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rriven to the snallineg pheﬂoneron. The fractures 1n a Jteel

‘ cu:'llli*v'~ oine that was exposed to an accidental exnlosion

7itle: The behavior and the fracture of stee=l under '

1. Aesm?nu ST '

.
’

. L]

The purpose of this resort is- to exanine oresent
day <nowledge in the field of the beh&vior and of the
fracture of s*eel unde“ etnlosive loaiing.VSome fractures
gbserved by the suthor are discussed | B

Ixplosives and their » nerties are liscuused as
wall as the'tipé-of shoc® waves that they may cause in
ﬁetels.‘The.high‘prcseufe.properties end.the micre
structure of ehoek-loaded steei are constderedt The
Yeriqus-freeture pheno:ena'in steecl that ecre eaused 2y

explosive loadinec are e%emined. Special attenﬁion is

are eta*ine .in so e detail. The cutiings of metals with
gped’ é;;{\¥ives is orieflv dlSCUS sed as well ds the
avalloble theories of dislocation behavier in” explosive

waves. "‘

‘ !
-conditions. of exnlosive loadinz. :

author: Zduard Yos.

_19



- T
N e e

-
n —-—m"'—'\w‘--"ﬁ'#' -
- .

2. INTRODUCTION

The rapid loading of metals has been extensively

- studied as thia condition 18 often founa in/prdinery

”~

engineer(ng structures. In the most common acceptance

tests for the impact resistance of steels- the Charpy-V

‘notch or the Izod tests- specimens are broken by a

hammer that moves at a\velocity of 4.5 m/s (15 £t/s).

Preeaure waves in steel tan travel at the dilatational

.wave veiocity of 5950 m/s (19, 500 ft/s) or 4300“timee .

faster than the hammer velocity. This means that the
stress that causes fraﬁturing is distributed across the
snecimen at a much hizher rate tqen the rate of loading.

The verious points of the eross section of'the specimen

will oe loaded in a gradual and continuoua manner until

failure takes p%ace. In many industrial or traffic

accidents failures are found that involve impect velo-

cities in the order of 30 to 100 m/a (100 to 330 £t/s).

.The fracture of" netals with projectiles involves impact

velocities of roufhly 300 to 1200 m/s (1000 to- 4000 ft/s)

. The fracture of metals due to chemical exofoaions involve“
impact rates in the order of 3000 to 10, 000 m/s (9000 to - -
50 OOO ft/s) Peteorite impacts in satelite aoolicationaif L

involve imnact velocitiea in the order of 30, 000 n/s

(100,000 ft/s)

The purpose of_thia report is to examine the behavior

and,the fracture of metala,_primarily-steel{

/ ‘-.
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" due to chemical explosions. This type of 1oading is

seconds per inch of fract

nressure -that occurs in chenic
o EF .

"called impulsive loading. It Ib in ‘this type or loading

A

that the-specimen fails due to a stresznave_rather ‘than
‘tp e nearlx unifor strees condition. -An impulsive load.
is characteris d by an almost nstantaneous (1ess than .
dne micro sec d) increase in load t0 a high, but finite-‘l :
valne:followed by a rapid decreaséfin load. Impulsive g
shock WaVes have duratione of seweral micro seconds.
.An elastic pressure wave in steel traveling at

5950 m/s takes four nicro seconds to travel through one -
inch of steel. "The maximum crack propagation velocity

observed for steel is apppox

ately 1800 m/s or 14 micro
e length. (1), This speed
difference has the result t'st-many'separate cracks form
prior to the final fracture of he'obdecn.; The high,

ure ti ' 4l explosions of 3.5 Gra

%o 40 Gia (5 x 10° %0.5.8 x 100 psi) altecs ‘the properties
of the metal that is exposed to the explosion. Stress
waves may travel several times through the metal . obaect _
before itg final shape is repached. It is found that
several pressure waves are created from a sinble oressure.

wave .when the high pressure induces a phase change in the.

crystal lattice.

f the metal.'rIron is‘a,metal that ney
undergo * such pha e.change.' . . - '

» The object may not “fracture at wnat is the weakest

spot under more conventignsl forms of loading. ' The object
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" “the following fields:

o =B -

will fracture.where.lefgeotension‘or‘sheaf‘strgeses‘

LT
T

are created by the varions_pressﬁre waves and by the
reflections of these waves against free surfaces of the

body. The’geometricel shape of the gxposed metal is

' _important for the fnacturehbehaviOr because it is the

that dictates wave reflections'

8. Tne shrapnel shape of many
that were subjected to a chemical explosion
‘is the result -of the size, the type end the location of
the explosive (which determines how and where et?ess. .
waves will travel) and of the mechanical oronertieslof
the. object (uhich deternine how well the obJect ean resiot
the destructive action of the stress waves). ,

The sudaen nature of exp}osions may often appear to

result in!ohaos. In actual fact the phenomena that take

'olace follow'well defined rules and oninciples Ahd the

esalts of exnlosions are often as nredictable as are

o

‘ more conventional processes. R ‘ :

IZxplosives are used to elter the. shape of metals in

O

1) _The explosive cutting'and fracturing of metals,

2) The exnlosive WQEEEQE of metals,
3) The explosive welding of metals,

4) The explosive‘hardening of metals and

.5) The explosive compaction of .metals powders.

-
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nxplosives and the type of loading that they may‘cauaej
i will be looked at first. Then the properties of waves
..travelinu through 8 metal body and the effects of these
‘waves on steel will be discussed. Finally, we shall .
deal with the various modés of fracture that are caused
by impulsive loading. We shall not deal extensively with
the various methods of observation nor with the testing ~
‘spsa?atusdused in the-ekamdnstiqniof i@pulsivelyfloaded

" material. : . L :




o . . 3. EXPLOSIVES

o " 3,1 General rog_;tiee T '

_ nxploeivee ars compounds or mixturee of compounde

vl
-t

that’ can be COnverted in a ahort period of time to
S ~different and more steble oompounde, moetly gaeees.'Thie

reection is exothermic as approximately 1000 cal per gran

of-explosive is liberated. The reection is initiated by
% heat or by nreesure applied to & part of the exnloeive. o
| i o From there the reaction front travels in a very short
_ﬂ/) tined(et a rate of 1500 to 8700 n/s or 5000 to 28,500
ft/s) through the rest of the e#plo;ive mass in the caee
or "hizh exnlosivef and more'slowln-in the case of "low
_i ' | . explosives’ Dxploeive working of metals is generally
‘done with high explosivee. . e

' . ‘ The rate of travel of the reaction front)(the deton-

etion rate) is lipearly dependent onltne density to which

© o
-

the explosive was packed prior to the- detonation. The
'detonetion rate is elso eomewhut dependent on the diameter
of the exnloeive column, on the confinement of the exploeive

and on the violence -of" the initieting exploeion.- For many

nractical purpoeee the detonation rate of a partioular .
exnlosive may be considered as ‘a constant. The table/I |

gives a 1list of-common\eiﬁi;sives and their properti&/1(1 2)

#ig. 1 shows schematically how the detonation of an

. ‘ eyolosive takes place. The front in which the reaction

.takes place is very thin (0.3 nm for TKT). It moves
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exolosive particles.

-6 =

. Fig. 1 Sdéhematic
representation of the
reaction in an exnloding
exploaive.

An example of the chemical reaction that takes place

durinp detonation is that?of cellulose dinitrate.

: Ce. H8 05 (N03)2 -+ 4C0 + :—Jco2 + Hy0 4 332 + N2 (1,)
A total of 980 cm3 of gas -at room temperature 18 created

from each rram of exploeive.

In an explodinb mass’tﬂﬂre are probably two - processea
that takes place simultaneoualy
1 - The adiabatic compression from the éhock of the deton-
ation heate various pointe of the axplosive mase which\ |

then starts to react at many separate pointa at the same

s
timeo I

2.- The hot reaction gasaes ignite remaining un-reacted

- There may be localised spots at voids or irregularities

in the explosive mass that eid local initiation of the

reaction.

#n example of what happens after the detonatio

. p;
the £ollowing. The gaseous resction products o
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1.5 e/cm3 will reech locally a temperature of 3t+eo°

and a pressure of 20 GPa (3 x 106 pei) The reaction .

'products will flow outward at a velocity of 1750 m/e
(5737 ft/e) Pressures in the order of 7 to 20 GPe
(3 x 106 psi) csn bring profound chenges "to the

'structure of a metal. We come back to this subject in

. chapter 5 when we discuss the pressure dependent phase -

| diagram of iron. .
3.2 Metqods of Loading

There ars eéﬂegfially three different ways that an
impulsive load csn be transmitted to the metal object

. that is to be deformed or to be fractured

1= A "stand off".charge is detoneted'in air or in a .

liquid at a certain distance froM the object,:

2 - A "contact" cherge is'detonated in direct comtact with

the object or,

+3 - The explosive eccelemetes a projectile or a‘pleﬁe f‘

" whiéh in turnfcollides‘winh the tarzet object.
We will discuss these three metheds.
© 3.2.1 -Stand off charges

When an exnlosive is detonated in air or in water,
- this. surrounding medium 8lows down the expending
gasses while there may be some mixing -of the
exploding gasses with the medium. The shock weve
thet is created travels faster than. %Pe exploding
sesses, Fig's. 2 and 3 show the velocitiee_of the

re
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| sﬁock propagetion %U) and’ that of the particle velo-
_cities (u) as a ﬂunction of ‘the peak oressures thst |
| | occur in air and water respectively. The shock wave.
- ) | trevels'at 9150 m/s (30,000 ft/s) in air compressed
(: “to 0 1 GPa (15, 000 psi). The shock wave will . Firally’
slow down to the speed of sound in air of 330 m/s
: (1100 ft/8). - The same explosive will creste much O -

\ o higher peek pressures in a denser medium such as
. _ ,

. water. , _ :
. . ¢ . T T 4

Flg. 2 Shock wave
velocity and particle
velocity in air as a
function. of peak -

o I , - pressure in shock wave.

Fig. 3 Shock wave - '
.velocity end particle :
velocity in water as a

- function of peak
pressure in shock wave.
For relatively low
intensity shocks.,

The explosion of a 3. 7 kg (8 lb) TNT charge at 7 5 cm

distance below the water surface will create a pesk .

pressure of 2 GPa (300 000 psi) versus 0, 1Gra f B

*(15,000 psi) in air. (2) The decay of pressures for

water is given by the formula 2. _
P-Poxot?3 Y24

with o certain'minimum‘value_for r+and

L




FE———

R 2t

-9 - |
~in which P is the peak preasure at a diatance r from
the explosive.- The 1nitial peak pressure is Po.
Fig. .4 gins pressure veraus time curves for a TNT
Ty M charge detonatad in water. As shown in fig. 3 the
- | _-initial shﬂ k wave velocity in water is up to 4600 .
O . m/s (ﬁs 000 ;t/b) The wave gradually ‘8lows down -
aa a function of the peak presaures in the shock
' l wave - to 1500 m/s (5000 ft/s) which 'is the apeed of .

sound in water.

hY

Fig. & Pressure-time curves °
_ for TNT charzes exploded in
". water. Distance from charge

-

Fig 5b gives, as-an example, the pressure vérsﬁs'thé
~disﬁ£;ce from the charge curves for the TNT charga
that is shown in fig. 5a. This charge is 7.5.m long

and it weighs 22 kg. The charge is detonated in
" water. At 18m from the charge the - peak vressures are

8till from 1 2 to 5.9 MPa (175 to 1000 psi). The
pressure depends on where it is measured in relation

to the shape of the explosive,
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Fig. 5a & 5b 8o matic shock’ wave (53) end actual
measurements of Ep. =hock pressure (5b) of a 50 1b,

25 ft 1on§ TNT _c

in. water._ Detonation et 0

- ]

£

The initidl pressure is related to the squaie root

- of the explosive mass. .The positive impulee,fthe

pulse duration and the .energy density also depend
on the square root of the explosive mass., The .

impulse (I) of a stress wave ie.defined as

L Y fras .

(3)

" with a certain maximu?.limit for- the time (t). The

ener»y density is defined as the amount of energy
that passes a squar%,pnit of surface, the;surface

being perpeﬂﬁipular to the direction of the wave

. Pbropagation. \hen the explosive has reaqted comuletely

. a negative pressure or rarefac ion, phase developl.

Pig. 6 shows the change in the shape of thHe impulse
wave as a function of the distance to the expﬂpsiv%,h

g I e /T




- same figure. St

. aeverel subeecuent times -

" found. The pressure levels may be approximeted by -

r.
- 11 - |
3 2. 2 . The cohteet charge L B

'The contact charge may create’ very . high intensity

ehbck ‘waves as therq is not the intermediate medium
such ‘88 eir or water that acts somewhat as- & buffer.

The preesure ‘wave hae approximately the shape of t1

" in fig. 6. E\thgkfwave not in contact with the
object may have more the. shape of t3 to t6 of the

<

Figs 6 Overpressure in
shock as a functhion of
distance from source at

.
2

A cogtact cherge'mayinaplaced on the surface of the

» obje + 7, it maybe wrapped around the ohject'

or it may fill a cavity in the object. It is
especially in the last casé with the detonation in a

confiined space that exceedingiy high impuleee are
. S

"using the general gas law. If an*explceive such as

cellulose dinitrate has en original density of 1 g/cm”

“and if the reaction takes place at a temperature of

3000°¢C the static pressure reaches 1.4 GPa (200,000 psi)

(Table I). The actual peak pressure. obta&ned is

approximately one of@er of maghitude 1erger-due to the

.
L
L]
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' propagation of a preeeure,;foht° the aé¢tion doea" i

,foam secure undamaged’

‘available but a reaction front createe a forward ' j_

.8ubjecting specimens to a -

- plane wave shock. on .top.

two explosives. In center |
specimen in a specimen

‘not take place at the eame time in the-entire apace .

Y -

particle veloci%y and a peak pressure. .

Fig. 7 Assemblies for

plete, a back up plate
absorbs the passing wave.
The water and the Styro-

recdvery of the specimena.

3.2.3 Impacts

The explosive can be used to accelorate a plate or

an other object The impact of this obJect creates L

_high-level aharp-fronted wavee in the target obJect.
-(rig.?) In the case of an impact of an object as.

well as with an exploaivs pressure wave the surface
of the metal depresses at a velocity u yhile the-
oressure wave travele at a velocity U into the metal.

The surface or particle velocity (u) is related to

“ the p pressure wave velocity (u), the pressure (P) and N

the material density (P) as follows
. b .
g.e

u =

(AR
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Fig., 8 repreaenta this relationehip ror various metala. -

For "~ example the aurﬂace of iron in cohtact with a TNT

charge will depreaa at ‘8 velocity 900 m/a (3000 rt/a)

" and the pressure will be 31 GPa (4,500, 000, pai) at

the surfacs. Maximum preaaurea are reached when the
shock - wave hits the metal surface head on, however,

the angle between the propagation and the surface may

‘dacline to about 60° before the peak pressure at the

“aurface is reduced appreciably. Further decreaee of

the angle will then cduse a rapid. decrease in peak

pressure at the surface.

Fig, 8. Pressure-particle
data for seversl metal-
exploaive interactiona.

5.3 The preaeure veraus time relationship

in interesting phenomenon in explosive loadinb,

especially in contact,operatione, is the fact that the
tires during which peak presaurea are maintained are -
not equal at all points of the surface exposed to the
explosion. A graat daal depende on the shape of the.

explosive and on the direction of the impulaive_wave.

‘We consider the following cases:

o
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i " ) ' The. time during yhich ‘the pressure is maintained o
:ﬁgga . '1noreases linearly with -an increeeing explosive thickness,
. f | . | The peak pressuree maybe eustained ror 2 micro seconds .

,and for 4 micro eeconds for 12 and 25 mm thick explosives :
reepectively.- The peak pressures at the surrece do not

- change directly with thicknees, they depend on the square |
root of the mass of the explosive used, The energy of an

| explosive pulse is given in terms of the pressure multi-

plied by the time that the pressure is sustained (see -::
the, section 3.2.1). The preseure at the center of a
: cylindrical-charge place on the metal surface will be '“- o
- sustaineg for a lonser time than at. the edge of the
' cylinder. Taking as an approximetion that the pressure
releas wave of - the . explosion moves at two ‘thirds of the
' detonatton rate, the peak pressure below the center of a

-one inch diameter explosive maybe maintained for 2 or 3

micro seconds,.while at the edge of the charge this ie
lese than one micro second (1).
In both cases above, the charge was confined on only

one side. An explosive placed in a cavity in the metal

will create pressures that are«sustained for a longer .
| . -period of time than in the cases detailed. Near the | | .
'~ﬁ\*$$ - ‘detonator the pressure is felt earlier. Near the bottom
- of the cavity, i.e. away from the detonator, theipressure
v~ . is felt 1ast but it is suetained longest. Confinement

retards the pressure relief, The relier wave has to
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travel e greater dietance to allow a pressure drOp et

‘the bottom of the cavity...The peek preeeure mey be

‘7mainteined for %.5 and 7 micro seconds at the bottom of

50 and 100 mm deep explosive filled cavitiee reSpectively..

)
4
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| | .. 8.1 Gemerax~ = T
v . :‘There are three types of impulaive waves: ﬂ) 1ong-

J ,‘ itudinal or dilatational wavea, 2) traneverae or shear
waves and 3) surface or Rayleigh waves. Only the first
two typea are generally importart. in the explosive loading '

| <:\of metals, The- longitudinal wave moves :agtast at a apeed 4

. (01), which is related to the bulk modulus (K the deneity
(?) and the poieaone ratio (f) as’ followsa (1)

(- 3K("’1J) ) ' ' (5_.),.
/v el1+Y) S

L1

At a moderate pressure steel has a K of 165, GPa, e equala

7 800 kg/m and Y. equals 0. 28. . The resulting c1 is -

*5950- m/s (19,500 £t/8). (1), _ |
The particle velocity (V ) caueing the wave propagation

1s feleted to the wave velocity Cq a8 followe-
/C Jt = .ﬂ - N ( 6.) o

-These equatione allow the oalculation of streasee and _
' strains (E) in metal if Cq and Vp are known. The direction
of Vp ia in the same sense for 2 longitudinal compreesion'
- wave and oppoeite fop a- longitudinal tension wave. In a
shear or traneveree wave the particle velocity is perpen-
dicular to the wave direction. The velocity of = ehear

wave (Cg) is related to the shear modulus (G) as. followa-




. zFor steel et moderate preeeuree G equale 79 GPa and the

» b

‘17 __~.

reeulting C, = 3200 m/a (10,500 ft/e) ~(1,3,4)..

4.2 Reflection and interaction of waves .“ = f-"‘ .

Without goling into a detailed treatment of preseure
 waves:we give the following data. For detail we _refer

%o ref's. 2 5, end 6. A compreeeion pulee will reflect | -

| from a free surfece or from an interuption in the materiel
such as ‘a different phase, a crack, or -an interfece ’with

.8 different material. It will reflect as 8 tension wave

~under the same angle as the angle of incidence. It will - ¥' '
reflect 88 & pure tension wave ifqthe engle of&incidence

'-ie ninety degreee. With an oblique angle of incidence, o

‘the tension waveamill be accompanied by a pclerieed shear.

wave. The angle of reflection of the eheer weve ie' :
different from that of the teneion wave. The energy of

the originel compreeeion wave is divided between the two

types of reflecting waves depending on the angle of

incidence. This is shown in rig, 9 -
Figure 9. Anplitudes of 5.'° Y
“reflected shear and 0. |. _AB/fl
dilatational weyee. @ 0 | A
Aj-incident wave 3 . - ) ' o
Ap~reflected ' B ‘7 r ) _ . N
dilatational wave - ooll , Ao/A) NI
T 3-Ref1ected ehear C ?1 - _ - ITF 1
- - wave. .- ‘s_od -
o 0.4
©° 0.3 .
) .,?[ ozl :
. .g - :"' ,
. T steel . ' 'in;
- .

1?"0! 1nc’fdg°ng; h'_ga : o
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’ It is the tension coqponent of the reflected wave
that. may oause fracture when it exoeeds the cohesive
forces of the metal. - This may cause the acabbing or
spalling'phenomenon that is found at-the free boundry
that is opposite to the boundry where the compression

wave entered the metal. #e dlscuss thie scabbing pheno-

- menon further in section ‘6.2, 1. In ‘the corners of the

metal body two compression wavee that are reflected as

_ tension waves nmay interfere to reach a value that can

cause whet is celled 8 corner fracture, The reflected
‘tension and shear waves will reflect again when they
reach other surfaces of the metal body. The tension
wave will reverse again to become a compression wave,

while the shear waves remain as shear waves, After

~ several of such reflections ‘a very complicated stress'

- wave condition exists in the metal body.

N
' It the stress level within the ‘metal becomes such
that it is one or two orders of magnitude larger than
the staticeshear stress, the metal assumes certein

properties similar to that of a. fluid in the sense that

it may flow under the influenoe of shear stresses.' In

this case -& hydrodynamic treatment for the strese waves

'behavior i1s used by many researchers (1 7,8). Shear waves

do not propagate in liquids. . The same is true.for metals

if the level of the shear wave surpasses that of the shear

stress of the metal. ./The longitudinal hydrodynami¢ wave




- propagates at a velocity (01) that equals ; (7)
.in which e 18 the density at the particular pressure

. any metal, Metsls ‘become much -more difficult to compress

. time the wave front becdmes steeper. This is because the.,

‘.wave speed at the center of the wave is higher than that

HC-V%.-"" - 8.y

—

and K is the bulk modulus.f This is the general cese for

efter a certain amount of- compression- ‘K increases with
compression in the following general fsshion. (9)
K=ap+bp2 = (g)
in which a end b are contentsand P is the pressure.'\
A low level elestic dilatationel pulse has a decreasing‘

peak préssure when it propagates (tig. 6) At the same

at the start of the wave as it propegetes in a medium with
a larger bulk modulus._ _ . -

Over a certain pressure range iron is an exception. We'
come back to this later. Fig. 10 shows how ‘the center of
the compressive weve front steepens. - The opposite effect
is found in a tension wave where the stress wave spreads
out. "The- time of the oressure rises in the steep front is
apnroximately 10~ =7 seconds. The etoms in the metal lattice
vibrete with a period of 10-14 necor

Pic, 10 Schematic |
representation of BB
shock formation
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5. THE BEHAVIOR OF IRON UNDER HIGH PRESSURE.- .

5 1 Pheee transiticn end weve behavior

Iron, bismuth and antimony are the only metale known

‘to date that undergo phase transitions when compressed.

Tnese three metals have crystal structures -that are not
most densely packed. It may bQ’logically expected that
such structures(bcc or rhombohedral in theee cases) can
be forced into more densely pecke ‘structure (fcc‘orrhop)
by large enouch compression. Howe er columbium which is

bcc, ‘can be’ compressed to preesures up to 58 GPa (8, 500 000

-psi) without a phsse transformation. A pressure versus

volume curve is also called a Hu'oniot curve. Fig's. 11

and 12 gives the Hugoniot for iron. There is a phase

‘change at 13 GPe (1,900,000 psi or 130 k bar) when the

iron has been compressed to 93% of its original volume..
See figure 12. Then suddenly without substentiall; raising .

the pressure the volume will decreese by another 2% when &

‘ different phase forms. Researchere up to 1961 (1 10)

referred to this phase as, a 5’phase which is fcec. - It was

thep found thut the phese ig

Figure. 11 & 12 ‘
Jugoniot curves for
iron and other _ ak-
common metals 8¥

- (10 xbar equals 1

Nt
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. : Figure 13 - rhe high
pressur® phase ',
diagram for 1ron.

. “
-

The formation of this phase (6‘) hes a profound effect -

on the comnreesion wave from an exploeive charge as the

wave velocity depends on the slope of the Hugoniot curve,
' The steeper this Hugoniot curve, the-feeter a wave will

travel. It has been found (5) that bétheen tressures of

13 and 34 GPae (1,900,000 and" 5 OOO Q 0 psi) the vressure

wave will travel slower than below dr above these valuea.-‘

As & result of this phase transition a high level shock

\ wave in 1ron has been found Fo split up into. three dietinct

A : .dirferent waves (7 11) ' ] |
1) A low level elagtic (precurqor) wave of

' _f 1 GPa (150,000 psi) ,

2) A plastic I wave of 13 GPa (1,900 ooo psi)

| which is followed by. _ : '

3) A plastic IT wave with appron}nately' the o{dginai

peak pressure of the explosion.

The three waves are. shown achematically in figures 1y

- and ﬂ5 The distance between the waves is determined by

o ‘ | - . , | | /
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'the 1évé1 of the peak ﬁfessuré and by the duration df.fhd
~applied pregsure. It is the plastic II wave that is

responsible. for ‘the phase transformation.. The effects of

*

.o - o
this wave are "discussed in, chapter 6.2. - Some researchers
only menfion the final two waves (12) presumably as the -

alastic precursor wave found by othera (7,11) is small,

8% of the plastic wave I, and thus less significant, -

r .

i}

Fig. 14 Idealized
pressure profile of

- compressive shock

~wave in iron. .
D10 is the precursor Wave
Daq-is the Plastic I wave
D32 is -the Plastic II wave

~

Fig. 15 Pressure profiles of
conpressive wave with three
discrete shocks being reflected
from a free surface. Rare-
factions also shown as discon-.
tinuities, though actually

these would become ogives.

y Yy,
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(S | - We hote that research in thia ‘high pressure ares is

R of use in astrophysicas and seiemology, while .in metallursy .J*"
the stress wave behavior can be used for the atudy of

N ' phase traneformatione. Intereeting work was done(by Pipkorn
- (9) using a static pressure cell and the iron iegtbpe Fe?7,
It is mentioned that o« iron ie stili found\ﬁetween 13'GPa
and 30 GPa (1,9 and 4,3 million psi) as the o —w g

_\] - . transformation oan be'rather sluggish under static: 1oadihg.
' This maytm an additional factor why the parameter of time

' in exp1051ve loading is'important, The € .phase iron is
| antiferro magnetic, while "phaee iron is para magnetio
‘\ o : ' (9310)0 ‘ | |

? S ' o >+2 The structure of iron

_ : . - . \\J
The structure of iron exposed to the «=% ¢ phase

transformation is quite different from adjacent untraneformed
«iron. Ficroacopically, such a region ehows up ae‘an area

thut etches darker .than the adjdcent iron,’ o The

i ' volume of the space that underwént the phase tranaition
. :

S X approximately 4 to 5 times greater than the volqu of ¢

' | the coné shaped/;rater that is left by a contact detonation. |

The traneformed area lies below the crater and its cross

sectioén has a semi-elliptical ehape (43) Cloee to the

' crater eurface there are eeverely deformed ferrite graina. .-
Slightly further down but etill in the darﬁ etching zonse,

e there is a fine widmanetétten atructure in the ferrite

gralne ‘rather like the atructune found in ferrous meteoritee.
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A widmanathtten structure 18 a etructure characterised by

a geometrical pattern reaulting from the formation of a .

TN K
new phase (€) along certain cryatallographic planea in | DO

the parent solid aolution. Pearlite retaina more or less:

its original ehape and appearance. This dark etching L _
region will usnally not fracture during the initial wave ' -
passage as the 1arge preesurea tend to push the atoms |

together rather than to aeparate them (14 15,16). Only

-shear fracturea are possible under such high compressive ‘ '

streaees in conditionsof Plane atreaa. ' . .. ) e

oo

Fig., 16 Photomicrograohs ehowing microstructure of
favorably oriented ferrite grains. (a) six twin °
. directions, (b) seven tuwin directiona..' '

L




directions. As we move eway from the dark. etching region. &\.'

" the number of twin directions decreases. Fig 16 shows

.and 19 show that the hardness of the steel decreases in a

‘step form and that the amount of twin directions wculd

e gradual decrease in hardness as well ‘as in the number of

. was’ uniform over the entire range away from the source of

.in the ferrite msy prOpegate in the. same direction in.
'adjacent pearlite. This phenomenon is described in refer-
_‘Nowhere in the twinned region is there evidence of slip or

- above 31 GPa (4 500,000 .psl) are simpler and thinner in
appearance, sll twins lie on (211) plemes (17,19). The

Below“the dark:etching region, i.e. further eway from
the exnlosive, we find a etructure with "shock twins" or ;
"Neumann bnnds“ Near to the dark etching region we find

ferrite that has twinned  in 5(17), 6 or 7 (18) different
such shock twins."Fig. 17 shows a twin in o Airon. Pig. 48

correspond ‘with the hardness plateeus. These step8~are
alsc reported. by different reseerchers (M. 1In work on

sinsle crystals, only faint hardness plateeus and a more
twins was found (172, E’e—number of twinning directions
the explosion, The general direction of markings in the

dark etching zone is the same as in the underlying twinned

region (17). " In a ferrite-pearlite _structure, the twins

ences 12 snd 17. (oee fib. 209 The shock twinned region

mayluafound from one to seven inches away from the explosive. .

grain boundary distortion.- Twins that formed at pressures
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seme is’ true for Neumann bands that are formed by conven- -

. : | : S _
tional deformation of steel at low temperatures.

s e Ty :
v

S o ——

.t 3
S =R R .
"‘F;g. 17 Cut = oﬂérk1fb) bianevfhrbugh a coherent
twin in a beef lattice. S : |
. ) —
¢

A

T Fog, 18 ﬁypical hariﬁess curve snd twin directions

plotted from deta taken along & radius of a cirouler -

Ny

cross sectlon of the target.

Fig. 19 Hebdnegs curve plotted from data wken across
a2 Section of &*Thick-walled Low Carbon Steel Cylinder
with explosive’ (9 inches o0.d. by 1 inch 1.d, by 6

~ .Anches ¢ylinder). Explosive inside Cylinder,




, exnlain the’ hardening effect (27, 43) -In the case of

,0
-

Fig. 20 Twins in.
ferrite propagate B
into - peerlite 100X ..

The hardness profile given in rigures 18 and 19 is not

.easily explained. in conventional work hardening there

is a certain change of shape at ambient or at low temp-

erﬂ;ures that creates slip and dielocation pilevupe to

)

- - explosive loading there is no or very little over-all

deformation and no microecopically visible grain distorticn
in the twinned region. .Iron subjected to 41 GPa (6 million

psi) pressure will be as hard as 95% co0ld reduced iron

-without a noticeable 5rain distortion. This is shown in'
:fib. 21 where the herdnessea of quaei-statically and of

dynamically produced similar depression ere compared.
Possible exnlanations for the hardneee increaee are:
1) ' The twins themeelves,- o .
- 2) A distorted 1attice as is- indicated by X-ray
measurements of reglons that were subdecteﬁ.to

. 'shock waves 1arge enough to cauee plastic defcrm-‘
/ ation, L _ T o
3) The nresence of point defecta in the lattice

 left by feet moving - dislocations. (20)
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| Fig. 21 Compsrison of

hardnesg profiles below
an impulsively and a

staticelly formed depres- :
'sion in low carbon steel ¥

There is 1itt1e evidence to date to suoport the 1atter

theory, it is possible that the bulk of the dislocations

are 9nnihilsted at the. increased temperature associated with

the shock wave. (21), Figures 22 a and b give two models

-of the shock wave.

‘for the metal lattice as it mey become during the passaget

In the case of the plastic wave in’

Fig. 22b, one dislocation in 15 rows of stoms is necessary

to explain a 20% volume decrease. (22), There is no substan-

‘tlal difference in the hardness of a grsin that is twinnead

and-one that shows no twins in the same hardness region of

‘the Specimen.

As such twins would net explsin alone the

work hardenin" of imnulsively loaded metal (22). | The other

_moving shock front.

~ proposed explanation for the hardening effect is the. oresence

of point defects left .behind by the dislocations in the

To date there is insufficient under-

standinL of the atomic processes surrounding the high level

F
plestic pressure waves in metals," ‘including iron. It is

form during the passaze of any of the three pressure waves

»

. loading shock twins form in iron.

‘not known with certarnty in which stage of the impulsive

it is possible that twins

+

»
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l\- interfaces between

.29

. and that fufther twinning or "un-twinning" oflprEVibusiy‘

formed twins tekes place when the reflected waves travel

back through the material. The sequence of. the twinning

~and hardening is important for the fracture of the. metal..

oA

Fig. 22 Possible

normal ‘end compressed
lattices. (a) Uniaxisl
elastic compression, :
(b) Hydrostetic
compression,
. \- *
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', These large cracks may travel at speeds up to 1 ,800

6. |
' ' 6. 1 Claasification _ o _ L o

' many such loading conditions and furthermore because : ff

o . -

S -30.-
FRACTURE OAUSED'BY INPULSIVE LOADING

| 5.4.1 Tensile fractures”

'Tensile.forcesrmay‘result from reflected compreé-»

- sion waves. In this case spalling or scabbing occurs

at a”céftain”distancé from the feflecting face. Corner

fractures or center line fractures are a result of the
- interaction of,several'refleétéd tensile wéves. In .

Some instances we find micro-cracks that run within |

one grain or émall'transgranular cracks when ﬁhe time“

ayailable for the formation of such cracka increases.

We may find large cracks when the object separates in -

several pleces during the pressure relief phase of
the.exnlosion. The times for the formation of these'

-cracks is lerger than for the transgranular cracks.

m/s (5,000 £t/s). It is then that the crack :front

may form bifurcation cracks and may follow & wavy

path. The tensile fractures abe'mostly‘of a brittle

or cleavage-nature;because of the triaxial nature of

- the wavé.o“opagation takes place at apnfoximately the
dilatational wave velocity of 5, 9501n/s (ft/s) The
‘dislocations that would cause 8lip and deformations _ oot
can only'travgl approxigately half as fast at the - -

shear wave velocity.




- to euppreee the formation of teneile fractures (the |

. 61,3 Guttins fractures

‘ with the aid or ehaped or metal lined charges are not
-«real fractures in the conventional sense of the word:
'they are rather a cutting by the aimed impact of

‘explosion produote or of producte accelerated by an“

.target objeet. ' R .

-

Sl ..-3‘1-

6. Te 2 Shear fracturee

~

Shear fractures are commonly found in metals that

are fractured by W exploeion.. They are caueed by o

ahear componente of teneion or compression etreeeee . f( R {

acting upon- the metal. Compreeeional etreeeee tend .

Bridgeman effect). Shear fracturee are ductile in

nature.

The fractures aeaociated with the cutting of metal

explosion. In the 1atter case a layer of the accel-

erated material ia found fused %o the material of the

6.2 Tensile fractures S S .
6.2,1 Spalling - SRR ' S
6.2.1.1 General data on spalling - Thie type of frapture

is alao called Scabbing or Hopkineon - fracture.f Spalling
fie the same phenomenon that makes the lagt of a row of

billiard balls fly away when the firet of the ‘Tow is-

hit. In the case of the epalling of metala, a certain
critical stress has to be overcome to- separate a layer

of metal on the side opposite to the apnlication of the »

1
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impact. . This critical strecs ie stated to be 1.1 GPa

(160,000 psi) for 1020 steel (1) The critical stress

w

varies with the following parameters-

f1) The shape and the amplitude ‘of the stress wave,-

2) Material nroperties such as the dynamic stress-
strain curve, the effectiwve surface energy of the
material tHe composition, the grain structure and

' the geometry of the plece.

There are- presently two theories that deal quanti-

'tatively with spalling: one theory takes the gradient .

of the tension wave front as ‘the. critical parameter,
the other takes the impulse of - the tension wave as
paremeter. @he impulse being defined as the nroduct

of the pressure and the time.

Fig s 25 a and b give two possibilities for the

pressure wave reflection in steel. The elastic precursor

wave (see P. 21) 1is not shown. It has not been ‘shown if

- or how this wBve is involved in the fracture of steel.

In case of a sinsle wave front when the peak preasure

'is below 13'GPa (1. 9 million psi) the reflected wave .

slowly increases from 8, zero’ value when the magnitude

. of the reflected wave ia completely compensated by the

incoming compression wave. (Fig. 23s). When the

reflected wave travels further back into the metal it

is compensated by a compressive wave of decreasing size.;

" The peak pressure of the final resulting tension wave

-

&
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is equal to the peek breeeure of the oniginal comp-

ressive, wsve multiplied by a ractor between O .and 1,
" The factor depends ori how much energy is absorbed by
J S the shear wave created in a. reflection under an- N
' ' obkique angle .of incidence. Fig. 9 shows the reletion- .
ships between the angle of incidence and the levegl of |
the reflected tension and shear waves. It is the . .
decrease in the tension weve 88 & result of the form-

ation of the shesr wave - thet limits the surface of

the spelled area, 3 ) ,

When ‘the peak pressure is enoﬁgh to‘eilow the. -
}i o . _ .'formetion of £ phase iron ‘the net stress during the “
1‘. - - reflection of ‘the plastic 1 weve 1is small but reflect-:.
E ion of the‘plastic IT wave will causé a very steep
shock front (see fic. 23b). This is- -further described
wnen “the smooth feced spsll is discussed If the level
of tension stress during an initial phase of e wave

reflection is larse enough to ‘cause a spell, this sggll

traps the pert of the wave that is in the spell. The
T - ‘ remainder of the arriving conpressive. wave will find
. .8 new free surface from which it will reflect. It is )
in this menner that multiole scabs or Spells are . rormed

provided that the initiel pressure weve is of sufficient

‘magnitude. (Fig. 23a) The.critical fracture strees 1evel
o . for low carbon steel is in the order of 1.16 GPa (160 000
psi) versus 13 Gpa (1,900 000 psi) for the
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.phaee change- 1evel. A saw . tooth ehaped pressure wave
Lof .the 1;900 000 psi level could theoritically ceuee
11 different spalls (1,900,000:160,000 = 11.8, but
partial epalle do not occur}., A preesqre waye without
':a Fradually decreasing pressure ‘trail could theoretic—
ally be trapped in the metal of- the firat epell before
it had the time to travel back into the rest of the
netal.- Multiple enalling hag been found for steel
. wherein six'different epalle could be identified.
Fig. 24) The first epall (1.e. ‘the spall furtheet
away from the explosive) is the largest in surface -
'area. From this spall going toward the source of the_e
explosion the spalle become generally smaller in eurface..
The tension waves caueing the subsequent frecturee has
-been weakened in the reflection againet an irregular -
~ rough and. grainy-frac;ure fac.. - This createe & rela-
tively large amount of sheer wavee to the expense of

the teneion wave which is the wave thet cauees spalling.

A rough fracture face aleo creates a less eteep whve o

front. . L L - L
o hantom
iﬁg:de t { free . ave
surface A .
-compression N '
. - i -tension.' ) - , .-'
L_ ' 5? é% ' reflected wave

.Fig., 23a. Reflection of eimple compression wave.
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| Fig. 23b Schematic

-creation of- smooth

- die. %' 3 incnns thick)

wave reflection for.

spell

Fig, 24 Nultiple
spalling in mild . -
steel plate (5 inches

-

Only the first spall that forms by a wave that has.

passed throu*h &iron may'besmooth in appearance,

otner spalls are rpu h in apoearance.‘ This is

iiscussed in the next section.

1. %
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give 9 measure of the size and of the shape of the

- 36 - o

The lrﬁation and the surraoe ares of the. spalla can
be used to obtain a measure of the size and of the
shape of the preasure weve that caused them.' The
principle of the billiard ball experiment is also used
to measure: the size and the shape of tne onessure wave.
At the back of the explpsively loaded ‘body one places
"billiard balls" or "spalls" of various sizes. These
obdeots are usually finely ground small metal plates
of the same oompoaition as the target object.- The ﬂ
velocity and ‘the mass of these small plates after an
exnlosive wave. separated them from the target-object
explosive wave (1,30). | ‘ .

It. is the forward movement of material under the

I
influence of a compressive wave or under the influence

‘of an impact with a foreign body that causes a certain

pressure rise in the material. The‘velooity of the
moveme%t of the material naybe oalleq the partiole‘-a_
velocity (V ) or the imp=ct;ve1ocity (Vi) The impact
velocity that may. result in’a stress that is large
enouch to cause spelling is called the ¢critical impact
velocity (V ).-'For low oarbon-steel the. onitical

imp ct velocity is 26 m/s (84 ft/s) (1, 2 s3) the neak

'pressure of the wave P as a resulttof a certain material

velocity (V) is ‘given by the formula (VJ'
P=pCLv ) - (10
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in _which ?:13 the materiel density snd 01 is the dfla-
' tational wave velocity. The critical stress for spalling

-

of low carbon steel is 1.1 GPa (460¢000 psi) -
The effective 1ength of the pressure wave is 37 mm

. .

(1-1/2 in.) for weves at . the 7 GPa (1, OOO OOO psi)

level cregged by a contact charge on the surface (23).-

The duration of the bressure wave denends, as already
discussed, on the size and the magnitude of the charge
and on its confinement. The thickness of the spall
must be less than half of the 1ength of' the .pressure

+ ‘wave.

PN

6.2.1.2 The appearance of the spall surface and the

mode -of fracture.

For stréss levels'above 13 GPa (4,900 000 psi) with

" the- wave passing through iron in the ¢ phase, a spall

nay have a smooth surface, ‘while below this level the
spalls have a 'rouch surface. |

(4) 'ROUGH FACED SPAI.LS | . | ~

The Tough faced spalling phenomenon was studied by
Banxs (24) and by Skidmore (8) The fracture face- is

of a brittle cleavage nature. ‘The cleavage facets lie

© on the (100) planes of the lattice. River-patterns on.

the cleavage‘facets show that the  fracture propa?ijgﬁf -
from different directions in adjacent grains. Th

means that fracture originated simultaneously in many

different‘points. The various cleavage elanes‘may Join

1
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by smell sreas of ductile sheer. The Dresence of
shesr has been verified by -the, observation of laterelly
‘disnleced twins acrogs micro-cracks that were eddacent
to. the mein snalling plane. _ ,
The part of the stress. wave that.ceuses these . .
fractures has a width of apnroximatelx,0.1 mm. This
' means that the 1ayer subjected to the- tensile stress
| is only. one or several frains thick. - This stress and
"fracture condition offers an interesting cpcortunity
to study the crack nulceation pnocess in metals- The
fractures lie along ‘the weakest path on a microsccpic
scale and not alona the weakest path on-&a macroscopic
scale. Backs found that the cleavage cracks started
ifh the ipterface’ between iron and cementite nlstelets'.
or ceteﬁtite films‘- Another pos91b1e mechanism for
nucleation of cracks.is_the bendingkand cracking cf
,thin‘cementite\layers An the‘grain boundries when the '
ferrite matrix‘tWiﬁsJ In this case the cracks would
start in the cementite itself, Both theories are
suggesyed as the likely crack nucleeticn processes at

lew temoeraturss (-196°C) Transmissiqn electron micro—

aphs of fractures i low ceroon steel at low temp-

=

eratures (25) show that crack and twinning structures
' a

are very. similar to those geken of spalls with a rough
surfccq appearance (24 25) In neither case were twins

,ound to be the sites of erack nucleatlon elthough

-.3-").'_ RS
i




~ has not been found in spalling rrectures. I suggest BT

- tend to "un-twin" the existin& twins. Work hardening

. fractures. It is possible that the crack formation

is a decreased amount of ductility (or increased cleevare)

" in spalls with'a rough snrface.(aa} The increased

‘fracture stress maybe due to an increase in hardness .

because there is'insufficient tine‘for plastic strain

- - 39 -‘:‘; . 4
msny of the twins existed prior to the cracking.
Micrograph 25& shows a crack ‘arrest by a twin (25)
In some cases .(27) ‘twin intersections are found to be'
cruck origins in conventionel loading of metels. This
the following explenation for this. Fig. 25 shows J
that most twins existed prior to the cracks, This
neans thut ‘the *twins formed to alleviate the initial
compressive wavos. The stresses at the twin inter-
sections caused by the compressive waves would thus

be‘connensated by the reflected tensile waves which

at tne twin intersection in the compressive vhase -

creates an unfavorsble condition for subsequent tensile

process at low temperatures at low strain rates is the
same .as that at ambient or sliehtly elevated temperatures
at hich impulsive strain rates., 1In ooth cases slip by
dislocation movement is restricted. . “' ib

A steeper gzradient 6f the shock front causes an

increased fracture 'stress for spalling (8)-and there

caused by a steeper,wave front, cleavage increases

A
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. to blunt the-orack tip (27 28) Gleevege in'e pendulum

tyve impact test is more frequent than that in the elow

'frecture of the same steel. It eeems therefore not
_ surorieing that the cleavage mode is the predominant
- fracture ‘mode {or snelling in m.iron. The stress

.'gredient of the shock yave can be related to the criticel

stress that oaueee spalling as follows: (28)
| S GeAee(gE)t - ()

in which A and 3 are constant and A e is the stress - -

‘.gredient This is greohicelly shown in fig. 26 for

copper ond for- aluminium (2o) We have no euch_date

for iron.

A different criterion for the critical fracture

Jdstress is thet ueing the totel impulee (;) of the streee
'wave.‘ This theory implies that a lower stress applied

eurinw 8 longer time will cause epalling as would g
higher stress during a shorter period of time..‘For
loading in .the mic ro-second range the time,_ dependent
(impulse) criterion and the strees gradient criterion

both zive eatiefectory results (28).

re
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Fig. 25 (a) Cleavage
crack arrested by a
re-existing twin..
: ?b Oleavage crack
passing through
:deforma*ion twinf

Mg 26 Characteristic
spall curves for.
aluminium and copper.

(B) SMOOTH FACED SPALts

-'Much of what was said abpve only annlies to spal-‘
ling causedy€§ the sinﬁle stress wave that we find
when the.phase transition has not complicated the
shape of “he stress profile. The fig. 23b glves a
'schematic renresentation of the shape of the presaure
wave showing the plastic I and the Plastic II wave
Tronts and the rarefaction trail caused by the trans-

formation of o iron to £iron. .It saows in four
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'1different'steps how a sharo fronted tenaion wave is
'-created when the plastic II wave interacts with the

rarefaction trail. This sharp tension front is
formed in a very thin layer of material at a certain
distance from .the surface (distance A in fig. 23b).
This sharp tensile front creates a spall with a "

-smooth‘machined like surfaoe (8 24), Inm addition to '

a2 gingle smooth faced 8spall several rough faced spalls

may forn after the smooth fracture has formed. TEM

fractographs show that the structure of the smooth
- fracture face consists of very fine dimpleh (24)

Below the fracture face there are microvoids, most of

which are spherical in shape. We: note that spherical

'cavities are . also formed in exploeively loaded iron

at 300°c (10) these cavities are not connected by

cracks. bee fip. 2?. The fracture is trsnsgrenular .

with little regard for the microstructure of the steel.
The origin of the dimples could not be established as
"they were %oo small, It is estimsted that there are

approximately 100 dimplee per. grain. .The fracture

‘’hés to be classified as a ductile decohesion although

the ductility is only anparent at a,very small ecale.

No cleavage surfaces are present despite the fact

.that some of the grains would have been suitably

oriented for cleavage to take olsce. The explanation

for this ductile decohesion by the coalescence of

L 4
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~microvoids invelves the following factors:

1) _The séreég front is'éxtremely small and steep.

2) The materiél'maybq undaréoing‘h‘phasé‘change
involving volume charges. o

3) 'Liquids.subdected'to an impuisive wave may

ﬂcavitate":

_Cavitation is‘thg'formatioh of small bubbles (micro-

‘voids) in an area where the cohesive strength of the

liquid is exceeded. & similar'thing appears to.be

~

taking place here.

Mg, 27 -Damége in Armco iron at 300°C. Impaét

velocity = 505 ft/sec; Target thickness = 0.250 in;
Projectile thickness = 0.093 in. . , NS

e '

1 .
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The processes of theh\tbmic movements in a8 shock

front are nresently not well understood (two possible
- models were given in fig. 22) Present observation,:

'techniques and time messurements methods do not allow -

direct meseurements of  the pressure gradient and of

: the ‘atomic movements therein. The orders of megnitude o
of the phenomena . involved are as follows- the atoms
rin a metal lattice vibrate with a period of 10'B
.micro seconds; an impulsive. wsve 1ests in the’ order
{of 10 micro seconds and the time of the pressure rise

18 in the order of 10 -1 micro seconds. A shock front

of 0.1 mm width represents a layer of 105 atoms thick.
For the formation of smooth spalls ‘a stress of 13 GPa

(2 x 106 psi) is necessary. The theoreticsl strength

-of iron, based on atom decohesion and surface tension

considerations3 is approximately equal to one tenthu

of the modulus of elasticity of 200 GPs (5 x 107 psi)

The strength observed in iron whiskers is 13 GPa

6 psi). The stresses that may be found in an

,
impulsive shock wave front are thus not far from the

theoretical strength of iron. |
' The three or four fold 1ncreese of the frscture

L

stress (for spalling) under the impulsive losding

| versus that of the fracture of Steel under slow

losdinb is related to the following factors:

v

“a

"

’nr
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: 4) The fracture nucleatea in many pointe and each

i - ‘ -_: fracture propagates only for approximately cne grain*“ e
‘; _ - _ | diameter in the caae of the rough apalla and 1eea in
S . the case of - smooth spalls. T am of the opinion«that
1 o . | in such cases the nucleation. of all these cracke ia
| probably the stage ‘thag requires more energy than the Cs
_ , propagation -of . theae cracks. “The threahold energy for'

the :ormation of a continuoua epall ie therefore large:-
,} ' _ compared to that in conventional fracturing of low

" carbon steel. The brittle fracture at conventional
: s atrain ratee«generally 1nvolvea the propagation of a
single crack In this ceae it 1is the crack propagation
stress that is the critical parameter and not the |
| ‘ atreasea for the nucleation of the crack. The conven—
tional ductile fracture of low carbon steel involves

the nucleation and the coalescence of microvoids.‘The

number of microvoida that cause the fracture is small

. T ‘ -.i compared to that found in a amooth apall._ Furthermore
§ N ~ in the first instance dialocation movementa aasiat in

the nucleation of the microcracka, which is not the

case in the aecond instance. ’ ‘_ ' N

2) The triaxial nature of the etreaeea in impulaiye

loading raises the atresa level at which fracture occurs .

3) A spall forms in naterial that has been work -

hardehed by ‘the initial plastic comtreesion‘wave or’
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-zror higher 1mpuleive waves. (27)

.. . . . : .,
. »
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wavee., This par%ially explaine (ror rough faced spalle)

" that the critica; fracture Btrees for epelling ia lerger i

-

L]

62, 1 .3 Surface Energy - The eurface energy of a mater-

' ial influences its ebility to resist fracture. ‘The &
eGriffith thepry for brittle cracke etetes Yhat the |
.nCrEWiCdl stress for crack prOpagation increasee with

'~ the. square root bf a " peaudo" surface energy and with

——

the square root qe}the reciprocal of the crack length
from which 1t -atarts prOpagating. The crack will prope-
gate -when the etrain energy released by cgzﬁk propagation -

is 1arger than the kinetic energy of the crack prcpa- o

’ ration plus that of the eurface energy (or a " aeudo"
P!

-surface energy) needed o, form new crack eurface.-The

kinetic energy is relatec to the- displeccment of metal

during the formation ‘of the crack. In fact the strain

energy created by the impulsive wave converta to kinetic

and to surface energy in the case of crack prOpesation.~
The kinetic energy increasee with ‘the crdck: veldcity.

It has been sugs; ested that the kinetic energy of the
mcvement of the crack is related to the terminal velo-

eity of a brittle crack, which has been calculeted to

. be 0. 37 timee the dilatationei wave velocity for eteel.

k]

It is the initial nucleation of the micro cracks in
the.ferrite_matrix that re39ir€s the largeet stresses

¢
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) becauae the crack.eize of the Grirfith equation is
smallest, (We note’ thet at tite ultimate crack length:
I ; ‘ ‘ of one atomic anacing we obtain the theoretical
i R '-etrength of a material or roughly 0.1 timee the L. i

modulus of elaeticity) The 8tress near'the tip of a

- moving £rack (V) at a time (%) 1is relnted to the
- erack velocity V) as follows. (27)

| | Te Et[‘ﬁ? -q]

in which c.ie the modulua of elaeticity,

(lz) |

Ais a constant

G; "is the apnlied etreae, S is the specific surface
enerby and ﬁ, ie the local plaetic(etrain rate. ' This
. formula cannot be eolved by iteelf a8 the local plaetic
;” ' ~ strain rate £,

. ) .

dependa on the etresa at the crack

6 2. 2 Corner rracturee rracture conee and center-line

b , .'- | fracturee. ‘ S | |
. It is only in Teglons where the wave fron%“is7'
parallel to the surface that it causee apallinb. In: the
:'- corners of the body the reflected wavee from two inter- :
; ‘ i j‘secting surfaces cen add to prcduce hish tenaile
stresses which may cause corner fractures. A limiting 3
case is when the intersecting surfaces meet at inrinity.
‘A "center fracture may form in the center between euch

parallel eurraces.ﬁ-It has been found (6) that rracturee B

,form according to the rulee of wave reflection, -

rules are shown echematically‘in Fig. 28:

‘ e : T S
. . . -

Theee

'The. tensile .




. .
e . T .-....n': ' PP S v . ' S -
e AU AT NP R
' B . o . . :
oo iy . o

. ' .‘ .-48.{- . .
etreeaee F1 and F2 combine- to form 8 ‘corner rracture' \
starting in corner P streaaee F2 and F3 rorm a -
fracture near the center of the trapezoid that runs .
into the corner Q and the atreaeea Fq end F5 interact
to form & center fracture at O approximately half way
between the oppeaing free aurfacea that rerlected F1
and F5 . The three fractures meet in one point in
the center of thia trapezoid shape. A center line
fracture is shown in figura 29. o

' origin I

' M N : M :
- Pl

I P

| stres ' - ¥

, directio

i of wave

propagation

Fig. 28 Schematic representatiea of corner aﬁd'center- '
line fractures. ) '




Figure 29- Cross section’ of mild steel plate
logded by two opposingscontact charges. Notice
craters end centerline rraoture.,

The shear waves that form as’ a result of oblique

' reflections of the compressive wave travel at approxi-
{

| mately half. the speed of the tensile wave. They play

no role in the crack formation in this case. It ia

;only when the material is’ severely compressed and.the

'formetion of tensile cracks is suporessed (the Bridge-

hen effect '- (16) that shear fractures are found, This

snall be treated in the discussion of the stress

‘condition of impulsively loaded hollow cylinders. A

cone’ shaped fracture is found in a cylinder at, the
end opposite to thst at which the explosive was
detonated, It forms when the corner fractures meet

in the centre of the cylinder.‘(Fir. 30) The angle

-between the face of the cone rracture and the bottom

. face of the cylinder can be. used to determine the velo-

city of the wave propagation (C) if the detonation

.
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| velocity (D) -of the explosive ts’ knownz- o , -
G-D»co-nx' (’3)' o

Fig. 30 Bress cylinder
with fracture cone,

An interesting type of corner fracture is shown

in’ fig. 31 (29). A polyethylene sleeve with a

| .diameter of 1.17-m (3 £t'10 in) & length of 3.7m -

(12 ft 7 in) and a ‘wall thickness of 4 em (1,625 in)
under went &n aocidental fsll ‘from a height of 20 m
(65 ft). This corresponds with an impact velocity
of approximately 48 m/s (60 ft/8). The sleeve fell
straight down in an axial direction on a concrete

floor. The compression wave 80 created traveled

from the bottom to the top end of the ,C¥linder which-

, contained av - shaped groove. The interacgion of

- the tensién waves reflected at both" siaes of the V

. caused & completely brittle crack of a lensth of

1 ‘5 m (5 ft) This is: interesting as oolyethylene

: will eloncate by 400% when it is subjected to a slow.
strain rate. - We note thet the purpose of. the sleeve

- was to limit damstes from poesdble explosions inside

e e T
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- the eleeve. The V-shaped grooves in theae aleevee
were changed to U-sheped grooves to give the aleevee

_ added impact resietance.. Another interesting frecture

1s that found.is a .plate loaded on ite edge (1) The‘f‘
"« plate will split along the ‘center plane parellel to .-

the-surfaces as a result of tensile waves reflected

' from both surfecea.

3

Fig. 31 Corner fracture of polyethylene sleeve by
‘Pressure wave traveling from down to up. '

‘c




| A different type of frecture oeused by stress waves

is the "second fracture" in e brittle msterial thet

forms from the elastic pressure wave 1ibersted from en.

eddecent “first" fracture. The sudden formation of |

a creck in a staticelly stressed meterisl relieves _.

the stress snd -a compressive wsve trevels into the
material ewsy from the crack: subfece. The reflection

; and the interference of this reflected wsve with

r,existing stresses, possibly the shear wave. relessed

'-from the same fracture, may cause a gecond: fracture.

I found an example of ‘this type of frscture ina 4 g

(12 ft) 1ong steel bar with a oross sectionel area

5 x 5 cm (2 x 2 in) (34) : The bar fsiled with two

| brittle feilures near the two ends of the bar under L

| “‘a tensile stress of 0,44 GPs (65 000 psi) The

meterial had a cherpy-v notch 'impact eneﬁgy of 2 7
at - 18°C(2 £t 1b 0°F) The failure heppened at an
'smbient temoereture of 0 F Similar frectures were

observed in explosively 1osded polymers. (5)

Tnteresting results were obtained (32 33) b& |
tudying the nature of stress waves creeted from _' |
‘frsctures by measuring with strain gauges the
accoustic emissions during brittle fracturing. Thes
discussion of this work lies outside the scope of
- this report.

A '_ﬁ




o = - = =

Ay ——e

‘ie loaded by an exploaion within the cylinder and that

it is strong enough not td fracture as a result of the

- Ty el e Y — e . — o
. .
- - -

'..away from the exploaive does rnot . yet experience the

‘ effects of the explosion until the pressure weve
'arrives at approximately 4 micro seconds per linear
inch. of distance later.  This material will thus eerve
‘.te reetrain|thefexpansion of the_metel'that is adjacent
' to.the explceive. The result is that mo fractures

- form in this phase provided-that.lateral‘flow of %the

enlargement of an annular leyer as it. moves outward.

-ie found to eoual the critical impact velocity (v ) . - N

.ag -
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6 2. 3 Tensile fractures cauaed by divergent compreen } _f'
\ give’ wavee gredial fraoturee) ' 3

Gonaidering the eituaticn that a hollow cylinder il S

internal preesure, The material adjacent to the _

exploeive is. eeverly compressed. Material further

meterial is not possible (Fig. 32). However as_the

pressure wave moves outward teneile cracks form in a

redial direction.- The teneile stress-arisee from the -

. The tangential particle velocity 4in thie ring (de/dt) L iy o

)
a . ) DI
is given by. s - . B j ‘, . 'i{{ﬁw
- s pde Moo, i
T at : ) .

whereby @ is the angle over which theﬁtadgential B V&f%&.
particle velocity is measured and dr/dt'is-the rediale - ‘lae_.
partiCle uelocity; From the above formuls with & | '
equal to the ‘angle between adjacent fracturee,ds/dt
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' some.agreement for medium or

| _-54 T AN
The angle 9 is then given by the ratio %VV where'

.v ie the radiel .particle. velocity. The formule for

the number of eracks (N) or,for the number of oieoee

:‘(N) that will form in the cylinder is then. . f ;}

v 5 N T TS
R A S
3\ c - ! ’ e ul

This theory has not yet been proven to give quanti-

« | |
'avy walled.cylindére.

.tatively correct ‘results elthizgh there_eeems to.be
h

Another, examole of fracture due to diverging waves

18 what maybe found in a solid rod that was coated w&th '

_In some cases the himh P

4

. an explosive. 'Fig. 33 shows the nine pieces that

origineted from a 2.5 cm-diameter solid stee 4

. coated with a thick layer of explosivey The fracture
: facee_are roughly radial. .They ﬁave & rough and fibrous
'surfaoe texture that is very‘different from'conventional

fractures in steel.- The orisinal converging compreseive'-

wave will have an increasing peak pressure the closer

the wave front gets to thé center‘of the rod. _In_the

center of the rod the pressure rey rise to two or more

orders of magnitude above ghe yield stresa of\the metal,
ﬁeur‘e may force the metal .to o

extrude out of the center of the rod. 'After the pres-

sure wave passes the center of the rod it continues

as .a diverging preseure wave, oreating rediel cracks

as described.,- | B . R N
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rig. 32 . internally

Fig, 33 mild etee%irod-
fractured by coating
of e%gluaive. x

loaded .cylinder, = “

- 6.2.% Tefisilé Tractures caused b the '”"“‘""f”'w*ff““

relief phaae.

Thia catesory contains the tenaile fractures that
are not caused -by the initial dilatational waves. ‘They
may be brittle ten61le fractures that run at & high

o velocity ewey from the source of the explosion. One

may compare these cracks to the final running cracke
in a breaking plate of glass. - The dilatational ‘wave
created at detonation runs approximately 3. 25 timea

faster than a crack inﬂgron has been observed to - -

'propagate (1 33). This wave may leave behind a large

nunber of small fracturee but . it passes before the

. érecks have time to propagate.: The pressure of‘the'"

expanding gasses in the pressure relief phase may .

‘l

exert a hich mechanical force that may. tend to open

up ‘such cracks. It nay supoly the driving energy for .
crack propagatiOn. It is the eame force that propele
the verioua oiecea of fractured metal other than epalle-}

away from the origin of the exploeion after their form- .
ation by the initial dilatational or_ehear waves.
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I examined aeveral auch fraoturee in a ateel

drilling pipe which aurrered an accidental exploaion

(14).. The pipe haa at its bottom end a thread at the '

exterior aide with which it was coupled to a lower
eection of the drilling pipe.' A contamination with
exploaive at the’ thread caused anigxplonion which
traveled upward into°the pipe. The exploeion |
fractured a 32 cm long non—threaded aection .0f the

pipe atarting from the thread. Theppipe ia made of
a tempered martenaitic steel that ia case hardened

' at the exterior face. The exterior diameter of the

pipe is 37. 5 mm (1:5 in) and the wall thickneae is
¢2 5 gm (0.5 in) The 32 enm long aeﬁbion examined 3
had fractured into two eemi-cylindere by diametrical

' fractures. : Each of thess aemitgylinders broke into:

o

two parts. I examined three of the so obtained

four parta. S

The 1ongeet Plece has one diametrical frapture
that is essentially flat the other has a wavy adge
at the- outer surface, but is etraight at the inner !
surface. In combination with this wavy edge are
bifurcation cracke. 'One of the two other piecea o

als0o hzs birurcetion cracks at the. exterior surface.

The maximum depth of . the bifurcation cracka is 2.5 mm-)

All bifurcation cracks run away from the threaded end

of the pipe. The longest bifurcation crack found waa
: o R

»
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"43‘hm; iohg. Thia crack wes neareat to the threaded ]

" end, ' The ahorteat birurcation crack was 1 mm long =
and. it waa rurtheat away rnom the threaded end.’ )

bFig. 34 ahowa the relationahip between the lengﬂh
of a birurcation crack and its distance from the Sy
threaded end. The relationahip seems to be paraboltfi
This ‘would mean that the bifurcation crack length

. denenda on the energy available for .the propagation

"bf the main crack.

i

e A 8 e e e,

. ' Co ‘ 1
o ! total 1ongeat crack 43'mn SN : |

3 . 8ub-surface of ’ ' '

longest crack .o
"--
5

g ' v
g, L . ' \
Re I . «—
. i _.8hortest bifurcation cracka
5 1 . * ¢ piece - in longest piecejA . v
1 : total of 12 cracks. S
S 54 L |
. \
9 ! _average
e
0

0 1 { - i - ' 1 1

. 1§ 35 So T g tio - - :.3: mm._p o ‘

Distance start bifurcation crack to thread.- .
fig. 34. uength or bizuroation craoka Ve, diatance to thread.|
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2“‘The direction~of the bifurcation cracke provag that-”“

the fracture propagated upward from the thread of
the driliing pipe. A chevrtn pattern is visible onhh:
the diametrical fracture at the exterior and at the

'interior pipe aurfacea - fig. 35. Normally chevron

markings are parallel to the direction of the move- _

'.ment of the crack front. .Ghevron marka have the

appearance of a bird's feather with the root of the

feather at the fracture origin.. This is' the way

that the chevron marka run at the diametrical fracture

that ehowa the wavy-edge although the marka are aohe

Lwhat irregular at the wavy edge itself. ' The other
‘diametrical fracture in the same piece ehowa marking
) that ‘Tun upward and inward at the interior edge as

would the maerkings of a feather laid- down on the

fracture with the root of the feather at the pipe
thread, However, at the atraight exterior edge they
Tun as with the root of the feather away from the pipe
thread. dhat was eaid above is shown in a pﬁotosraph

of the two Oppoaing diametrical fractures in fig. 55.‘ :-.

The!eide with the wavy adge 1e at—the right and the
fracture propagated from the - bottom to the top of fig.35.

| The inveree chevron -marks’ at the atraight edge fracture

. face maybe explained by asauming that the crack front

wes more advancaiat the hardened case than in the

'interior of the wall of the oipe. Thia does not

i

C e
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explain why 1f this eurfece crack ran eo reet it
is this edge that ie etraight while the opposite
exterior edge with normal chevron markg 18 wavy.
-There are other theories. that explein 1nverse chevron

| marks but they do not apply.here or they do not explain

" the phenomena observed. i" . . R o

v

)

t !
| waves of vevy'eegeﬁ

t

t

_if

Fig. 55 Diametral teneile fractures in exploeively
fractured drilling .pipe. The fracture travelad from
down to up. “The wavy edge is st the right, the -
inverse chevron merks are at “the extreme le.t‘t. ZX.

- L J

There were a total of ﬂ? waves 2? unaulatione in

.the plane “of“the diemetricel ﬂ’pcture of the largeet.;

of the piecee examined (ﬂu) The average wave
‘length was 9 tm (0.35 in). At the start of twelve .

‘of these waves ‘there are - emall bifurcetion crecke

that seperate from the main rracture fece. It appears 1

thus that bifurcation of the fracture is related to

\.f ..

-

re-
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-tnan is required- to propagzte the single erack that cﬂ?

-50..

~ the wevy oath of the fracture edge or vise veree.

', This 18 not always the case, Fig. 31 ehowe the--f'

ondulatinu path of the brittla fracture in polye- _
thvlene._ I found another example- of a wavy fracture

path in the- accidental explosion of a 100 gallon

. pronane take (34),: The tank failed due to an

excessive pressure through o circumferentiul fracture.\.

The fracture wads 8 pure sheer'fracture. In the finsal

-

) 50% to 703 of the fracture surface a waviness with a

wevelenrth or 25 to 38 mm (1 to 1.5 in) was observed.
There was no aign of ony bifurcation cracking in

this case as bifurcation cracking seems to be limited
to fracturee in the tensile mode. Bifurcetion of

cracks has been linked (for fractures in glass) with-

" CI'5CXB travelin; at some maximum crack velocity. This . I"
speed would be half of the shear wave velocity (5).
For ‘steel the naxinum crack velocity. is reoorteo to.

~ be approxinately 1,800 m/s (5,000 ft/s) or 57% of the

sheer wevn'velocity. (1). xssuminv that the maximum

" ‘erack velocity has been reached it is easy to conceive

L}
-y

that wnen more suress is availadble at the crack tip .

a second crack could form. Which. ever of these two.

cracks rets ahead causes a droo in the stress available '

3t the ooeer crack tip; the crac< th@t is ahead: will

contlnue-while the otner cra ck will stop. The
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“anisotropy in the grain structure of the pipe will

Py

- pipe- examined have ccmmon rracture eurfacea.i

o

favor the propagation or lonsieudinal cracke Qver

_radial cracks.,

The three aemi-cylindrical pieces of drillin@

cracka while the piece of medium length has none:
The' 1ongeat piece hae twelve cracks’ where it bordera

the piece of medium 1ength while the ehorteat plece

:hae three cracka where it bcrdera the - longeat piece

fig. 363 and three c¢racks where it bordere the medium
length piece - fig. 36b, (The saort piece was slightly '
laes than aeni-cylindrical where it bcrders the other
Diece) The . imnreasion given by the locatio of the .
bifurcation cracks ia that the shorteat piec:}N as
lifted of the. other two plecges and that then the

longest piece liftesd of the medium lenﬁth niece. :

Two of the more or less radial fractures that form

thc top end of the- ahortest and the longeet pieces
grew from bifurcation cracke. This is indicated by

cnevron narks and by the oribinal angle with which

they. leave the digmetrical Pplane. Tae radial
fracture at“ﬁﬁé top end qf .the longest oiece is
arrested bycthe atraight edged diametrical fracture.

o

/
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Fig. 36 a and b The bifurcatiﬁ cracks in the shortest
lenrth pipe section - see text.

8.3 3hear fractures

ohear fractures .are common in explosively loaded metals.-

. The fractures take place along trajectories of maximum 7
shear etreeees. Fig. 57 shows the maximum shear traject-
ories for an internally loeded hollow cylinder and for a
_surfacé losd on-a flat surface.‘ Fisure 38 shows an _
examole of the fractures in an externally 1oaded alunhum:
hollow cylinder. Comparing figures 32 and 38, it eppears
that star like fractures are formed at the interior

-

%




eurface of the hollow cylinder in, the oase or external
f" .'; ‘as well as internal loading. Shoar rraoturee follow the
same direction as the Luders bands in steel which is a
phenomenon of yield along trajectories of maximum ahear.
At“the exolosively 1oaded drilling pipe thread there are

axial shear fractures that meet the interior surfaoe of

. the pipe at a 45° angle (14) The sheared area 1is
slightly curved with the concave side facing inward.
'(See rig. 39)

L,

¥ . s

N B L @ e L (b))

i rig. 37 a and. b Fields of maximum shear trajectories
. ' : for {a) Circular Hole under internal pressure, and ..
(b) Flat surface under contact pressure.- ‘ _ . "
-~ . ‘ ) . . - N

rig. 38 Cross s ction of
- . 2487 aluminum holloy
- : ¢ylinder loaded with
oLt : * layer of exolosive on.
outer surface .
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Fig. 39 a and b.. A piece of the drilling oipe
. thread showing tensile and shear freotures o ‘ .
- (mag. 1. 3x) - | . S .

f -

o u.' The sheered area had e smooth and shiny apnearence,
which is usuel 1n shear. The deformations on the shear T

plane show that the fracture surfaces were forced over

on

another with great force. The structure being brittle .
m rtensite (Photograph fig.- 40),this means that large T

forces end or larse ambient pressures ware. present.

-
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Fig._&d The structure of the drillins pipe._
P
At| the threads of the -pipe up to. 55% of - the pipe

thickne 8 broke as a ghear fracture while the remaining

45% of the wall thickness broke as & tensile fracture. R
(see fig. 39) In these tensile fractures, we found |

chevron marks that indicate that these fractures started

et the exterior surface and that they ran inward to meet

the shear fractures. Je found fourteen seuarate tensile .
fracture origins that were exposed while there were at

least another six suspected fracture orisins hidden in -

closed cracks. (see section. 6. 2 3). At the start of the

- non-threaded streight section ‘there is a -shear lip that .

covers apprcximately 20% of the well thickness. Further
away from the thread. the shear lip virtually disanpears.

~



(It 18 visible as a line in tig. 35). V-The arés’ of thé .

R

T

largest shear lipe shows eome plaetic deformation at the

intericr surrace with a local inpreeae 1n the radius ef

curvature of the pipe from B 35 to 1.4 mm (O, 25 to 0. 45 in)

-Preaeure-hae the follgwing effectalcn the fracture of
steél (15,%6)r., ,f -
1) It'suppreeees~the'growth-enc'the,cceieacenc f

microvoids in ferrite, :' ' e

2) It retards the cleavage fracture of pearlite,

e

3) Cementile becomes somewhat ductile and it may

‘fracture in shear end

4) 'The planar shear mode of frgcture dominates over

‘ _cup and cone, cleavage or: intergranular type

fractures.

6.4 The cutting cf metal with e;glcaivea

: Explosives placed in contact with or near to a metel’

object can shear the object depending on the size cf the
“charge and ‘the strength of the object. '

©. Thig cutting actigp of &n’ explosifb ‘can be enhauced_'

L. ‘

1) A V-ahaped cavity 1ett in the race of the exploaive ‘

by three Tactors'

that is in contact with the metal, This 19 ahown in
‘fig. 41, ‘The V—shape createe efrelatively narrow
columm of explcsicn prcducts in the center of the V.

2) 'The V-shaped cavitg-in ‘the explcsive can be placedat
. Y

.
T
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.| shaped charge.

a certain distance rrom the object to be cut This
etend-eff distance is usually measured in the order

of. several inches,

3) The V-shaped cavity can be lined with 8 metal of the

same shape.' This creates high velocity Jet of. metal
particles (fig. 42) that collides with the metal
surface. The pressure (say 27 GPa or 4 x 106 psi)

and the high temperatures (say 80000) created in this .

,impact forces the terget material to flow or shear
out of the path or this Jet.- Holes or cuts or a
depth of & inches in mild steel can 8o, be obtained.
. (Pig, #3)

'?ig. 41 - Crateringlgifect
produced by conically ‘

(VI\ . . ' . . -. I N

Fir. 42 Diagram showing the
mode of deformation and break
up. of a conical liner. (After
Kolsky, Snow and Shesrman)




Fig. 43 - ' Cross section of steel ‘target showing jet
penetrstion from & cylindrical shaped charge -

The cutting action is caused by the jet of metal:
particles thst moves at a velocity in the_order_of 1;800

to 2,400 n/s - (o,ooo to»s 000 ft/s) ‘This means that the"‘
dilatstionsl pressure wave. created by the detonation end_
-:by'the impact with the metel jet is slways ahead ‘of the
‘ Jet‘itself. The hardening effect of the initial dilats-

tionsl wave does not seem to. influence the depth of

penetratiqn of the jet to a great extent (18).

o The surface of a hole created in a 1ow‘carbon steel

target with e medium carbon steel ‘1lined cherge has a

' martensitic structure. Some of: the terget material

o reeched the Ac, temperature of 72?°G. Fig. 18 gives the

hardness profile messured from the cevity into the parent

metal of the target. The hsrdness profile ‘thus obtained

(18) eompares with the one obtained with an ordinary
_ surfacefchsrgef(fig. 19). Sheped chsrges are a§p113&

for their cutting action in metsl,working, ardor piercing

. . ' . o
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‘weapons such as bazookas or anti-tank rockets, the tap---

P

ing of -blast furnaces, the piercing of an oil-well

"qgsing, in aalvaging operations, and in mining operations. (/i

i,




.f;.':‘~:~.»-m-«:n;,ﬁ=g';.,,
7 DISLOCATIONS AND SHOCK wavrs IR - ,,*ﬂ'i_v*-

) The Rayleigh weve velocity or the transverse eound

wave velocity are generally the 1imiting velocities for

.,.dielocatione as at these levele the energy of the die--

locetione becomes dinfinite. (20, 35 56) At high speeds

‘ the dielocatione are elowed down by thie relativietio"

effeet by dielocation demping and by dynamio errecte.
High epeed edge dialocatione are an efrective eource of -
vacancies as conservative motione of auch dialooationa '

would require euperaonic velooitiee. (36) It hae been

' caleulat®ad, in ref, 36, that edge’ dislocations of. ‘the

"

same sign will attract each other when they move at or.

near to the tranaveree wave velooity._ Thie phenomenon“

f would asslst the formation of micro-cracke when edge
_dislocetions Join together and thus: increaee the Burgere-

- vector. Screw dislocationa would behave normally at

‘ high velocitiee.- From these. data it would 8een thet the
dilatational stress waves that cauee fraoture travel about”

_twice as fast as conventional dislocatione.

Fisure 22 ahowe one model for.the.behavior of the -

lattice in a wave front that uses dislocatione 88 a

.“bridge" between two, otherwiee regular metal latticee

of the compreeaed and of the uncompreaaed metal. In .order

for such dielocatione to remain in the moving ehock rront

- .

they have to move at euner-eonic epeeds.

B
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‘_phase trensformation takea ‘place. .' BRI

A
. Super-sonic speeds have been propoaed by Eshelby -
see ret. ao-ror the edge diﬁldcation. -Flgure 44 . ahows

‘ the propoaed nodel when a. complete aariea of atoms 'at
" one side of ‘the slip plane 1s. in perfeot misfit. This -
would be the same type of condition that, is found in a |

a-metal such as iron at the moment whan a diffusio -ess_

» N

' The dislocation behavior in impulsive ahock wavegwf,ﬁ‘

and at pressure 1evela whereby metals may react like -

liquids is presently in the hypotheais Btaga.: L' o, %ﬂ¥l

. Fig. 44 Eshe y's
supersonic.q’ location
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The detonation or ‘an explosive in the near vicinity

'nof a metal createa a shook wave with.h maximum presaure

. in the order of 5 5 GPa ‘to 40 GP&- (o 5 to 5. a‘hillion

_pai) 4n the motal. 'The longth of” the impulaive wave ia
Jin the order of 4 cm .and it lasts several micro seconda.‘

The- paaaing stress wave ceuses work hardening without

any substantial amount of physical deformation having

Kl

been dene. There- is presently a lack of data on the, ;'
mechanism that causes the hardening._ Little is knawn “
' to‘ﬁate about’ the dislocation end vacancy behavior in .
_ehock 1oadad materials. The velocity of the pressure»r

wave is about twice the velocity at. which move convent-
ional dislocations and about three and a half times the y__
velocity at, which brﬂttle cracka have  been observed to |
propagate4in steel, The maximum crack velocity in a .

‘material ig related to the Speed at which the‘!treas-

-
>

“field st the tip of the crack can rearrange itaelf and
it is relatgd\to the aoeed at which’ 1attice defects move. -
. In certain conditiona of loading it is the initial 7
compressive wave: that causes fracturing. Thia is tha
case when a diverging wave causes tangential atressea'
that.create radial fractures. ‘Thig is found in the
internal loading. of hollow cylinders. Also the i‘atial
pressure maybe suf cient to cause ‘shear fractures in

thin walled snecimens. '
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. The most common rrecture phenomena in impulsively

loaded metels ere cauaed when the initial oompressive'

“wave is’ rerlected asainat a free surraoe with a. change

‘of sign. The tensile wave eo created may, cause the

epalliﬂg phenomenon or W en two retiected waves rein-',

. 'force each otber, corner or centerline fraotures oan

occur. . D¢

.
[N
P ]

-

The {act that irén undergoes a phaee transformation
from tg;’boc to the hcp lattice at a nressure of - 13 GPa

(appro mately 2 million pai) ceuees the’ pressure wave
" to the ‘break up in two prinoipalxégonts thst trevel at o
different speeds., This phenomenon, epart from qompliceting°'

A

formation of a spall with a, smo&th surrace,gpile otherwiae
palls have rough surfaces. Smooth faced Spells ere‘-
rorned by a ductile decohesion procees'whereby epproxi— ;
metely 100 micro voids form per grein\ The*
. of these. voide - which lie in'a very ~thin layer of materia1- -
causes the spall. Rough iaced spalls form by the cTeavagei.ilg
-of individual grains and by the rinal shear between _

edjacent cleavage facets.’

In the fracture of a steel drilling pipe that was .
caused by an. accidental explosion. the railure or the areeﬂ
. ¢losest to the source of the explosion took. place by L
1ehear fractures near the interior and by tensile fractu

o neer the exterior of the pipe. “This combination of

-

-
I'd

-

other effects of the Sreesure wave, may result in the

’

coaleecenoe

res

-
.
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';\the explosion show en interesting birurcation phenomenon .

~ that seeme o~ be related to ‘the streee available for the -
. be inﬂluenced by the way: the- various parts or the pipe

"~of “inverse" chsvron marks on a rracture tace ‘f a piecei -’

'away -from the source of ths explosion

'"such as the formation or derormation twins and the
'formation of brittls é!!cks seem to be similar ‘to those

“both’ cases the relative mobility of dislocations is

’ and stress wave behavior below the level of the phase

4 will rill in a large sap tn presently svailable data.':j o -
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rraoture modes is oommon in thc_i) 1oad.ing; of hpllow oylin-' - SO R
‘ders. 'The fast running oracka that oreated sevSral | ,
pieces of metal aome distance away rrom the source of -

crack’ propagation. The birurcation cracks . also seam to

separated from one a other. There 18 an interesting oase
l

[}

o Many of the mechanisms found in impulsive opding

&

found in ‘the low temperature deforﬂation ‘of steel. In
.

limited.

. ) n L} . .
In the rield of impulsive 1oading expiosives themselves '

[

transformation are reasonaﬁiy well covered. Most of the - - "E;i
kncwledge in impulsive loading of materisls has started - . g;.
6 take serious form onl§ in the last tWenty fiye years. : :?:
.Vany new and sophisticated-observation techniques are e %ﬁ;
recently becomming available. There is hope that these ;u. o i':E;E'

techniques as well as_an increased interest in this fisld L ‘}F
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