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" Rotexry extruded sheped charge liners bave teen investigated to deterxine

the effects of preferred oriepiation on the optimre spin ccopensstion fregeerncy.

is 3 Feesion—i towr—thet $he Tongenticl cogpozent 4f coilspse
_—
=

wvelccity obteined in rotery exiruded lirers is produced By o tangentiel sbear
in tke liper vell which is indured by crystaiicgraphic silip irn Individual grains.
The vaiuve of spin cospensation frequency Ql:‘nich is obteired is trerefore
dependent on the orientetion of grairs in tke 1iper well, which In twrr is
sharply dependent on the origingl condition of the btlenk and ihe chaxges Ia
various rmenufacturing paremeters. | .
st o

Becense of the dependence of fAon grain orientgticn it is possible o

determine the cpiimum spin coxpensutiocr frequency by measurermspis oa £ ROrzei

incidence X-ray diffrectica patiern. Such reasuremeits f'orm the besis for

non-destructive test for this type of lizer.
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{conpIpENTIAL) IHIRODUCTION

Rotary extruied shaped charge liners are currentiy being used in
several icw frequency spin stebilized rounds. The perticulezr manufacturing
prceass produces crystallcgrephic anisotrepies in the liners which may be,
used to study the effects of mate; $al properties or the reections of the
metal to high velocity deformecion. Twe regions of deformation are considered:

1. The high veiocity metal flow during .:e formetion of the cone from
the vlank;

2. The reaction of the cone to explosive loading to produce spin
compensatici.

The pr?.mary purpose of this report is to provide a guantitative
explanation of spln compensation in rota-y cxtruded liners. In addition,
the reaction 6f the copper blanks to the shear forming is discussed, and
an inspection technique is suggested in Appendix A, for determining the
optimum spin frequency of the liners produt.:ed.

One of the simplest methods for obtaining high velocity metal
deformation, without the prt;,sence of stress pulses or shock waves, is
through the use of "rotary ertrusion,” a mechanized version of the standard
netal spinning technique. Loading rates greater than 102* psi/minute are
easily obtained. In this process metal flow is obtained in wnich the
direction of load application is constant at all tiies. With the revid
application of load to .'.mdeformed material, ihe stress system and stress
exis may be considered constant during the deformation process.

In rotary’ extrusion, a metal blank is sh:eer formed to a rotating
mandrel by a tool moving parallel to the mandrel surface. This is shown

schematically in Figure 1. Mandrel rotation speeds, and the reed rate off
5
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CONF:NENTIAL
the tool down the mandral, may 2 varied over a wide range;~q

The stresses applied to the blank by this process ere: & hending sirass
produced by metel being for:wed to the curvature of the mandrel; en exisl
shear produced by the tool moving Cown the mendrel; and o tangential shea{
produced by the mandrel rotating sg: ast the tool. Thess are seon schermati-
cally in Figure 2. The resuvlting grain orientation and residual stress system
in the formed cone are functions cf the metal :.cction to these stresses. It
can be chown that the tangential shear stress is the predominant one in this
process.

The general sunape of stress-strain curves for metels under high velocity
deformation is the subject of a large area of investigation. The type of
relations proposed range from single liiee. laws to parabolic forms for the
variation of stress with strain. Irrespective of the type of relation
followed during the deformation, the preferred orientation and residusl
stress distribution will te functions of tgese relations.

In previous work various anisotropic effects in rotary extruded liners
have been investigated in order to determiisie thelr influence on the spin
compensation frequency obtained with this type of liner.(l) A direct
correlation between the optimum spin compensatbion frequency and the orientation
of crystallograpiic directions in ithe lirer wall has been found. This

relationship suggests that the tangential component ¢ ' the collapse velocit

5o

is induced by slip in preferred crystallographlc direclions., 4 crystasin-
graphicelly Aepcndent mechanism is further suggested by the following: It
has been showq that metal single crystals veact differently on different

/ -

crystallographic planes, even when subjected to explosive loeding.- »3) In

addition the crystallographic deformation system is gen2raily ithe same as

6
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that observed for metals w._ler normnl iesting conditions, even though stressez
on the specimens ere a minimum of two orders of mugaitude greater than the
static sgrength of the metal.(3’h)

A s2ries of copper ccnes were used in this investigation. Some cones
were manufactured from copper bl.1ks thet were fully hard; sud olhers vere
menufactured from fully annesled material. Veariations in feed rate and
mandrel speed were used. Cone angle and was. thickness were also varied.

X-ey studies were conducted to determine ihe gruin orientations throughout
the specimen. The stress gradient through the wall of the specimen was used
to determine quslitatively the grain rotation as a function of stress, through
recrystellization experiments.

Combination of the results from tie X-ray studies with the recrystelli-
zation experiﬁents and derived equations, gives an indication of the reaction
of the metal blank to the high velocity deformation imposed by rotary estrusion.

Combination of these results with the firing data obtained using liners
manufactured under the same conditions gives a quantitative explanstion of the
mechenism through which spin compensation is achieved in these liners. The
nethod of investigation ic used to suggest an inspection technique for tae

manufacturing prccess.

(UNCLASSIFIED) ‘EXPERIMENTAL PROCEDURE

The determination of grain orientation wos made by using th- Laue vuc®
reflection method. A geiger tube rotating in the plane of the diffrscted
cone was used to record the variation in diffracted intensities. The sample
is placed in the peth of the X-ray beam and cr: be rotated about the poin™

of incidence in both the horizonlal and vertical planes. This arrangement
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is shown in Figure 3. A comparison of the intensities as measured by the
geiger tube through a rate xeter and recorder with s typical Leue back

reflection photograph is shown ir Figure kL. IS ard I5 zre used to desiginate
1l 2

the intensities of the two maximsg found in the {iffrection cone. Grain

orientations were determined by measuring intensities of 220 reflections for

various angles of incidence of the X-ray besm in both the horizontal and

vertical planes. These measurenents were repeated in stsps of 0.010" through

the sample wall. The metal was removed through chemicel etching.

Dats 7rom measurements made in the horizontel plane were plotted in

poler coordinates, as cnown in Figure 5. The peak intensities, in Figure 4,

are plotted as vectors on either side of the zero angle line in Figure 5.
Rotation of the specimen to the right or left of normel gives intensity

vectors for 'building up the plot shown in Figure 5, which is & combination

of diffraction studies of the outside a.nd_ inside surfaces.

The significance of the minima can be seen by reference to the cube

face drawn in the center of Figure 5. Tbe diegonals are the {llO} planes

-producing the reflection, and the minime occur at the [lOO] typve pole

directions, where © ls the angle this pole makes with the normal. For wny

angle of incidence, the difiraction peaks labled I5 and IS in Flgure k4,
1 2

0
occur at 53.70° to the incident beam, symmetrically concentreted on either

side of the beam in the diffraction cone. The preferred orieatation is very

sharp, end for the distribution showm in Figure 5, It‘) = 1& for & ang ECC
1 2

specimen rotation, i.e., when the X-ray beam is in the direction of an

intensity meximus or minimum. For ankles hetyeen 5° and 50° rotation, the
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shown by tne curves in Figure 6 =ill causc the maximum value of © to increase
as the distribution rarrows. Usinog the meiacd of analysis deseribed, a
rotation of grains by an épplied stress will be detected as an increase or

the value (IS - IS ) to scme meximum value, and then a decrease wntil
1 2

I8 = 6.’ depending or. the stress le.-l at that point. The values will then
1 2
change sign and increase again.

The rotation discussed above is that in the horizontel plane of the
specimen wall, »roduced by the tangentiel shear stress. X-ray studies made
by rotetion of the specimeg above and below normal show that there is
insignificant change in intensity distribution in the vertical plane. The
angular width § in the vertical plane does not, in any case observed, exceed
10°. The pole to the {}Oé; plane of the mean of this distribution is coincident
with the normal to the sample surface. Since the specimens studies were
formed with rotation speeds of, for instance, 1800 rpm, and tool speeds of

15-inches/minute, this result 1s not unexpected. Complete {}0Q} pole figure

stué tes show unusual texture patterns clustered in a horizontal plane,

( CONFIDENTIAL) RESULTES

Theta is the angle between the mean of the distribution of [iodﬂpoles
and the surfece normal, as seen in Figure 5. This angle varies through the
cone wall, depending on the amount of reorientation taling place during
deformation. The reorientation is a function of the reaction of ihe blanr
materigl to the applied stress. The tangentisl shear stress may be considered
to vary linearly through the cone wall, az shown in Figure 2. It has been

shown that the tangen! ul force applied in this process is directly proportional

10
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to the feed rate in inches pex revolution.(s) Consequently, the tvengential
stress will also be directly proportional to the feed rate. The specimens
reported here were produced with a constant mandrel speed, and a varying

tool feed, so that the variation produced in the specimens is directly dependent
on the tangetial stress. Figure- 8 and 9 show the variation of ¢ with x, the
distance from the inside swrfece of the cone to the point considered, for
specimens made from annealed and hard blenk...

The curves for specimens made from soft blaunks, Figure 8, show a grain
rotation that hés caused a narrow distribution of orientations. TFor higher
fTeed rates, the greater applied stress produces a larger variation in O.
Figure 9, for hard blank specimens, shows little changs in 6 between the two
feed rates, for the first helf of the c¢ornc wall. The effect of the tangential
shear is larée in the outer half of the wall only. The preferred orientation
in the inner helf of tue specimen wall is caused by reorientatlon of the
original blank texture by the axial shear and bending imposed on the blank.

Recrystallization studies of the specimens show a variation in grains
per wnit area with position through the specimen wall, as seen in Figurc 10.
To & close approximation, the number of grains per unit area will be & a.rect
function of the amount of plastic flow tinat has taken place at a point in the
metal(s), and therefore a direci meusure of the reaction of the blank material
to the applied tangential atress.

As seen in Figure 10, the number of grains per unitv area for ccne:
made from annealed blanks is linear through‘the wall. For cones mad. frum
hard blanks, the number of grains per wnii area becomes a constant approximately

half-way through the wall, again indicating that the tangential shear stress

11
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has not caused plastic deforr-tior in this regicn. For both hard and soft
blanks, the variaticn is lineer in the region where the tangential stress
cauces plastic flow.

Figure 11 shows the variaticn of ¢ with F, or the tangential stress,
for soft blank cones. For hard hlonk cones the O vs F curve is a straight

line, as indicated on Figure 1ll.

( CONFIDENTTAL) CONCLUSIONS
A. Keaction of the Copper to High Velocity Deformation During S?ear Forming.
Combining the rezrlis: @ vs x; grains/area vs x; and © v8 F gives-an
indication of the metel reaction urder high velocity loading. The variation
in O 1s a direct measure of the strain veriation during deformation. The
variation in number of grains per unit area shows the regions of influence
of the tangential shear stress, and also is a direct function of the strain

the metal was subjected to.

The reaction of the hard blanks, in the region where the tangential

‘shear stress causes deformation, is.linear; thet is, 0, = Ko. Since

0 = K €, 1t can be concluded that the reaction of strain hardened copper
to high velocity deformation follows a linear stress-strain law: ¢ = K €.

The fully annealed copper reacts differently. For soft blanks, the
maximum value of © is proportional to the difference in the plastic strain
developed in differehtly oriented greins in the distribution. The curve
for soft blank copper in Figure 11 reflects this. This curve 1s a parabols;
that is

A K 01/2, or g =K 61/2

12
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Only quelitative concl sions have been drawn. Experiments relating
© und strain in a more quentitative manner are required before guentitative
stress-strain curves can be plotted. In adéition, data shcidd be obtained
from the recrystallization work to give a more useful relation between the
number of grains per unit area an” the metal flow texing place.

However, this work demonstrates one of the major reasons for the
different results obtained in the reaction c¢s isetals to high veloecity
detormation. Annealed copper follows a parabolic law, as shown by Bell for

}
the case of dynamic comparison tests(F’s)

» but strain hardened ccnper reacts
according to a linear stress-strain relationship.
B. Reaction of the Copper Liners to Explosive Loading: Spin Compensation.

It has been shown that the effect of rotary extruvsion is 10 cause a
tangential rotation of grains in the direciion of the tangential shear stress;
the significaince of this effect in producing non-radial metal flow during
the collapse of the explosively lcaded shaped charge liner will now be
considered.

Plastic deformation of single crystals takes place by silp along certain
erystalographic planes. If the crystal is not subjected to any constrairang
forces, the resulting change in shepe and lattice rctotion is a direct
function of this mode of deformation. llowever, in a polycrystalline aggregate,
the deformation in each grain is influenced by grea.ns surroundiug it whis-
are either not yet deforming, or are deforming in different directions vecause
of differences in orientation. The heavy preferred orientatlion found in the
liner wall mekes 1t possible, for the purpese« of caleculation, to replace xhe

distribution of orientation by a one orientation, repr.sented by a single

13
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crystal having the orlentat; 2 of the mean of the distribution. Therefore,

the angle © is the angle the [;0@] pole of this grein mekes with the normal

in the tanzential direction. It will elso be assumed that at the stress levels

encomatereé in shaped charge collepse, all of the possible slip systems in a
given grain will be active. This ™as been shown tc be the case for single

crystals deformed at high veloaities.(e)

Observations on explosively loaded singl. crystals indicate that
crystellographic effects influence the metel deformation as soon as the
initial compressive pulse reflects back into the specimer from the Tree
surface.

Therefore, it will be assumed that in a shaped cherge liner,

crystallographic slip will teke place after the first stress pulse 1s reflected

from the inside surface.

A diagiam representing grains near the insiZe surface of e liner is

shown in Figure 12, The diagonel lines represent slip planes. The difference

in orientation between successive graine is determined by the slope of the
6 vs x curve, As the ref;ected stress pulse moves through grain A slip btegins.
The grain is free to deform in the direction of the inside surface. The
tangential component of velocity is zero as shown in the vector dlsgram in

Figure 13a.

Grain B is severely restricicd in its deformation. It cannot streten

tangentially because it is constrained by the ccnver gence of grains arcuia -

toward the axis. It is restricted from deforming in the airection of gruin C
by the faet that the stress pulse has not reached that regice, Tuerefore, itv
must at least partially deform in the directlon that grain A is deforming.

Slip plunes in grain B will then rotate to aliyn themselves with those in grain A.

AL
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The vector diagram of veloc..:es in this instance is shown in Figure 13B.
Greins A end B both have the same vertical component of velocity Vo, but
because of their different orientations have different initial tangential
components. Planes in graix B rotate with a velocity Vr to try and align
themselves with planes in grain A.

As the reflected stress pulse progresses toward the outside surface,
planes in each grain will elign themselves wiun those a2t the inside surface.
Sin:2 the angle between the first slip planes and those at some point in the
liner well increases as the distance x increases (st least for onc.half the
wall thickness), the tangential component of velocity will also increase.

Vt is then, as obtained from the vector diegram in Figure 13C given by

V., =V _ tan A9
t o

where A9 is the angle hetween the initial slip planes at the inside surface
and those at some point in the liner wall.
1"

For a typical hard blank liner, 40 is 3° for x = .030o . If the collapse

velocity V_ is 2 x lOsmm/sec,

Vt =2 X 105 tan 30 = 2,04 x th
let r = hOmm
1.04 x 10"
then @ = - gﬂ = 41.8 cps

This type of liner has an observed value of 0 of 40 cps.

The spin enmpensation freguency 9, thé:efure depends on the slope of the
© vs x curve through the inner half of a liner. It has been shown that for
hard blank liners this slope is not changed in t.:e rotary extrusion process.

Therefore, hard blank liners should have the same value of Q regardless of the

CONFIDENTIAL
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magnituge of the tangential stear durlng manufacture. Table I shows values
of QI obtained from penetration rotetion :irings of herd blank liners made

with different feed rates.

TABLE I
Feed Rate Man. cell Speed Q
n/rev cev/min cps
6 1200 Lk
12 1200 4o
24 1200 %0
Lo 1200 50

It has been shown that the slope of che 6 vs x curve for liners made
from soft blanks is dependent on the tangential shear stress applied during
manufacture. The spin compensation froquency should@ then vary with the
tangential séress ir a simllar menner. This is indicated by the Q vs NF/t
curves in Figure 14. The curves A and B represent liners made on two different
machines. The tool contsct area was greater for machine A than for machine B.
The tangential stress was therefore lower and the value of 9 lower than that
obtained with machine B for the same value of NF/t and mandrel speed. The
values of @ for these curves ' 2re obtuined from penetration rotation firings.

There are two possible methods for conserving angular momentum in this
gystem. The first case is that described previously.(l) The stress pulse is
considered to have a preferred particle velccity in .he direction of the ¢33
packed planes, acquiring this preferred motion upon reflection rrom the i:aside
surface. This glves rise to a preferred rotation in the gasses, when the stress
pulse reaches the outside swrface, as in the case of liners with interior flutes.

Another way or' considering the problem depends on the engular velocity,

16
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Vt, given to the material by ine grains sttempting to align themselves in the
direction of flow of the inside surface. Essentially, the mechanism of flow
is the same as in the first case. Reflection of the stress pulse from the
inner surface gives rise to preferential flow on the planes in grain A in
Figure 12. Figure i3 shows *the torgue that has been imposea on plszaes rotating
towards the preferred flow direction generated by the movement of the inside
surface. If the 0 vs x curves in Figures 8 and 9 are examined, it is seen
thel © rever-=es direction al some point through the wall. Thkis jndicates the

planes rotate in the opposite direction to arrive at the preferred flow direction.

Metal above and velow the point of reversal will be rotating in opposite

I
<

&
-+
<t

directions, therefore Vt m = m3 or, after canceling constants,
1

(tan AQl) {ar) = (tan Aoz) (Ar2) + (tan AQ3) (Ar3)

where region one is from @ at x = 0 to ® at x = reversal point; region two
goes from © at x = reversal point to @ original; and region three is from ©
original up to the outside surface.

Calculations snow the following:

TABLE II
’ { +an
Cone (tan u@l) (Arl) {tan 692) (Amz) r (tan A93) (Ar3)
Hard blank - 40 eps T.55 T7.93 Y
Soft blank - 10 cps 6.5 5.3
Soft blenk ~ £5 cps 4,35 4.3

The implication is, therefore, that the sIng and jet are rotating in
opposite directions, since the metal that goes into each comes from portions

of the cone wall that have resultant velociv €8 in oppositve directions.

17
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The tangential component of collepse veloclty obtained i rotary extruded
liners is produced by a tangential shear in the liner wall which is induced
by crystallograpi:ic siip in indiviiuel grains. The value of spin compersation
Trequency 9 which Is obtaired is thecefore dependent on the crientatiorn of
grains in the liner well.

or soft blank liners, the orientation of grains is a function of the

teng .ntial sh:ar gpplied during menufacture. Therefore, the value of w is
dependent or the megnitude of this stress which fur a particular machine can

be approximated by

where F is the feed rate in inches/rev.

Since @ is a funciion of grain orientation, a determination of the spin
compensation frequency for a particular liner cea be made by use of the relation-
ship

0=KI, -I.)
5 %

where O is the average angle ~f orientation of the grains in the iiner wall

st e particular point and I6 and I6 are the intensities of the maxima in the

1 2
diffracted cone of x-radiation for noxrmal incidence X-rays.

This type of test is reliable for all iLypes of rotary extrudr. iners iy
the X-rays measurements are made in the liner wall where 6 approeches its
maximum value. It 1s therefore & destruc.ive test.

Fer soft' blank liners, the orlentation of £ ains at the outside surface

is dependent on the magnitude of the tengential shear in the same manner es

18
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I% has been shown that the value of (I6 - I ) at normal fncidence is
1 2

a direct indication of the amount of rotation that has been given to the grains
in the linexr wall.

Therefore,

0 =K(I. -I )
5 P

It ¢hicld be possible therefore, to determine the spin compensation

frequency w by measuring I& - I5 for a normal incident X-ray made at a
1l 2

point in the liner wall where O gpproaches its maximum value.

Figure 17 shows I5 - 16 vs O for liners made f{rom both hard and soft
1 2

blanks. These measurements were made at approximately 1/3 the wall thickness
of the liner from the cutside surface. The values of & for these liners were
obtained from penetration rotaiion firiungs and flash X-ray measurements.

4 spot check on liners could be made by manufacturers in a similar
menner using the type of X-ray instrumentation described in this report. An
indication of t-e reliability of this method can be seen from the sample Jata
shown in Figure 15. These curves were obialned in che inspection of one T-384
liners and one T-300. On the busis of this inspection a value of o of 35 cps
was predicted for the T-300 liner and a value of 2) cps was predicted 1~ ihe
T-384% liners. These predicted values were within + 5 cpo of the vaiue later
obtained from penetration rotatior firings.

For soft blank liners, iLhe tangential plastic deformation takes place
through the eﬂtire wall of the liner. The grain orientation at vhe outside

surface is therefore as much dependent on the tangential shner as that inc' e

23
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the liner wall. Thereforz, a rn-n-destructive test can be mede on soft blank
liners to detlermine their spin compensatiocn frequency.

The curve of IS - I6 vs Q for the outside surface of sofTt blanks is
1l 2

shown in Figure 17 for liners made with the seme machine.

The surface crientation 1s more .ibject to change by slight changes in
tool engle and shape, (contact area), than the inside orientation. Therefore,
a non-destructive test can be made only on liners irom a specific wachine,
whereae, = destructive test gives an absolute value of Q regardless of blank
hardness or machine parameters.

Measurements of the type mentioned above should be made with an instrument
similar to the one described in'this report. However, since only normal
incidence X-rays are needed for this inspection technique, the instrument may
be modified in.the following manner. The gelger tube may be made stationary
and be fixed al the proper angle with the X-ray beam (53.#0) to receive the
diffracted radiation. The liner can then‘be rotated about the axis of the
X-ray beam in such a way that the surface is always normal to the beam. Such
a modification should prove more adaptéble to production line inspection.

The present criteria for in-pecting the rotary extruded liners,to
determine their optimum spin compensation frequency,is the angle which lines
scribed on the inside surface of the blank are twisted during deformation.
This is in effect a measurement of the amount cf tangen.lel plastic defrrmgvic.
glven to the inside surface of the liner during manufacture. For hard blankg
liners no tangential plastic deformation takes place al the inside surface.
Any eangle of twlst i1s produced by the combination of axial shear and bending
only. It is therefore obvious that the angle of twist is a completely

2h
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inaccurste criteria for meazsuring ¢ for hard blank liners.

For soft blank liners, the variations in the firmness of contact between
the formed liner and the mandrel smface car sppreciably alter the amount of
plastic flow teking place at the inside surrface. The angle of twist is there-
fore not an sccurate measure of rlastic deformetion at points higne:. up in
the liner wall, and will not sccurately indicate the optimum spin compensat.on
frequency.

The ~xistence of the Q vs stress relationship for soft blank liners
provides a basis for determining the manufacturing parameters to be used in
forming liners which are to have a given value of w. Such s curve can be
obtained either from existing data or by obtaining w fer liners whose
manufacturing perameters are known. lowever, in doing so it s important to
kéép the area of contact and the blank materisl constant. Small changes in
tbe tool angle cean change ithe area of contact significantly enough to produce
a considerable change in the value of the spin compensation frequency obtalned

for a given value of NF/t.
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FIGURE 2
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FIGURE 6
POSSIBLE STRESS - THETA VARIATIONS
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FIGURE 7
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