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ABSTRACT

Results of a preliminary investigation to establish optimum technique
for direct-explosion testing of high yield strength steels has been undertaken,
Optimum test-plate size, method of supporting test plate; and type of ex-
plosive required have been established.

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

was made,
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GLOSSARY

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

to produce deformation arises from the detonation of a measured
charge of hipgh-explosive powder in contact with the plate under test,

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

the shock wave produced by the detonation of the explosive charge.
This shock wave is transmitted to the plate and the primary stress
waves therein are initially assumed to have this velocity,

Dish - the hemispherical-like deformation of the test plate produced

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

s e JR S I P Ry . B B Ty P M R N B T 1 T T T,
CIOoss PPROS1ILEe CUEes O Ve paduve L0 Lilc CCllLer ul pdL allkl Lo

expressed in millimeters,
Shoeck limit -~ the weight of explosive required to produce maximum

deformation of test plate without visible cracking.



SUMMARY

A preliminary investigation was conducted to develop optimum test
procedures for evaluating the shock resistance of high yield strength structure
steel. The s

1. The minimum size test plate thal can be expected to behave like a
large plate when subjected to explosive loading is 18" x 18" x ¢
inches in dimension,

2. The shock limit for Mn-Mo steel is the same whether the test plate
is supported along all four edges by loose bars arranged in piiwheel
configuration or by a rigid welded boxlike frame,

3., ‘There is no significamt difference in shock limit when the support

bars rest on a steel plate on a massive concrete foundation, cr on

©
in
o+
@
[0]
et
o]

late 1ying on firm earth., The concrete foundation, or base,

ng
is considered more satisfactory because its rigidity i- reproducible
and does not change as soll does with changing weather conditions.

L, The shock limit decreéses as the detonation velocity of the explosive
charge used for testing increases, For example; the shock limit for
Mrn-Mo heat treated steel is 1000 grams for an explosive having a
detonation velocity of 2144, meters per second and 580 grams for a

[P RV T S
PUnuolr WLl a Uw

8 mr

5. As the.detonation velocity of the explosive used for testing increasecs,
the dish, or deformation of the plate which can occur without visible
fracture decreases, i.e., with explosives having detonation veloc-
ities of 2144 and 4,148 mps, the dish is 63 and 51 ma, respectively
for heat treated steel tested with shock limit charges.

6. Over the entire range of detonation velocities of the explosives

used, failure in the heat treated b:-Mo steel was similar to a spall.
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The crack on the tension face of the test plate usually extended
along a circle approximately four inches in diameter and concentric
about the vertical centerline of the explosive, With excessive
charges similar cracking occurred on the compression side of the
plate but the circle about which *the crack extended was approximately
one inch in diameter. Depending upon ttie severity of the charge,
the cracks extended either partially or campletely around the four-
inch circle. TWhen the crack extended 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-qguarter of an inch with the remainder

- exhibiting cleavage fracture. Because of the nature of the fracture,

its origin was not definitely apparent but observation showc that
it is located approximately one quarter inch below the compression
face of the plate and somewhere near the periphery of the 6ne-inch
circle about which the compression face of the large plate usually
cracked,

Although in any one serises of tests with a single batch of powcer
the consistency of results is excellent, a few anomalous resulis
have been observed which require further investigation. In testing
the Mp-Mo steel, the shock limit was established at 800 grams with
one lot of powder having a detonation velocity of 3Zi%5 mps and 650
grams with another lot having almost identical detonat.cn velocity,
3250 mps. ‘hether this discrepancy may be attribated to the ex-
plosive or toc differences in the steel, particularly the heat

treatment, should be investigated.
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INTRODUCTION

The failure of ships in service h..s focussed attention on the "brittle"
nature of steels heretofore considered ductile, Recent investigations show that
some Steels which may be considered ductile on the basis of conventional
mechanical tests are extremely brittle undcer high welecity shock loading, or
under loading which involves complex multi-axial stresses, particularly at low
temperatures, Furthermorc, the degree of brittleness in service varies widely
among steels of almost identical chemical composition, hardness, and ductility,
the latter property being represented by deformation measured in the tensile
or bend test at room temperature.

Considerable interest has been shown in the development of a test
which is capable of evaluating the performance of steels subjected to ssvere
forces resulting from shock loading, and developing in rigid welded structures
operated at low temperature.

The direct-explosion test developed during World War II shows promise
of being capable of discriminating between shock resistant and siock-sensitive
stecls which cannot be distinguished by regular testing metheds. This relatively
simple test 1s conducted by detonating a measured explosive charge having a known
detonation velocity, or velocity of shock wave, in contact with a tert plate
supported horizontally along all four edges. The maximum weizht of the ex~
plosive charge which a plate so tested can withstand without visible cracking is
considered a measure of the ability of the plate material to sabtisfactorily
perform under severe service conditions,

In the past, the performance of prime steel as evaluated by the V-notch
Charpy impact test has been correlated with performance under high velonity shock

such as is encountered in ballistic tests using blunt solid projectiles, Tho
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velocity of the projectiles in these tests ranged from approximately 750 to
2500 feet per second, Although this is considered "high veloecity" when com-
sared to the relatively low wvelocity of the Charpy test, it s lcw when com-
pared to shock waves arising from explosions which have a propagation rate
within the range from approximately 6000 to 16,300 feet per second. To date,
there has been no diredt caorrelation betweer. low temperature Charpy impact
results and resistance to deformation at these high shock velocities.

The dircct-explosior test shows merit in its ablility to evaluate the
performance of welded joints for several resasons, Heretofore, estimation of
the shock performance of even a simple welded structure required that the
gpecific properties of prime plate, weld metal, and the individual zones at
the heat-affected region be established by a series of concurrent tests at
different temperatures and that these results then be interpreted in terms
of the overall response of the jJoint, With the direct explosion test ths
necessity for the aBove procedure is obviated, since the test simultaneously
~evaluates the various regions of the plate and weld in such a manner that the
result indicates the ability of the weldment to withstand severe loading con-
ditions.

Summarizing, the direct-explosion test possesses certain o 'vantages
over other tests, e.g,, the V-notch Charpy impact test,.because it is relatively
simple, may ke applied to full thickness plate, and is capable of evaluating
the overall performance of welded joints,

Further development of the dircet-explosion test procedure has been
undertaken to ascertain the optimum size of test plate, the t#pe'of support for
the test plate which ylelds most consistent results; and the £ype of explosive
to be used in suosequent phases of this investigation, B

The originally proposed program of investigation to evaluate the shock
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properties of marine constructional steels ie outlined below:

1.

2.

3:

Determine the efrect of plate size on the quantity of explosive

required to fracture a given type of plate.

=

Using one-inch low-~alloy Ni-Cr plate to determine the amouut

of
1)
2)
3)
L)

charge reqguired to just crack the following:
12 x 12-inch test plate
18 x 18~inch test plate
24 x 24-inch test plate

30 x 30--inch test plate

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

rigid base plate, Tests to be conducted using powder having a

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

charge).

Determine the effect of rigidity of support on the amount of powder

required to just produce cracking in optimum size test plates as

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

d,

Loose frame; heavy concrete block and armor support

Rigid frame; heavy concrete block and armeor support

Loose frame; 36 x 36 x l-inch armor support on firm e2:-th

fiigid frame; 36 x 36 x l-inch armor support on firm earth

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

plate, using test plate size and support determined above, as follows:

-

Determine the quantity of powder required to just fracture this

steel at 70°F using a pouder with a detonation velocity of 3200

meters per second,

Repeat 3a with 4000 meter per second powder and with higher deton~

ation velocity until spalling is produced in the plate material,



7

- b =

c. With standardized powder, {detonation velocity just below that
required for spalling) determine the weight of charge which just
produces fracture at four temperatures to deternmine whether or
not transition effects exist in this test,

Hepeat phase 3 above for other steels in the program,

Determine the effect of welding on shock performance of one-inch

Mn-lo austenitiged, quenched, and tempered plate and of other selected

steel,

a, Variables to be investigated
1) Rlectrode composition and coating
2) Joint design and pass sequence

b. The specimens to be used in this investigation are to be of the
single "I'" weld type

¢. All tests are to be conducted at 70°F

d. The preheat given these specimens will be dictated by the results
of the work on electrodes now being ccnducted at the Philadelphia
Naval Shipyard

g. Work on specimsns fabricated with submerged melt and those sub-

Jected to various stress relieving processes 1s to be ieferred

-

[N

id

[0}
@)

samples of the various types of fractures encountered in this work will
be examined,

A thecretical study of the stresses produced by the evplosion of a
charge of powder on a plate is to be made, To assist in this analysis,
the experimental data listed below may be helpful, The assistance of
the David Taylor Model Basin staff will te requested in carrying out

this experimental program.
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a, High speed motion picture studics of the reactions of the plates
to an sxplosion |
b, Strain gage studies of the reaction of a plate te an explosion
This program was approved by the SR-25 Advisory Coumittes, Commitlee
on Ship Construction, National Resesarch Council, on March 3, 1948.
A similar investigation is being sponsorcd by the Department of the

Army to evaluate shock resistance of thinner materials,

DETAILS OF THHE DIRLCT-FEXPLOSLON TEST

In conducting the dircct-explosion test, a square plate speciien is
continuously supported along its four edges by means of four cold-rolled-steel
bars arranged in pinwheel fashion as shown in Fig. l-A. These bars in turn
rest upon two large steel plates, the lower three inches thick and the upper
one inch thick; which weigh approximately 25C0 pounds and rest on a massive
steel reinforced concrete base, The squars opéning provided by the 2@5 X A=inch
rectangular supporting bars is 16 x 16 inches for 18 x 18-inch specimeas, there-
by providing che-inch overlap along the four sides of the specimen, The

ymmetrically sup

specimen is shown in
cated that a firm base on which the specimen and related supports zould be
placed is necessary to eliminate inconsistencies in the test,

A cylindrical paper contairer, 105 millimeters in diameter, containing
a given quantity of explosive packed to a definite density is then centered in.
direct contact with the surface of the plate as shown in Fig., 1-C. A cut-away
section revealing the explosive in the container is shown ia Fig, 1-D.

A special initiator is then placed in contact with the center of the
top section of ‘he explosive, also shown in Fig, 1-D. This initiator consists

of a l,5~inch diameter ring of fnsign-Bickford Primacord with a plece extendin
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across the center of the ring, both firmly attached to a woaden plug as shown

in Fig, 2., One end of each of two lengths is bent in the form of a semi-

circle to make a ring with the opposite end of one of these pieces twisted arouna
he extending portion of The other, A sul
extending piece of Primacord,

When the detonator is fired, the length of Primacord detonates, which
in turn activates the explosive charge. The use of the flat ring initiator
preduces an essentially flat detonation wave originating from a plane rather
than a point,

The powder and initiator assembly is placed in a large cylindrical
paper container, Fig, l~E, which is then filled with screened Ottawa sand,

Fig., 1-F. This paper container is 8.5 inches in diameter and 12 inches high
and, when filled, holds approximately 35 pounds of 20-30 mesh san.. The sand
acts as a confinement, increases reproducibility of the test, and permits the
use of a smaller charg
used, Fig. l-F shows the completed assembly veady for detonaticn,

In consd dering the explosive used for testing, it is necessary to
examine the gencral effcets of explosives in producing damage, These effects
may be conveniently classed as brisant effects and gas-volume effects, the inter—
relationship of which is complex and which provides the many variations in shock
produced by explosive action. A highly brisant explosive produces a shattering
blow which, when applied to steel plate, usually tends tc produce failure para-
1lel to the swrface of the plate, or "spalling" directly beneatn the location of

2 LY

&S Wi

1..E

axlmum impact energy. Explos h high brisance have a rapid detonation
rate, On the other hand, an explosive with low brisance, or low rate of deton-

ation, tends to produce deformation in the vicinity of the application of the

- G L - ety )
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explosive force and tends to fracture steel rlate in a direction normal to the
plate surface., Actual behavior of a given steel subjected to the action of a
specific explosive nccessarily depends upon both the characteristics of the
powder and the properties of the plate,

The gas volume of an explosive ray be likened to the mass of a
projectile in 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 velume, Similarly, the detonation velocity of an ex-
plosive may be likened to the speed of a projectile, 4 variety of projectile
weights and velocities may be used in ball%stics to fracture a given armor;
likewise, the gas volume and rate of detonéfioh‘éf explosives may be varied,
within reasonable limits, to accomplish the same purpose. The ballistics
analogy provides a‘convenient though over-simplified éhysical picture of the
rate of detonation and gas volume effects in explosives;

In geﬂeral, the direct-explosion test is conducted so that an ex-
plosive with a detonation velocity or brisénce which just aveids producing a
spalling type failure is used in testing a particular material. Gas volume
effects appear less important bubt, in general, a powder with a high gas volumc
is considered desirable, By keeping the rate of detonation of the splosive at
a maximum without producing spalling, it is believed that the most severe test
condition is provided,

When the direct-explosion test is used as a discriminator to ascertain
differences in shock sensitivity, a group of five to ten plates is tested under
controiled conditions to determine the maximum weight of a given explosive of
fixed density which will deform the plate without visibtle fracture on the tension

face. The “shock limit" is then established by reretitive tests for that amount

of powder which will just avoid producing a visibie crack on the tension side of
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the plabe under test, Thus, the shock resistrat properties of warious steels

chad in torn
oinl@d 4fl WOl

weight, in grams, of the explosive used,

The special explosives used in testing various types of steel plate
usually contain trinitrotoluene as a basic ingredient with ammonium nitrate
and sodium nitrate as cooperating oxidants, aluminum powder, and oil, In
order to insure satisfactory characteristics, it is essential that the ingre-
dients be carefully selected and the particle size and the degree of mixing be
carefully controlled. The properties of the various explosives are evaruated
by tests of rate of detonation, standard density, 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

tamro A T -
Uml-lt»u L%
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UATERIAL
The two plates of one-inch low-alloy nickei-chromium steel submitted
for tests outlined in Phases 1 and 2 of the program were apparently from two
different heats and were sufficiently different in shock resistance that the

rends show

LE} I (=P Lo L F Y

by the direct-explosion test wer
was discarded and Phases 1 and 2 were repeated using another stezel, The tests
conducted on the low-szlloy Ni~Cr material are described in Appendix A of this
report ¢

Phases 1 and 2 of the program were repea‘ed and the remainder of the

prograr. 1s being investigated with one-inch mangancsc-molybdenum steel of the
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following chemical composition,

Carbon 0.17%
Manganese i.21
Silicon 0,31
Sulfur 0,028
Phosphorus 0,021
Nickel 0.11
Chromium 002
Molybdenum 0,19
Copper 0.12
Aluminum : 0,021
Boron 0.001/0,002
Heat Treatment - This Mnh-Mo steel was supplied in 180 x 60 x l-inch

pleces 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 1625 to 1650°F; quenched using water

cooléd platens; drawn at 1215°F for fouwr hours.

+

Microstructure ~ Microscopic examination of two samples from this

heat of ﬁaterial reveais:

-

e

omprises a uniform c:spersion

of fine carbide in a ferrite matrix, Fig, 4~A. This structure

ple ¢

apparently results from the tempering at 1215°F of an almost
completely martensitic structure obtained by platen-quenching,

A few areas of acicular ferrite are noticeable, indicating that
a small amount of the austenite had transformed at approximately
1000°F on cooling, The hardness of this specimer is 204 BHN
(range 194-214).

The microstructure of the other sample comprises a less uniform
dispersion of fine carb
Considerably more acicular ferrite is noticeable in this specimen,

Apparently, the structure of this specimen, after platen quenching
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and before tempering, was martensi@e and a Widmanstatten-type
aggregate of ferrite and carbide. Tempering this structure tends
to agglomerate the carblde resulting in a less uniform structure
than in the one described above. The hardness of this specimen
is 203 BHN (range 197-205).
Although these specimens hgv? almost identical hardness, the differ-
ences in the structure could conceivably cause wide differences in shock be-
havior,

Mechanical Properties -

Tensile Test: Results of tensile tests of 0,505-inch diameter
specimens of the Mn-Mo steel are listed below.

 longitudinal®  Transverse®

Ultimate tensile strength, 10° psi 97.2 95.7
Yield strength, 10 psi -
Drop of beanm 84,8 83.8
0.2% offset . 8.6 83.2
Elongation in 2 inches, % 21,2 _”L.3
Reduction in Area, % 67.5 674

*With respect to rolling direction

V-Noteh Charpy Impact Test: Specimen bars were cut from the
plate transverse and longitudinal with respect to the rolling di-
rection, The bars were notched such that the axis of the notch
was parallecl to the thickness dimension of the plate. The base of
each notch was ground with 600 mesh carborundum to eliminate milling
cutter scratches,

Results of impact tests at 72, 32, -4, =40, =76, -107; and
319 (22, 0, -20, ~40, =60, =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. Tﬁis is further indicated by the type of
fracture observed in the direct explosion test discussad in a laver
section, At several temperatures the range of impact values is
wider than is usually expected. These data were checked with anotuer
series of specimens and again the range was as wide. The inflection
point of the temperature-imm et strength curve appears to pe located
at =40°F at an impact strength of 45 to 50 ft-lb,
EXPLOSIVES
The explosives compounded for this program consist of trinitrotoluens
(TNT) with sodium nitrate and ammonium nitratc, The composition and detonation
velocity of ecach explosive used is listed in Table II,
The method for determining the detonabion velocity of aa explesive

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

RESULTS QOF DIRECT-EXPLOSION TESIS

The results of direct-explosion tests are reported phase hy phase
of the program outlined in the intrﬁduction with the exception that in-Mo
steel was used throughcut,

1. Determine the effect of plate size on the quantity of explosive
required to fracture = given type of plate,

The shock Limit of 12 x 12~-, 18 x 18-, and 24 x 24 x l-inch
test plates of this Mn—Mo steel 1is, roépectively, 570, 780, and
= 780 grams of explosive having a detonation velocity of 3270 meters
per second, TaElc IIY and Fig. 6, The shock limit for 1€ x 18 and
24 X <4~inch test plates is the samc indicating that there is no

advantage in testing specimens larger than 18-inch sauare,
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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 amcunt of

termined 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 szcond,
Two sets of these piates, F12 and F13, Table 1V, were tested with the
supporting bars resting on steel plates on the concrete foundation,
The other two sets, Fli and FL5, Table 1V, were tesbted with supporting
bars resting on a steel plate on firm earth, Series F12 and Fli were
screened with the supporting bars placed in pinwheel configuration,
Fig. 8A. Series F13 and Fl5 were screened with the supporting bars
fabricated in a boxlike frame by welding, Fig. &B.

Results of these tests, Table IV, indicate that thesre is no
difference in shock limit when loose support bars or a weidei frame
is used, Furthermore, reliable tests can be conducted with support
bars resting on a one-inch stecl plate lying on firm earth, but should
several days pass between series of tests, discrepancies 21 results
may be observed if the "drynessh of the earth changes with ihe weather,
The shock limit of these four series of tests is essentially the same
as that cstablished in Phase 1 with an explesive having a rate of
detonation of 3270 meters per second..

3. Evaluate the shock resistance of the subject material using test
plate size and support determined above. {Influcnce of detonation velocity on

shock limit,)

Screening tests of 18 x 18 x l-inch Mn-Mo plate supported by



- 15

loose bars in pinwheel configuratior on steel plates over the concrete
base with explosives having detonation velocities of 214k, 3250,
3740, and 4148 meters per second indicate that as detonation velocity
inereases, the shock limit and deformation at shock limit charges
decreases, Hésulté of these screening tests are listed in Table V
and summarized in Table VI and Fig. 9 and Fig. 10, Photographs of
plates tested with shock limit charges of wvelocity are shown in
Fig. 11,

The data plotted in Figs, 9 and 10 lie within a band bcunded
by two parallel lines indicating that a range of values for shock
limit and dish at any detonation velocity is approximately 150 grams
and 8 millimecters, respectively. This range appears to be excessive
for the reproducibility of tests for each batch of powder ic well
within twenty grams fcr shock limit and 3 or 4 millimeters for dish,

It is belicved that these anomalous results may be altributed
to the heat trcatment of the steel or, possibly, to some specific
property of the explosive such as gas volume and must be thcroughly
investigated before further testing is continued,

Mode of Failure of Mn-Mo Steel in the Direct-Explosion Test

The meode and the locus of fracture of this material at or slightly
above shock 1limit charges i1s essentially the same over the entire range of
detonation velocities, 2144 to 4148 mps. Failure apparently starts about a
quarter of the way through the plate near the compression face and on the per-
iphery of approximately a onc-inch circle and propagates radially almost parallel
to the plate faces to the periphery of a four-inch circle where the fracture
penctrates to the tension face. This deseription of the mode of failure is

based on examination of pieces dislodged by higher charges. 1In all cases, the



- 1lf =
path of fracture Earailg; to the plate faces is by cleavage and connecting both
tension and compression faces with this parallei brittle fracture, where such
complete failure occurs; is a shear failure erhibiting nmigh ductility as shown
schematically in Fig.'lzﬁ. Thus, failure apparently occurs from within the
plate te the tension ;nd compression faces, This is subject to confirmation

sectione

el
o

With higher charges at each detonation velocity, several cracks
radiate from the center of impact, The surface of the cracks is almost perpen-
dicular to the plate surface and shows shear failure at the plate faces and
cleavage or brittle failure between them as shbwn schematically in Fig. 12B,

Typical fractﬁres 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 IMPACT STRENGTH OF ONE-INCH MN-MO STEEL

(HEAT J=7044)
Test Temperature Imppct Strength, Ft.-Lb.
o o}
F C Range Average

Longitudinal Test Pars

72 22 6677 71.5
32 0 48-91 6o 5
N ~20 7288 80,7
-40 -40 26-58 L3 .2
~76 -60 2440 30.0
-107 =77 1126 16,2
~319 -195 68 6,7

Transverse Test Bars

22 : Th=76 7h.8
=20 76-81 79.3
=40 : 3258 48,3
~60 1027 1842
~77 18-24 4.3

~195 6-8 7.3

TRANSE fr 28

Th=—{)

.

v i
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TABLE II. CHENICAL COMPOSITICN AND DETONATICN VELOCITY OF

EXPLOSIVES
Explosive CHEMICAL COMPOSITION, % De:;:r{izi;
Designation TNT NH,NO3 NaNCs3 i\}- .O_l._l.. Meters per second
TPCo 592 22,0 50,0  23.5 4.0 0,5 214,

163 18,5  51.0 26,0 4.0 0.5 3245

T52 19,45 50,0 26,05 4.0 0.5 3250

50 22,0 50,0 235 40 0.5 3270

T61 26,0 48,2 21,0 4.0 0,3 3740

L5 50.0 23.0 23,0 3.5 0.5 4148

(Note: FExplosives designated TPCo 592 and T50 have the same
chemical composition but different detonation velocities, 2144
and 3270 mps, respectively. The difference in velocities results
from the different techniques used in graining the NH, NO5.)
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TABLE III - DIRECT-EXPLOSION TESTS OF 12 x 12, 18 x 18, AND
2h x 24 x 1-INCH Mn-M~ STELL

(Detonation Velocity of Explosive Charge: 3270 mps)

Dish at
Weight of Shock Shock

Plate Plate Siuze Charge Dish Limit Limit

No, in, __gm _mm_ Fracture gmn __mm
FlAA 12 x12x 1 670 59 Yes

B n 650 59 No

C " 670 - 6l - No-

D " 680 g2 Yes 70 61

E " 660 58 . Ne 7

F v 620 56 No

G n 670 6l - Yes

H " 670 58 Ko

I " 720 93 Yes

J " 660 62 " Yes
F1AB 18 x18x 1 790 61 Yes ]

C " 760 59 No

5 n 1000 — Yes

EBX " 780 60 Iio

H t 780 59 Ne 780 60

I " 780 (YA Yes

X " 760 58 No

L “ 800 61 Yes
F1AC 2bx 2, x1 780 49 No ]

B n 780 45 Yes

F n 790 51 Yes } 780 L9

G " 790 56 Yes

H L 800 52 Yes J



(Detonation Velocity of Explosive Charge: 3250 mps)

Shock Dishk at
Plate Welight of Dish Limit Shock Limit
No, Charge, gm mn Fracture gm mm

Fl24 790 58 No I
B 820 69 Yes
G 800 57 No
D 810 85 Yes L 800 61
E 800 58 No )
F 810 80 Yes
G 800 61 No
H 200 60 Yes
I 800 57 No i

Supporting Frame of Welded Bars on Steel Plate on Concrete Foundation

F134 800 60 ’ Xo 800 60
B 810 &L Yes

Ioose Bars Resting ‘on Steel Plate on Firm Earth

FlLA 810 58 Ne (Disrogard -~ First test to
B 80 62 : Yes ] set base plate)
C 810 63 ! Yes .

D 800 62 Yes
E 790 59 : Yes
F 770 61 No
G 780 59 No
H 790 73 : Yes 8
i 780 - Yes { 780 60
J 750 58 No .
L 750 58 No
M 760 58 No
1] 770 58 No
G 790 63 Yes
P 780 60 No
Q 790 60 Yes
R 780 65 Yee ]
Supporting Frame of Welded Bars on Steel Plate on Firm Earth

F154 780 58 No g

B 790 5% No ¥,
C T90 58 No
D 200 58 No 800 58
E 820 63 Yos



Plate
NG,

Detonation
Velocity

mps

Welght of
Charge

Zm

oo

= =

F16

HEO Oow

2144
n

1000
1020
1000
1010
1010

790
800
810
800
810
800
800
800

690
650
610
580
570
560
550
530
540
540
550

720
630
600
560
580

580

-
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Shock

Dish Limit
mm Fracture gm
62 No

86 Yes

63 No 1000
68 Yes

81 Yes j

58 No

57 No

85 Yes

58 No 800
20 Yes r

61 No

60 Yes

57 No

—— Yes )

- Yes

79 Yes

53 Yos

53 Yoo

53 Yes $ 540
53 Yes

52 No

52 No

52 No

58 Yos |

- Yes §

o9 Yes

59 Yes

51 No 580
51 No

53 No §

TABLE V -~ INFLUENCE OF DETONATION VELOCITY CN SHUCK LIMIT (F
18 x 18 x 1-INCH Mn-M~ STEEL

Dish at
Shock Limit
E‘fn

e i il ettt s b ia.

63

61
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TABLE VI. INFLUENCE OF DETONATION VBELOCITY ON SHOCK

LIMIT
Detonation Velocity Dish Shock I.imit
mps mm gm
2144, 63 1000
e Ts ) fa £ [« Ta¥al
32U oL 100
3740 52 540

4148 51 580



FIG. | 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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FIG. 4 TYPiCAL MICROSTRUCTURES OF MN-MO
HULL STEEL (x 500)
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FIG. 5 INFLUENCE OF TEMPERATURE ON V-NOTCH CHARPY
IMPACT STRENGTH OF MN-MO HULL STEEL.
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FIG. 6 INFLUENCE OF PLATE SIZE ON SHOCK
LIMIT OF MN-MO HULL STEEL
(DETONATION VELOGITY 3270 MPS)



12 x 12 x| -INCH

I8 x 18 x |~ INCH

24 x 24x!-INCH

FIG. 7 DEFORMATION OF I-INCH HULL STEEL PRODUCED B8Y
SHOCK LIMIT CHARGES OF EXPLOSIVE HAVING DETO-
NATION VELOCITY OF 3270 MPS
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FIG. 8

A

A - LOOSE SUPPORT BARS

B— WELDED SUPPORT BARS

METHODS FOR SUPPORTING TEST PLATES
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D
DETONATION VELOCITY- M PS OISH- MM
A 2144 62
B 3250 60
c 3740 52
D 4i48 54
FiG. N

INFLUENCE OF DETONATION VELOCITY ON DEFORMATION
AT SHOCK LIMIT CHARGES
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1 oHEAR

Gl

4" APPROX.

FIG. I2A SCHEMATIC REPRESENTATION OF PATH OF
FAILURE RESULTING FROM EXPLOSIVE CHARGES
SLIGHTLY IN EXCESS OF SHOGK-LIMIT WEIGHTS

e 18" —
i
[o"- Y4 SHEAR
® - '
CLEAVAGE / r
—
A g S w
v ‘ — 0" !/ SHEAR

SECTION A-A

FIG. 12B 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
PRELIMINARY INVESTIGATION OF INFLUENCE OF SIZE OF TEST PLATE
ON SHOCK LIMIT CF ONE~INCH LOw-ALLOY Ni-Cr STEEL

INTRODUCTION

Originally, Phase 1 of the test program outlined in this report
specified that the influsnce” of plate size on the quantity of explosive re-
quired to fracture a given type of plate be conducted with léwQalloy'Ni-Cr
steel. :

Direct—eXplosion:tests indicated fhat the twoe plates of Ni-Cr steel
'submitted_for test were not the same. A comparison of the shock limit of
12 x 12, 18 x 18, and 24 x 24 x l-inch test plates of this material, therefore,
could not be made, Ippact tests at 70 and ~40°F tend to confirm the difference

in behavior of specimens cut from these two plates.

The chemical composition of the two is listed below.

Plate No. 60 Plate No. 61
Carbon 0.26% 0.28%
Manganese 0,18 020
Silicon 0,02 0.02
Phosphorus 0,01, 0.017
Sulfur 0.030 0.024
Nickel 2.99 2.76
Chromium 1.22 L2
Molybdenum 004 0.04
Copper 0.04 0.06

Manufacturing and heét treating data for these two pieces of alloy

steel were not available,

Tensile properties of 0.505-inch diameter specimens of this low-alloy

Ni-Cr steel are listed below,
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Plate No, 60 Plate No. 61
Ultimate tensile strength, 103851 1162 . 118,2
Yield strength, 0,2% offset, 10° psi 102,.0 105.5
Elongation in 2 inches, % 2.8 24,1
Reduction in area, % blio5 63.0

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

Impact Strength, ft-lb,

Plate No.” 70% =400 —320°F
60-4 128 120 1.1
£0-B 90,2 - - - © 92,2 EX
61"’3 9202 85 95 1003

#* WAM specimens have notch.pafalie; to plate surface and perpendicular
to direction of rolling, B specimens have notch perpendiCuiar
to both plate surface ahd direction of rolling,
EXPLOSIVE
The explosive used in ihis:sé;ies of tests was similar to those
described earlier in this report, The chemical composition is listed below.

Chemical Composition, %

Detonation
Explosive =~ INT NH,No3 NaNO3 . Al 0il  Velocity, mps
Téé gkao -7 ao 22.7 l{-iO 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

Table -1, Results of tests with an explosive having a detonation velocity
of 3512 meters per second indicate:
l. The shock limit of 12 x 12 and 24 x 24-inch plates cut from

No. 61 is approximately 760 and 840 grams, respectively,
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2, The shock limit of 18 x 18~inch plates cut from No. ¢O is
approximately 870 grams. The only 18 x 18-inch plate of No. &1 mate;ial_
tested failed at 84,0 grams.

DISCUSSION OF RESULTS

Although the tensile properties I the two plates are essentially
the same, the V-notch Charpy impact strength of plate No., 60 is consistently
higher at 70, =40, and -320% for spécimens having the axis of the noich per-
pendicular to the rolling direction and parallel to the plate surface.

The difference in shock-limit and Impact strength; may possibly be
attributed to differences in heat treatment of the two plates, in the manu-
facturing practice if the two are from different heats; and, though less likely;

in the chemical composition of the steel,
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TABLE A-1 - DIRECT-EXPLOSION TESTS OF 12 x 12, 18 x 18, AND
2h x 24 x 1-INCH LOW-ALLOY Ni-Cr STERL PLATE

(Detonation Velocity of Explosive Charge: 3512 mps)

Dish at
Weight of Shock Shock
Plate = Sheet  Plate Size Charge Dish Limit Limit

No, No, in, gm mn Fracture gm arn
31 61 12 x 12 x1 1200 — Yes

32 f " 12C0 - Yes 4

36 " n 900 - Yes [ 760 83
38 it k 800 92 Yes 4

43 " n 760 83 No

L, h " 780 8l Ves

L5 1 i 780 a8l Yes

Lé n i 760 82 No J

S33 60 l8 x 18 x 1 1000 108 Yes )

34 " ] 200 g1 Yes

35 " " 870 80 No

37 i " 890 g1 o y 870 80
39 n n ae0 106 Yes

L0 " n 280 108 Yes

41 " L 860 82 Yes

42 61 1 840 88 Yes 3
SL7 60 2L x 24 x 1 920 76 Yes ]

L8 61 " 880 83 Yes !

49 H i 840 7 No ‘

50 n n 850 71 Yes %

51 " f 860 77 Tes i 8L0 72
52 " " 810 yas Yes

53 60 l 820 Th Yes

54 " it 860 82 Yes
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APPENDIX B
DETERMINATION OF DETONATION VELOCITY OF EXPLOSIVESH

The detonation velocity of an explosive powder is determined in the
following way., In Fig, B-1l, ABS represents a carefully prepared 'stick" of
the explosive packed to a standard density. Attached to this "stick" are two
three-meter lengths of Ensign-Bickford Primacord, DEF and D'E'F’, the detonation
velocity of which is reproducible and known., A lead plate is placed under each
Primacord length approximately 4O to 50 centimevers beyond the mid-length. The
lengths of Primacord are cub accurately and the distance from one of the ends
to a reference point on the lead plate is alsc measured accuratély.

The "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 D'E'F' and also continues along ABC. As the Primacord and the explosive
under test are quite different, the detonation speeds are different. When the
wave travelling fromiA to B reaches FFi it starts up the legs F to E and F! to
E's There are now two waves travelling toward each other irn each Primacord
leg. The impact of these waves produces a sharp line or pip on the surface of
the lead plate,

From the measured lengths pf Primacord, the known position of lead
plates relative to the lengths of this
the reference line, the distance DF and the known velocity of the Primacord, the

velocity of the unknown powder may be calculated,

¥ Muller, A.3 Benz, .Ge; Snelling, W.h.; "Preliminary Investigation of the
Shock Resistance and hechanical Properties of 0.5-inch Cr-Mo-V Aircraft
irmor", Progress Repert No. 1, WAL Report No, 110/13~9, lay 1948,
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For illustration, only one leg DEF will be used, the other leg D'E'F!
merely serves as a check, Assume the foilowing values were obtained.

DEF

= 300 am
DF = LO em
FR = 100 em
RP - 20 cm
DEP = 300 ~(100 £ 20)
= 180 em
VP = 6000 m/s Vp = Det. Vel, of Primacord
Ve = ¢ Mo 1 explosive under test
Let t3 = +time for wave to travel from D toward E to P
tr = H i " n n " DtcF
t,g - TR I TR " F past R to P

At the instant of impact of the two opposite waves in leg DEF

then
DEE = DF /LR { 1
ST - bl o - tr
Vp Vx W (/% ~ %

o
o3
Q

3

40 £120

-
(@]
t

- 60 = 1
v 8000 IO

LCO0 mps

w
11
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APPENDIX C
COMPARISCN OF EFFICACY OF PLATEN QUENCHING AND BRINE
QUENCHING AFTER AUSTENITIZING OF Mnedio STEEL

The manganese-molybdenum steel submitted for direct~explosion fests
was heat treated in the following way, 180 x 60 x l-inch plates were heated in
a continuous furnace for a total time of two hours, forty-five minutes in the
0°F, Bach plate was quenched usir
platens. After quenching, each was tempered at lZleF for fowr hours,

It is recognized that the shock resistance of a steel having a tempered
martensite structure is superior to one having a tempered intermediate-
transrermation~product structure, tempered bainite; or free ferrite anc zarblde.
The efficacy of platen quenching and btrine quenching were compared in the
following way,

wo three~inch diameter specimens of the plate were austenitized
for 45 minutes at 16259F, one was then placed between two water-cooled platens
and the other was quenched by immersing in brine, Buofore tempering these pieces
for four hours at 1215°F, a section was cut from each for hardness ang mjcro;
structure studies. After tempering, another section was cut from each for
further study, |

notched=bar imm et tasts
Wl W W AN WL LA Y “JLHJVU N g bd Wy

microstructure examination were conducted. The results of these tests are
listed below,

V-Notch Impact Strength,

Ft-1b.
Hardness,

Heat Treatment __nmy 70% 40%
As received {Platen Quench & Temper) 205 71.5 k3.2
Platen Quench 200 — -
Platen Quench and Temper 170 52.8 27.5
Brine Quench 37 —— -
Brine Quench and Temper 207 7Le0 34.5
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Examination of the microstructure of representative samples from
p P

sections heat treated as described above revealed:

indicate:

1.

R

3°

5e

r
.
-

D

Brine quenching by immersion produced a fully martensitic
structure,

Tempering the brine-quenched nample at 1215°F for four hours
moduced a structure comprising uniformly dispersed fine carbide
in a ferrite matrix,

Platen quenching this steel from 16259F produced a structure
comprising equiaxed ferrite, some acicular ferrite; and a fine
carbide~ferrite aggregate indicating transformation was almost

complete on cocling through the temperature range of 1200 -

1000°F,
Tempering the platen-quenched samples at 1215%F merely spheroid-

ized the carbide particles, The carbides were not s¢ uniformly
dispersed as those in the tempered martensite structure and,
therefore, the areas of free ferrite were large.

The commercially heat treated sample, as received, compirised

a uniform dispersion of carbide in a ferrite matrix with a small
amount of acicular ferrite, Apmrently, this structuir=, before
tempering, consisted of martensite and a small amcuni f acicular
ferrite.

result

w
o
o
ot
jay

The laboratory platen quench was not as drastic, or complete,
as that uscd by the steel producer as indicated by the low hard-

ness of 200 BHN,
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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 70°F, and 27.5 at ~40°F as com-
pared to 205 BHN and impact walues of 7Ll.%5 and 43.2 fi-1b at 70
and ~LO°F, respectively, for the commercially heat treated material,
¢, The hardness and impaet strength of the brine-quenched and tempered
naterial is essentially the same as that of the commercially
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
not as consistent as might be, for differences in microstructure of pieces pur-
portediy heat treated the same h#ve been deseribed earlier, It is entirely
feasible that differences such as were observed in the microstructuve of the
commercially heat~treated steel may account for some of the anomalous results

encountered in the direct-explosion test,



PART 11

THEORETICAL INVESTIGATION OF THE FRACTURE OF

STEEL PLATES UNDER EXPLOSIVE LOADING
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I QBJECT

The object of this study was to investigate theoretically the state
of stress existing in'a plate which is subjected to an explosive load abutting
the plate as shown in Fig, 1. The detaiis of this particular test may be found
in a previous reportl."Briefly, a standard charge of known velocity of deton-
ation and known mass is placed against a plate which rests on a standardized
base., Either the velocity of detonation or the mass of the charge is varied
until the plate just shows signs of cracking on the side away from the char
It is anticipated that the test will eventually be so standardized that it will
be possible te 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 resistance,

I 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-
mate, such information might be of value in: interpreting the test, reducing
the number of tests necessary, showing the explicit dependence of the parameters
involved, and pointing the way for future rationmal experimentation,

An exact solution to the problem is not feasible at the present time
since it is necessary to first ascertain whal variables should be oliserved and,

if possible, measured to aid in the extensions of the theoretical analysis.

II. ASSUMPTIONS AND PROCEDURE

The following are the prinecipal assumptions made in the present

approximate treatment:
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The action of the explosive lcading on the plate may be divided
into two principal stages:

a. The propagation of elastic, plastic and releass waves into

cf
jag
[+

plate and their reflections and interacltions, before

the geometry of the plate shanges, {before the plate bulges),

b, The plastic deformation of the plate in the large, that is,

the dishing out of the plate and its changing geometry.

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

fracture (cracking or spaliing) in stage la is considered in detail,

It is further assumed that:

2.

e
L)

The impact and subsequent effects are plane in character and that
wayes which radiate oubtward are not reflected back into the
region near the center of the plate in the interval cf time

prior to bulging. In effect an infinite plate ic zssumed,

Very little is known about the properties of mate.ia.s under

high rates of loading; in tests, such as these, the sirain rates
are assuned to be of the order of lO6 per second. N-stier stress-
strain curves nor yield values have been accura®c. > .o nerted for
such speeds.

Obviously, for a theoretical solutlion, it is necsessary vo aninh-
lish a relation between stress and étrain; therefore, it has been
assumed that the true stress-strain curve consists of twe 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 valuss,
therefore, may be estimated in sow= manner or simply assumed.

A method for finding the slope of “he straight line from the
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yield point defining the region of plastic strain is presented in
detail below, |

5. A critérion for fracture is also 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.

Scme time ago a criterion for fracture based on energy considerations
was developed which postulated that fracture occurred when the ensrgy density
at the critical point in the body reached a certain value?. One of the objects
was 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
oceur when the energy density (energy per uuit volume) reaches the value given in
the ordinary tensile test, 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 proceduvre is at
least approximately correct?, The stress-strain curve is assumed to compri.se two
straight lines as mentioned before and the slope of the plastic portzon is obe
tained from an independent caleculation of the velocity of the plastic wive and its
relation to the slope of the stress-strain curve, Knowing the area under the
curve at which fracture takes place, estimating the yield peint, and calculating
indirectly the slope of the straight line portion of the curve, it is possible to
calculate the stress at fracture, This calculated stress is used as the criterion
for fracture,

The procedure adepted is first to assume that the plate is hit by an

infinite mass of gas of krnown veloeity, the actval mass of gas belng corrected
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for afterwards, The velocity of the elastic wive which is first set up and the
veloelty of the plastic wave which follows can be calculated®:5, The elastic
wave i1s followed by & release wave which travels at the velocity of the elastic
wave. It is further assumed that fracture takes place along the plastic wave
front after it has been intersected by the release wave, 4 simplificd dynamic
analysis along lines developed by G. I, Taylc-r6 is given which relates stress to

velocity of impact.



III. CONCLUSION

An approximate relation of the form
a , _
vz ﬁx-’-’é s 2V Cp™ ¥

has been developed where: ' (& is the tensile stress developed in the

2

thickness direction of the plate.
/0 is the density of the plate
L1 is the original thickness of the plate
is the thickness of the spalled part
V_ is the uncorrccted velocity of the impact

and Cp is the speed of the plastic wave,

From this relationship it is possible to determine whether or not a
plate will fracture under a given charge of explosive and a given #elocity of

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

M

’ | T La e = R R . Vo o
Ml DEeLrg vie mass 01 e eXplosSlive ClhaCge

Mo an effective mass of steel plate

Vo, the velocity calculated by the preceding
formula
and V is the actual velocity of deteonation

Tris approximate formula gives a maximum stross when the velocity V0
is equal to Cpe Actually, it is assumed that fracture always takes place when
the velocity of the explosion is egqual to the velocity of sound in the material,
Since the velocity of both the plastic and elastic waves are close in value,

Lot Tl Y
Wil L



IV. DISCUSSION AND RECOMMENDATICN

The problem of finding the 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 graphically and numerically in a series of in-

u,7,8,9‘ This work assumes that the static

vestigations cqnducted during the war
stress~strain curve continues 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 Jjustified 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 bullt up on the face of the plate by the explosion as

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

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

of waves or characleristics is being applied. It is alsc necessary to assume an

2 ol 2 ) ke
2L AILLVE pridu

> 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 loadiﬁg. Without this infor-
mation the solution is not too accurate. An effort should, 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 metheds,

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

feasible to continue this theoretical analysis,



V. ANALYSIS

Figure 1 represents a section of plate in the thickness direction
under explosive impact., The original thickness of this plate is L) and at the
instant shown it.ixs:f. Impact has taken place and first an elastic wave with
speed C has advanced to the right as a compression wave, This is followed by a
plastic wave, also compression, at a speed Cp and at the instant shown A-A is
the plastic wave front.

Figure 2 shows a schematic representation of the idealized stress-
strain curve for the material. O0A is the elastic part of the curve, and AB

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

the elastic part 1s given by

Af =
L (1)

where E is the modulus of elasticity and 1 "is the density. In the plastic

region the wvelocity of the stress wave is given by7

C, = y_% /fo*\ ‘
v \dla' (2)
which in our case reduces to

—
o, v Bp
~ (3)

Ep being the slope of AB
If the loading is not carried to fracture but is released at some

i nt. A

no Tmsd 98 released alone AIO! w
}J i - g e LG el el h A

b
as the elastic line 0O4. Later it is shown that this gives rise tc a release
wave having approximately the velocity of the initial elastiec wave.

The above expressions for € and Cp are valid in the case of a bar or
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wire with boundaries free to contract or expand as the case may be, If, as in
the case of a plate, there are lateral restraints, these expressions must be

ﬁwdifieds. When the wave is plane as assumed, equation (1) becomes

- -1 4 .
o= (b “

//7

where C and /P have the same meanings as before
and K is the bulk modulus

and 4+ 1is Poisson's Ratio

For steel the value of C is approximately 240,000 in/sec and this
value will be used in what follows,
When the material is in the plastic state, ¢/ = % and equation (4)

becomes

G = K
c v? | (5)

Ly5

K may be estimated in various ways Using a suitable value for K, calculation

of Cp, according to the method of Koehler and Seitz, resuits in a value of
208,000 in/sec, Using the proqed@re of Pack, Evans, and James’ results in
approximately the same value for dp.

Referring to Fig. 3, which shows a cross section of the plite, the

initial elastic wave is shown to start from t, and from the compression face.

wshen the elastic wave has reached the opposite side of the plate, it is reflected

the elastic wave and travels at a slower speed, This results ir a series of re-
flections and transmissions., In the meantime the gas pressure has fallen off
and, at time t;, 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 4 which show two possibilities; (1) the
plastic wave reaches the opposite side of the plate before being caught by the
release wavs, 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 by T.

It should be noted that Figs. 3 and 4 are simplified by the assumption
that the stress-strain curve comprises two straight 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 literature®s?e

Koehler and E;ei’ozl+ classify plates as "thick" if the release wave
overtakes the plastic wave befors any of the reflected waves can get back to the
plastic front; plates are classified '"thin" if the release wave does not overtake
the plastic front before the release wave reaches the free surface. There are,
of course, intermediate cases.

The classification is important because it seems likely that spalling
will occur only in the case of the "thick" plate. This "thickness" may be ob-
tained either by having a plate of considerable depth or by making T, the dur-
ation of the peak pressure, very small, In other words, applying a short, sharp
pulse to the plate increases the tendency te spall.

This does not completely define the problem of fracture before a change
in geometry of the plate can take 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:2?

The vibrational frequency of an atom in a metal is about 107 per

second while the distance between equilibrium positions is of the

order of lO'Scm. If one surface is pulled over an immediately
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ad jacent surface at the rate of one centimeter per second, the time
spent in each potential well (minimum) is about _‘LO"8 seconds, During
this time the atom vibrates about 107 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
h jump in the process, If sli
relatively few vibrations in each minimum energy position little of
the activation energy is dissipated and the system, after having been
brought over the first potential barrier, can coast over the tops of
the potential barriers thereby providing an effective mechanism for
fracture propagation.
It is assumed that fracture, if it takes place at all will occur just

ahead of the advancing wave front and probably only if the release wave inter-

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

reflected from the edges and thus further complicating the picture.

Following the analogous work of G. I, Taylor6

, the elastic region of
Fig, 1 is taken as a free body. Using the sign convention designated in Fig. 5,
the eguation of motion is written for the piece of the plate. Unit area, A4, in

the XY plane is assumed and the thickness of the plate effected by elastic action

is designated as:r . There results

L
— {3 2 ;O ] d ’Z:. . )
o ) ]’ 2.z (6)

o (7)
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we obtain v
4 4= - |
d+ K+ P (&)
and oz
Ly Az o)
FEe

Thus equation (6) may be written

c.5dY .
/ At*

Where {) 1is the stress just behind the elastic region and 7f3 is the density
let
A= fi:£Zi
t (11)
Go Sor . )
50 CFL] A ‘(;(//“ ook

T — o = e
Jdt At Z e A T (12)
and equation (10) becomes

- ...—-6—: - T‘— /(4 {/{’ At

pZ [j ' (13)

The variables may now be separated and integrated, yielding

*—*] /’H //'vw(% (1)

i, +Cp) ,
L
The limits are determmed from the fact that when t = o, T =~ L] and

A}LL‘ = (C[_(.-ZB = O
",Q‘l‘; Lt

which is designated by W/, the initial velocity of impact.

2

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

same result would 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 veloci‘ty‘ idaf .
i

A e
Since ’“{”2; _(.}‘J C - the lower limit on the right hand side of

s - ‘

. P !
equation (14) becomes — U“o L‘I’,)
Integrating equation (14) leads to

Gy ( ‘ .
- '”2"?':""'"" f'/n' j o /(-‘{.L-- (/(/U; + C (_‘n\) (15)

or

2_ ’C-mf r i/ “{ T\‘Z- y - _ 2.-
=5-—- A T o > ) -~ L u; +(-§;)' (16)
/ L, VAt
~— ~=
Suppose fracture takes place when J{ = \ and at that instant
¢ - L.)L also at this instant i___,i% = &L of_r_ - ( o
AT At

Actually with the coordinate system chosen,the initial (¢/ 1is negative,
(2]
thercfore { | = lfu
Equation (15) becomes
2” < : ,!" 5 B ) ) 2.
._..-—-.--nj: - /jfﬂ_ _é—_—_L - C _ C_’ - \', ) (1.7)
P &
! J
or
: oz
: = (18)
Loz 2V, Y,

N
)
{t
?\:
s
]

/0
< I
If V., and Cp are known, the right hond side of equation (18) is determined and
& .
if | is known, T may be found, IfC 2 01‘ fracture takes place at the point

eyl I
j’; jl under the assumption that fracture takes place within a few reflections
of the elastic wave and before the plate can bulge,
Two procedures are available to determine T + First, the criterion
-

that the crack is not to exceed a certain depﬁh may be used, As an illustration,
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suppose the depth of a crack which is 1/16" long is detezﬁﬁned; say it is .01
inch., Then in a plate of O,5-inch thickness, i.“-._ﬁ'o and }(,, S¢-4. The resulis
are not particularly sensitive to changes inzp"énd in the numerical examples

to follow, it is assumed that

2 (19)

\Tr

A

Another way of estimating the distanceb]; 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
:Y; from the assumption that ‘]i will be at some one of the points B, D, F, etc.
on Fig, 6. This ieaves an element of uncertainty, nevertheless it may be de-
cided within limits, whether or not the plate will crack under the applied shock,

The eguation of line AB, Figure 6, is
Z-L - Clt - =)

or

7= -Cct+ ZL, (20)

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

which has the eguation
/ = Cpt (21)

Solving equations {20) and (21) simultaneously resuits in

- 2L,
te t Ere,
Z.a = Z;Eufgz (22

C+Cp

Therefore ~
C-Cp

B (R S S ”
L‘z Zﬁ’ *C} C+<p ‘ (23)
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Similarly, the coordinates of D, F, etc, may de found, also may be found the

distances j[) = (L "Z_o = { (( _CF jL

C+CP
j sb,-Ze =L C-<p)
F e+, ¢ top / (24)
Le o po (.éi.c_e,\
In general v T - ~C o
or YRS (sree (25)
"‘:'g',"‘ Q-(.»P
{

where n is the number of reflections taking place before fracture,

Using equation (25), our previous equation (18) becomes

_;__,,___ /s {“’Lé’ £ 2V, Cp A (26)

—

However, in thls work,

(27)

Thus the following may be written

" i 2-
5 -, =

et e bt

/)

and this last equation is seen to agree with equation (19) if n is taken as 2.
It should be remembered that the VO is the initial velocity of 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 coefficient of resti-
tution between gas and plate 1s zero and using the conservation of momentum

principle we obtain, see Fig, 7

oy S N
}hz\// NV, = Mt iV (29)

L2
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but, \/')_,, -0 (30)
and L/J’: L/L
s YV, o= (V0 MW (31)

i
where VAL - \/

Vv \/,
V corresponds to the guantity v, in equation (18) or (28), and v] is the actual

speed of detonation of the explesion. Thus when ,this expression is solved for

Vo it is necessary tc obtain V; from

Vi —( [ \mﬂv e

or (, + nﬂll)\/ﬁ) (33)

I

The problem now arises as to what value (j;-assumes at fracture. Un-
fortunately, it is impossible to use a maximum stress criterion for fracture,
Even if such a criterion were known to be valid and the critical value at ordi-
4nary rates of loading were known, the problem of extrapolating to very high rates
of loading would still remain. In order to handle the problem with the avail-
able knowledge, it is assumed:

1 he area under the tru

fracture regardless of the manner in which the fracture is brought
about.
2. The stress-strain curve may be approximated to by two straight lines,
3. The strain energy of the elastic portion may be neglected; this
amounts tc neglecting the area under the elastic part of the curve,
though for refinement of the results, it would be possible tc con-

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

strain curve, /4 = _Z/_i—-‘_ ((,‘:_‘--—6;('3
> f

(34)
P oaeth
Since -— (3
<, = 4+ "
=1 P | (35)
this may also be expressed
o ;2._
- 0, -
A = _,_L_.__ﬁ_f.f., (36)
Ay

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 detemined, but(,');; and the slope p are needed in
order to.find{_,.T;, This is done as follows: the new yield stress/% is un-
doubtedly highe:' than C;‘ but its new value, as will be evident, is not critical,
In other words(,  is unessential, The change in the slope of the curve from p!

f

to p may be obtained from the independent calculation of the speed of sound in

the plastic state. As noted previously,

[T — —

— - f} ({ 2 - ~; e_.»
“e 1w d% - ~ (37)

i . Z
Thus f-) - /Q CP

(38)

This last equation gives a value of p which corresponds to an elevation

of the flow curve due to the increased rate of loading.
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In this work Cp = 208,000 inches/second and ﬁ = 7,2 x 1074 in the

e o ib_{’_‘_”i pr b= sed”

Y
I fsec /n?

Thus p = 29,9 x lOéllb/in2 (39)

and this value will be used in succeeding examples.

Examples
1. In a Jessop alrcraft armor tested at room temperature and at

ordinary rates of loading, it is estimated that

(77 = 234,000 1bs/in?
7, = 162,000 1bs/in<
< ' =0,
and < 0.432
F
Thus A = 0~932 x 396,000 = 8.55 x 104
RN S
g5 x 10k - % = Or

7 x 29.9 x 10°
Z -
<~ ] o A e
Llf = 2Xx29.9 x 10° x 8,55 x 10% 4 L/P
Cj? will be of the order of 2 x 10° and may be neglected,
o

= 10° x 22.6 = 2.26 x 100

) 0° psi
Suppose now that the speed of impact is 150,000 in/sec, using equation (18)
with In I -

J

2
G; 7.2 ::EOlOLF [ 2 x 150,000 x 208,000 ~ 350,000

O;; - 2.7x 108 which is greater than the calculated fracture stress and it is
concluded that such a speed would fracture the plate. This speed corresponds to

the value of V and it shouid be related to vy through equation (33).
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If the speed is 100,000 in/see, in a similar manner
- ) .
O, = 7.2x 107 [ﬂz x 100,000 x 204,000 - 100,000 ]

orCZj: 2.22 x 10° psi

and fracture does not occur,
The e

corrected. However, it is a question how the ratio Mz/Ml should be determined.
The actual weight of the charge can be used for Mj and M, estimated

by assuming that the thickness of steel which is given the initial velocity 1is

about 1/10th the thickness of the plate., Taking the density of steel as 7.8

and considering a section of 7.5 cm diameter and 1/10 x (1,27) = .127 cm thick

the weight is calculated to be L5 grams. If the charge is 400 grams,

V = (14 _42Y} 110,000 = 121,000 in/sec
- LO0 :
to fracture the plate, this is about 3040 meters/sec and represents the actual

speed of detonation.
For a charge of 300 grams,
/

Vo= &\1 4 45 \ 110,000 -~ 127,000 in/sec
300

’

or about 3200 meters/sec

The figure 1/1Cth of the thickness of the plate is an arbitrary one
and may be adjusted.
2. MNn-Mo Steel
Yield Strength — 85,200 psi

Fracture Load P 12,900 1bs



Initial Diameter 0,503

Final Diameter 0,288

True Fracture Stress 198,000 psi
Calculation

Logarithmic Strain at Fracture

z

= 21n 503 =z 21n1.75 = l,12
. 288
A =z 1.12 698,000;1 85,200); 158,000
= L Cgﬂ 3
) —_—
158,000 = (“f P ¢

2 % 29.2 x 10

.
T 2 (158,000) « (2 x 29.9) - (109)
G; % 3,07 x 10 psi

now (§° = 7.2 x 1070 (2 Velp = VoR )

using Cp = 208,000 in/sec

and Vv, = 208,000, the highest possible in this theory, it is rceen that it is

necessary to go at least up to the speed of the plastic wave in order to have

fracture. Then

- Mo
L= (1 " } x 208,000 in/sec

My
or probably, for a 40O gram charge

¥ = 222,000 in/sec or about 5500 meters/sec,
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