

The speuial explosives used in testing various types Gf steel plate

usually canta.in trinitrotoluene as a ba~is Lwyedient with.ammon,iomnitrate

and sodium nitrate as cooperating oxidants, aluminum powder, and oil. In

order to insure satisfactory characteristics, it ie essential.that the ingre-

clientsbe carefully selected and the particle size and the degree of mixing be

carefully controlled. ‘Theproperties of the various explosives ave ev~iuated

by tests of rate of detonation,,st.andatidensity, gas volume, and lead block

compression.

After an explosive has been formulated and selected for a particular

series of tests, a predetermined amount is packed in the 105-millimeter-

diameter cylindrical paper container in small increments, each of which is

tamped to a controne d deneity using the apparatus shown in Fig. 3.

MATERIAL—--

STEEL

The two plates of one-inch low-alloy nickei-chromium steel submitted

for tests outlined in Phasee 1 and 2 of the program were apparently f:ro,mtwo

different heats and were sufficiently different in shock resistance that the

trends shown by the direct-exploeion test were not conclusive. This material

was discarded and phases 1 and 2 were repeated using anotinerstmel. The tests

conducted on the low-alloy Ni-Cr material are described in Appendti A of this

report.

Phases 1 and 2 of’the program were repee?.edand the remainder of the

program is being investigated with one-inch mangancec-molybdenm steel of the
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following chemical composition,

Carbon
Manganese
Silicon
sulfur
Phosphorus
Nickel
Chromium
Molybdenum
Copper
Aluminum
Boron

Heat Treatment - This

0.17$

1,21
0.31
0.028
0,021
0.11
O*O2
0.19
0.12
0.021

0.001/0.002

Mn-Mo steel was supplied in 180 x 60 x l-inch

pieces heat treated in the following way,

Heated in a continuous furnace for a total time of two hours, held

forty-five minutes at a temperature of 16?.5to 1650%; quenched using water

cooled platens; drawn at 1215°F for four hours.

Microstructure - Microscopic examination of two samples fran this

heat of material revea~s:

a. The microstructure

of fine carbide in

apparently results

of one sample comprises a uniform d:.spersion

a ferrite matrix, Fig. I.+-A.This structure

frqm the tempering at 1225°F of an elmost

completelymertensitic structure obtained by platen-quenching.

A few areas of acicolar ferrite are noticeable, indicating that

a .wnallanount of the austenite had transformed at approximately

1000°F on cooling.

(range 19/+-214).

b. The microstructure

dispersion of fine

The hardness of this specimen is 20/+BHN

of the other sample coinprises a less uniform

carbide in a ferrite matrix, Fig. 4-B.

Considerablymore acicular ferrite is noticeable in this epecimen.

Apparently, the structure of this specimn} after platen quenching
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and before temp~ing, was mtensite and a Wi~nstatt,en-tYPe

M3=W%ate of ferrite and carbide. Tempering thie structure tends

to agglomerate the carbide resuiting in a less uniform structure

than in the one described above. The hwiness Of this sPec~en

is 203 BHN (range 197-205).

Although these specimens have al-mostidentical hardness, the cliffer-
.

ences in the structure could conceivabI.ycause wide clifferences in shock be-

havior.

Mechanical Properties -

Tensile Test: Resulte of tensile tests of O.505-inch diemeaer

specimens.of the Mn-Mo steel are listedbelow.

~ngitudimlx, Transversex

Ultimate tensile s rength, 1~ psi
J

97.2 95.7
Yield strength, 1 psi
Drop of beam W+*8 83.8
0.2~ offset 82.6 83.2

Elongation in 2 inches, % 21.2 21(.3.
Reduction in Area, % 67.5 67J+

+!Withrespect to rolling direction

V-Notch Charpy Impact ‘lbst: Specimen bars were cut frcwrthe

plate transverse and longitudinal with respect to the rolling di-

rection, The bars were notched such that the axis of the notch

was parallel to the thickness dimension of the plate. The be.se of

each notch was ground with 600 mesh carborundursto eliminate milling

cutter scratches.

Results of impact teets at 72, 32, -4, -40, -76, -107; and

‘319°F(22,O, -20,-40,-6Q,-77,and -195°C) are listed in Table I

and shown graphically in Fig. 5. At each test temperature, the

impact strength of the longitudinal and the transverse test bars is
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essentially the same indicating that the plate does not have di-

rectional properties. This is further indicated by the type of

fracture observed in the direct ex.pl,osiontrx?,tdiscuss?d in a l.aix?r

section. At several temperatures the range of impact values is

wider than is lasuaUy expected. ‘Thesedata were checked with anotimr

series of specimens and again the range was as wide. The inflection

point of the temperature-imp ct strength curve appears to be located

at -40°F at an impact strength of /+5to 50 ft-lb.,

EXPIQSIV3S

The explosives compounded for this program consist of trinitrotoluerw

(TNT) with sodium nitrate and ammonium nitrate, The composition and detonation

velocity of each explosive used is listed in Table II.

Th,emethod for determining the detonat,ionvelocity of an explcsive

charge is described in detail h Appendix B of this report.

RESULTS OF DIRECT-EXPLOSION T&S’IS—.——. .—____

The results of direct-explosion tests are repccrtedphase hy phase

of the program outlined in the introduction with the exception thai lin-1.1~

steel was used througnc.ut.

1. Determine the effect of plate size on the qwa.ntity of explosive

required to fract~,we,.,giveritype of plate,

The shock limit of 12 x 12-, 18 x 18-, and 2& x 24 x l-inch

test platee of this IVOMJOsteel is, rcspective~, 670,:Q(),ad

780grams of explosive having a detonation velocity of 32’70metcrs

per second, Tablo 111 end Fig. 6. Theshock limit for 18 x 18 and

24 x ;~-inch test plates is the same i:,riicatingthat there is no

advantage in testing specimens larger than 18-irrchsquare.

e
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Photographs of a plate of each size tested with shock limit charges

are shown in Fig. 7.

2. Determine the effect of rigidity of support on the smcunt of

powder required to just produce cracking in optimum size test plates as det-

ermined from Phase 1, above.

Four series of 18 x 18 x l-inch plates were screened with an

explosive possessing a detonation velocity of 3250 meters per s-?cond.

Two sets of these plates, F12 and F13,,Table IV, were tested with the

supporting bars resting on steel plates on the concrete fou~,dation,

The other two sets, F14 and F15, Table IV, were tested with supporting

bars resting on a steel.plate on firm earth, Series F12 and F14 were

screened with the supporting bars placed in pinwheel configuration,

Fig,.8A. Series F13 and F15 were screened with the supporting bars

fabricated in a boxlike frame by welding, Fig. @.

Results of these teets, Table IV> indicate that there is no

difference in shock ltiit when hose support bars or a wei.d.dframe

is used. Furthermore, reliable tests can be conducted with a~~oport

bars resting on a one-inch steel plate lying on firm earth, buc should

several days pass between series of tests, discrepancies ?..?resuits

msy be observed if the IIdr,ynessllof the earth changes with i,heweather.

The shock 1]..xitof these four series of teeta is essentially the same

as that established in Phase 1 with an explosive havimg a rate of

detonation of 3270 meters per second.

3. Evaluate the shock resistance of the subject material usirg test

plate size and suppor% determined above’. (Influence of detonation velocity

shock limit.)

Screendng tests of 18 x 18 x l-inch Mm-Mo plate supported by

on
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loose bars in pinwheel confi.guratior.on steel plates over the concrete

base with explosives having detonation velocities of 2144, 3250,

3740, and 411!8meters per second indicate that as d.ctonstionvelocity

increases, the shock limit and deformation at shock limit chargee

decreases. Results of these screening tests are listed i.n“TableV

and summarized in Table VI and Fig. 9 and Fig. 10. Photographs of

plates tcstealwith shock limit chargee of velocity are shown ic

Fig. 11.

The data plotted in Figs. 9 and 10 lie within a txmd bc.unded

by two parallel lines indicating that a range o.fvalues for shock

limit and dish at any detonation velocity is approximately 150 grams

and 8 mi.llbneters, respectively, This range appcars to be excessive

for the reproducibility of tests for each batch of powder ic well

within twenty grams for shock limit smd 3 or 4 mill.imet.ersfor dish,

It is believed that these auomalous results may be s’ttributed

to the heat treatment of the steel or, possibly, to some spe:i,fic

property of the explosive euch as gas volume and must be ihcroughly

investigated before fu-ther testing is conttiucu.

Mode of Failore of Mm-M~ Steel in the Direct-12@o sion TeSL——. .— ——

The mode a~d the locus of fracture of this saterial at or siightly

above shock limit char&es is essentia.llythe same over the entire range of

detonation velocities, 214/+to 1+148mps. Failure apparently etarts about a

quarter of the way through the plate near the compression face antion the per-

iphery of approximately a one-inch circle and propagates radially elm st parallel

to the plate faces to the periphery of a.four-inch c.ir:lcwhere the fracture

penetrates to the tension face. Thie descripti.xlof the ,nodeof failue is

based on exemination of piecee disledged by higher charges. In all cases, the
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fracture parallel to the plate faces ‘.s“byclcavagc and connecting both

and compression faces with this parallel brittle fracture, where such

complete failure occurs, is a shear failure e:,hihitinghigh ciuctilityas shown

schematically in Fig. 12A, Thus, fai.iureapparently occurs from within t!he

plate to the tension and compression faces. ‘fbisis subject to confhnation

when partially broken plates are sectioned fcr further study.

With higher charges at each detonation velocity, eeveral cracks

radiate from the center of impact. The surface+of the cracke is almost perpen-

dicular to the plate surface and shows shear failure at the plate faces and

cleavage or brittle failure between them as shown schematically in Fig. 12B.

Typical fractures on the tension face and resulting from charges in

excess of the shock limit are shown in Fig. 13.
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TABLE I - V-NOTCH CHARPY
(REAT J-7044)

Test Temperature

‘F ‘c

-b
-76

-107
-319

22
0

-20
-40
-6o
-77
-195

22
0

-20
-40
-6o
-77
-L95
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IMFACT STRENGTH OF ONWINCH MN-MO STEEL

IMP et Strength, Ft.-Lb.

Range Average

Longitudinal TeSt l?ars-.-—

66-77
48-91
72-%8
26-58
24-.40
n-26
6-8

Transverse Test Bars

74-76
57-80
76-$1
32-58
1o-27
18.24
6-8

, . ..—— -;,

f__

71.5
61+.5
80.7
43,2
30.0
16.2
6*7

714.t3
71..?
79.3
48,3
13.2
a.a
7.3



TABLE II.

Explosive
Designation

TFCO 592

‘I!6j

T52

T50

T61

T15

-19-

CHEMICAL COMPOSITION AND DETONATION VEI.DCITYOF
EXPLOSIVES

CHEMICAL COMPOSITION, %
——

TNT NHkNO-3 NaN03 Al Oil
—— —. .

22.0 50.0 23.5 4.0 0,5

18.5 51.0 26.0 4.0 0.5

19,45 50.0 26.o5 4.0 0.5

22.0 50.0 23.5 4.0 0.5

26.0 48<2 23..0 4,0 0.3

50’0 23.0 23.0 3.5 0.5

Detonation
Velocity

Meters per second

2144

32&5

3250

3740

4148

(Note: Explosives designated TPCO 592 end T50 have the same
chemical composition but different detonation velocities, 2144
and 3270 reps,respectively. The difference in velocities results
from the different techniques used in graining the NH4N03.)
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‘fABLEIII - DIRECT-EXPLOSION TESTS OF 12 X 12, 18 X 18, AND
24 x 24 x 1-INCH 1111-MnSIIYTL

(Detonation Velocity of ~plosive Charge: 32?0 mps)

Plate
J

FIA.4
B
c

II
E
F
G
H
I
J

FIAB

H
I
K
L

FIAC
B
F
G
H

Plate Size
in.—-

12x12xl
!1
II

II
!!

II

It

18x18x1
t!
!1
11
!1
1!
,1
II

24x24x1
!1
!1
II
!1

‘Weightof
Charge

—L..

670
650
670
680
660
620
670
67o
720
660

790
760
1000
780
780
780
760
WC

780
780
790
790
800

Dish
Inn Fracture— .— .—

59 Yes
59 ?10 ‘1

& No I
92 Yes [
58. NO
56 No
61 Yes

No
[: Yes.1

Yes j

61 Yes
59 }JIJ
-. Yes
60 pJo

59 No
64 Yes
58 NO
61 Yes /

L9 NO 1

Dish at
Shock Shock
Limit Limit

-82- _!Y!!—

670 61

780

49 Yes
51 Yes

}
780

56 Yes
52 Yes J

60

49



-21-

TABLE IV - INFLUENCE OF PLATE SUPPORT ON SHOCK CAPACITY OF
18 X 18 X 1-INCH Mn-Mo STILL

(Detonation Velocity of Explosive Charge: 3250 reps)

Shock

Plate
Dish at,

Weight of Dish Limit Shock Limi’L
& Charge, m mm Fracture m.——

Loose Bars Resting on Steel PlaLe .~nConcrete Foundation

F12A 790 58 lio I
B 820 Yes
c 800 $ No
D 810 85 Ycs

\
800

800 5t3 No
: 810 80 Yes
G 800 61 No
H 800 60 Yes
I 800 5’7 No I

~portinu Frame of Welded Ears on Steel Plate on Concrete Foundation

F13A 800 60 No
B

800 60
810 &i Yes

@O se WI’S RCsting“on Steel Plate on Firm Earth

c
D
E
F
G

810
820
810
800
790
770
780
790
780
750
750
760
770
790
780
790
780

;;
58
58
58
63
60
60
65

No (Disregard - First test to
Yes

I
set base plate)

Yes
Yes I
yes

!?0

No
Yes
Yes
No .

No
No
NCI
Yes
No
Yes
Yec

780

&Dort ing Frame of Welded E!arson Steel.Plate on Finn Earth

F15A 780 58 No
B 790 5$ No
c 790 58 No
D 800 58 No
E 820 63 1

800
Yes

60

58
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TABLE V - INFLUENCE OF DETONATION VEI.f)CITY ON SHUCK LIMIT OF
18 x 18 x I.-INCHMn-Mm STMEL

Detonation
Plate Velocity
& mps———

F17A
a
c

D
E

F12A
c
D
E
F
G
H
1

FmA
B
c
D
E
F
G
H
1
J
K

F16A
B
c
D
E
F

2U+l+
!1
II
f!
11

3250
!1
11
II
!1
!!
1!
!!

37iJ3
t!
!(
II
!!
!!
!1
!!
!1
,!
!1

1+11+8
!f
,1
1!
t!
!1

‘:/eightof
Charge

—. -k%.—_

lCXJO
1020
1000
1010
1010

770
800
$10
800
810
800
800
800

69o
650
610
580
570
560
550
530
540
5&o
550

720
660
6C0
56o
520
~80

Dish
mm

62
86
63
68
81

58
57
85
58
80
61
60
5/

..
--

’79
53
53
53
53

;;
52
5$

--

69
59
51
51
5~

Shock Dish at
Limit Shock Limit

Fracture ~_.——— . .__.J&_—_

No

Yes
No
Yes \
Yes j

No
NO
Yes
No
Yes
No
Yes
No

Yes
Yes
Yes 1
Ycs
Yes
Yes
Yes
No1
No 1
No
Yo s1
Yes ‘~
Yes
Yes
No
No
No 1

l(YJO 63

800 6i

540

5s0
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TABLE VI. INFLUXNCE OF DETONATION VZLOCITY ON SHOCK
LLMIT

Detonation Velocity Dish Shock limit.
inps m w

2144 63 1000

3250 61 800

3740 52 540

l+U+8 51 580



FIG.

c

E

B

D

F

I EXPERIMENTAL PROCEDURE FOR CONDUCTING EXPLO-

SION TEST
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FIG. 2 PRIMACORD INITIATOR DESIGNED TO
PRODUCE FLAT DETONATION WAVE.

FIG. 3 STANDARD DENSITY APPARATUS.
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0

A

FIG. 4 TYPiCAL MICROSTRUCTURES OF MN -MO

HULL STEEL (x 500)
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FIG. 5

68 32 -4 -40 -76 -1!2 -14S -328-F

TEMPERATURE OF TEST.

INFLUENCE OF TEMPERATURE ON V-NOTCH CHARPY

lM~CT STRENGTH OF MN-MO HULL STEEL.

OIMENS!ON OF ONE EOGE OF SQUARE PLATE- IN,

FIG. 6 INFLUENCE OF PLATE SIZE ON SHOCK

LIMIT OF MN-MO HULL STEEL

( DETONATION VELOCITY 32T0 M PS )



[2x12x1-INCH

18x18 xi-INCH

~

24 X 24x1-INCH

FIG. 7 DEFORMATION OF I-INCH HULL STEEL PRODUCED BY

SHOCK LIMIT CHARGES OF EXPLOSIVE HAVING DETO-

NATION VELOCITY OF 3270 M PS
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A - LOOSE SUPPORT BARS

B- WELDED SUPPORT BARS

FIG. 8 METHODS FOR SUPPORTING TEST PLATES
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400 “\
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0
)000 2000 3000 4000 SOCK)60W

DETONATION VELOCITY - M PS

FIG. 9 INFLUENCE OF DETONATION VELOCITY ON

SHOCK LIMIT.

DETONATION VELOCITY - M P3

FIG. 10 INFLUENCE OF DETONATION VEKICITY

DISH AT SHOCK LIMIT CHARGES.

ON
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A B

c D

DETONATION VELOCITY- M PS OISH - MM

A 2 I44 62

B 3250 60

c 3740 52

D 4148 51

FIG. II IN FLUENGE OF DETONATION VELOCITY ON DEFORMATION

AT SHOCK LIMIT CHARGES
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4“-OX+
FIG. 12A SCHEMATIC REPRESENTATION OF PATH OF

FAILURE RESULTING FROM EXPLOSIVE CHARGES
SLIGHTLY IN EXCESS OF SHOCK- LIMIT WEIGHTS

— 18”—

CLEA

L O“- ‘~ SHEAR

SECTION A-A

FIG. 12 B SCHEMATIC REPRESENTATION OF CROSS- SECTION

OF RADIATING CRACKS RESULTING FROM EX-

CESSIVE CHARGES



FIG. 13 TYPICAL FAILURES ON TENSION FACE OF 18 X 18 – INCH STEEL PLATE RESULTING

FROM CHARGES IN EXCESS OF SHOCK LIMIT.
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APPENDIX A

PRj2LIMINARYINVESTIGATION OF INFL~CE OF SIZE OF TEST PLATE
ON SHOCKLIMITOF ONE-INCHLW-AUOY Ni-Cr STEEL

INTRODUCTION

Originally, Phase 1 of the teet program outlined in this report

specified that the itiiuehctiof plate size on the quantity of explosive re-

quired to”fracture a given type of plate be conducted with low-alloy Ni-Cr

steel.

Direct-explosion“testsindicated that the two plates of Ni-Cr steel

submitted for test were not the same. A ,comparisonof the shock limit of

12 x 12, 18 .x18,and ~, x 24,x l-inch test plates of this material, therefore,

could not be made. Impact tests at 70 and -!.+0’%tend to confirm the difference

in behavior of specimens cut from these two plates.

The chemical copposition,of the two is listed below.

Plate No. 60 Plate No. 61

Carbon
Manganese
Silicon
Phosphorus
SulfUr
Nickel
Chromium
Molybdenum
Copper
Alumizmnl

O,26%
0.18
0,02
O*OQ
0,030
2.99
1,,22
0.04
O*O4

<0.01

0.2%
0.20
0.02
0 Oly
0.024
2.76
1.2’
0.0!+
O.O6
0.01

Manufacturing and heat treating data for these two pieces of alloy

steel were not available.

MECHANICAL TEST RESULTS

Tensile properties of

Ni-Cr steel are listed below.

0.505-inch diameter specimens of this low-alloy
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Plate No, 60 Plate No. 61.—— —.——

Ultimate tensile strength, 103p i
$ E;::

118.2
Yield strengtli,0.2% offset, 1 psl 105.5
Elongation in 2 inches, % 21+,8 24.1
Reduction in area, ~ @*5 63.0

Results of V-notch Charpy impact tests are listed.below.

Impact Strength, ft-lb.

Plate.,No..+$ 7ooF -40%— .— -320~

60-A 3.28 120 14.1
&i-A 105.5 96.5 10.8
60-B 90.2 “ 92.2 9.9
61-B 92.2 85.5 10.3

++IIAII~Pechens have notch parallel to plate surface and perpendicular

to direction of rolling. B specimens have notch perpendicular

to both plate surface and direction of rolling.

EXPLOSIVE
,.

The explosive used in this series of tests was similar to those

described earlier in this report. The chemical composition is listed below.

Chemical Compositionj %
Detonation

Explosive = NHkN03 NaN03 & Q Velocity, mps
——

T46 21+.o 49.0 22.7 4.0 0.3 3512

The density of the charges used to test plates varied within the

range of 1.224 to 1.257 grams per cubic centimeter.

DIRECT-EXPLOSION TESTS

The results of direct-explosion testo of this material are li$$ed in

Table A-1. Results of tests with an explosive having a detonation velocity

of 3512 meters per second indicate:

1. I’heshock limit of 12 x 12 and 24 x 24-inch plates cut frcm

No. 61 is approximately 76o and 84o grams, respectively.
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2. The shock limit of 18 x 18-i.nchpl.ates cut from No. 60 is

approximately @O ~ams. The only 18 x lE-inch plate of NO. 61 mat,erial

tested failed at 840 grams.

DISCUSSION OF RESULTS-. ——.—

Although the tensile properties :f the two plates are essentially

the same, the V-notch Charpy impact strength of plate No. 60 is consistently

higher at 70, -kO, and -320Y for specimens having the axis of the notch per-.

pendicular to the rolling direction and parallel to the plate awface,

The difference in shock-limit and @act sLrength~ may possibly he

attributed to clifferences in heat treatment of the two plates, in the manu-

factriing practice if the two are from different heats, and, tho,mghless likely!

in the chemical composition of the steel.
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TABLE A-1 - DIiCT-EXPLOSION TESIISW 12 X 12. 18 X 18, ANO
2/+x 24 x 1-INCH LON-ALLOY Ni-Cr STEF3 PLATE

Piate
J

S31

::
38

::
45
46

S33
34

;?
39
)+0
41
42

sl+’/
48
49
50
51

2;
54

(Deton.ti.n Velocity of Explosive Charge:

Sheet
No.— A

61
II
!1
11
11
11
11
It

60
!1
II
II
!1
1!

6;

60
61
t!
!!
!!

6;
1!

Plate Size
in..—— ,—-

12x12x
II

!1

1!

1!

11

18X18X1
!!

II

II

II

24x24x1
1!
!1
!1

II

!,

,!

Weight of
Charge
m

1.200
1200
900
800
760
7%0
780
760

1000
900
870
890
~y)
880
860
‘9&o

920
880
840
860
.!360
W#o
89o
860

Dish
null

—
--

;;

:;
8/+
82

3.08
81
80
81
106
108
82
88

76
83
’72
‘/1
77
71
7L
82

3512 @S)

Shock
Lhit

F3c- -w...

Yes
Yes
Yes
Yes
No
Yes
Yes
No

Yes
Yes
No
No

Yes
Yes
Yes
Yes

Yes
Yes
No
).es
Yes
YE?s
Yes
Yes

t 87o

h
; 840

I
J

13isild
Shock
Limit

m.— -—

83

80

72
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APPENDIX B

DETEFUDVATION OF DETONATION V3LCCITY OF EXPILX3YES*

The detonation velocity of an explosive powder is determined in the

following way. In Fig. B-1, ARS represents a carefully prepared “stick” of

the explosive packed to a standard density. Attached to this r!stick!!are two

three-meter lengths of Ensign-Bickford Primacord, DEF and D!EIF’, the detonation

velocity of which is reproducible and known. A lead plate is placed under each

Primacord length approximately 40 to 50 centimeters beyond the mid-3.ength. Ihe

lengths of Primacord are cut accurately and the distance from ona of the ends

to a reference point on the lead plate is also measured accurately.

me I,stick,!of explosive is detonated at A and the wave progresses

from A to DD!. When D and D! are reached, the wave starts along the legs DEF

and DIE!Ff and also continues along ABC. As the Primaoord and the explosive

under test are quite different, the detonation speeds are clifferent. lWhenthe

wave traveling fromA to B reaches FF1 it starts Up the legs F to E md FI to

El. There are now two waves traveling toward each other ir.ea:h Prhsconi

leg. The impact of these waves produces a sharp line or pip on the surface of

the lead plate.

From the measured lengt,heof Primacord,

plates relative to the lengths of this explosive,

the reference line, the distance DF and the known

velocity of the unknown powder may be celculateci,

the @own. position of lead

the distance from the pip to

velocity of the Primacord, the

K Muller, .4,;Benz, ‘,:.G.; Snell@, W.A.; llFrelimtiaryInvestigation of the
Sho.k Resistance and mechanical Properties of 0.5-i.nchCr-Mo-V Aircraft
Armortt,Progress Repcrt No. 1, ‘ML Report No. 11.O/13-9, May 19@.



For illustration, only

merely serves as a check. Assume

DEF = 300 m
DF = l+oem
Ffl = 100 cm

B-2

one leg DEF will be used, the other I.eg D!E’F’

the following values were obtained.

= -“180cm

Vp = 6000 m}s

to
11
!1

of

Vp = Det. Vel, of Primacord
Vx = if !! !!explosive under

travel frcm D toward E to P
11 ‘1 Dto F
t! 11 F past R to P

the two opposite waves in leg DEF

teet

then

180 =+ +120
Kmx mm

Q =60:L
Vx i5m T?(?

Vx = 4W0 mps
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/P: PIP

EXPLDSIVE

UNDER TEST
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FIG. B-1 ARRANGEMENT FOR DETERMINING DETONATION
VELOCITY
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APPENDIx c—.

COMPARISONOFEFFICACYOF PLATENQUENCHINGANDBRINE
QUENCHIXGAFTERAUSTENITIZINGOF hh-!JiOSTEEL

The msnganese-mol.ybdenum steel submittal for directiexplosion tests

was heat treated in the fol.1.ow@ way. 180 x @ x l-inch plates were hasted in

a centtiuous furoace for a total ttie of two hours, forty-five minutes in.the

temperature range of 1625 to 1650°F, Each plate was quenched using water-cooled

platens. Aftierquenching, each was tempered at 1215% for four hours.

It is recognized that the shock resistance of a steel having a tempered

martensite structure is suptirior to one having a temperad inter.mediate-

t.raasl’urmation-product st.rurture,t.smperedbainiie, or free ferrjte a:ldw.ibi.de,

The efficacy of platen quenching and brine quenching were compared in the

following way.

Two three-inch diameter specimens of the plate were austenii,ized

for45 minutes at 1625°F, one was then placed between two water-cooled platens

and the other was quenched by immersing in brine. Bcfore tempering tnese pieces

for four hours at 1.2150F~a section was cut from each for hardness and micro-

structure studies. After tempering, another section was cut from each for

further study.

Hardness measurements, notched-bar impact tests at 70 and -40°F, and

microstructure examination were conducted. The results of these tests are

listed below.

V-Notch Impact Strength,
Ft-lb.

Hardness,
Heat ‘Treatment U?:f.— —-. -.-— 70°F 40°F

As received (Platen Quench & Tempm ) 2.05 71.5
Platen Quench

1+3.2
2(JO -- --

Platen Quench and Te~ er y;o 52,8 27,5
Brine Que:!ch J~~ .- -...
Brine Quench and Temper ,207 7?..o 3U.5
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Fiwsination of the microstruc~ure of representative samples from

sections heat treated as described above revealed:

1. Brine quenching by immersion produced a fully martensitic

structure.

2. Tempering the brine-quenched :ample at 1215% for four hours

p educed a structure comprising uniformly dispersed fine carbide

in a ferrite matrix.

3. Platen quenching this steel from 1625’3Jproduced a structure

ccrsprisingequiued ferrite, some acicul.arferritej aml a fine

carbide-ferrite aggregate indicating transformationwas almost

complete on cooling through the te.mperaturerange of 12C0 -

1000% ,

4. Tempering the platen-quenched ssmples at I-215% merely spheroid-

ized the carbide particles. The carbides were not,so uniformly

dispersed as those in the tempered martensite stru:tu.w sad,

therefore, the areas of free ferrite were large.

5. The commercially heat treated sample, as received, c,.,m;.~?i.sed

a uniform dispersion of carbide in a ferrite matrix viih a anall

amount of acicular ferrite. ApP rently, this struc+::”.),.,before

tempering, consisted of martensite and a small amunti (f acl[c.:kr

ferrite.

The results of this brief comparison of heat-trsating procedures

indicate:

a. The laboratory platen quench was not as drastic, or complete,

as that used by the steel producer as indicated by the low hard-

ness of 200 MN.
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b. The experimental platen-quench and temper treatment on this

material produced a low hardness of 170 BHN with corresponding

low impact values, 52.8 ft-lb at 70Y, and 27.5 at -40~ as com-

pared to 205 BHN and impact values of 71,5 and @.2 ft-lb at ’70

and -40°F, respectively, for the commercially heat treated material.

c. The hardness and impact strength of the brine-quenched end tempered

material is essentially the same as that of the coronercially

treated material.

From these data, it is apparent that the platen-quenching and tempering

treatment by the steel maker is as effective as brine quenching, but, probably

net as consistent as might be, for differences in microstructure of pieces pur-

portedly heat treated the same have been desoribed earlier. It is entirely

feasible that differences such as were observed in the micrastructu:e of the

commercially heat-treated stiel may accoont for some of the anomalous results

encountered in the direct-explosion test.



THEORETICAL INVESTIGATION OF THE FRACTURE OF

STEEL PLATi3SUNDER EXPLOSIVE LOADING
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1. OBJECT.—

The object of this study was to irvestigate theoretically the state

of stress existing in a plate which is subjetted to an explosive lead abutting

the plate as shown in Fig. 1, The details of this particular test may be found

1 ‘in a previous report . Briefly, a standazd charge of known velocity of cieton-

ation and lmown mass is placed against a p~te which rests on a standardized

base. Either the velocity of detonation or the mass of the charge is varied

until the plate just shmvs signs of cracking on the side sway from the charge.

It is anticipated that the test will eventually be so standardized that it will

be passible to separate materials according to their resistance to withstand

shock loading. At present, there is no static test which can be substituted

for a dynamic test to evaluate shock resistence.

If it were possible to obtain ary theoretical.knowledge of the state

of stress existing in the plate during this test, even though it were approxi-

matee, such information might be of value in: interpreting the test, reducing

the number of tests necessary, showing the explicit dependence of the parameters

fivolved, end pointing the way for futWe rational experiinentation.

An exact solution to the problem is not feasible at the present time

since it is necessary to firet ascertain what variables should be ol.sevredand,

if poesible, m-sured to aid in ths extension of the theoretical aoalysis.

II. ASSUMPTIONS ANO PROCEDURE-——..

The following are the principal.assumptions made in the present

approximate treatment:

1. References listed in bibliography, page 21.
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1. The action of the explosive lctiing on the plate may be divided

int0 tw0 printipal stages:

a. The propagation of elastic~ plastic and release waves into

the plate and their reflections and interactions, before

the geometry of the-g, cikia~ (before the p~te bulges)~

b. The plastic deformation of the plate in the large, that iS,

the dishing out of the plate and its changfinggeometry.

Only la. above of these cases is considered in this report, The possibility Of

fracture (cracking or spalling) in stage la is considered ii detail.

It is further aasumed that:

2. The impact and subsequent affects are plane in character and that

waves which radiate outward are not reflected back iritothe

region near the center of the plate in the interf:alcf time

prior to bulging. In effect an infinite plx!e is :ssumed,

3, Very little is known about the properties of mate.~a.s !mder

high rates of loading; in tests, such as these, tk.es:r?.inrates

6are asswned to be of the order of 10 per seco,:d. N-‘it.]erstress-

strain curves nor yield value.?have been accura~c......~rrn:rtedfor

such speeds.

4. Obviously, for a theoretical solat~.on,it is nec+=:~r) o W+.9.’-

lish a relation between strese and strain; therefore, it has ~een

assumed that the true stress-strain curveconsists of two straight

lines as in Fig. 2. As it turns out, the exact value of the

yield point is not critical for the results are not sensitive to

yield point values at the high rates of loading so these values,

tnerefore, may be estimated in smr..manner or simply assumed.

A method for finding the slope of the siraignt line frcm the
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yield point defining the region of plastic strain is presented in

detail below,

5, A criterion for fracture is alao necessary. This presents a grave

difficulty because:

a, No such measure of fracture has proved satisfactory in all

cases at ordinary rates of loading and

b, It is necessary to extrapolate to the high rates of loading

from ordinary conditions.

Some time ago a criterion for fracture based on energy considerations

was developed which postulated that fracture occurred when the efiergyde~sity

at the critical point in the body reached a certain vslue2. One of the objects

wss to calculate the critical energy density for fracture. The postulate of a

critical energy density will be retained here and fracture will be assumed to

occur when the energy density (energy ~ r uoit volume) reaches the ‘{aluegiven in

the ordinary t,ensiletest, as measured by the area under the true stress-strain

curve for the test conducted at a low rate of loading.

There is some evidence to support the view that this p~ocedl!reis at

least approximately c0rrect3. The stress-strain curve is assumed t.cccmprise two

straight Iines as mentioned before and the slope of the plastic port::>nis ot.-

tained from an independent calculation of the ‘/elocityof the plastic -riveand its

relation to the slope o.fthe stress-st:ain curve. Knowing the area ~-.derthe

curve at which fracture takes place, estimating the yield point, and calculating

indirectly the slope of the straight line portion of the curve, it is possible to

calculate the etress at fracture, This calculated

for fracture.

The procedure adc’ptedis firet to ass,me

infinite mass of gas of k?.minvelocity, the act..:al,

stress is used as the criterion

that the plate is hi~,by an

mass of gas being correctet
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for afterwards. The velocity of the elastic w-’vewhich is first set up and the

velocity of the plastic wave which follows can be calculated~}5. The elsstic

wave is followed by a release wave whj.ch travels at the velocity oi’the elastic

wave. It is further assumed that fracture takes place along the plastic wave

front after it has been intersected by the rfilwse wave. A simpl.~.ficddynamic

analysis along lines developed by G. 1. Taylcr;’is g~ven which reiates stress to

velocity of impact.
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111, CONCLUSION

An approximate

has been develo~d where:

:elationof the form

L.
z

z 2V. CP- ’WC7
““ ~ is the tensile stress developed in the

thickness direction of the plate

/is the

L~ is the

~ is the

V. is the

and CP is the

density of the plate

original thickness of the plate

thickness of the spal.ledpart

uncorrectedvelocity of the impact

speed of the plastic wave.

From this relationship it is poesible to determinewhether or not a

plate will fracture under a given charge of ~plosive and a given velocity of

detonation. The velocity V. must be corrected approximately to V, where

v

and

Tr,isapproximatee

is equal to Cp, Actually,

Ml being the mass of the explosive charge

M2 an effective mass of eteel plate

V. thevelocity calculated by the p:eceding

formula

v is the actual.velocity of detonation

formula gives a m=.imum stress when the velocity V.

it is assumed that fracture always t~kes place when

the velocity of the explosion is equal to the velocity of sound in the material.

Since the velocity of both the plastic and elastic waves are C1Ose in value,

the result obtained seems fatily reasonable,
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The problem of finding the
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state of stress in a bar or wire when one——

end of the specimen has been subjected to an impact of known velocity has been

worked out quite completely both graphitally and numerically in a series of in-

vestigations conducted during the war4,7,8>9. ‘Thiswork assumes that the static

stress-straincurve centinues to hold, or at most is raised twenty-five or

thirty percent by dynamic loading, an assumption which is not unreasonable for

comparatively low rates of loading but not,.justified in the present problem. This

work also assumes a one-dimensional state of stress and strain and known initial

conditions. To apply the methods to the explosive loading problem requires a

knowledge of the pressure built up on the face of the plate by the exploeion

a function of time. It also requires the assumption that the plate remains

as

plane; that is, no changes in the geometry of the structure occur while the method

of waves or characteristics is being applied. It is also necessary to assume en

infinite plate in lateral dimensions so that there is no interference from surface

waves reflected from the edges of the plate, All this can be done, but the im-

portant missing data are pressure as a function of time and stress-strain

characteristic of the plate at the high rate of loading. Without this infor-

mation the solution is not too accurate. An effort ehould, therefore,,be made

to obtain these data. Concurrently, the importance of the first time interval

during which waves are being transmitted, reflected and are interacting, before

the plate starts to bulge, should be investigated. Fractures which result from

large deformations during bulging might well be examined by static methode.

Until the aforementioned basic data are obtained, it does not seem

feasible to continue this theoretical analysis.
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V. !+J’WLYSIS

Figure 1 represents a section of plate in the thickness direction

uncler explosive impact.

instant shown it is ~.

speed C has advanced to

The original thickness of this plate is L1 and at,the

Lnpact has taken place and first an elastic wave with

the right as

plastic wave, also compression, at a

the plastic wave front.

Figure 2 shows a schematic

a compression wave. This is followed by a

speed Cp and at the instant shown A-A is

representation of the idealized .stress-

strati curve for the material. OA is the elaatic part of the curve, and AB

the plastic region. It has been shown that the velocity of the stress wave in

the elastic part is given by

r

.—

c=

?

where E is the modulus of elasticity

(1)

and /zOis the density. In the plastic

region the velocity of the stress wave is given by7

‘p ‘W*) ,2)
[ ./

which in our case reduces to

c
P

E being the slope of AB
P

If the loading is

(3)

not carried to fracture but is released at some

point A 1, load is released along A‘O! which has approximately he same slope

as the elastic line OA. Later it is shown that this gives rise to a release

wave having approximately the velocity of the initial.elastic wave.

The above expressions for C and C
P
aye valid in the case of a bar or



wire with boundaries

the case of a plate,

mxiified5. When the

c:
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free to contract or expand as the case may be. Ifj as ~

there are lateral restraints, these expressiofismust be

wave is Plane as assumed, equation (1 becomes

(4)

where C and P have the same meanings as before

and K is the bulk modulus

and V is Poissonfs Ratio

For steel the value of C is

value will be used in what follows.

When the material is in the

becomes
,—

w Pr~ximateQ Z-LO,000 in/see and this

plastic state, # n * and equation (f+)

“(5)

4,5K may be estimated in various ways . Using a euitable value for Kj talculation

of Cp, according to the method of Koehler and Seitz, results in a value of

208,CC0 in/see. Using the procedure of Pack, Evans, and James5 results in

approximately the same value for c
P“

Referring to Fig. ~, which shows a cross

initial elastic wave is shown to start from to end

section of the pl:.te,the

from the compression face,

,.henthe elastic wave has reached the opposite side of the plat.e$ it is reflected

as a tension wave and in+.eracts with the oncoming plzstic wave which fol,lows

the elastic wave and travels at a slower epeed. This results ir.a series of re-

flections and transmissions, In the meantime the gas pressure has fallen off

and, at time tl, a release wave having the same velocity as the elastic wave is

set up in the material. This in turn may interact.with the preceding waves.
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This process is pictured in Figs. 3 and 1+which show two possibilities; (1) the

plastic wave reaches the opposite side of the plate before being caught by the

release wav>, Fig. 3, and (2) the’release wave reaches the plastic wave, Fig. L.

Which phenomenon occurs depends on the.thickness of the plate and the time of

duration of the applied pressure pulse, designated.bYT.

It should be noted that Figs. 3 and.4 are simplified by the ass~PtiOn

that the stress-straincurve comprises two etraight line portions. Otherwise

each reflection of a wave would give rise to a set of.characteristics instead

of a single line. Examples may be found in the literature8$9’

Keehler and SeitzL classify plates as ‘Ithick!!if the release wave

overtakes the plastic wave before any of the reflected waves can get back to the

plastic front; plates are classified Itthint!if the release wave does not overtake

the plastic frent before the release wave reaches the free surface. There are,

of course, intermediate cases.

The classification is important because it seems likely that spalltig

will occur only in the case of the thhick~!plate. This }Ithicknessi!may be ob-

taincxleither by having a plate’of considerable depth or by making T, the dur-

ation of the peak pressure, very small. In other worda, applying a short, sharp

pulse to the plate increases the tendency to span.

This does not completely define the problem of fracture before a change

in geometrY Of the Plate can tike place because if an explosive having a deton-

ation velocity equal to the velocity of sound in the material is detonated against

a plate, fracture should occur regardless of the duration of impact.. An ex-

planation for this follows:10

The vibrational frequency of an atom in a metal is about 1013 per

second while the distance between equilibrium positions is of the

order of 10-8cm. If one surface is pulled over an immediately



adjacent surface at the

spent in each potential

.lo -

rate of one centimeter per second, the tfie

-8
well (minimum) is about 10 seconds. During

this time the atom vibrates about 10:5 times, thereby enabling it to

dissipate as heat the activation energy necessary to propagate the

slip or fracture. Thus activation energy must be furnished anew for

each j~p k the process, If slippage is rapid and the atom makes

relatively few vibrations in each minimum energy position little of

the activation energy is dissipated and the system, titer having been

brought over the first potential barrier, can coast over the tops of

the potential barriers thereby providing an effective mechanism for

fracture propagatlon.

It is assumed that fracture, if it takes place at all will occur just

ahead of the advancing wave frent end probably only if the release wave inter-

sects the plastic wave. Interest centers only on the type of fracture that takes

place before the plate bulges, i.e., before any waves radiating laterally are

reflected from the edges and thus further complicating the picture.

Following the analogous work of G. 1, Taylor6, the elastic region of

Fig. 1 is taken as a free body. Using the sign convention designafiedin Fig. 5,

the equation of motion is written for the piece of the plate. Unit area, A, in

the XY plane is a$sumed end the thickness of the plate effected by elastic action

(6)

through

(7)
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and

d-d ~ ,,J‘~
dt’ .(+,’-

— ..

Thus equation (6) may be written

(8)

(9)

(lo)

Where (j”” is the stress just behind the elastic region and ~o is the density

and equation (10) becomes

_ ~“; ~ x
/’ ‘“-A:if

The variables may now be separated and integrated, yielding
. .

‘J, v
6-——1cxj -

/’ -T-
L, ~

The limits are determined

,.4

J,LA. C&
- (;~,, +Lp]

from the fact that when t = o,, r

—------- .-

,,A-fl-

.L(z

- ( ----)=0
((t +

which is designated by @@ the initial velocity of impact.

(11)

(1.2)

(13)

(14)

, L1 snd

The sign is in accordance with the sign indicated in Fig. 5. The

same result woald occur if it had been assumed that the gas is at rest and
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the section of the place strikes the gas with initial velocity [d.~ .
1’,

since {!?J_~_~ lo the lower limit on the right hand side of

dt” ,~~

equation (Id+)becomes - (U’. - L,,)

Integrating equation (14) leads to

_> E-
2

- .(- _~ -
i] AiL– (’~<+@ (15)
I I

,or
[-. ,

2-...:-+ >~“(n ‘_.,,, , it) (“u.: +cJ- (16)
i

I

-(’, JSuppose fracture takes place when .,J and at that instant

C = [}; al
~,,,~-

so at this instant /:..\.~ - ,-. L?’”L..‘~_x = (./=...—
Clti ‘u Cl-t.

Actually with the coordinate system chosen,the initial [~~ is negative,

Equation (16) becomes

of equation

)“ (17)

(18)

( 18) is determined andIf V.
J ,

andC are known, the right h.nd side
P

if ~ is known, T may be found. Xf6 Z ~

y:y,
f

under the assumption that fracture

of the elastic wave and before the plate can

.T
Two procedures are available to determi::e . First, the criterion

.1
that the crack is not to exceed a certain depth may be used+ As an illustration,

fracture takes place at the point

takes place within a few reflections

bulge.



suppose the depth of a crack which

inch. Then in a plate of 0.5-inch
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is 1/161!long is determined; say it is .01

thickness,
L. ‘“
~=~0 andt. To z4. The results

rare not particularly sensitive to changes in “’~ndin the numerical examples

to follow, it is assumed that

.8.. + ~, ~

.)

(19)

Another way of estimating the distsnce
J

is through an analysis of

the time required for the waves to reach various places in the plate. The

reason for this analysis of the time is to get the approximate expression for

J
from the assumption that

J
will be at some one of the points B, D, F, etc.

I
on Fig. 6. This leaves an elsment of uncertainty, nevertheless it may be de-

cided within limits, whether or not the plate will crack under tk,eapplied shock.

The equation of line AB, Figure 6, is

z-L,:- ~ ( -k - .4A)
c ,r’

or

-z. -c-t +z.L, (20)

To find the coordinates of point B, find the interjection of AB with line OB

which has the equation

z =ci.t-

Solving equations (20) aad (21) simultaneously results in

-tG = 2-L’
zTcp

(21)

(22)

(23)
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Similarly, the coordinates of D, F, etc. may be found, also may be fOund the

distances J, : L.,-Z.O=L(&J’)=

J -LJ-Z.F=L., (C-LP3~- . . .—
r$c, c +<.(7) (24)

or

where

Using

l“_.._h. L, >,.\./w(“~ ) (25)

T
~ -Lr

n is the number of reflections taking place before fracture.

equation (.z5),our previous equation (18) becomes

However, in ‘thiswork,

Thus the following may be written

5 c+” .
2

.— Nxp - V.

P

(27)

(28)

and this last equation is seen to agree with equation (19) if n is taken

It should be remembered that the V. is the initial velocity of

as 2.

the

plate taken as if the plate had struck a gas of infinite mass which was at rest

and remained at rest. An approximate correction must be resorted to.

Assuming a straight forward impact in which the coeffici.entof resti-

tution between gas and plate is zero and using the conservation of mcmentum

principle we obtain, see Fig, 7

(29)
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but, b’>=0 (30)

and V,’ = b’2’

Thus m,vt = (~~,+~z)v (31)
where

v, ’=\/%’=v

V corresponds to the quantity V. in equation (18) or (28), and vl is the actual

speed of detonation of the explosion. Thus when ,this

V. it is necessary to obtain Vl from

or

(/ + m“+v’, z —

The problem now arises

fortunately, it is impossible to

lk-11’”

–4+imL !J

m , 0
as to what value ~

use a maximum stress

expression is solved for

(32;

(33 )

assumes at i’.:acture.Un-

criterion for fracture,

EWen if such a criterion were known to be valid and the critical value at ordi-

nary rates of loading were known, the problem of extrapolateng to very high rates

of 10ading would still remain. In order to hwdle the p’oblem with the avail-

able knowledge, it is assumed:

1. The area under the true stress-strain curve remains constant to

fracture regardless of the manner in which the fracture is brought

about.

2. The stress-strain

3. The strain energy

curve may be approximated to by two straight lines,

of ths elastic portion

amounts to neglecting the area under the

though for refinement of the results, it

sider this portion.

may be neglected; this

elastic part,of the curve,

would be possible to con-



-16-

As may be seen from Fig. 8, calling A the area under the stress-

Since

this may also be expressed

(34)

(35)

(36)
7-p

All the information needed for the determination of A in equation (36)

may be obtained from a simple tensile test at ordinary rates of loading. If the

rate of loading is changed and the new stress-strain curve is assumed to have the

shape shown in Fig. 9, A is determtied, but V; and the slope p are needed in

order to find ~ . This is done as fol.lows: the new yield stress~$ is on-
1-

doubtedly higher than 6-’~ but its new value, as will be evident, is not critical.

In other words ~~” is unessential. The change in the slope of the curve frai p t

to p may be obtained from the independent

the plastic state. As noted previousl.v.

Thus

of the

talculation of the speed of sound in

1
/.-p.= “‘

1’r~cp = ..—
f’ ~~ = ,P

This last equation

flow curve due to the

(37)

z.

gives a value of p which corresponds to an elevation

increased rate of loading.

(38)
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In this work Cp = 208,CK10inches/second and ~ = 7.2 x.10-k in the

Thus p = 29.9 X 106”lb/in2 (39)

and this value will be used in succeeding examples.

Examples

1. In a Jessop aircraft armor tested

ordinary rates of loading, it is estimated that

~...,Q

“t
= 231+,000lbs/in2

~-
,P

: 162,000lbs/ih2

and a 0.432

‘f

Thus A z 0.:32 x 39~,000 = 8,55 X, 104

8.55 X 104 = ~? ~-q’

2 x 29.9 x 106

~Lz 2 X 29.9 X 106X 8.55x 104 f 6;L
~ will be Of the order of z x 105 and may be

~ = 105 x 22.6 . 2.26x 106 psi

Suppose now that tinespeed of impact is 150,OCC

with in L1

r=” .

at room temperature and at

neglected,

in/see, using equation

.

~ : ‘7,2 X 104

‘“i

2
2 X 150,0CJ0X 208,000 - 150,000

10 ~

~ G 2.7x 106 which is greater than the calculated fracture stress

(18)

and it is

concluded that such a speed would fracture the pla’k.e.This SF ed corresponds to

the value of V and it should be related to vl through equation (33).
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If the speed is 100,000 in/see, in a similar manner

~+ = 7.2 x 10-5 [2 X lC0,000 X 204,CKI0 - 100,0009]

0.(= ?..22x 106 psi
+

and fracture does not occur.

The values, however, refer to the relative speed and should be

corrected. However, it is a question how the ratio M2/Ml should be determined.

The actual weight of the charge can be

by assuming that the thickness of steel which is

about l/10th the th~ckness of the plate. Takfig

and considering a section of 7.5 cm diameter and

the weight is calculated to be 45 grams. If the

v:

to fracture the plate,

speed of detonation.

For a charge

v=

()1+-42 110,000 z
400

used for Ml and iiiqestimated.

given the initial velocity is

the density of steel as 7.8

1/10 x (1.27) = .127 cm thick

charge is 400 grams,

121,000 in/see

this is about.3040 meters/see and represents the actual

of 300 grams,

\

The figure l/lCth

and may be adjusted.

2. Mn-Mo Steel

)/ J&_ llO,COO - 127,020in/see
300

or about 3ZO0 meters/see

of the thichess of the plate is ariarbitrary one

Yield Str.r!gth _

Fracture Load _

85,200 psi

1~,~oo lb~
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Initial Diameter 0.503

Final Diameter 0.288

True Fracture Stress 198,0CYJpsi

Calculation

Logarithmic Strain at Fracture

z’ 21n.QQ3=21nl.75 = 1.12
,288

A= ~
[ )
198,0CXI~ 85,2CCI J 158,CO0

158,CO0 :
2 p;’– 6P= ~

2 x 29.2 x 10

0;’ “~(158,0CCI). (2X 29.9) . (106)

~’ & 3.0’7 x 106psi

now ~- = 7.2 K 10-5 (2 VOCP - V07- )

using Cp z 208,000 in/see

and V. = 208,000, the highest

necessary to go at least up to

fracture. Then

~ =

or probably, for

~z

possible in this theory, it is seen that it is

the speed of the plastic wave in order to have

x 208$000 in/see

a l+CCgreA charge

222,000 in/see or about 55vI reters/sec,
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