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ARSTFLCT

• ~Two different p•roblems relatsed to hypervelocity Impact were
studied. The first i•nvolved the formation of a rippled surfaceprc•,-
duced at the interface of a stack of plates impacted by a projectil.e.
The rippled struc-re was produced, as observed In crosssection,

as a sine wave, a A•awtooth structure, and as oriented waves with a
t peaked crest. Some plates were welded permanently-, others. rs1a-

rated as a result of falue in the base metal. A plausible explana-
tion for the ring structure was found. The second p roblema involved

I the preparation and evaluation of homogeneous 1100-0, 7075-0..and
7075-T6 aluminum Ingots for use as hypervelocity imac targets.
An attempt was made to control grain size and to provide equiaxei
grains. Tensile test data obtied in longitudinal and transerse

I specimens incL,'de yield and ultimate and true stress to fracture,

I
I

I
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INTRODUCTION

This program was cctraed primarily with the response of materials to by-
pervelocity impact. In the design of space equipment, consideration must be given
to the effects of possible impacts by natural or artificial particles traveling at ve-
locities far in excess of those possible in the earth environment. The chances of
puncture with a resulting loss of essential fluids, detonation of tankage or rupture
of tanks by strong shock waves, damage by high velocity spall fragments, and in-
troduction of interruptions in the aerodynamic flow patterns of retmtry vehicles or
supersonic aircraft are types of impact damage that are of grave concern.

An important part of this program involved cataloguing and evaluating phe-
nomena that acquire importance and notice as a consequence of ventures into realms
of higher and higher velocities for both vehicles and material environments.

-• -Impact theory and structural design have generally followed separate paths,
and few attempts have been made to integrate theoretical cvncepts and rewognized

/ phenomena in the development of structural systems. The prime prerequisite for
Sthe establishment, of realistic design criteria is a systematic exper'mental and
ji' theor.-ical invernigation carried out on materials and structural con.fguraiionw

useful In actual vehicle design. Stich a systematic approaAh should also permit an
expeditious revision of design criteria when new environmentalor other parametrio
data become available.

In the progress reports coverirg the first phase of this contract, primaryS~emphasis was placed on the welding of metal plates by hypervelocity impa~ct and on

phenomena of rippled surfaces produced with and without welding. These reports
were prepared t record and reflect the progress of the work during each phase of
the program development. Conclusions drawn and concepts developed were tenta-
tive only and based on ,ta available at the time of reporting.

Part I of the report refines all the experimental and theoretical data collected
during the program and develops the tentative concepts into a synthesis of individual
relationships in order to evolve the principles of ripple formation of a surface im-
pulsively loaded by impact with a hypervelocity particle.

Part H of the report describes the procedures that were necessary to procure a
quantity of homogeneous alloy aluminum suitable for hypervelocity impact testing
experiments. Homogeneity was established by examination of the microstructure and
by tensile testing of specimens prepared from both the trai.sverse and longitudinal
portions of the ingot and Pt temperatures ranging from +24 to - 19GOC.

ii
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PART I ,

EFFECTS OF OBLIQUE SHOCKS PRODUCED AT METAL
INTERFACES P HYPERVELOCITY •

PAR.LICLE IMPACT li
1DL'ri.m deu.k co, 0-at, the effects of hypervelocity mieroparticle impacts on a stack

•-of abaln~an tix,ge-, w~re i~vestigated experimentally. We observed that spot welding•
and rippling, c•m oa b•:,v t about by the acttion of the high velocity projectile on the
materii•j cnip~iseg th,. projectile-target interface. To arrive at an explanation for the
forrnatkan of the rippled structure with or without welding, it is necessary to discuss
the role of particle Impact on a stack of plates and the shock disturbances in the top •
plate an we- as te subjacent plate.-

A strong shock, wave sweeping along the interface of two metal plates held in con-
tact may leave a pattern of ripples on both surfaces of the mating faces. These ripples
have been observed to form under a variety of impact loading conditions, ranging from
the impact of bullets at oblique angles on plates, the collisions of two plates accelerated
with explosives, and iD the impulsive load area of a stack of plates impacted with a hy-•
pervelocity particle.

Allen et al. 1 reported rippled surface deformations on 0. 50-caliber right-circular •
steel cylinders after these had been fired into thin lead targets at oblique angles. The L
surface structure consisted of a region of more-or-less parallel ripples across the nose
of the projectile. A near circular ring of a galled or fretted surface has been observed
surrounding the impact craters or holes on the matint surfaces of target plates that hadt
been in intimate contact during hypervelocity impact. 4 Part of the surface within these L
galled rings was marked with a series of concentric ripples.

34-.

Pearson, I observed a ripple structure at the explosively welded interface of metal [.

plates when the welding was accomplished by driving the plates together at an oblique
angle. In our 6xperiments, when stacks of aluminum and of aluminum and copper plates
were impacted by a microparticle at hypervelocity, spot welding was observed in associa-
tion with interlocking rippled interfaces. Abrihamsont also noted that rippled surfaces
were formed on the tapered surfacet of projectiles that impacted thin planes and on the
int- rfaces when o thn metal plates were driven onto thicker plates at oblique angles by
high eil losives. Abrahamson also experimented with soft materials, such as grease
and silicone putty, and was successful in reproducing a wave on these surfaces by impinge-
ment wA'th high velocity Jaes ofs i alond of water. o

As we have ap dy pofinted out, the formation of these ripples has been generaly
attributeJ to "surface ject'ing. " Allen et al.1 suggested the ex!stence of a critical angle [
between ee pltanes of the Impacting surfaces below which the surface rippling would
not oc tof. This critical at igle s wa oneplate thereated by Walsh et pl.ateand by Cowen
and Holtzmann. 7 However, Bayce and Wrighte concluded that the angle was criticah
onpy in the sonse that it influences the sweep velocity of the colision point over thel
metals. Boeh the galled rings and the structure of concentric ripples overlying the ring
of disturbed material have beeno atrion o m difference in relative motion of the
mating faces of the plates and to plastic deformation. 2ha
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PHENOMENA

I PARTICLE IMPACT

r Particle impact at hypervelocities (velocities in excess of the sonic velocity of the

j material) are inelastic, since the materials strength is exceeded. The process of
t momentum transfer is accompanied by destructive work on the projectile and target

materials. In this type of impulsive loading (a high load both applied and removed in a
very short period of time), acceleration is the dominant factor. Strestes are transient
and highly localized. Deformations and fractares may occur in one part of a system
quite independent of what happens in another part, which is typical behavior for an
impulsively loaded system.

Material at the point of impact is compressed to pressures considerably in excess
of the compressive strength of the materials involved. The constraints on the materials
in the affected region are not limited by material strength but by the inertial forces, and
equations based on elasticity or rigidity for estimating material behavior are invalid in
this initial phase of impact. Since significant parameters associated with solids and
fluids are identical during this phase, mathematical solutions based on hydrodynamic*• Itheory are appropriate for describing behavior in the initial phase. Thus, target Pnd
projectile materials flow both forward and latei ally into the target. Experimental
projectiles are usually short cylinders (discs) or spheres. The factors of greatest con-I i' tcern to us are those involved in a shock reflection.

A high velocity impulsive impact is transmitted through a medium in the form of a
i shock pulse, or shock wave. The disturbance takes the form of a wave propagating
I radially outward from the point of impact. High pressure and flow in the regioD of the

inelastic wave produce heating that increases the velocity of its propagation and causes
the lagging parts of the surge to catch up with leading parts. Thus a well-defined shot.k
wave with an abrupt front emerges a short distance from the point of impact. Lf a
stationary material of normal density, temperature, and pressure is overrun by a shock
front, it is immediately changcd to a state of much higher dens!ty, temperature, and' I pressure.

As the wave expands radially outward, any initil eccentricity becomes less pro-

nounced and the wave front approaches a hemispherical configuration. As it expands, it
distributes its energy over an increasingly large area. There Is an irreversible absorp-
tion of mechanical energy by the target material through which the wave is passing.
These processes result in a decay of pressure and, in turn, a progressive decay of tlue

hydrodynamic wave until elastic-wave characteristics become dominant. The cavity
produced in the target material expands at a velocity of the shocked material which is
much lower tlu.n that of the shock wave. When a stack of metal plates is impacted, the
target material's velocity across such an interface separates the plates with consider-
able violence.

I WAVE PROPAGATION

Propagation of the disturbance in a stack of plates is described by wave phenomena:
elastic wave, plastic or hydrodynamic wave, shock wave, reflection of waves at free
or rigid boundaries, transmission of waves across inmerfaces, and attenuation of waves.

l3U!
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1. Elastic Wave

If Po and Yo are the specific gravity and the original velocity of the missile,
and p the specific gravity of the plate, conservation of momentum requires the mass
velocity v in the disturbance created in the plate to be

P 0 +L
V •V

If c is the vslocity with which the disturbance is propagated into the plate, conserva- 4
tion of mass requires that the radial compressive deformation er of the plate in the
radial direction be

C-V
Er v

If E and P are Young's modulus and Poisson's ratio for the plate material, the theory
of elasticity requires that the radial or frontal pressure of the disturbance producing
such a compression be

(1- v) EEr
ar :-(I + v) (1 - 2 P) '

and the lateral or side pressure normal to the front be U
LI

- E r E r'a= (I'+ v)'(I -' 2P) =(I + P,) (1 - 2;,)-

2. Plastic or Hydrodynamic Wave

If the shear stress (ar - as) greatly exceeds the limit of elasticity, which L2
It presumably does, the metal "flows" within the front of the disturbance, the lateral
or side pressure rapidly increases to reach the magnitude of the radial pressure, the
compression increases, and the propagation velocity of the disturbance decreases.
The propagation of the disturbance has beecome a hydrodynamic wave and the theory of
elasticity ceases to apply. A new relation between the pressure and volume or density
that Is no longer linear takes over by using a theory closely associated with hydrody-
namics. Th6 heating process that takes place within the front of the wave necessitates -
deviating from the classic theory of hydrodynamics.

3. Shock Wave

The heating process produced by the flowing of the metal raises the tem-
perature of the medium quite significantly and, according to the hydrodynamic theory, I
causes a corresponding increased propagation rate. Thus it is found that the crest of
the wave begins to catch up with the leading foot of the wave and, when close enough,
heacs the material through which the foot of the wave is passing, which causes every
part of the following wave to proceed considerably faster than the usual theory of hydro- U
dynamics would indicate. To permit a s-ifflciency of heat transfer to induce all parts of
the wave to propagate at the same velocity, the whole wave front must be very thin or L

41 ji
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"steep," sice the amount of heat transfer obeys "Ohm's law" and thus is inv-wsely
proportional to the thickness of the layers th.tugh which it must pass. The propaga-
tion of the disturbance thus described is a shock w ive and obeys the theory of
Hugonlot shocks.

The preceding phenomena arise so rapidly that it is customary to assume
that the shock wave is generated at the instant of impact. Transitory phenomena are
usually ignored. They do exist, however, as evidenced for instance by the fact that
when the Hugoniot wave propagation rate is less than that of the elastic waves, an
elastic wave will run ahead of the shock. wave.

.1 4. Reflection of Waves

a. At rree Boundaries. When a wave encounters a free boundary, the
pressure and the associated compression disappear suddenly. The resulting expansion
practically doubles the material velocity, since it Is the original mass velocity that
induced the pressure to rise In the first place. This sudden edsturbance in the wave

* front propagates backwards as a "relief" wave, behind which the pressure is nil and
the mass velocity about double its previous value. No tensile stresses are generated
so far, because we are not considering periodic waves. These considerations hold true
for elastic, plastic, and shock waves that meet a free boundary head-on.

b. At Rigid Bound••k . When a wave encounters a rigid boundary, the
condition is reversed in the sense that the particle velocity Is suddenly stopped, thus1•t inducing the same phenomenon as an impact. In the case of elastic waves, where the
pressures induced are moderate, such a rigid boundary causes simply a doubling of
the pressure and a stopping of the material velocity. The disturbance propagates back
from the boundary as rigid reflection. For oblique reflections, only the normal com-' ponent of the mass velocity is stopped. In particular, the collision of two elastic waves
in fact constitutes a true collision at a rigid boundary. Because of the linearity of the

*| stress-strain curve and the constancy of propagation of the disturbance, the collision
appears as ifeach wave had penetrated the other one unhindered.

In the case of plastic and shock waves, the pressures generally exceedi •the range in which the pressure-compression curve is linear, and the propagation
rates are no longer constant; thus collision pressures are apt to exceed the sum of
incident and reflecting waves. In oblique reflections, this may lead to situations in
which the "reflected" wave is faster than the incident wave and reinforces the incident
wave forming a "Mach stem."

When a longitudinal wave strikes a boundary between two similar materials,
theoretically no part of it is reflected, since the total wave is Iransmitted. If the
materials are dissimilar, part of the stress wave will be transmitted or refracted and
"part will be reflected. In the experiments considered, the plates are held together
firmly by bolting or clamping.

in theory, if the plates are of similar materials, the shock wave should
travel through the entire stack of plates to the last surface of the last plate before being
reflected as a relief wave. Actually there is probably some degree of reflection at each
interface, since the boundaries are not in absolute contact at every point. The interface
does, in fac•, move under the impact pressure, producinS deformaticns in the interfaces
ahead of the advancing cavity.

5



5. Attenuation of Waves

In first approximation, elastic waves do not attenuate. They keep, on
refecin from boundary to boundary producing sound waves in the air and prolonged

ringing. Eventually all their energy has dissipated by such phenomena not taken into
account in the simple theory. Their intensity, however, attenuates in spherical waves
and rebutilds by Interactions.

Plastic and shock waves, however, attenuate sharply because they are
energy-absorbing phenomena, transforming the mechanical work spent in flow into
thermal energy. The relation between the amount of energy alaorbed, the amount of
deformation obtained, and final temperature of a specimen through which such waves
have propagated is most complex for several reasons. First, the amount of energy
absorbed bry flow is a function of the rate of flow. Very slow deformations require less

i energy than very fast ones. Second, the amount of energy dissipated results in in-
i creased temperature of the medium which, ini effect, works against the dissipation of

further energy, because less work is required to per-fform a Wiven amount of deforma-
, ~tion if the temperature is higher. Thus, depending on the rate of deformation, a sta•le
S~temperature Is eventually reached at which a given amount of deformation is achieved
: at the expense of a given amount of energy, and this given amount of deformation pro-
! gresses along the specimen.

1 In the formation of the hypervellooi• crater in aluminum, it may be shown
i ~by microhardness examination of the plates that the movement of material significantly
Sincreased the temperature. The following hardness proffile has been repeatedly observed:
1 low hardness adjacent to the crater due to the thermal stress relief; rapidly Increasing
Shardness with increasing distance from the crater until a maximum hardness is observed-,

and rapidly decreasing hardness from the maximum value to the base hardness of the
S~region unaffected by shocks.

I: Unless constantly supplied with additional energy, as by the penetrating

I

missile, plastic and shock way,m rapidly redace to ordinary elastic waves as the pres-
I sure behind the wave front falla. Spherical or ex-,anding waves attenuate as they prop-

agate, s~nce their energy is d•-'stributed over increasing area.

EFFECTS OF WAVES IN STACKED PLrATES

S] The first effec.tt of the missile's imapact on the top plate is to produce an indenta-
tion or depression in the plate. L-mmedi•fely following indentation and the resulting
spherical shock wave emanting from It, a lateral compres•sion aad circular bulging

about the impact area is brought about by the reflection of the spherical shock wave atthe upper free boundary. A. the intensit of the shock wave that sweeps over the upper
free surface rapidly attenuates, the circular bulging vanishes a Td leaves a simple semi-
retoroidal protrusion surrounding the area of impact.

S~The radial mass velocities behind the spherical shock wave induce an expansion ofithe penetration hole. The centrifugal mass velocity of the expanding (flattening) pro-
aojectie may be greateran ythat of the target. It then exert an added centrifugal pres-
sure on the top layer of the target, superimposing an increased centrifugal pressure
along the free surface at the spherical shock front. Material displaced by enlarging the
thrmlpenetration hole thickens the plate around the hole. The shock wave rbflecting from the
upper surface in the ofithel m of perforation also takes care of some of the displaced

! 6



material. However, the upward velocity of this material is so high that it creates a
semitoroidal bulge that must exceed the needs; the upward velocity can be checked only
by some downward traction after the crest of the pulse has passed. This induces a
downward velocity of the upper surface of the material that also may exceed the needs,
resulting in a fluctuation of the thickness of the plate about its new normal thickness.

Movement of material by the high pressure in the shock wave brings the surfaces
at the interface into intimate contact, filling in all asperity gaps by plastic flow. Thus,
due to surface irregularities that separated some parts of the surfaces, there is, in a
sense, a partial collision of surfaces. The expansion of the spherical shock front
results in a spreading area of intimate contact.

As the cavity formed by the penetration of the projectile advances across the
intei-ace, impact pressure forcing the superjacent plate into close contact with the
sbjacent plate is abruptly reversed in the area immediately surrounding the puncture.
It is postulated that this reversal of pressure is due to the blowback of material ejectedfrom the e.xpanding crater in the subjacent plate and to t'ie shock pressure in the super-

jacent plrce. The blowback effect is caused by the mass velocity behind the relief wave.
Material having kinetic energy in excess of its cohesive strength is ejected. The result
resembles that of an explosion, a possibility that can by no means be completely ex-
cluded, since energy distribution curves and the brilliance of the impact fl-ash support
the possible existence of a vapor phase.

As the impact cavity moves into the subjacent plate, the deformation bears a
considerable resemblance to that in the superjacent plate. The plate tends to thicken in
the rcf-ion surrounding the civity and to develop an ann-1z-- bulging of the surface in thatI regic-a.

When part of a plate has been deformed by the passage of a shock wave, while in

the rest of the plate the intensity of the wave has subsided to elastic levels, severe
constraints left in the affected parts. The parts that have been shock-deformed

do not re'tun to their original shapes, but the parts that were merely elastically de-
formed normally would, if they were not prevented from doing so by the fact that they
are joined to the part that has been permanently deformed. This leaves important
residual stresses and strains in the plate, as an eqtulibrium compromise is reached, in
which the residual compressive stresses in the shocked material are in equilibrium
against new stresses and strains that are set up in the remainder of the plates. Such
stresses are of the static type and remain present after the body has come to rest.

Superposed on these are thermal stresses produced by the varying temperatures in
different parts of the plate. Usually the hotter parts are under compression because
they were expanded by the higher temperature, while the parts that are at a lower
temperature usually are under tensile stresses. Such stresses are ephemeral and1I disappear as the body assumes an even temperature. Except for a few materials such
as glass, the stresses are not important enough to be of any consequence.

There are stresses from the bending, twisting, and other large-scale deforma-
tions set up in the body as a result of momenta transmitted to parts of the plate and the
inertia of t&'s remainder of the plate to which such momenta have not been delivered.
Such stres .es may produce permanent deformations, fractures or, when their energy
is low, timnply a periodic vibration resulting in acoustic waves in the surrounding
atmosphe" e.

7ii



__________,________________ - T. •

EXPERLMENT

GENERAL DISCUSSION OF WELDING

Welding is the joining of metal surfaces to form a single integrated whole. A weld
is obtained when materials at the surfaces to be joined are able to form new crystals
that extend and interlock across the interface. Welding is inhibited by layers of ad-
sorbed atmospheric gases and other surface impurities that present a chemical hindrance
to union across the interface, and also by applied energy levels too low to activate the
atoms.

A surface that is free from Inhibiting surface layers, such as the surfaces of a

fresh fracture, can only exist for a brief instant of time in the normal atmosphere of our
earth environment. These surface layers aw:e composed of molecules of atmospheric
gases that are attracted to the surface, reaction products of the surface material and
atmospheric gases, such as oxides and nitri des, as well as miscellaneous substances
that nry find their way to the surface. Except in those cases where we wish to weld
two surfaces, these surface layers are verjr useful. (Evaporation of layers of surface
impurities including lubricants from bearing surfaces in the vacuum of space, with the
probability that ihe surfaces will then weld or "freeze," is a serious problem in the
design of space equipment.)

Successful welding techniques dispose of any weld-inhibiting layers either by de-
stroying their continuity or by causing theni to be absorbed or mixed into material be-
hind the surface. In resistance welding, the surface layers are absorbed into the melt.
In friction welding, friction at the surface destroys the continuity of the inhibiting layers
and the exposed atoms react across the interface. The blacksmith of former times
usually cut on a bias the material to be joined. The peening or hammering sent stress
waves along the interface that tended to fracture the layers between interfaces and bring

.1 the atoms into intimate contact.

In hypervelocity impact welding and in contact explosive welding, the disturbance
[ Iracing along an interface forms a rippled interface. This increases the surface area
L at the interface, shattering and opening wide fissures in the weld-inhibiting surface

layers. The high pressures and turbulence associated with such disturbances promote
mixing and intimate contact of materials across the interface. In the standoff technique
of explosive welding, which involves the application of pressure normal to the interface,
it should be necessary to employ very high pressures to achieve the same results.

Ii SPOT WELDING BY HYPERVELOCITY IMPACT

In the experiment described below, we observed conditions under which the localized
impact surfaces of two metal plates underwent severe plastic deformations and were
forced to jet into the minute space between the plates. This surface jetting in the space

ahead of the impact point or other relative lateral motion serves to remove or disrupt
the omnipresent surface oxide film, aids in the diffusion of the metai atoms across the
interface by straining the surfaces at a very high rate, and forms a wave-like or rippled
surface dhat increases the area of intimate contact and enhances interlock. The inter-
action between the jets from the two surfaces, followed by an almost instantaneous
release of load, permanently bonds the two metal plates.
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rhree plates of 1100 aluminum in the 0 temper, eac-h plate 0. 020 in. thick, were
bo-.ed together in the flush position and subjected to no.ral impact by a hypervelocity

* plastic disc. Projectile mass was approximately 1/2 mg and impact velocities ranged
from 21, 000 to 26, 000 ft/sec- 1 . An exploding foil gu1O9 was used to accelerate the
Mylar projectile.

I Figure 1 shows the damage resulting from particle impact: a hole with the custom-
ary lip in the first plate, a crater in the second plate, and slight bulging of the second
and third plates. The material surrounding the hole in Plate 1 was peeled back (in a

I manner typical of this type of impact), so that a small separation gap existed in a local-
ized region between the first two plates. Plates 2 and 3 were undoubtedly spot-welded
together. They could not be separated by simple mechanical means, and metallurgical

* examination provided additional proof. Knoop microhardness data were obtained at
various locations on the impacted plates and the observed values are shown at the loca-
tion of the hardness determinations as callouts in the figures. Figures 2 and 3 are
photomicrographs of the spot-welded area. A periodic wave-like structure in the
bonded zone can be seen in Figure 2. However, the waves do not extend over the entire
mating surface of Plates 2 and 3, and a smooth-welded zone beneath the impact crater
can be seen in Figure 3. The discontinuity observed Indicates that the jet flow of

* Imaterial is unstable. This result is not unexpected. It should be observed that an
Sessential difference between sheet jets and the more familiar jets from cones is the

convergence of conical waves toward the axis of the cone jet.
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Figure 2. Wave-Like Structure at the Interface of
1100-0 Aluminum Plates; see A of Fig-
ure 1 (numbers indicate Knoop hardness)

*Plats32

Figure 3. JInteaiace Beneath t)~e Crater; see B of
Figure 1 (numbers indicate Knoop
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jI Impact of the projectile with the three-plate system produced high pressure and
shear (contact pressure of -4 x 106 psi) in the extremely localizea area of the impact.
These stresses are considerably greater than the dynamic yield stress of the 1100-0
aluminum; therefore the metal can be treated as a fluid. The stress field in the region
of impact will be composed of a high hydrostatic pressure with the relatively small
shear stresses usually observed in fluids of low viscosity. The motion in the impact

I area can be considered a problem in fluid dynamics and has been treated 6, 10 by the
classical hydrodynamics of a compressible perfect fluid. Equations describing the
flow were obtained and three flow patterns are possible. (1) subsonic jet velocities,
(2) superoonic jet velocitisa at angles of incidence less than a certain critical value,
and (3) supersonic jet velocities at angles of incidence greater than the critical value. 1, 6
The important result to note is that a forward stream of material - a jet - is predicted.
No jet occurs when a very small contact angle is used and no wave-like structure is ob-
served at the interface (Figure 3); larger contact angles produce wavy joining. Presum-
ably, the jet speed decreases and the jet mass increases as the effective angle between
particle velocity vectors in the two shock-deformed plates becomes greater than theI critical angle. I

Assuming that the two metal plates behave as nonviscous compressible fluids, we
can then consider the impact collision as the movement and impact of two frme jets,
representing the two plates. Motion is referred to a coordinate system in which the
instantaneous point of collision P is stationary (Figure 4). The value of the stagnation
pressure at P can be obtained from Bernoulli's equation for steady compressible flow
by using an approximate isentropic compression curve obtained from measured Hugoniot
curves. From the stagnation point, the inner part of each plate flows forward; the inner
fluid layer divides around the stagnation point, with part contributinZ to the jet and the

* remainder to the slug. Thus, material from Plate-? 2 and 3 first comes into contact at
the stagnation point, inside the metal, where the pressure is extremely high (maximum
at the stagnation point) and where maximum shear is encountered. The surface jetting
of the stream from one plate divides against the stream from the other, and flow
around a deformable or fluid base provides a condition conducive to the periodic forma-
tion of oscillations. Any fluctuation in the Fuchs shocks 6 extending from the junction
of the two streams appears to start an oscillation that produceG periodic forms such as

3 the wavy joining shown in Figure 2. Abrahamson 5 examined such oscillations in a
single fluid stream (water) dividing against a deformable bar - (silicone a"tty).

COLLISION PLATE 2

REGION

'5.~~.JE T

SLUGI --
£ PPLATE 3

I 5 Figure 4. Symmetric Collision of Two Plates; after Walsh et al. 6
(Motion is referred to a coordinate system in which the
instantaneous point P is stationary)
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I b. Closeup View of Wave Form to Right. of C-raterI Figure 5. VWave Directio-n
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The wave structure is observed on both sides of the deformed area but not at
the base region. Moreover, the wave structures at opposite positions on the deformed

* surface appear to be identical in shape, except that they are mirror images. A cross
section of the target system shows that the crests of the waves to the right of the bottom
region are turned to the right; those to the left of the bottom are turned to the left, as
indicated in Figure 5a. Figure 5b -tiows P. closeup view of the wave form in the right

Sweld region (see Figlare 2 for wave structure in the left weld region). This behavior
of the crests indicates that the velocity of the base plate was somewhat higher than
that of the second plate. It is not yet possible to provide an unequivocal solution to
this problem nor to establish the value of the critical contact angle, since the results
"of the flow are not well known. However, the results in the figures are in qualitative
agreement with a plausible extension to the present case of the considerations in the
references.

RIPPLE FORMATION WITHOUT WELDING

.1 Rippled surfaces have been produced on metal plates with projectiles that are
harder (steel) and softer (Mylar) than the target, and the same (aluminum) as the target.
When the superjacent plate is thin (about 0.23 cm of 6061-T6 aluminum for an impact
energy of about 1010 ergs) and the subjacent or backup plate is thick, the superjacent plate
will be petalled outward as shown in Figure 6. Examination of the petals reveals that
they were formed in shear and that each petal possesses a series of transverse ridges
(Figure 7). The subjacent plate, being thick, is able to withstand the impact loading
without bending. There is, however, an appreciable thickening of the plate extending
outward from the impact cavity to a distance of nearly twice the cavity radius. About
halfway between the cavity and the boundary of the thickened section is the outer radius
of a circular ring where the surface of the metal has been rubbed, and a typical ring of
galled material is shown (see Figures 6 and 8). This ring on a bright aluminum cr
magnesium surface appears to be somewhat darker than the remainder of the surface.
On the surface of this darker ring of material are ripples or ridgp oncentric to the
cavity.

When the superjacent plate is thicker than that described above (about 0.48 cm of
aluminum for the same impact energy) and the subjacent plate is thick, both plates
around the cavity are deformed away from the interface. The dark ring and the pattern
of concentric ripples appear on both surfaces of the former interface and are mirror

Simages. When a number of thin plates are impacted, the deformation becomes more
complex.

A This structure of ripples, concentric to the impact caVity, without welds has been
produced in stacks of two 6061-T6 aluminum plates (the bottom plates were 0.7 to 1.9
cm thick and the superjacent plates either 0.23 or 48 cm thick) and in all four mating
surfaces of a stack of three HK 31A magnesium plates (each 0.635 cm thick). In these
experiments the energy was delivered in air by a 0.55 g steel cylindrical projectile
(length/edameter ratio 0.357) at impact energies from 2.26 x 1010 to 7. 8 x 1010 ergs.
In all cases where the rippled surfaces were observed, the diameters of the cavities
produced in the targets were substnamei!ly larger than the initial diameters of the
projectiles. 11

A ripple pattern was not produced in a.cku of 6061-T6 aluminum plates punctured
in steel-jacketed military-type .30 calitbf' bul*:3 at about 914 m/sec in air (impact
energies of about 4 x 1010 ergs). The diajnet.rs af the punctures were the same as
the diameters of the bullets. Cutting off the bullets behind the ogive (a right circular

Scylindrical projectile) prior to firing (masc and velocity not measured) altered the
shape of the cavity but did not produce a rippled pattern.

13
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Figure 8. Mating Surface of a Plate After Impact

The resultr of a number of experiments using .220 Swift and 7.62 Mauser rifles (
with special loads in air are pertinent.t Rippled structures without welding were pro-
duced on 6061-T6 aluminum plates btving superjacent plates 0o 23 cm thick by impacts
of 0. 25 g aluminum balls with energie.ýs of about 5. 7 x 109 ergs (estimated from a
comparison of powder charge, mass, and velocity measurements with idnt-c-• exei
ments in vacuum). Conditions for the formation of these ripple patterns are be-
lieved to be threshold for the materials combinations. Slightly larger aluminum balls
whose velocities were about 600 m/sec slower than the 0. 25 g balls did not produce•
such ripples around the cavities.

It appears that there is a threshold impact energy below which the patterns are,
not produced, but that the characteristics of projectile expansion on impact and energy[
densities are also factors.

Ripple pattorns on the superjacent surfaces a 7e more distinct than those on
the subjacent surfaces. The patterns are not perfectly symmetrica-1 but appear to be •
affected, for example, by surface irregularities. There is a very slight tendency for

I-.



the ripples to align themselves with the large surface irregularities (surface rolling
texture) produced by rolling -,ut (,r sizing sheet stock. A scratch or a rolling groove
across one of the mating surfaces will be reproduced in raised relief on the opposite
surface but only on thot part of the surface where the ripples occur (Figure 9). The
total impact energy available is sufficient for such work (the work to emboss) only ifthe stresses are transient and highly localized.

SI.

Figure 9. Reproduction of a Scratch (upper figure) on Mating Surface
(lower figure) in Raised Relief. (The upper figure is printed
reversed for comparison with the lower figure)

[

-. In one experiment there was a tilt in the right circular cylindrical projectile at the
instant of impact, and the unsymmetrical impact orientation resulted in an unsymmetri-
cal pattern of ripples6. The ripples in the direction in which the impact force was inverted
by this orientation, in this instance, measure a greater distance from crest to crest,
have a greater amplitude, and extend farther outward toward the outer edge of the dark-

~ ened ring than do the ripples on the opposite side (Figures 6 and 8). Allen et al. 1 and
[ Abrahamson 5 observed that similar changes occurred in the ripples produced on the
F ~- surfaces of cylindrical and conical projectiles impacting metal plates. They attributed

these changes to a variation of the impact angle.

Measured distances from crest to crest of the ripples produced with several target
configurations have varied from 0. 020 to 0. 305 mm; amplitudes, from 0. 01 to 0 068 mm.
The usual ratio of amplitude to distance from crest to crest is close to 0. 25 for systems

~ that were not welded, while the ratio for profiles where bonding occurred is higher with
an upper limit in excess of 0. 5.

In one cross section of the second plate of a magnesium target, at a point outward

from the cavity to the first distinct crest and measuring outward, the distance between
crests was 0. 084 mm. At the position of the crest for ripple number eleven, the dis-

tace between crests had increased to 0. 102 mm. The dirtances remained close to
thsfigure out to the crest for ripple number twenty-six, where the distance decreased

~ again to 0. 084 mm. After the crest for ripple number forty-three, the ripple pattern
disappeared for a distance of 0. 625 nmi. The surface beyond the 0. 625-mm gap was

17
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marked by eight additional ripples that were 0. 076 mm from crest to crest. The portion
of the metal plate where this rippled ;urface structure was found was only moderately
deformed, with-a gentle conv-x curvature downword due to the hole punched in the
throe-plate syntem by the hypervelocity projectile. The surface of the contacting [
plate was a mirror image of the surface with the intermittent ripple pattern.

Within any one series of measurements along the radius for a plate that was rippled
but not greatly distorted (bent) and not welded, the distances from crest to crest and .he
amplitudea appear to be fairly uniform except for distortions introduced in the surface
after the formation of the rippleR. There are, of course, rather large variations in
such meznuremants when the dimensions of the plate have been distorted by the me-
chanics of the impact after formation of the concentric ripple pattern. A persistent
tendency for measurements between crests, at the outer and inner boundaries of
severely deformed plates (Figure 6), to be smaller than those in the center is probably I
real and not entirely a result of surface distortions.

The frequency computed by dividing the velocity of shock-wave propagation b the
.neasured distance from crest to crest in the ripple pattern is on the order of 10 cps.
Since the computed shock velocity will change with shock intensity and temperature, and
the bulk modulus is unlikely to be constant at very high pressures, the equations c~n
only be very approximate. The foregoing estimate of frequency is, therefore, for an
ordex nf magnitude only.

If the mating surfaces have remained reasonably flat after impact, both the blackened f
ring and the ripple pattern of the mating surfaces can be matched; I. e., they are mirror
images. Mating surfaces that have been severely curved (deformed) by the impact often
give the appearance of being mirror images, but they do not match dimensionally. Where
bonding or welding has occurred, however, the ripples mesh, so that an interlocking
structure is formed. TheP3 ripples frequently show a deformation as if there had
been a very slight relative movement of surfaces coincidental with or immediately
following their formation. These circumstances are indications that the ripplea were
formed before severe deformation of the plates had occurred.

This observation, we believe, affords proof that the ripples were formed before
the "severe" deformation of the flat plate geometry. The result is expected since it is
the passage of the collision site that generates the ripples, and it is the high mass
velocities behind the shock waves induced by this collision that eventually produce the
large changes in geometry.

Some of the ripples on plates that were not welded have a sawtooth structure with
sharp peaks. These have been observed at interfaces that apparently were welded or
partially welded, but were broker- or pulled apart by the shock dynamics of the plate
system (Figure 10). The genesis of the ripples and their form does not appear to
depend upon geometry, since plate thicknesses involved vary from 0.025 to 0.625 cm
without correlation of thickness to ripple structure. Hence, reflections of transla-
tional energy at an outer surface of a superjacent plate is probably not important.
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Figure 10. Sawtooth Structure of Ripples

RIPPLE FORMATION WITH WELDING

During the spot-welding experiments we discovered by metallographic examina-
tion of the cross section of the wed that the structure was rippled. The ripples showed

I a definite crest structure, which may explain the mode of their formation; that is, the
movement of the plastic surfaces at different velocities while the surfaces are held
together under the high pressure produced by the projectile impact. As indicated previ-

- ously, the ripple effect associated with the welding may be described as "surface jetting,"
which enhances welding because of the maximum surface friction and the increased
contact area at the interface.

Phewomena Observed from Experiment

Hypervelocity particle impact welding was obtained by firing 0. 005 g Mylar cylin-
ders into stacked targets of aluminum or copper plates, or a combination of aluminum
and copper plates. In one experiment, a target of 1100-0 aluminum plates alternating
in thicknesses of 0.064 and 0.010 in. was impacted in vacuum by a Mylar projectile
at a measured velocity of 28, 200 ft/sec. A cross section of this target is shown in
Figure 11a. Welds were produced between the third (0.064 in. thick) and fourth (0. 010 in.
thick) plates and between the fourth and the fifth (0. 064 in. thick) plates. The wavy or
rippled interfaces of these welds, shown in Figure llb, have been attributed to the

SI surface jetting phenomenon previously described.

Permanent welding did not always occur during hypervelocity impact on a stck of
SI plates. In some experiments the rippled interface and weld were produced, but the

weld bond was raptured by shock in the parent metal plates, and the plates became
separated. This forceful separation of a once smooth, rippled, and welded structure
resulted in a sawtooth and free surface, as seen in Figure 12. In other experiments,
either a weld did not form or it was exceptionally weak, but the moting surfaces (plastic
and moving at different velocities) were left with the rippled surface shown in Figure 13.
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SiFigure 12. Sawtooth Structure Produced by Forceful
Separation of Welded Plates
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Figure 13. Second, or Bottom, Plate of Two-Plate
Aluminum Target Impacted at 15, 000 ft/sec
by Steel Cylinder, Showing Concentric Ripples (A),
Galled Ring (B), and Distorted Surface (C)
Referred to in Figure 14.
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The target shown in Figure 13 consisted of two plates - a 0.090 in. thick plate of
6061-T6 aluminum in contact with a 0.375 in. thick plate of the same material. It was
impacted in air at 15, 000 ft/sec by a 0. 25 In. diameter right circular steel cylinder of
0.5 g mass. Figure 14 is a diagram of the sequence of events that we believe occurred
during impact upon the target in Figure 13, which punctured the two-plate target system
and produced concentric ripples around the puncture. In Figures 13 and 14 we designate
the outer boundary of a series of concentric ripples as A; the outer boundary of a galled
or chaffed ring-shaped ares (evidently caused by relative motion of the two surfaces
while they were tightly compressed) as B; and the outer edge of the upward bulge of the
surface produced by lateral displacement of material surrounding the puncture as C.

The outer radius of the chaffed ring (B of Figure 13) in a two-plate system, by our
hypothesis, should be a measure of the time for penetration of the first plate according
to the following relation:

Rr-Rp=f(VW, T EV) [
where

Rr = outer radius of the chaffed ring

Rp = radius of the projectile on impact

VW = wave velocity

T = thickness of the first plate U
E = elastic recoil of the first plate

V p= 7,elocity of penetration. L
Data to ef tablish the functional relation are lacking. However, the available data do
show that the outer radius of the galled ring is a function of the thickness of the first
plate and an inverse function of impact velocity. This has been determined not only
from the experiment shown in Figure 13, but also from two similar ones at different
velocities (Table 1).

TABLE 1 L
SIZE DEPENDENCE OF CHAFFED RING ON IMPACT
VELOCITY AND THICKNESS OF FIRST (TOP) PLATE [
Measured Thickness CadiRing

Impact Velocity of First Plate ChfedRn

(ft/sec) (in.) ( of Figure 13)' ~on. )

9,400 0.090 0.55
15,000 0.090 0.53

1.4,700 0.1875 0.578 I
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A shock wave in the first plate from lateral pressure of
the projectile reduces to an elastic wave at A, the outer
boundary of the ripple pattern.

BA A B

I The elastic wave reaches B, the outer boundary of the
galled ring, as the projectile punctures the first plate.
The pressure holding the plates in contact is reversed
by elastic rebound and ejecta now moving from the de-
veloping crater in the second plate.

IA

The first plate "petals" under pressure of ejecta from
the second plate. Lateral plastic and shock waves are

I set up in the second plate.

BA AB

I The lateral elastic wave reaches C, the outer edge of
the upward bulge of the surface aft the second plate is
punctur d.

Figure 14. Puncture of a Two-Plate System
(second plate ie ihown in Figure 13)
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We postulate that the ripple structure in Figure 13 resulted from dynamic instability i
of the shook wave in the first (top) plate at the iaterface of the two plates. Material in
the first plate was being forzed ouiward radially. The chaffing or galling in the area L
between A and B was caused by the same shock wave after it had been reduced to an
elastic wave. The welling up of the surface, which extends from B to C, resulted
from shock and plastic waves produced in the second (bottom) plate during its puncture.
The area between B and C is not related to the rippled or the galled area since the sur-
faces of the first and the second plates were no longer in close contact. The first
plate was forced away from the second plate, and deformed in a direction opposite that
of the projectile movement, through the force exerted by the relief wave sweeping over
the upper free surface of Zhe first plate, by the ejecta from the cmater in the second
plate, and to a lesser e.tmt by its elastic reaction to the release of impact pressure.
No evidence of welding was noted in this experiment, although the same rippled struc-
ture is assoc-iated with welding.

In some stacked targets, welding has been observed to occur between the first and
second plzten of the structure and in successive plate interfaces; in other targets the
welds did not occur before the sece(-id plate and third plate intertace. If either the
reflir wave or crater ejecta (from the projectile azd the second and successive layers)

force t.o, tivs,• plate away from the structure, then a crIter-ion for the welds to occur
In th•s A; interface must be the tensile strength of the first plate material. A high
uhinvmt, 'I _1,wle strength material (6061-T6 or 2024-T3) will resist this upward deforma-
tion and lhrafore may enhance the conditions for weldment. On the other hand, a low
strength material (1100-0), being more ductile, may easily deform and tear the inter-
locked r1pple crests and form sawteeth. J

Mfeoh*nigm ef Impact Welding

The impact energy in the experiment ieferred to in Fig~ure 11 was 1.85 x 109 ergs.

Complete deceleration of the projectile was accomplished In 0.8475 cm, giving a force -
of 2.185 x 109 dynes. A circle with a radius of 0. 565 cm will include the welds, which
yields a surface area of 1 sq cmA. It we assume that the entire impact pressure was
applied normal to the target face simultaneously and was evenly distributed over 1 sq
cm, the pressure would be 2. 185 x 10 9 dynes/cm2 (or t1, 750 psi), a direct pressure
which we believe to be far below the threshold necessary for welding. The very high
pressure contained within the uhin exprnding circle at ihe shockwave front must have
caused the welding that occurred.* L

The impact pressure at the 3urfaces of a twc -plate target system forces the target
Interface surfaces into Intimate contact during the time the projectile is moving through •the first plate. At this same time, the projectile and the target material directly under

the point of impact expands radially and exerts a lateral thrust (ca,4tatlon), tending to
enlarge the hole in the first plate. The lateral disturbance is propagated as a shock
wave. To permit' sufficient heat transfer to induce all parts of the shock wave to prop-
agate at the same velocity, the whole wavo front must be very thin, or 2steep."
Material in this shock front is highly compressed. The high-pressure wave front
sweeping radially outward in the first plate can act across the interface, since the
surfaces of the two plates are in intimate contact. The inertia of the materials respond-

*A shock wave also results In an embossed surface. On p. 17 we showed that a
scratch placed across the surface of one plate is observed in rpised relief in the mating
face. This reproduction of the scratch did not extend into the elactic region; I. e., not
in the region of BC of Figure 13.
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-Iing to the pressure across the interface creates a dymamic instability in the pressure
at the interface because of the alternation of jetting and nonjeding collisions. This may
cause a rippling of the surfaces as the shock wave sweeps outward.

The rippling of the surface structure increases the surface area end produces
maximum shear, which opens wide fissures in the surface layers of adsorbed gases,

I reactants, and foreign materials. This dilution and shear effect, combined with the
Induced turbulence and the high pressures within the wave front, promotes intimate
contact and permits the linking of metal atoms across the interface. If the surfaces
are reasonably free of foreign substances and entrapped air, mate well, and are held
in firm contact, then bonding may result. This bonding may be enhanced by an inter-
locking action of the ripples.

I DISCUSSION AND CONCLUSIONS

I 3 We have shown that the hypervelocity impact of a. Mylar projectile on an aluminum
or copper trget produced rippled surfaces with welditig. In additional experiments,
stacks of thi, aluminum plates, 0. 025 to 0. 163 cm thick, and high-conductivity oxygen-
free copper plates, 0. 075 to 0. 163 cm thick, were impacted in partial vacuum using
0. 005 g Mylar discs at impact energies from 1.1 to 1.84 x 109 ergs. Spot welds were
observed in association with rippled interfaces when the targets were sectioned for
metallographic examination (Figure 15). These welds were forrned between aluminum
and aluminum, and between copper and copper. Spot welding also occurred between
aluminum and copper, but the bonds were weak and ruptured in the aluminum parentmetal. The materials used In these welding experiments are summarized in Table 2.

~ Measurements of the height and diotance between ripples, observed from typical metal-
lurgical specimens (Figure 15), are given in Table 3.

Not all surfaces contain well defined ripples. The variations in the ripples are
shown in Figure 16. These differences have been attributed to the relative difference
in moticn of the two plates forming the interface.

The structures of the ripples produced in a stack of metal plates by hypervelocity
particle impact, in those formed on the surfaces of projectiles striking thin plate
targets at oblique angles, and In those that result from explosively projecting thin
plates together at angles oblique to their impacting surfaces are similar enough to
justify the conclusion that 011 ripples have their genesis from the same types of forces
and interactions. The circumstances surrounding their formations, however, are
qufte different. Analysis to construct a model to explain the origins of these phenomenaIi ais complex and difficult except, periihps, for the hypervGlocity impact phenomena that
are more amenable to analysis.

No part of the target outside the point of impact is affected by the impact until
its position is reached by the stress wave. Therefore, no part of the interface can be
galled until it is reached by the stress wave. Galling, however, requires contact with

* 9another surface. Since the surfaces separate when cavitation passes the interface,
the possibility of further galling is ended, and the outer limit of the galled ring marks
the position of the stress wave ý the instant the surfaces separated. Galling must be
accmplished while cavitation i, moving through the superjacent plate.

-ic
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Figure 15. Cross Section of a Spotweld on a Multiplate Target
(microhardness indentations are 0.127 mm apart)

TABLE 2

SUMMARY OF IMPACT WELDING EXPERIMENTSw

Experiments
Material Number of Rsligi

Experiments Weslding n

1100-0 At to 1100-0 AJ 10 4

2024-T At to 2024-T At 1 0

SCu to Cu 2 2

S6061-T4 IV to 2024-T AS 3 0

S2024-T AJ to 1100-0 At 4 0

"• ,Cu to 1100-0 At 2 I*

SCu to 2024-T4 At _1 1_*

23 8

uWeld failed in aluminum o
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Figure 16. Types of Ripples in Weld at an Interface.

(A shows ripples with pointed crests; B,
" ripples that are not well defined and are

I_ beginning to smear out; and C, ripples
that are not well defined and are in a
later shape of smear-o.)

SThe rippled structure, concentric to the impact cavity and imposed on th # urface
within the galled ring, is ther 'fore also formed during and sirultanoeui wllth hepassage of cavitation through the superjacent plate. Theprocess of its for •tion

, ~has to include plastic deformation of the metaA surface. LThe process of a'ansferrlng
a replica (embossing) in raised relief of the part of a scratch that cross i tAe rippled

r structure to the mating surface also recrp.es plastic deformation.] A shotc wave is
the only source of pressure in the systom great nough to cause the m te !21 to flow
plastically. Therefore the rippled strdctures are formed during and as ,' consequence
of the passage of the shock wave; I. e.,, the shock wove supplies the Forrý,- that create
the ripples. An outer termination oi *he series of ripples short of ale ater rim of
the galled i.ng must mark the decay of the stress wave from pred -rd mtly plastic
to essentially elastic characteristdCso
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TABLE 3 1
MEASUREMENTS OF SERRATED OR RIPPLED STRUCTURES

IN WELDED SPECIMENS

Ripple

Impact Velocity interface MateriJl Weld Distance
No. (105 cm/sec) of Plates Between HeightI Bt(rm) (mm)

8.6 1-2 1100-0 A.8 Broken 0.0175 0.01

2-3 1100-0 AP, Broken o.073 0.02

A 0.88 (0.025

3-4 11.00-0 AX Held 0.033 0.0133

(0.061 0.033

4-5 1100-0 4j Held 0.060 0.020

B 8.35 2-3 Cu OFHTR Held 0.020 0.008
S0.025 0.010 •

The processes of galling require that the surfaces be rubbed together; i.e., there
must be a relative motion of one surface with respect to the other. This rubbing could I
be prodcced only by the stress wave. If the transfer of stresses across the interface
were perfect, the surfaces would move together as a unit and there would be no rubbing.
Since there is evidence of rubbing, the transmission of the stress wave across the inter-
face is not perfect and there must be reflections or interferences at the interface.

One possible genesis of the rippled structures that is consistent with vibrations in
the range of radio frequencies may be postulated on the basi3 of reflections from the I
interface: the incident wave is a hydrodynamic shock wave and is therefore not
restricted to sonic velocity as are elastic waves. Since the reflected portion of the
,ave is moving through nmaterial already heated by the incident wave, it will, accord-
ing to hydrodynamic theory, increase its velocity and catch up, merge with, and
reinforce the incident wave forming a Mach stem. 11 The reinforced stem tends to
form a ripple or depression in the interface (a ripple with a crest on one plate surface
is a ripple with a depression on the other plate surface). This deformation of the
interface changes the angle of incidence, causing the reflected portion of the wave to
be scattered which abruptly cuts off the reinforcing pressure; the cycle then restarts.

While the use of atress waves to destroy the continuity of weld-inhibiting surface
layers during welding has been a practice since antiquity, many of the modern welding
practices have tended to •bscure the significance of such operations. The possible
uses of stress wavtA for obtaining particular surface effects may be an important
means for improving welding techniques. The effectiveness of stress waves for dis-
rupting eurface layers Is probably greatly enhanced by moderate intersurface friction.

2t
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The structures of surface galling and ripples in thin-plate stacked targets are a
record left by the stress waves. As such, it appears that they will be of considerable
value in studies of hypervelocity cratering.

i REFERENCES

1. W.A. Allen, J. M. Mapes, and W.S. Wilson, "An Effect Produced by Oblique

Impact of a Cylinder on a Thin Target, " J. of Appl. Phys. 25, 675-676 (1954).

2. R. F. Rolsten, H. H. Hunt, and K. H. Meyer, "Deformation and Wave Structure
Produced by High-Velocity Impact, " J. Appl. Phys. 35 (5), 1655-1956 (1964).

3. J. Pearson, "The Explosive Working of Metals," Paper presented at the
National Symposium of the Society of Aircraft Material and Process Engineers,
Daýton, Ohio (March 1960).

4. J. S. Rinehart and J. Pearson, The Explosive Workiig of Metals (Now York,
N.Y.: Macmillan and Co., 1963) pp. 305-316 and 64-66.

5. G.R. Abrahamson, "Permanent Periodic Surface Deformations Due to a
Traveling Jet, J. Appl. Mech. 28, 519-528 (1961).

6. J. M. Walsh, R. G. Shreffler, and R. J. Willig, "Limiting Conditions for Jet
Formatiop i;, High Velocity Collisions, " J. Appl. Phys. 24 (3), 349-359 (1963).

7. G.R. Cowan and A.H. Holtzmann, "Flow Configurations in Colliding Plates:
Explosive Bonding, " J. Appl. Plys. 34 (4) 928-939 (1963).

8. A. E. Bayce and E. S. Wright, Stanford Research Institute, private
commumcation.

t" 9. R.W. O'Neil, et al., Effects of Hypervelocity Impacts on Materiala, Technical
Operations Research, AFML-TR-65-14 (January 1965).

10. G. Birkhoff, et al., J. Appl. Phys. 19, 563-582 (1948).

11. Los Alamos Scientific Laboratory, The Effects of Atomic Weapons (Washington,
D.C.: U.S. Government Printiag Office, 1950), Sections 3.41-3.60.

29



PART H

METALLURGY OF ALUMINUM INGOTS FOR
HYPERVELOCITY IMPACT TARGETS E

BACKGROUND AND OBJECTIVES

Impact theory and structural design have generally followed separate paths, and
few attempts have been made to integrate theoretical concepts and recognized phenom-
ena in the development of structural systems. The prime prerequisite for the estab-
lishment of realistic design criteria is a systematic experimental and theoretical in-
vestigation carried out on materials and structural configurations useful in actual
vehicle design.

For this program, we initiated a systematic approach combining uncommonly
used metallurgical properties of materials with impact theories pertinent to hole and
crater formetion. The ultimate objective of the program was to establish the modes off
energy dissipation in the impact process.

Metallurgical examination of several targets routinely employed in impact studies
showed that the sheet stock was not homogeneous; its top and bottom area was a fine-
grained or recrystallized structure and its central portion had a preferred orientation
of the large crystal grains due to cold work. It is almost impossible to correlate
impact damage with materials properties because of the lack of homogeneity in the
target. Moreover, targets of this type do not lend themselves to energy partition
studies.

Many efforts have been made to relate the extent of impact damage to the properties

of the target material. These efforts probably started in 1742 with the resistance-to-
penetration theory of Robins. Between 1835 and 1845 the French conducted a series of
experiments to measure the velocity of cannonball fragments. The fragment velocity

* was computed by assuming a constant cratering efficiency, that is, a constant ratio of
4 crater volume to the kinetic energy of the fragment. One of the earliest correlations of

cratering data was made by Helie, who observed that the crater volume was approxi-
mately proportional to the kinetic energy of the impacting projectile where the constant
of proportionality is a function of the target strength.

Cratering by a hypervelocity impact involves shock compression of the target
material to very high prescure, and the subsequent motion involves high strain and
stress. Although the initial phase of the motion resulting from a high-velocity impact
may be adequately describedbyhydrodynamic principles, as a result of geometrical
divergence and dissipation the stresses rapidly decay to the point where material
strength becomes important. Pressures operative immediately after impact are clearly
not representative for the greater part of the cratering process and cannot serve as a
valid basis for neglecting the strength of materials. The bulk of the crater formation
is caused by a process of energy dissipation and target deformation, during which time
the only restraining forces are the target properties,

It was recently shown1 that the hypervelocity impact force per crater surface area
can be correlated with the ultimate tensile strength when the measured crater dimen-
sions in aluminum are corrected for relaxation. The applicability of the proposed
cratering model was extended to include eight aluminum alloys (1100-F, 1100-1H14,
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I 2014-T6, 2017-T4, 6061.-T6, 7075-0 and 7075-T6) as well as oxygen-free high-conduc-

tivity (OFHC) copper. A different strength parameter -- the true stress to fracture --
I was proposed and shown to be applicable.

The goals set forth for this program were to establish:I • hort Term

1. Projectile massI 2T Impact crater damage to a target of q) asw-infinite thicamess

tt 3. Impact spall damage
Th4. Impact hole damage to thin plates

Long Term

5. Design criteria for flight structures

6. Mechanism of impact with a realistic mathematical model.

With these 3bjectives in mind it was established quickly that the inherent properties
of the high-velocity l•=-mass plastic projectile accelerated with the exploding foil gun
could net be used with targets fabricated from ordinary commercial material.

Commercial material or standard mill product metal is not homogeneous in grain
size or texture becauze of Its fabrication process. This inhomogeneity is manifested in
a test specimen with a rolled texturo (Figure 17) with variable mechanical properties.
These variables become incirasingly significant with the decreasing size of the pro-
jectile.I

'I

Figure 17. Inhomogeneous Aluminum Targit Specimen
(dimensions not to scale)
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To eliminate the problems associated with an inhomogeneous target material,
aluminum ingota of 1100-0, 7075-0, and 7075-T6 werv prepared by casting. Each
alloy type was handled individually and with the same testing equipment in order to
provide the metallurgical data required to characterize the target stock material.

EXPERIMENTAL STUDY

PREPARATION OF XNGOTS 1 00-0, 7075-0, AND 7075-T16

All ingots were cast by the DC process. The 1100-0 ingot (Figure 18" was 24 in.
long, 16-1/2 in. in diameter, weighed 521 lb, and was in the as-east condition. The
size of this ingot and the low concentration of alloying element were the bases for con-
sidering annealing unnecessary. Ten ingots (plus one small stub) of 7075-0 (Figure 19),
each 24 in. 1cing and 3. 4 In. in diameter, with a total weight of 238 lb were annealed for
2 hr at 775°F and still air-codled. Ten ingots of 7075-T6 (Figure 20),each 24 in. long
and 3. 4 in. in diameter, with a total weight of 234 rb were solution heat-treated at
870°F fov a period of 8 hr, quenched into water at 1500F, and aged for 26 h.- at 2500F.

F•AIRDNE SS TR1AVERSE

Aluminum 1100-0

The cap was removed from the ingot in order to eliminate any end effects. A 1-in.
thick slice was removed and the Brinell Hardnwitanber (oHeN was estabre m hed by
applying a 500-kg load to a 10-mm diameter steel ball for 30 sec. Hardness determina-
tlios were made at 1-in. intervals as shown in Figure 21. The hardness value of 24
BHN over a 6-in. radius leaves no doubt about the hardness uniformity of the itgot.

SSLICE IIA !.1'1

_Il

, le

i Figure 18. Aluminum 1100-0 Ingot
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Figure 19. Aluminum 7075-0 Ingots
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Figur 20 Almiu 707-T Ingots
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Figure 21. Brinell Hardness Traverse of 1100-0

Aluminum 7075-0L

A 1-In. long section was removed from the top of the ingot which was designated
"stub". The sawn surface was ground smooth and polished for the Brinell hardness

* determination with a 500-kg load applied for 30 sec to a 10-mm diameter steel ball.
Hardness measurements were made at 0.4-in. intervals and resulted in a range of1 157.9 to 59.8 BHN over a 1. 2-in. radius as shown in Figure 22.

56.8 -
t ~~59.0----

59.8 --

59.8 59.4 57.9 54.4

L.. BRINELL HARDNESS NUMBER --

Figure 22. Brinell Hardness Traverse of 7075-0
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Aluminum 7075-Tb

A 1 -in. long section was removed from the top of the ingot designated No. 6A as
shown in Figure 20. The sawn surface was ground smooth and polished for Brinell
hardness determination with a 500-kg load applied for 30 sec to a 10-ram diameter
steel ball. Harduness measurements were made at 0.4-in. intervals and resulted in a

Srange of values from 158 to 162 BHN over a 1. 2-in. radius. Verification measure-
ments were made with 1000 to 3000-kg loads. The he'dness values obtained with the
1000-kg load were one to two numbers higher than t•jse with the 500-kg load, while
the values with the 3000-kg load were six to nine numbers higher; i. e., 158, 159, and
165 DElN, with the 500, 1000, and 3000 kg load respectively.

In addition to the Brinell hardneei values summarized in Figure 22, the Knoop hard-
ness values were also determined to indicate the relation between the micro-(Knoop) and
macro- (Brineli) hardness tests. As would be expected, the Brinell hardness test is not
as sensitive to mlcro-structure eff.cts as the Knoop test, since the 10-mrm ball in the
Brinell test measures an average hardness by indenting numerous crystal grains in the
"specimen and, therefore, levels out the effects of any mechanical anisotropy.

I •GRAIN SIZE

The grain size was determined for each of the alloy types and found to correspond
to the ASTM designation2 given in Table 4.

TABLE 4

GRAIN SIZE OF THREE ALUMINUM TYPES

SAlloy Type ASTM Grain
AlyTp Size Designation

1100-0 No. 0 to 00

7075-0 No. 5

7075-T6 No. 5

TENSILE TESTING

Tensile specimens were prepared according . tecification shown in Figure 23;i• a typical tensile bar is shown in Figure 24. Longitudinal and transverse specimens

were obtained in duplicate from the 7075 ingots as indicated in Figure 25 and from theS1100-0 ingot as indicated in Figure 26.

~ I DESCRIPTION AND OPERATION OF APPARATUS

3 Nunes and Larson3 utilized the basic features of the diameter gage designed by
Powell et al., 4 but added a pair of cantilever arms 900 opposite the originally de-
signed pair. Located on the lower end of the cantilever arms are knife-edge fingers,
adjustable to the specimen cross section, that act as sensing elements by deflect-

*ing when the specimen deforms. These deflections are converted to electrical
signals at the strain gage component, and the cantilever arm is an insulator used to
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Figure 25. P3sitions from Which the Tensile SpecimeEs were
Selected from the 7075 Ingots ((a) longitudinal,
(b) transverse)
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, Figure 26. Positions from Which the Tensile Specimens were

fl Selected from the 1100-0 IngotL

i ! minimize the temperature gradient effects obtained at low testing-temperatures. An
epoxy resin adhesive was used to bond the strain gages on the sides of the ca~ntllever •

Si i arm assembly. A spring was attached to each arm to reduce any vibration picked up

! by the arm as it tr',versed the specimen surface. The sleeve, to which the cantilever
i • ~arm assembly is attached, was made to align with the shaft holding the tension spedi-
Ii men and was free to slide vertically along the shaft. By attaching a rack gear and a[

motor to the assembly, it was possible to obtain continuous travel along the specimen
i ~ surface at a predetermined rate set by a Variac control. Th•e limit switches were
. • provided to control the total travel of the diameter gage assembly in either direction

•f•" !and are adjustable to the specimen gage length.

•_• • Figure 27 is a wiring diagran of the Wheatstone bridge circuit employed in this
S~assembly. The C1 and C2 resistors are placed on the compressive side of the canti-
_• ~lever arms,with the Ti •.nd T2 resistors placed on the tension, side as shown. Since

this circuit is the same for both pairs of arms, signals are obtained independently in
.- the width and thickness directions of a specimen. L
S~The diameter gage assembly Is relatively compact and is positioned over the

S~specimen in such a manner that a liquid coolant tank can be placed into the setup for •
S~low-temperature testing. Two shafts, mounted between the platen heads of the Tinius
S~Olsen testing machine, hold the specimen. One of these is simply a pinned holder,

STIC
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Figure 27. Wheatstone Bridge Circuit
and Strain Gage Location on Cantilever

Arms (after Nunes and Larson3 )

SI while the other is made up of two parts - a holder and a dynamometer through which
the load was recorded. A Sanborn 150 six-channel oscillographic recorder was used
to obtain a record of the load-profile measurements.

All tests were run at a constant cross-head speed to give an initial strain rate of
0. 01 min-1. Records of load versus cross-head displacement were used to obtain
yield strength values at the lower testing temperatures. Tests conducted at room
temperature were run with a snap-on extensometer that was attached to the specimen
until a 0.22% offset yield was attained and then the diameter gage was retracted into
the up position. After the desired yield vas '1 tained, the extensometer was removed

# ,jand the diameter gage wvas set into operation to record the resulting deformation to
fracture.

Calibration of the recorder -ad balancing of the Wheatstone bridge circuits were
,S accomplished with the specimen in position for testing but without applying any load.

After calibrating and balancing, the load pen was adjusted to the zero load line. Then
Pa minor load was placed on the specimen and the stylus pen of the recorder, which
is used to measure the diameter, was positioned to a known reference line. Maintain-
ing a constant and continuous profile record was accomplished by running the recorder

chart and the diameter gage at constant predetermined speeds (2.5 mm/sec).

Room temperature tensile specimens were completely immersed in alcohol and

the cryogenic tests were made with the specimens immersed in either liquid nitrogenSI (-1960C) or a carbon dioxide-isopentane (-800 C) mixture. The experir'ental tensile
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data (summarizod in Table 5 of the Appendix) can be compared with the published
data for these alloys (Table 6 in Appeddix).

MECHANICAL PROPERTY DATA

Because of the unusual manner of plotting the actual stress in terms of the logarithm
of the extensions, it appeared that the area subtended by the stress curve can have no *
repl meaninj. An investigation of the nature of this area has proved differently.

Broadly speaking, tb,, mebhanical work performed by a test is the integral of the
".-,a' F by the iaLreraents of Jhe extension

L
W= 2  FdL

The dimensions of the specimen are eliminated by referring the work expended to the
initial volume Vo of the specimen under test. Let the initial cross-sectional area of
the specimen be Ao and the test length of the specimen be Lo. Then, we have

L
w CF dL

V0 j

It is customary to express F/Ao as the nominal (or average) stress a', and

L L-
Lo L Lo0 L

L U L
00

as the nominal (or average linear) strain c. Then the specific work w becomes

w=

0

T'-"s the work expended is represented by the area subtended by the conventional stress
plotted as a function of the conventional strain,

In cases such as flow tests whe-'e the strain is very great, it is thought that the
nominal stress (dependent upon the original cross sectional area) loses much of its
physical meaning and is more and more replaced by the actual (true) stress (dependent
upon the actual cross section supporting the load). Simultaneously the nominal (average)
strainhas been replaced by the natural (true) strain, the differential of which is refer-
red to the actual rather than the initca- test length of the specimen.

40
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If and when the changes in density and volume of the specimen undergoing the test
may be neglected, this new way of expressing the stress strain r',lation has surprising
merit. If we may write 

V = AL = AL

I the specific work w may be written

L L
F dL F iL

L LoL

in which F/A is the actual (true) stress aa and

I_ L
LL-!L- = 109ge

| L e
L 0

Sappears as the natural (true) strain En. We may thus also write

3~W =5 O'd(n

0

and find that the subtended area of the actual (tru " 'trees in terms of the natural (true)Sstrain does indeed represent the specific work exi. &ed during the test. Moreover,
this representation gives the actual (true) stress existing at any instant in the specimen
under test and the ratural (true) strain produced by same without any reference to pre-
vious history.

i U Figure 28, the actual (true) stress is plotted in terms of the natural (true strain
for the transverse specimen of 1100-0 at -8 0 0C. The area subtended by the curve in
the graph does not seem to represent the work spent and absorbed by the specimen un-
dergoing ;",e test. T. determine this amount of work, the data in Table 7 of the Appen-
lix must be recalculated and the gzaph repiotted to give the load applied in tern'_s of the
exensi,'n of a unit length of the specimen, that is, in terms of the strain. •'fic load ian
be determined as the nominal (average) stress, which is the stress referrf=, - the

.iginal coss-sectional area.

The nominal (average) strain of a specimen that is elongated from length L. to
length L is

LbdL L L L° LL L

Qa L
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Figure 28. True Stress Versus True Strain for Transverse 1
Specimen of 1100-0 at -800C

When L0is taken as unity, the strain is simply ,J

E = L-

The natural (true) strain used currently in problems of flow reflects the fact thatf
after having flowed the material does not " remember" what its initial length was, so
in subsequent flows it sh'eds little light on the phenomenon to relate the new increase
in length to the original length. Therefore it has appq~ared much more appropriate to
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relate It to the current length of the specimen. Thus the "naturai" strain is given

as!!•!asreatett~tecurentL 
give L

L 0

When the initial length of the specimen is taken as unity, the natural strain is simply

E n = loge L .

Under such circumstances the relation between natural (true) and nominal (average)
strain is simply

I En

E=e -n

Pertinent data are summarized in Table 8 of the Appendix.

To obtain the nominal (average) stress, the original cross section must be
I determined. Since the nominal stress is not given, it can be determined from the

cross sections during the test and the simultaneous lengths L can be calculated.
If one neglects the change in volume of the specimen during the test, the product
of the initial cross-section and specimen length must be equal to the product of the
current cross section and the current specimen length:

Ao. L = A. L = Volume.
0 0

To test the rigorousness of this simplification, the fifth column in Table 8 has
been added; this gives the volume of a part of the specimen initially 1 in. long. The
mean comes out as 0. 0498667 cu in. with a maximum variation of + 0. 217 and -0. 238%,
which is remarkably accurate considering the areas were given to three significant
figures only. Dividing the load by the original cross section " 0. 0498667, one obtains
the nominal stresses during the test first column of Table 8)

The work per cubic inch of material is given then as

W -- dc~t

1~ 5 0

and is represented by the area subtended by the curve. At the scale used, every square
centimeter of the graph represents 40 in. -lb/cu in. and every square millimeter repre-
sents 4/10 in. -lb. The area under the curves was measured with a planimeter. The
areas3 under the two separate curves for the same test, differ from one another by count
by 1/2%; Figure 28 gIves 27, 205 In. -lb/cu in. of specimen, * and the nominal str'ess

Planimeter measurement was 27.584 in. -lb/cu in. of specimen.
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versus nominal strain curve gives 27,340 in. -lb/cu in. The lack of points between i

the two largest strains must be blamed for this discrepancy.

t is apparent that almost half the work was expended in the last straining step, L
from c = 1. 05033 to c = 2. 19313, for which the plotting of the curve is somewhat
uncertain because of the lack of experimental points. All the expended energy, less
a negligible amount stored as elastic strain energy in the specimen under test, is used L
as flow strain energy. L

1. R. F. Rolsten and H. H. Hunt, AIAA journal 1, 1893-1895 (1963).

2. American Society for Testing and Materials," Methods for Determining the
Average Grain Size of Metals," ASTM Designation: E112 (no date). [

3. J. Nunes and F. R. Larson, "A Method for Determining the Plastic Flow
Properties of Sheet and Round Tension Test Specimeni, " Proceedings of the! t American Society for Testing Materials 61, 1349-1361 (1961).

4. G. W. Powell, E. R. Marshall, and W. A. Backofen, "A Diameter Gage and
Dynamometer for True Stress-Strain Tension Tests at Constant True Strain "

Rate," Proceedings of tne American Society for Testing Materials 55, 797- L
809 (1-955).
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I APPENDIX

SUMMARY OF METALLURGICAL DATA

TABLE 5

EXPERIMENTAL TENSILE DATA

Test Strength (psi)
Alloy Temp.

(0C) Yield Ultimate

1100-0 24 4.2 12.1

1100-0 24 3.8 12.6

1100-0 -80 4.2 15.1

1100-0 -80 4.0 14.9

1100-0 -196 6.4 25.7
1100-0 -196 6.7 25.7

7075-0 24 13.2 34.0

7075-0 24 13.0 33.2

7075-0 -80 13.8 35.8

7075-0 -80 13.8 34.7

7075-0 -196 16.2 18.0

7075-0 -196 16.6 48.2

7075-T6 24 68.9 79.4
7075-T6 24 70.5 80.5

I 7075-T6 -80 73.3 85.1

7075-T6 -196 81.4 91.8

7075-T6 -196 80.2 91.2

TABLE 6:1 PUBLISHED METALLURGICAL DATA
(Alcoa Aluminum Handbook)

Test Sregth (psi) Brinell Hardness Number Specific Chem!cal Composition Limits (•)

(oC) Yield Ultimate 500kgload. 10mmlbll Gravity Si Fe Cu Mn Mg r Zn Ti

I 1100-0 24 3,000 13,000 23 2.71 1.0 1.0 0.20 0.05 - - 0.0 -

1100-0 -190 6,000 24, 000 -

7075-0 24 15,000 33,000 60 2.80 0.50 0.7 2:0 0.30 2.1- 0.18- 5.1-

7075-0 -190 - 2-0 2.9 0.40 6.1 -
7075-T6 24 73, 000 83, 000 150 2.80 0.50 0.7 12- 0.30 2.1- 0. 18- 0.20Ii2.0 2.9 0.40 6:1 02
7075-T6 -190 92,000 102,000-- _
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TAB LE 7

TRANSVERSE SPECIMEN OF 1100-0 AT -8s0,0 C -

Diameter(in.) Load Ara True Strain True Stress

D1  D (psi) (in) (in. /in.) (ksi)

0.252 0.252 - - - -

0. 251 0.251 340 0.04948 0.0080 6.871

0. 250 0. 250 390 0. 04909 0. 0159 7. 945

0.249 0.249 420 0.04870 0.0238 3.624
1; 0.248 0.248 470 0.04831 0.0317 9.729

0.247 0.247 500 0.04792 0.0396 10.434

0.246 0.2464 535 0.04753 ,.0467 11. 256

0.244 0.245 580 0.04695 0.0611 12.353
0. 242 0. 243 620 0. 04619 0. 0765 13. 423
S0.240 0.2416 650 0.04554 0.0909 14.273
0. 238 0. 2396 675 0. 04478 0. 1071 15.074

0.236 0.2376 695 G. 04404 0.1241 1.5.781

0.234 0.2356 715 0.04330 0.1409 16.513

0. 232 0. 234 720 0. 04264 0. 1567 16. 885

0. 228 0. 232 735 0. 04155 0. 1833 17. 690

0.224 0. 228 745 0. 04012 0. 2177 18. 569

0. 220 0. 224 750 0. 03871 0. 2533 19. 375

0.218 0.222 7,'.5 0.03801 0.2708 19. 863

0.216 0.220 755 0. 03733 0. 2899 20.226

0. 214 0. 218 755 0. 03664 0. 3089 20.605
0. 212 0 216 755 0. 03597 0. 3268 20.990

0.207 0.212 7405 0.03447 0.3696 21.613
0. 202 0. 208 735 0. 03301 0. 4124 22. 266

0. 192 0. 198 710 0.02986 0.5124 23. 778

0.182 0.190 680 0.02717 0.6076 25.028

0.172 0.180 640 0.02433 0.7181 26.305
0.135 0. 1472 500 0.01563 1.161 31.990
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TABLE 8

NOMJINAL STRESS-STRAIN DATA WITH VOLUME OF SPECIM~EN

Nominal Natural or Specimen Average Specimen
Stress True Strain Length Strain Volume

a ýn=X L=ex e=ex-1 V=A - L

6,818 0.008 1.00804 0.00804 0.049797

7, 821 0. 016 1. 01614 0. 01614 0. 049892

8,422 0.024 1.02430 0.02430 0.049883

9,425 0.032 1.03253 0.03253 0.049871
• 10,027 0.040 1.04082 0.04082 0.049855

10,727 0.047 1.04813 0.04813 0.049891

"11,631 0.060 1.06184 0.061%' 0.049906

"" 12,433 0.077 1.08004 0.08004 0.049898

13, 035 0.091 1.09528 0.09528 0.04" 35

- 13,536 0.108 1.11406 0.11406 0. 049910

13,937 0.126 1.13439 0.13439 0.049913

14,338 0.142 1. 15259 0.15259 0.049907

14,438 0.158 1.17118 0.17118 0.049892

14,739 0.183 1.20082 0.20082 0.049884|I
"14,940 0.218 1.24360 0.24360 0.049868

"-" 15,040 0.254 1.28918 0.28918 0.049941

"" 15, 140 0.272 1.31259 0.31259 0.049928

15,140 0.290 1.33644 0.33644 0. 049849

15, 140 0. 308 1. 36071 0. 36071 0. 049802
15, 140 0.3.-i 1.38681 0.38681 0. 049975

14,940 0.365 1.44052 0.44052 0.049748

14, 739 0. 413 1. 51134 0. 51134 0. 049874

14, 238 0. 513 1.6"7030 0.67030 0. 049775

13,636 0.603 1.82760 0.82760 0.049760

12,834 0.718 2.05033 1.05033 0.049823

10,027 1.161 3.19313 2.19313
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