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HYPERVELOCITY
TITANIUM

IMPACT STUDIES ON TITANIUM,
ALLOYS, AND BERYLLIUM

by

L. B. Lundberg,S. J. Bless,
S. P. Girrens, and J. E. Green

ABSTRACT

The hypervelocityimpact behavior of commercial-pure,
Grade 2 Ti, Ti-5Al-2.5Sn,Ti-6Al-2Sn-4Zr-2Mo-O.25Si,and
pure berylliumwas studied by impactingtargets of these
materialswith millimeter-sizedspheres of glass, copper,
aluminum,and cadmium propelledfrom a light-gasgun at
velocitiesranging from 4.5 to 7.6 km/s. Target tempera-
tures ranged from 295-775 K when impacted. Semi-infinite
targets were impactedto determinecratering behavior,and
some correlationswere made to thin-targetperforation.
Thin titanium targets with a variety of surface coatings
and finishes were also impacted. Titanium and the titanium
alloys were found to behave in a ductile manner when im-
pacted, but berylliumwas found to be brittle even at 775
K. An extrapolationequationwas used to optimize a titan-
ium heat pipe radiator mass for a space nuclear power
application.

I. INTRODUCTION

Even early science fiction writers recognizedthat meteoroid impactwas an

extraterrestrialenvironmentalhazard. As space vehicles were developed, a

concerted effort was made to determine incidentmeteoroid fluxes and to devise

practicalcountermeasures. Almost a decade ago, successfulmeteoroid bumper

technologywas developed. Bumpers consistingof thin metal plates standing

off from the structuralsurface have been adequate for protectingspacecraft

hulls, and there has been little research in meteoroid-impactphenomena since.



Presently,we are entering a new stage in space technology. Serious plan-

ning is underway for placing complex structuresand facilities into orbit.

These activitieshave resurrectedthe need for scientificand engineeringstudy

of hypervelocityimpact phenomena.

Experimentalwork was performed in support of the nuclear electric power

plant described by Ranken and Koenig.l The system design features a large

radiator like that shown in Fig. 1, composed of arrays of heat pipes to dis-

pose of the waste heat from thermoelectricconverterdevices. The design

specificationcalls for the probabilityof the radiator not being able to re-

ject the specified amount of heat to be less than 1% over a 7-yr period. One

failure mechanism is loss of heat pipe fluid from heat pipes that are perfor-

ated by micrometeoroids. The objectiveof the experimentaleffort described

below was to acquire data to support the analysis of this problem.

Unfortunately,a space radiator cannot be protectedby a simple bumper

system and still radiate efficiently. Various designs

the radiator structure. All involvetradeoffsbetween

any individualheat pipe and the redundancyin number

experimentaldata for meteoroid perforationresistance

can allow the minimum weight radiator to be designed.

have been proposed for

probabilityof loss of

of heat pipes. Only

of candidatematerials

Early calculationsfor the design of radiatorsoperating above 650 K in-

dicated minimum weights might be obtained if the heat pipes were constructed

from berylliumor Ti-6Al-4V and the working fluid was potassium.z Because

the literaturecontained insufficientdata on the hypervelocityimpact behav-

ior of these or similar materials,the Universityof Dayton Research Institute

(UDRI)was engaged to perform an experimentalstudy of the hypervelocityimpact

behavior of beryllium,titanium, and two titanium alloys, Ti-5Al-2.5Snand

Ti-6Al-2Sn-4Zr-2Mo,at room temperatureand 775 K. This study and its

consequencestoward radiator design are describedbelow.

II. BACKGROUND

A. Radiator Heat Pipe Failure

Radiator heat pipes are evacuatedmetal containersthat contain a working

fluid that circulatesbetween heated (evaporator)and cooled (condenser)re-

.

.

gions. Heat is absorbed by the working fluid, causing it to vaporize,and the

2
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Fig.1. Space reactor power system with multiple heat pipe radiator.

vapor flows to the condenserwhere the absorbedheat is released as the fluid

condenses. The liquid working fluid is then pumped back to the evaporator

through a screen wick or other porous medium by capillary action. In a prop-

erly designed heat pipe, both the evaporationand condensationtake place at

approximatelythe same temperature, so that heat is transferredbetween two

reservoirsnearly isothermally.

Because a radiator heat pipe must be directly exposed to space, it is not

practicalto protect it from meteoroid penetrationwith a shield or bumper.

puncture in an operating heat pipe containerresults in rapid loss of the

vaporizingworking fluid to space. Meteoroid impactswhich cause the heat

pipe containerwall to either dimple or spall without puncturingare not ex-

A

pected to adversely affect heat pipe operation. Therefore,when armoring the

surfaces of a radiator heat pipe exposed to space, concern is directed towards

determiningthe thresholdpenetrationthickness (TPT) of the containermate-

rial that is required to prevent penetrationby a meteoroidwith specified

mass and velocity.

B. MeteoroidThreat

In order to begin the solution of the radiator design problem, it is first

necessaryto quantify the number, mass, and velocity of meteoroidsthat can

potentiallycollide with it. Because meteoroidsare solid particlesmoving in

3



interplanetaryspace, they can be quantifiedwith average density, velocity,

and mass-fluxmodels. The Near Earth to Lunar Surface Meteoroid Environment

Mode13 publishedby the NationalAeronauticsand Space Administration(NASA)

was selectedfor use in the preliminarydesign of the Space Power Advanced

Reactor (SPAR) system. The near-Earthaverage total meteoroid (averagespor-

adic plus average stream) mass-fluxmodel is

for 10-6~m< 1, logloNt = -14.37 - 1.21310910M , (1)

where

‘t
= number of particlesof mass m or greater/m2-s

m = particle mass (g).

The average particle density and velocity associatedwith this mass-flux

model are 0.5 Mg/ms and 20 km/s, respectively. Particleswith these proper-

ties will be termed “standardmeteoroids”in this report. To correct for the

Earth’s gravitationaleffect at a given distance above the Earth, Nt must be

multipliedby the defocusingfactor, Ge, which is obtained from Fig. 2. To

correct for planetarybody shielding,the unshieldeddefocusedflux is multi-

plied by the shieldingfactor, e. The shieldingfactor is determinedas

described in Fig. 3.

With the previous’

tion equation

y describedmass-fluxmodel and the Poisson distribu-

P

‘s” ‘:=; [eNtA:JNtAT)rl
where Px<n =

‘t =

probabi1ity of impact by n meteoroidsor less,

expectedflux (particles/m2es),

exposed area (mz), and

exPosure time (s),

(2)

.

.

.

.
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Fig. 2. Defocusingfactor due to Earth’s gravity for average
meteoroid velocity of 20 km/s.
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BODY SHIELDINGFACTOR, e (Definedas the ratio of the shielded and
unshieldedflux):

e= 1 +Cose
2

where

sine= +

R = radius of shieldingbody, and
H = altitude above surface.

Fig. 3. Method for determiningbody shieldingfactor for randomly
oriented spacecraft.
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the probabilityof impact by n particlesof mass m or greater can be estab-

lished. Thus, by armoring the heat pipes to withstand-impactsfrom a speci-

fied mass of meteoroid,the number of impactsfrom larger particlescan be

predictedand the probabilityof heat pipes being penetrateddetermined. The

specificationof the armor thicknessdepends on the hypervelocityimpact

resistanceof the armor material.

c. HypervelocityImpact Behavior Extrapolation

Because the “average”near-Earthmeteoroidshave not been reliably

simulated in the laboratory,it is necessaryto extrapolatehypervelocity

impact data obtained at lower velocitiesand higher projectiledensities.

Many empiricalformulas have been proposed for extrapolatinghyper-

velocity cratering and perforationdata (for full discussionsof the several

formulas see Refs. 4 and 5).

.The hypervelocitypenetrationequation developedfor normal impact of

semi-infinitetargets by Charters and Summers, and recommendedby

Schneider,6is:

“d=lo’(%)”3(4)”3
where P = crater depth;

d = projectilediameter;

‘P
= mass density of projecti1e;

P: : ;:?s: e:;:; :t:e;:c::;9e:;d
. . .3

St = material constant.

(3)

After Schneider,6we refer to this as the C-S equation. It should be

pointed out that this equation assumes a hemisphericalcrater. The parameter

St is an empiricalquantity dependingon target material properties. We

have found it convenientto rewrite Eq. (3) as

.

.

.

.

p. ()81 > E “3
G pt ~ (4)



\

where E is the kinetic energy of a sphericalprojectile. In this formulation,
1/3

it can be readily seen that p is inverselyproportionalto St , which has
1/3the units (energy/volume\ . In this report, St 1/3 is expressed in

(GJ/m3)‘/3. Equation (3), and consequently,Eq. (4) were derived from

tests performedat velocitiesbelow the speed of sound in the target, and

according to Gehring,4 these equationsoverpredictthe effect of particle

density on both penetrationand crater volume. Nevertheless,the data derived

from this study are analyzed using these equations.

Schneider6also indicatesthat in the hydrodynamic(hypervelocity)regime

the crater volume is proportionalto the kinetic energy of the impact particle.

Thus, the crater volume can be written in terms of a crateringefficiency
e

parameter,e, as

V = E/c . (5)

The parameterc has dimensionsGJ/m3 and can be compared to the parameter

St of Eq. (4).

Experiencein ballisticsand hypervelocityimpact indicatesthat the crater

depth in a semi-infiniteplate is proportionalto the thicknessof a plate

that can be impactedunder the same conditionsand just perforated. This con-

dition for the finite plate is commonly referred to as the thresholdpenetra-

tion thickness (TPT), and its value is commonly approximatedto be 1.5 times

the semi-infiniteplate crater depth. Experimentalstudies have indicated

that the proportionalityconstant,Ko, can be as high as 2.0 (Ref. 7). We

consider K. to be a parameter in this study and write

TPT = Kop.

D. Previous ExperimentalWork

There have been very few prev”

ing in titanium, titanium alloys,

ous studies re”evant to hyperve”ocity crater-

and beryllium. The informationthat the

authors could locate is summarizedbelow.

Diedrich, et al.8 conducted a study for a reactor radiator that included

four shots into thick hot-pressedberyllium. The temperaturewas 975 K, the

projectileswere ~ = 2.51 Mg/m3 Pyrex, and impact velocitieswere 7-8 km/s.

Berylliumwas observed to behave in a brittle manner; there was a great deal

7



of front surface Spall. Also, much secondarycracking of the metal extending

large distancesfrom the crater was observed. Crater depths are reported for

three shots that give values of St1’3 between 3.02 and 3.81 (GJ/m3)1’3.
The mean was 3.35 (GJ/m3)1/3.

1/3 for titanium Of 1.9 (GJ/m )Gehring4 reports a value of s 3 1/30 This

apparentlyderives from a datum reported by an author, which in turn is based
on a single datum of a previous author at 2.3 km/s obtained in 1955, probably

from a shaped charge jet.

Brucea has communicatedto us some unpublisheddata obtained for GE at

the Arnold EngineeringDevelopmentCenter (AEDC) during the 160s. The data

are for Grade 4 commerciallypure titanium (AMS 4921) impactedat room temper-

ature. There were three normal shots into semi-int’lnitetargets at 6.1-7.5

km/s using spherical302 stainlesssteel (SS) projectiles. The resulting

value of St 1/3 is 3.86 * 0.20 (GJ/m3)1’3. Bruce had reported earlier on

oblique hypervelocityimpacts into titanium sheets of the same grade (AMS

4901) at room temperature.10 It was found that the thicknessof the sheet
parallel to the projectile’strajectorythat just resisted penetrationranged

from 1.74-2.09times the crater depth in a comparablesemi-infinitetarget.

Clough, et al.7 studied the hypervelocityimpact behavior of Ti-6Al-4V
at 699 K. SphericalPyrex (9P = 2.26 mg/m3) projectileswere impacted normal
to the surface of the heated targets at velocitiesranging from 7.50-7.84

km/s. A value of (St)l/3= 3.80 (GJ/m3)1’3was calculatedfrom their

penetrationdata for the single shot.intoa semi-infinitetarget. They also

determinedthat K. = 1.65 for thin Ti-6Al-4V targets.

III. EXPERIMENTALAPPROACH

In order to simulate near-Earthmicrometeoroidimpacts into candidate ra-

diator heat pipe armor materials,we chose to impact targets with a variety of

millimeter-sizedspheres propelledby a two-stage,light-gasgun to velocities

in excess of the speed of sound in the target. In this system, projectiles

can be well characterizedin flight, and reasonablecontrol can be maintained

over the experimentalconditions. Projectilemasses and velocitieswere chosen

to bracket the kinetic energy of “average”near-Earthmeteoroids,and in some

cases the targetswere ‘heatedto simulate the operating environmentof the

radiator. Most of the targets were semi-infinite,but a few thin targets were
aThis informationprovidedby E. Bruce, The General Electric Co”

.

.

.

*
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shot to check the value of Ko. All shots were conducted on the UDRI light-

gas gun range described below.

A. Range Description

As shown schematicallyin Fig. 4, the range consists of a light-gasgun

projectile launchingunit, a blast tank, and a target tank. Instrumentation

for determiningprojectilevelocity and integrityare located at both the blast

tank and the target tank. The design and operation of these components

detailed below.

1. Launch Unit.

a. Light-GasGun. The basic operationalsequence of the light-gas

are

gun is

shown in

the pump

chamber

solenoid

Fig. 5. The gun consists of the following components: the breech,

tube, the high-pressuresection, and the launch tube. The propellant

s a 40-mm MK4 barrel with a screw breech and is fired by an electrica

that actuates the firing pin. The pump tube is 41.9 mm id. and is

1.52 m long. A high-pressuretransitionsection couples the 40-mm launch tube

to smaller diameter pump tubes. A 7.62-mm-i.d.pump tube was used in this

program; in other programs, pump tubes up to 20 mm id. have been used.

Gun mounting techiques,alignmentprocedures,maintenance,and range evac-

uation systems were typical of ballisticranges at UDRIand elsewhere,so

VELOCITY,
X-RAY,AND VACUUMLINESGGAUGE

ACCESS
PORTS 1A

ING,

ION

RANGE BASE SUPPORT BEAM
, .~, /.

(NOTE:NOTTO SCALE)

Fig. 4. Universityof Dayton Range Configurationfor the “Meteoroid”Program.
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LAUNCH
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TUBE
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d

Fig. 5. Light-gasgun operationalsequence. (a) Propellant in breech behind
driving piston, gas (hydrogen)at rest between piston, and burst-disk
in pump tube. Projectile/sabotat rest in launch tube. (b) Propel-
lant ignited,piston moves forward compressinggas in pump tube.
(c) High gas pressure ruptures burst-discand starts projectile/
sabot acceleratingdown launch tube. (d) Driving piston lodges into
high pressure section while expandinggas in launch tube forces
sabot/projectilefrom launch tube into a free-flightstate.

will not be described in detail herein. An overall view of one configuration

of the light-gasgun is shown in Fig. 6.

The light-gasgun is a subsonicpiston type. It employs a reservoirof

highly compressed,low-molecular-weightgas (H2 or He) to acceleratethe

piston. The very high sound speed of the driving gas allows projectilesto be

acceleratedto velocitiesseveral times those of conventionalguns. The res-

ervoir of energeticgas is produced in the gun by compressinghydrogen in a

sealed gun barrel (pump tube) with a propellant-drivenpiston. The gas is

compressedinto the high-pressuresection until the pressure exceeds the re-

sistance of a rupture diaphragmbetween the high-pressuresection and the

launch tube. The gas is then further compressedby the forward acceleration

of the piston while it escapes down the launch tube behind the accelerating

projectile-carryingsabot. The piston is stopped in the high-pressuresection

after transferringnearly

the high-pressuresection

heating of the compressed

10

all its energy to the gas. The peak pressures in

are in the neighborhoodof 1.5 GPa. Adiabatic

hydrogen results in temperaturesexceeding6000 K.

.

.
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Fig. 6. Light-gasgun.

The launch barrel suffers severe erosion at its breech due to the high

temperature. The only remedy for the erosion was to cut off the worn portion--

usually %100 mm. This had to be done about every ten shots. Two launch

tubes were used in the program in order to minimize downtime during these

machining operations.

The light-gasgun has several regions that are subjectedto extremely high

pressures. The gun performance is limited by the material strength in these

regions. The most critical regions are at the breech, the high-pressure

section, and the interfacebetween the pump and launch tubes and the high-

-pressuresection itself.

Breech pressuresdecrease rapidly with forward displacementof the pis-

ton. Thus, the high-strengthportion need extend only a limited distance.

Stresses in the breech are held within the elastic limits of the material.

The highest gas pressures in the gun are developed in the high-pressure

section. They are of such magnitude that they can be contained only through

plastic deformationat the inside of the thick-walledsection. The calculated

gas pressures,which in the past have been the design criteria of the high-

11



pressure section, are not necessarilythe peak pressuresto be contained.

Extrusion pressurescreated by the impactof the polyethylenepiston may be

considerablygreater than the gas pressures.

At the high-pressuresection/barrelsinterface,the gas pressure in the bar-

rels must be containedwith a seal arrangementthat permits the high-pressure

section and barrels to be easily assembled and disassembled. During the

present program, the gun performancewas considerablyimproved by modifica-
tions to the seal designs in these areas. It has been stated that there are

four main variablesthat control the performanceof the light-gasgun: the

propellantmass, the piston mass, the hydrogengas pressure, and the projec-

tile mass. Our experiencesuggests a fifth variable crucial to the gunls per-

formance--theburst-diaphragmstrength.

b. Gun Development. Having establisheda seven/elevenpowder weight ratio

(grams/gaspressure, in psi) from a series of test shots and keeping the pis-

ton and projectilemass the same, efforts were focused on efficientgas seals

and burst-diaphragmthicknessesfor this particulargun configuration. Original

burst-diaphragmsand seals used in the first series of launcheswere made from

medium to hard copper, and 2024-T3 and 6061-T6 aluminum. The diaphragmswere

sandwichedbetween the high-pressuresection and launch tube, and the seals

placed between the high-pressuresection and pump tube. Difficultieswere

experiencedin maintainingproper seals at both the front and rear faces of

the high-pressuresection. Leakage at the front face reduced the maximum gas

pressure that could be built Up between the piston and the burst diaphragm and

gas leakage at the rear of the high-pressuresection reduced the driving force

of the launch sabot. Seal failures also resulted in seizure of the components
due to the peripheralexpansionof the various materials being used in the

series of tests. This made dismantlingthe gun difficult and time consuming.

Most importantof all, it was not possible to reliably launch projectilesover

6 km/s. At higher velocitiesthe sabots apparentlybroke in the barrel.

The original burst-diaphragmdesign was that of a shear disk. This design

had been used successfullyin previous programswith larger diameter launch

tubes and nondiscardingsabots. However, in the test shots it was found that

pieces of the shear disks were inevitably launched down range and struck the

target. Three steps were taken to eliminatethe burst-diaphragmproblem and

to improve the gas pressure seals. Seals and diaphragmswere made from

304 Ss. The diaphragmwas inscribedwith cross V-grooves. Last, a new

.

.

.

.
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componentwas added--a burst-diaphragmdie made from 4340 steel. Figures 7-9
show the new assembly that fitted between the launch tube and high-pressure

section.

The burst-diaphragmwas fabricatedfrom 1.22-mm-thick304 SS into disks of

56 mm diam. The disks had milled grooves on one side in the form of a cross

with various web thicknessesand groove lengths. Various groove thicknesses
and lengthswere used in several tests to determinethe effect of groove

dimensionson velocity. Milled grooves (when subjectedto a pressure that
causes them to fail at the thinner web of the groove) formed a four-piece

petal. To keep these petals from breakingoff (which the first few did

because of a sharp 90° base area), the burst-diaphragmdie was designed with

a rounded forming base and a tapered hole which was sized at the launch tube

end of the caliber of the launch tube bore. This die eliminatedthe problem
of a petal piece breaking away and travelingdown range into the target area.

The pressure seals for both ends of the high-pressuresection were also

fabricatedfrom 304 SS. The seals themselveswere flat disks (1.22 mm thick)
machined to diameterswhich would allow them to be inserted into the high-

-pressuresection ends. After a few launchesthere was still gas leakage at

NOTE THE 3° TAPER

[

OF 3/4 PUMP TUBE END

HIGH-PRESSURE

rPROPELLANT
I

BREECH
7 I I /

[

SECTION

POLYETHYLENE~
PISTON /

304 STAINLESS STEEL
GAS SEAL BETWEEN

[/

HIGH-PRESSURE SECTION
AND LAUNCH TUBE

SABOT

IllI’T’’’’’y’LAUNCH TUBE

\
BURST-DIAPHRAGM+ DIE

PUMP TUBE1 L
304 STAINLESS STEEL

GAS SEAL BETWEEN
PUMP TUBE AND

HIGH- PRESSURE SECTION

Fig. 7. Schematic of basic 1ight-gas gun with gas seals and
burst-diaphragmlocations.
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Fig. 8. Burst-diaphragm,die, and seal disk.

Fig. 9. Burst-diaphragmand seal after a shot.

.

.
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the seals. To eliminate this leakage,the pump tube high-pressureend was

modified. A shoulder 6.5 mm wide next to the bore was left flat and perpen-

dicular to the tube bore. The remainderof the face was machined to an angle

of 3° from the perpendicular. The shoulder around the bore acted as a high-

-pressureseal which mated to the high-pressuresection stainlesssteel seal

surface.

c. ProjectileLaunching. In order to launch small spheres from the

light-gasgun, it was necessary to acceleratethem inside a sabot that was

stopped before reaching the target. As the projectileand sabot exit from the

launch tube, the sabot must separatecleanly from the projectilewithout

interferenceto the projectileflight path. A four-piece serrated lexan sabot

was machined such that the projectilecould be seated in the nose of the sabot

(Fig. 10). About 2.1 m down range, just before the target tank, a sabot

stripper or stopper plate and a shorting-pin(used to trigger various

instrumentationunits) was mounted. An exploded view of this assembly can be

seen in Fig. 11.

Fig. 10. Left: Serrated sabot with 1.4-mm glass bead in pocket.
Right: Expected in-flightattitude.
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Fig. 11. Sabot-stripper

Although the shots were conducted in a

was left in the blast/targettank (between

with shorting pin.

vacuum, enough gas (air or argon)

20 and 25 mm Hg) to force the four-

piece sabot to open in its down range flight, so that its separationat impact

with the sabot stopper plate was about 40 mm in diam. As seen in Fig. 12,

radiographsof the sabot in flight revealed that it opens backwardsrather

than forward as illustratedin Fig. 10. In most shots, includingall shots

with heated targets, the gas in the range was argon. The 10 mm-14 mm hole

through the stopper plate allowed the projectileto proceed unimpededdown

range to the target. The target was usually placed about 150 mm behind the

stopper plate.

Full-densitysphericalprojectilesmade of glass, copper, aluminum, and

cadium were acceleratedto velocitiesranging from 4.43-7.56 km/s in the

sabot. The glass projectileswere obtainedfrom Cataphote Division of Jeno

Corporation. They were Class III spacer-graded unisphereswith p = 3.99 f

0.05 Mg/m3. Each bead was checked for diameter and weight prior to each

shot. The copper projectileswere made from on-hand copper rod, and the alu-

minum projectileswere on-hand aluminum spheres. The cadmium projectileswere

made by remeltingpure cadmium shot purchasedfrom the Alfa Division of Ventron

Corporation.

16
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Fig. 12. Radiographof sabot opening in flight.

The first approach tried in this program was multiple bead launch, in order

to quickly determineballistic limits. Submillimeter-sizebeads were used to

simulatemeteoroid energies. In half a dozen test shots it was demonstrated

that multiple launch was not feasible;the beads always clumped together.

Thereafter,the approach taken was to launch larger beads at thick targets

in order to determinecratering and penetrationparameters. Larger beads were

used because larger craters could be more precisely characterizedand because

the probabilityof shot failure was several times less for beads of diameter
>1 mm. (Shot failure usually was caused by failure of the projectileto

pass cleanly through the sabot plate hole or by fragments from the sabot or

sabot plate striking the target.)

2. Target Facilities. Most of the impact experimentswere performedwith

the target heated to 775 K. Figure 13 shows the heating unit and mounting in

which targets could be heated to any desired temperaturefrom room temperature

to over 975 K. The figure shows the target beneath the heating chamber ready

for impact. During heating, the target was raised into the chamber. Both the

heating chamber and target holding fixture were insulatedfrom contact with

17
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Fig. 13. Target heating apparatuswith target in position for impacting.

surroundingrange hardware. Temperaturewas measured with a thermocouple

placed on the surface of the target. Typically,the target was withdrawn from

the chamber at 825 K, and by the time the gun was fired its surface temper-

ature measured 725 K.

.

.

.
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During the program, two berylliumtargets were impactedwith 1.6-mm-diam

copper projectiles. For these shots, additionalsafety precautionswere re-

quired to protect personnel and equipmentfrom debris and dust particles

emitted from the target surface after impact. Rubber gloves were worn when-

ever the targets were handled. Other required personnelequipment included

dust resistantprotectivebreathingmasks and throw-awaylab coats. Repres-

surizationof the target tank required%1 h of postimpacttime. A special

encapsulatingtarget holder with removable (throw-away)mounting and spall

ends and a 75-mm length of tubing was machined from aluminum to contain the

beryllium residue and fragments. A 9.5-mm-diamhole was drilled through the

front (spall)end to facilitateprojectileentry. Figure 14 shows ~his

special fixture. This fixture could be heated with the standard chamber by

rotating the chamber 90° from its orientationin Fig. 13.

3. Instrumentation. The complete range instrumentationemployed during

the initialtest phase is shown schematicallyin Fig. 15. Laser-triggered

flash x-ray units were used to obtain radiographsof the projectilesin the

blast tank. An annular mylar foil switch detected the arrival of the projec-

tile at the sabot stripperplate. The foil switch triggered a flash tube that

provided illuminationfor the high-speedframing camera. Projectilevelocity

was computed from three redundantmeasurements: the time intervalbetween the

first laser detector signal and the arrival at the sabot plate; the time in-

terval between sabot plate arrival and target impact; and the time-position

data from the framing camera record.

The flash x-rays were 150 kV. The purpose of the radiographswas to in-

crease the precisionof the velocity measurementand to diagnose sabot func-

tioning. The framing camera was a Beckman and Whitley Model 300 (B&W 300).

This is a continuous-accesscamera that takes 48 frames. It was normally op-

erated at between 1.2 and 2 million frames per second. The framing camera

records provided velocity data and informationon the debris clouds. The
framing camera employs 8 X 10 film. Kodak No. 7302 fine-grain,positive film

was used. Figure 16 shows a sample record. The projectile,Star-titlgin frame

22, can be seen to move toward and impactthe target. Figure 17 is a blow-up

of frames 21-44.

Measurementof projectilevelocitywas initiallyvery troublesome. Radio-

graphic confirmationof projectileposition at the time the laser stations

were triggeredwas very difficult to obtain. Experimentationwith different

J9
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Fig. 16. Framing camera record from shot 96.

delay times between laser stationswere vulnerableto pretriggerfrom gas or

blow-by debris. No contactingtechniquecould be used to determine projectile
positionwithout damaging the sabot. During a sequence of shots, several
techniqueswere evolved to more reliably measure projectilevelocity.

First, the foil switch at the sabot plate was replaced with a contact

switch closed by the shock wave induced in the sabot plate by sabot impact.
The contact switch consisted of a steel screw tightened against a 0.13-mm-thick

sheet of Mylar placed on the back surface of the sabot plate. The switch was
connected to a passive-pulserunit, which delivered a several-hundred-volt
signal when its input was shorted. Shock breakout ruptured the Mylar and
establishedelectricalcontact between the pin and sabot plate. With this
system, false triggers were effectivelyeliminated. Figure 11 illustrateshow
this unit was assembled.
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Fig. 17.

Redundant velocity

first employed in Shot

Enlargementof frames 21-44 from Fig. 16.

data were obtained with the B&W 300 camera. It was

No. 75; we were very anxious to check that the velocity

measurementspreviouslyobtainedwere not in error due to motion blur. Only

half a sabot plate was used to make the projectilevisible to the camera. The

other half of the sabot traversedthe B&W 300 field of view, permitting
measurementof velocity by tracking the sabot fragments. Figure 18 illus-

trates the sabot plate arrangementfor one of those shots. It was found that

the velocitywas a little lower than had been inferredfrom the previous

data. This led to the redesign of the high-pressureseals, as discussed

previously.

Beginningwith Shot No. 76, the signal from the sabot plate was used to

stop a digital oscilloscopethat recorded the two photomultiplier(PM) tube

signals. In Shot Nos. 76-85, the first PM tube recorded the muzzle flash. In

most shots, the arrival of the projectileat the laser station could clearly

be identified. Figure 19 shows a typical example. The muzzle flash record

22
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Fig. 18. Sabot plates and target from Shot No. 78.

Fig. 19. Portion of record showing typical cut-off
projectile and other material launchedby
projectilecan be identifiedas the short
Shot No. 84.

of second laser beam by
gun. The passage of the
downward spike. Data from
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was found to exhibit a great deal more structurethan anticipated. Figure 20

shows a typical example. Unfortunately,analysisof a suite of records showed

that no single feature of the muzzle flash signal could be correlatedwith

exit of the projectile. Eventually,the first PM tube was once again used to

view a laser. It was found that precautionhad to be taken to avoid blinding

this tube by the muzzle flash. The record from the second laser station

could not be clearly interpretedin some shots because the sabot had partially

opened and did not completelyblock the beam. This defect was later corrected

by using a three-passagelaser ladder at the second station.

In most data shots, the B&W 300 camera was used to view the projectile.

Beads 1 mm in diam and largerwere visible as in Fig. 16. Thus, in most

data shots, two redundantmeasures of impact velocitywere available. An em-

pirical correctionfactor was developedfor the time intervalbetween impact

on the sabot plate and closing of the contact switch. With this correction,

agreementbetween framing camera data and the other time-of-flightmeasure-

ments were generallysatisfactory.

Crater volumes in the sabot plate also provide a very rough check on pro-

jectile velocity. In some instancesof gross instrumentationfailure, sabot

plate craters were also used to bound projectilevelocity. Data for sabot

plate craters (for two different sabot plate materials)are shown in Fig. 21.

B. Target Materials

Most of the targets impacted in this study were commercial-pure,Grade

2 Ti machined from either 50-mm-diambars or an n-mm-thick plate. The

chemical analysesof these materials are listed in Table I. These targets

Fig. 20. Typical record of muzzle flash from light-gasgun.
Data from Shot No. 79.
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Fig. 21. Volumes of craters made in steel sabot plates by 0.15 g-sabot
segments. Open circles were RC 20 hardness, closed circles
were RC 30.

were measured to have Rockwell C (RC) harnesses ranging from 23-25 (Rockwell
B(RB) 82-90). The preshot microstructureof the titanium bar stock seen in

Fig. 22 shows a significantnumber of impuritystringersextending parallel to

the centerlineof the bar. The preshot microstructureof the plate stock was

similar except that it did not contain a noticeablenumber of stringers. Their

absence probably results from the lower oxygen and iron content of the plate.

Grade 2 Ti sheets with a variety of surface treatmentswere also impacted. The
surface treatments included an embossed diamond pattern, a shot-blastedsur-

face, and two different emissivitycoatings, zinc orthotitanateand amorphous

carbon (D-1ll). The projectilesimpactedthe side with the emissivitycoat-

ings and opposite the embossed and shot-blastedsurfaces.

Because titanium has very low mechanicalstrength at 775 K and above, we

performed impact experimentson two different high-temperaturetitanium alloys.

One alloy was Ti-5Al-2.5Snand the other was Ti-6Al-2Sn-4Zr-2Mo-O.25Si

(Ti-6242Si). The chemical compositionsof the plate stocks from which the

impact samples were machined are listed in Table I. The Ti-5Al-2.5Snplate

was a transversesection taken from a forged bar, while the Ti-6242Si plate
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TABLE I

CHEMICALANALYSIS OF TARGET MATERIALS

Description c N

Grade 2 Titanium .0080 .0076
Bar

Grade 2 Titanium .016 .0090
Plate

Ti-5Al-2.5Sn .0090 .0090

Ti-6242Si .0095 .0210

Beryllium .0170 .0200

Chemical Analysis (Wt %)

H o

.0004 .2600

.0078 .1040

.0070 .0850

.0065 .0850

.- .625

Fe Al

.23 --a

.10 --

.0320 5.05

.0400 5.99

.0700 .0700

Sn Zr Mo Si

-- -- -- --

-- -- -- --

2.31 -- -- .0180

1.97 4.05 2.01 .2000

<.oo3b c.08 <.003 .0220

Mg = .0400, Al = .0070, Ca = .0006, Ni = .0140, Mn = .0070, CU = .0080

.

.

a -- means not determined.
b < means less t,han the stated det.ect.ion limit.

.

.

Fig. 22. Preshot microstructureof Grade 2 titanium bar used in impact
tests, longitudinalsection.
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(a)

(b)

Fig. 23. Preshot microstructure of (a) Ti-5Al-2.5Snand
used in impact studies, longitudinalsections.

(b) Ti-6242 Si
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was a transversesection taken from an extruded bar. Both plates were sup-

plied by RMI. The preshot microstructureof these alloys can be seen in

Fig. 23. Here, it can be seen that Ti-5Al-2.5Snis an alpha-titaniumalloy,

while Ti-6242 Si is an alpha-betaalloy. Both alloys had an RB 82 hardness.

In order to determinewhether berylliumproduced today possessesbetter

hypervelocityimpact behavior than in the past, we performed impactexperi-

ments on samples taken from recently producedweapons grade stock. The tar-

gets were 12.7-mmthick by 30.5-mm diam. Chemical analysisof the target

stock is listed in Table I, and the preshot microstructureis seen in Fig. 24.

IV. EXPERIMENTALRESULTS

Data were obtained for impactsonto thick targets of Grade 2 Ti, Ti-5Al-

2.5Sn, Ti-6242Si,and beryllium. Impactswere made onto Grade 2 Ti targets

maintained at 295, 475, and 775 K, while all other target materialswere

impactedat 775 K. The crater volume data spanned two orders of magnitude in

projectileenergy. Perforationvelocitieswere determinedfor thin titanium

targets at both 295 and 775 K. The perforationdata were taken to establish

the validity of predictionsbased on thick target response. Effects of

various surface treatmentsand coatingson titaniumwere also studied.

Table II lists data from the successfulshots. Not all of these data were

retained for analysis. In several cases, the impact craters were judged false

on the basis of excessivelyhigh or low depth-to-diameterratio (p/D = 0.5 for

a hemisphere)or because the craterwas not symmetric. In some earlier shots,

rear-surfacetarget bulge also invalidatedcrater data; in later shots, backup

plates were always used.

Crater volumeswere determinedby backfillingthe craters to the preimpact

surface with O.1-mm glass beads. The volume of the beads was measured using

tiny graduatedcylindersderived from precision syringes. Crater depths were

determinedfrom multiple measurementswith a sharpened depth micrometer,and

occasionally from nietallographicsections. Uncertaintiesin the given table

were derived from repeated measurements. The

calculatedfrom the formula for the volume of

V = ~pC12/6 .

crater diameter, D, was

half an oblate spheroid:

(7)

.

.

.

.
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100 pm

Fig. 24. Preshot microstructureof beryllium used in impact tests,
longitudinal section.

A. Thick Targets

1. Grade 2 Titanium. In general, the impact craters formed in pure ti-

tanium appeared “scaled”on their interiorsurfaces. This phenomenoncan be

seen in cross section, especially in Figs. 25(a) and 26(a). Here, we see that

there are loosely attached “scales”on the crater sides. occasionally, par-

tially detached plateletswere found on the craters. These features result

from the formation of adiabaticshear zones as can be seen especially in the

higher magnificationphotomicrographsin Figs. 25 and 26. As noted in

Figs. 27 and 28, the adiabatic shear zones are much less pronounced in titanium

that was impactedat 775 K. There is a band of intenseplastic flow %1 mm

thick around all the craters. This region is capped with a microstructure

that strongly suggests that the inside surfaces of the craters were molten

during impact. This resolidifiedstructure is best shown in Fig. 27(c).

Incipientspall was observed in many of the plate targets that had been

mounted on a backing plate. A typical incipientspall region can be seen in

Fig. 27(a). A higher magnificationview of a portion of the region is given
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(b) O.lm, (c)

Fig. 25. Titanium bar impactedat room temperaturewith a glass bead
(Shot tioa 84): (a) crater cross section, (b) crater bottom,
and (c) right side of crater.
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1 mm

(a)

(b) 0.1 mm (c)

.

.

Fig. 26. Titanium bar impactedat room temperaturewith a copper sphere
.

(Shot No. 89)~ (a) crater cross section, (b) crater bottom,
and (c) right side of crater.
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(a)
lm
—

0.1 mm(b) —

Fig. 27. Titanium plate impactedat 775 K with an
aluminum Sphere (Shot 134): (a) crater
cross sqction, (b) left side of crater,
(c) crater bottom, (d) halfway between
crater bottom and incipientspall, and
(e) incipientspall zone.

(c)
40pm

—

(d) 0.1nln

(e) 0.1m

33



(b)

(a) ‘ lnnl

0.1Inn (c)

&

.

Fig. 28. Titanium plate impactedat 775 K with a cadmium sphere
(Shot No. 147): (a) crater cross section, (b) crater
bottom, and (c) left side of crater.
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in Fig. 27(e). In general, it is thought that the incipientspall condition

did not have a significanteffect on the crater dimensionspartly because the

backing plate preventedrear surface bulging of the target.

There was a significantdifferencebetween the morphologyof the crater

lips formed at room temperatureand those formed at elevated temperatures. As

can be seen by comparing Figs. 25 and 26 with Figs. 27 and 28, the craters

formed at room temperaturehad almost no lip, while those formed at 775 K had

a rather extensive 1-

are illustratedin F“

more ductilityunder

temperature.

Clear dependency

P. The details of a typicallyelevated temperaturelip

g. 29. This suggeststhat titanium has significantly

hypervelocityimpactconditionsat 775 K than at room

of crater parameterson projectiledensity was noted. It
can be seen by comparingFigs. 25(a)-28(a) that the projectiledensity

correlatedwith the smoothnessof the crater. The craters made by the

aluminum (Fig. 27) and glass (Fig. 25) projectileswere smooth, whereas those

made by the denser materials,such as copper or cadmium, were rough on a scale

of 0.5 mm (Figs.26, 28, and 29). This effect appears to correlatewith

projectiledensity. Smoothnessdoes not correlatewith-the shock state of the

projectile,for of the four materials,only cadmium should vaporize. The

roughnessmay be due to a Rayleigh-Taylorinstabilityinitiatedby the pres-

sure exerted by projectilematerial more dense than the target material.

Comparingthe craters seen in Figs. 25-28 also illustratesa clear depen-
dence of the crater depth-to-diameterratio (p/D) with projectiledensity. It

is clear from these photographsand from the data listed in Table II that the
less dense projectilesproduce craters with lower p/D than those made by the

more dense projectiles. In fact, it appears from these data that all craters

are generallyellipsoidalrather than hemisphericalas is assumed in most

penetrationextrapolationequations.

Energy dispersiveanalysis x-ray (EDAX) scans were made of some targets to

check that craters were actuallyformed by projectilematerials. Both crater

surfaces and polishedcross sectionswere used. Trace amounts of silicon were

always present, due perhaps to gun powder gases. Thus, glass could not be

detected. Trace amounts of copper were found in the section from Shot No.

89. Copper-projectile-formedcraters also usually appeared to have a copper

tint inside. The EDAX detected copper on the surface of the crater produced
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5mm

Fig. 29. Titanium plate impactedat 775 K with a copper sphere (Shot No. 133).

in Shot No. 141. In some cases, the copper was determinedto have alloyed

with the titanium target. Neither aluminumnor cadmium could be detected in

the craters formed by these projectilematerials.

It is clear from the photomicrographsof the impactedtitanium that shock

loadingof this metal causes significantamounts of twinning (Figs 25-28).

Twinned grains were found everywhere in the samples after impactingwhereas

there were none observed in the untestedstock.

2. Titanium Alloys. One shot each was made into the titanium alloys

Ti-5Al-2.5Snand Ti-6242Si. Both targets were heated to 775 K. As can be

seen in Fig. 30, both alloys are more impactresistant than pure titanium. In

fact, the craters in both alloys made at 775 K appear very much like craters

formed in pure titanium at room temperature.

A cross section of the crater in Ti-5Al-2.5Snis seen in Fig. 31(a). The

adiabatic shear zones in this alloy are almost as prominent as in pure titan-

ium impactedat room temperature. The dark structure seen at higher magnifi-

cation in Fig. 31(b) is probably indicativeof a shock-inducedphase trans-

formation. Close examinationof this phase reveals that it contains a very

fine lamellarstructurethat is typical of a martensiticphase. As can be

noted in Fig. 31(a), this phase appears to be precipitatingalong the adi-

abatic shear lines both under and around the crater. This would suggest that

significantheat was generated locallycausing a local temperatureincrease

and, consequently,formation of some beta-titaniumin the region. After

.

.
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(a) (b) (c)

Fig. 30. Copper-projectile-producedcraters in: (a) Ti-6242Si, (b) Grade 2
Ti (Shot No. 131), and (c) Ti-5Al-2.5Sntargets maintainedat 775 K.

impact, these regions are quenched very rapidly causing martensiteto form

there. As can be seen in Figs. 31(c) and (d), the martensitedid not form
near the crater surface probably because the heating was more uniform in this

area and cooling was slower. As with pure titanium,the copper-impact-formed

crater in Ti-5Al-2.5Snwas very rough inside and, as can be seen in Fig. 32,
had a checkerboardpattern on the bottom.

A cross section of the impact crater in Ti-6242Si is seen in Fig. 33(a).

Adiabatic shear zones are visible in this photomicrographand the one pre-

sented in Fig. 33(d). Due to the very fine grain structure,they are diffi-

cult to resolve. The scanning electron micrograph (SEM) of the crater bottom

given in Fig. 33(b) illustratesboth the magnitude and structureof the rough-

ness inside the crater. The microstructureof the crater bottom is illus-

trated in the SEM given in Fig. 33(e). Both Figs. 33(c) and (d) illustrate

the manner in which adiabatic shear zones interactwith the crater surface.

Both of these micrographsshow evidence of shear displacementsbetween blocks

bounded by the adiabatic shear zones. In Fig. 33(d) we can see an open crack
in the crater side wall. In addition,tiny dimples that are usually indica-

tive of ductile.failure of metals are seen in the SEM of the crater side

wall seen in Fig. 33(c). This second feature appears to be an adiabatic shear

zone that is intersectingthe crater wall, because it tends to lie in a band.
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Fig. 31. Ti-5A1-2.5Sn al10Y impacted at 775 K with a copper sphere (Shot 151): (a) impact
crater cross section, (b) crater 1ip, (c) crater bottom, and (d) crater side wal1.
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3. Beryl1ium. Two shots were made against beryllium targets with copper

projectiles. One target was maintainedat room temperature,Shot No. 159,

while the second was heated to 775 K, Shot No. 160. Both targets behaved in a

brittle manner that resulted in massive front surface spall and considerable

secondarycracking. The general nature of the damage can be seen in Fig. 34.

The details of the damage can be seen in the photomicrographspresented in

Fig. 35. The cross-sectionalview found in Fig. 35(a) shows the extent of the

cracking that radiates from the impactcrater. Some of these cracks can be

seen intersectingwith the crater bottom in the SEM in Fig. 35(b). As can be

seen in Fig. 35(c), there was very littleplastic flow under the crater bottom.

The particle seen in the upper center of this photomicrographon the crater

bottom was determined,using EDAX, to be copper. The craters were so severely

damaged in both targets that only their depths could be determined.

B. Thin Targets

The thin Grade 2 Ti targets were of three differentconfigurations.

Targets ranging in thicknessfrom 2.54-8.25mm were used to determinethe

proportionalitybetween the TPT and the semi-infinitetarget crater depth.

,5y

Fig. 32. Hypervelocityimpact crater in Ti-5Al-2.5Sn,impactedwith a copper
sphere at 775 K.
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Fig. 33. Ti.6242 si alIoy impacted at 775 K with
a copper sphere (Shot 150): (a) oPtical
micrograph of crater, (b) SEM of crater
bottom, (c) SEM, (d) optical micrograph
of crater side wall, and (e) SEM of
crater bottom surface.

.

(c) 20 pm
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The second set of targets, 0.66-mm-thick sheets, had one side shot-blasted with

steel shot. The resultantroughened surface is a candidatedistributionwick

structure in the radiator heat pipes. The third set of targets were 0.55-mm

Ti sheets coated with two differenthigh emissivitycoatings that includeda

white paint, zinc-orthotitanate,and a black coating, an amorphous carbon

coating called D-lll.

1. ThresholdPenetrationThicknessTargets. One target was impactedat

room temperature,Shot No. 95. Figure 36 shows sequentialframes from the B&W

300 high-speedcamera for this shot. Here, the glass projectilecan be seen

approachingthe target [Fig. 36(a)] followed by both backsplashformation and

bulging of the back surface of the target [Fig. 36(b)]. In the final frame

[Fig. 36(c)], a spall plate is seen to be in flight from the center of the

bulge. The spall plate was measured to have been launchedat a velocity of

213 m/s. This target appears to have been very close to TPT in this shot

because it had a pinhole perforationafter impact. The bulged and

spalled back surface of this target is seen in Fig. 37. The impact parameters

and results for this and other shots in this series are listed in Table II.
A total of six shots were made into titanium targets heated to 775 K to

determine their TPT. Two impactswere made with 1.59-mm-diamcopper pro-

jectiles, and four were made with 1.4-mm-diamglass beads. In one of the

. .. . . .

.—.—.-..

Fig. 34. Berylliumtarget impactedwith a copper sphere at room temperature
(Shot No. 159) .
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Fig. 35. Beryllium impactedwith a copper sphere at room temperature
(Shot No. 159): (a) crater cross section, (b) SEM, and .
(c) optical micrographsof crater bottom.
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Fig. 36. Photographsequence made with the B&W 300 high-speedcamera, from
Shot No. 95: (a) l-mm-glassbead in flight at 6.12 km/s,
(b) bead has impactedon 2.78-mm-thickGrade 2 Ti target, and
(c) spall break-outof back side of target.



The mean crater diameter for all other shots into heated titaniumwith 1.44-n_rn

beads was 5.68 mm with a standard deviationof 0.44 mm. There is a slight

velocity dependence,but the mean includesdata from shots at lower velocity

than Shot No. 142. The diameter of the crater in Shot No. 142 is only 4.2 mm.

Thus, it is probable that the datum from 142 is spurious--thecrater may be

due to a sabot fragment.

44
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Fig. 37. Rear surface from Shot No. 95, showing where spall was ejected.

experiments,a glass bead was impacted into the surface of the target

at an angle of 45° to study the effects of obliquity on TPT.

Assuming the TPT = 1.5 p and calculatingp from the C-S equation, it was

estimated that the target in Shot No. 141 that was impactedwith a copper

projectileshould have been just perforated. However (Fig. 38), the perfor-

ation does not appear to be near a threshold level. The crater formed in this

shot looks very much like those formed in the thick targets. It was also

estimated that the target in Shot No. 137 that was impactedwith a glass pro-

jectile should have been very close to thresholdpenetration,and in fact it

was. This can be clearly

trates just how close the

The results from Shot”

definitelyshallowerthan

seen in Fig. 39, especiallyFig. 39(c), which illus-

target was to perforation.

No. 142 are in doubt. The crater from this shot is

usual. It also has an anomalouslysmall diameter.

.

.
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(a)

5 mm

(b)

Fig. 38. Titanium plate impactedat 775 K with a copper sphere (Shot No. 141)1
(a) impactcrater on front surface and (b) bulged and spalled
rear surface.
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Fig.39. Titaniumplateimpactedat775K witha glassbead(ShotNo.137):
(a) impactcrateronfrontside,(b) bulgedandspalledrear
surface,and(c)cratercrosssection.
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Shot No. 143 was conductedwith an impact angle of 45° using a glass

bead. As seen in Fig. 40(a), the impactcrater is nearly symmetric,but com-

paring this shot with the nearly identicalShot No. 137 reveals a definite

skew in

impact.

be seen

side of

2.

the spalling pattern that appears to have been caused by the angle of

Perforationfor this shot is shown in detail in Fig. 40(b). As can

in Figs. 40(a) and 40(c), adiabaticshear zones-appearonly on the

the crater normal to the projectiletrajectory.

Shot-Blastedand Coated Targets. Four shots were conducted against

targets containingthin plates which had an emissivitycoating or shot peening

to simulate surfaces proposed for the space radiator. The details of the tests

and their results are summarized in Table III.

In Shot No. 152, a 0.66-mm-thick,shot-blastedsheet was bonded to a

3.22-mm Grade 2 Ti substrate. It was struck with a 1.4-nnn-diambead. The

front plate spalled off. A partiallydetached spall plate emitted from the

rear surface of the support plate. The perforationwas consistentwith that

of monolithictargets. No anomaliesassociatedwith

observed.

Emissivitycoatings were tested in Shot Nos. 154

sheet was bonded to a 9.5-mm-thicksub-block in each

the shot peening were

and 156. A 0.5-mm coated

case. The surface plate

was always spalled off the sub-block around the crater in a region about 2-3

crater diameterswide. Total penetrationwas 2.15 and 2.29 mm. The predicted

value, using the C-S equation and K. = 1.5, is 5.62 mm. The great reduction

in crater depth must be associatedwith the surface plate, although it is dif-

ficult to understandhow the coatingper se could have influencedthe event.

One possibility is that while hot, the bond loosened,so that the plate pro-

vided a “bumper”effect, shatteringthe projectilejust before it hit the main

target block.

In order to eliminate problems with sandwich targets, it was decided to

perforate a 0.56-mm-thickshot-blastedtitanium sheet with a 0.5-MM bead, and

examine the resultingtargets for anomaliestraceableto surface treatment.

The peened surface was the rear surface. Figure 41 is a photomicrographof

the target (Shot No. 158). The spall cap did not lift’in a dome away from the

perforation, as is usually observed. Rather, there was a tendency to peel back

the shot-peenedsurface. Shot peening tends to slightly reduce spall. Thus,

designs evolved from data for non-shot-peenedtargets will not be jeopardized
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Fig. 40. Titanium plate impactedat 775 K with a glass sphere (Shot No. 143)
at 450. (a) perforatedcrater, (b) crater bottom, and
(c) crater side.
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TargetDescription

0.66-nunshot-blastedTi,
to 3.22-ImnGrade 2 Ti

.Zincorthotitanatecoated

.55 mn, bonded to9.5-nvn

“ TABLE III

SHOT-BLASTEDAND COATED TARGET DATA

Target
Thickness Temp. Shot

(mm) (K) No. (~) (k:/s) Results
— —— —

bonded 3.96 total 775 152 1.4 6.0 spa]led off surface plate
spalled rear of backplate

Ti 10.2 total 295 154 1.4 6.59 2.15-nvntotal penetration
substrate

0-111 emissivity coating Ti .56 nm 10.2 total 295 156 1.4 6.60
bonded to Ti substrate 9, 5 nun

p = 2.29 mm total

Shot-blastedGrade 2 Ti 0.56 295 158 0.5 7.17 perforation 1.5 nrnaianwter

,,

Fig. 41. Photomicrographof target from Shot No. 158: 0.66-mm-thick,
shot-peenedtitanium plate struck by 0.5-mm bead.

when shot-peenedplates are used. These results could be more firmly estab-

lished by either impactingnon-shot peened 0.66-mm plate with 0.5-mm glass

beads at exactly the same velocity as Shot No. 158 or by doing an exact size

scale-up. Either of these approacheswould probably have involved a sub-

stantial number

the benefit.

of shots, and it was felt that the cost would be excessivefor
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v. DATA ANALYSIS

As mentioned earlier, the experimental,hypervelocityimpact data has to

be fitted to some extrapolationmodel, such as the C-S equation,to predict

meteoroid resistanceof the hardware in question. The thin-targetdata were

compared with the thick-targetdata to attempt a determinationof the correla-

tion between TPT and crater depth in semi-infinitetargets.

A. Thick Targets

1. Grade 2 Titanium. Table IV presents the calculatedvalues of the C-S
1/3 1/3material parameter,St , and the crateringefficiency,c . In

computing St for glass spheres,density is the most uncertainparameter,so

the rearrangedC-S equation,

35 M2 “2

‘t = 3
4X 2ptd3p3

was used, whereas for the copper, aluminum, and cadmium projectiles,pro-

jectile density was accuratelyknown and it was more exact to calculate St from

(8)

room temperature,

aThis information

50

Grade 2 Ti:

provided by E. Bruce, The General Electric Co.

(9)
34 pp mu2

‘t = .
8rptp3

1/3 and ~1/3 for various impacts have been cal-The best values of St

culated from the data in Table IV by using inverse variance weighting. The re-

sults for room temperature are S~/3 = 3.82 (GJ/m3)1/3and ctl/3=1.57(GJ/m3)’/3.

(This calculationdid not includeBruce Sa Grade 4 Ti value for St1/3 of

3.85 (GJ/m3)’’3.) The relative standard deviationsare 8 and 6.5%, re-

spectively. If the variationsfrom shot to shot are interpretedas statistical

and due to measurementerror, then we would be justified in calculatingthe

uncertaintyin mean values by dividingthe standard deviation by fi. How-

ever, if they are consideredtruly representativeof the intrinsicvariability

of the crateringprocess, then the full standarddeviation should be retained.

In fact, both sources contributeto the variation. For design purposes,pru-

dence commends using the larger uncertaintyvalue. Thus, we conclude that for

.

.

.
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Target Proj.

Grade2 Ti
295K nom.

Grade2 Ti
775K nom.

Ti-5Al-2.5Sn
775K

Ti-6242Si
775K

Be,295K

Be,775K

G
G
G
G
G
Cu
Cu
Cu

G
G
Cd
Cu
Cu
lll
Cu
Cu

Cu

Cu

Cu

Cu

—

TABLE IV

SUMMARY OF THICK-TARGETCRATER DATA

Shot
No.

82
90
84

1;:
94a
88
89

99
104
147
130
133
134
131
132

150

151

159

160

E

(J)

4.392 .28
21.8I .6
46.2t 1.7
~18.4t 1.9
161.5i .9
323 *9
334 i 7
350 ~5

108.4~ 5.3
139.2t .8
397 i 7

P
(lNn)

v
(m3)

~y3

(GJ/m3)1/3

0.80
1.36
1.70
1.87
2.42
4.66
4.72
4.54

2.64
2.90
5.26
5.43
5.17
4.17
6.38
6.22

4.53

4.53

5.64

6.94

1.13
3.66
11.92
22.3
34.5
93.7
85.1
95.3

40
55.3
130
163
185
156
205
120

110

121

NA

NA

3.65z .25
3.74? .12
3.85* .13
4.313 .06
4.032 .04
3.43~ .06
3.43t .02
3.62f .14

3.23* .09
3.20~ .06
3.22I .03
3.34f .06
3.65z .03
3.11z .02
3.06* .02
3.21* .02

4.17z .03

3.99? .03

4.59* .09

3.64I .08

a~histargetwasheatedto475K.

3 1/3S1/3 = 3.82 ~ 0.31 (GJ/m )
t >

cl/3 = 1.57 ~ 0.10 (GJ/m3)1/3 .

For Grade 2 Ti heated to 775 K, the correspondingvalues are

s:/3 . 3.20 + 0.18 (GJ/m3)’/3 ,—

1/3 =E 1.46 + 0.12 (GJ/m3) 1’3 .—

1/3E
(GJ/m3)1/3

1.57? .07
1.81? .05
1.57i .03
1.74I .06
1.56* .05
1.51t .02
1.58f .02
1.54* .02

1.39* .18
1.36* .03
1.45f .03
1.432 .02
1.42t .02
1.54t .05
1.42z .04
1.74z .03

1.692 .05

1.56z .03

NA

NA
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1/3
It is surprisinghow consistentthose values of St and Ci/3 are.

The variation in these parameters is proportionalto the uncertaintyin pre-

dicted penetrationdepth. For all the values above, the mean relative un-

certainty is only 7%. This is remarkablysmall consideringthe large span of

projectileenergy and density encompassedby the data.

The fit of the crater volume data to a proportionalityrelationshipwith

the projectilekinetic energy is shown graphicallyfor room temperatureand

775 K Grade 2 Ti in Fig. 42. The fit appears reasonablygood, and the small

reduction in the value of the crateringefficiencywith increasingtemperature

is illustratedin this figure.

The good fit of the titanium penetrationdata to the C-S equation is seen

in Fig. 43. This plot also illustratesthe very small effect of tefi

on the penetrationbehavior of Grade 2 Ti.
1/3The variationof St with projectiledensity is shown in Fig.

1/3For hot targets, St appears to increaseslightlywith density,wh”

perature

44.
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I Fig. 42. Crater volume data for thick titanium targets fitted to V = E/c.
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Fig. 43. Crater depth data for thick titanium targets fitted to C-S equation.
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Fig. 44. Dependenceof C-S penetrationparameter
titanium. Open circles, 775 K targets;

on projectiledensity for
closed circles, 295 K.
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for cold targets, it appears to decrease slightly. Because of these con-

tradictoryresults, it is probably not warranted to adjust the density depen-

dence of the C-S equation away from that indicatedin Eq. (3).

The variationof c1/3 with projectiledensity is shown graphicallyin

Fig. 45. As can be seen, there appears to be no statisticallysupported

density dependencefor the crateringefficiency.

2. Titanium Alloys. As noted in Table IV, both titaniumalloys were sig-

nificantlymore impact resistantthan pure titanium. The C-S

is about 30% higher for Ti-5Al-2.5Snand about 25% higher for

energy parameter
Ti-6242Si. There

3.65 (GJ/m3)’.
is a lesser improvementin the volume parameter.

3. Beryllium. The S\’3 parameter for hot berylliumwas
1/3Because TPT is proportionalto (PtSt) , it is 29% greater for a beryllium

plate than for a titanium plate. In terms of weight, a berylliumplate giving

the same protectionas a titanium plate weighs only half as much as the ti-

tanium plate. However, for most applications,the brittlenessof the beryl-

lium would probably render it unsuitable.

A value of .1/3 1/3 by fi~-was computed for beryl1ium from the values for St

ing p/D = 0.5 (hemisphericalcraters). The results were 1.14 and 0.9 (GJ/m3)1’3
for 20°C and 500°C material, respectively.

2

t

)

.

.

“

.

Fig. 45. Dependenceof crateringcoefficienton projectiledensity for
titanium. Open circles, 775 K targets; closed circles 295 K.
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The temperatureof beryllium seems to strongly affect S~’3. Com-

bining these results with those of Diedrich,et al.8, one obtains

T(K) St’’3(GJ/m )3 1/3

295 4.59 + 0.09
775 3.64 T0.08
980 3.35 :0.20

B. ThresholdPenetrationvs Crater Depth for Titanium

The thin-platedata are compared to calculatedsemi-infinitetarget

penetrationfor the same impact condition,and as can be seen in Table V the

values of t*/p are sometimesgreater than 1.5 when titanium perforatesusing

the C-S equation to calculate the semi-infinitetarget penetration. If one

TABLE V

THIN-TARGETRESULTS OBTAINED IN THIS STUDY FOR

GRADE 2 Ti at 775 K

Parallel Target

Shot No. Thicknessb,t* (mm) t*/Pc-s RESULTS

95a 2.54 1.57 Pinhole perforation

136 7.24 1.33 Perforation

137 3.94 1.52 Spall, no perforation

141 8.25 1.46 Perforation

143 4.59 2.14 Perforation,symmetric

(a = 45°) crater

144 3.56 -1.27 Perforationand spall

‘This target was maintainedat room temperaturewhile others listed in this
table were heated to 775 K before impact.
bThe thicknessof the target. parallel to projectileflight direction,t* =
t/sin CX,where cxis the angle between the target surface and the flight
trajectory.
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examines the results from this study and from Bruceis work9 listed in Table

VI,it appears that oblique impactscaus~ng perforationhave a much higher
t*/p value than the normal impactsthat cause perforation. These data would

suggest that the K. factor is greater than 2.1 for Grade 2 Ti at 775 K with

an impact angle of 45°, while for Grade 4 Ti at room temperaturewith impact

angles at 10° or less, it appears to run higher than 2.2 times the

penetrationdepth calculatedwith the C-S equation.

It is clear that we have not uniquelydeterminedK. for titanium from

these data.

VI. DISCUSSION

A. Material Behavior

1. Titanium and Titanium Alloys. As we have shown, there is little

effect of either temperatureor alloy strength on the hypervelocityimpact

resistanceof titanium and its alloys. This is true even when we compare the
7,9results of this study with the publisheddata . Combining all of the

data, we see a strong indicationthat there is an impact angle effect on the

perforationresistanceof titanium;however, there is insufficientdata to

quantify the effect. The surface conditionvariationsstudied also do not

seem to have any significanteffect on the impact resistanceof titanium.

TABLE VI
THIN TARGET OBLIQUE IMPACT”RESULTS OBTAINED BY BRUCE9 FOR

GRADE 4 Ti AT ROOM TEMPERATURE

Projectile (3o2 SS Spheres) Parameters Parellel Target
Diameter Angle,na

b
Velocity Thickness,t t*lPc.s Results

(m-n) (km/s) (o) (mm)

3.18 7.25 10 6.00 0.68 Perforation
3.18 7.38 8 7.48 0.84 Perforation
3.18 7.76 3 19.90 2.16 Perforation
3.18 6.53 10 21.21 2.59 NoPerforation
1.59 7.19 5 11.95 2.72 Noperforation
3.19 6.08 2 29.83 3.78 Noperforation

tlsee footnoteb,Tablev.
bsenlj-jnfinit.etarget penetrationdepths,PC-S,WerecalculateduSin9theGrade2 Tjmaterial
determinedinthisstudy.

.

“

.

.
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The adiabaticshear phenomenonthat was observed in pure titanium and

both of the titanium alloys studied has been observed previously.10 Espe-

cially in Figs. Z5 and 26, there is clear evidence of relative shear displace-

ment across the adiabaticshear zones. The impurity stringersare seen to be

displaced laterallyacross the shear zones. It is also clear in these two

figures that this localizedshearingprocess can eventually lead to fracture.

The voids like those found by Winter10in rapidly deformed titanium appear

to have coalescedto form cracks at both the bottom and side of the craters

formed in the titanium in this study. However, the cracks in room temperature

titanium appear to have a periodic nature in general. The shear bands formed

in titanium at elevated temperaturesare much less pronounced (Fig. 27), but

they are still present.

It is suspectedthat the adiabaticshear bands in both titanium and
11Ti-5Al-2.5Snare the transformedtype described by Rogers , that is, the

deformationheat caused the metal in the shear zone to be raised above the

alpha-betatransmissiontemperature,and when the zone was quenched after

impact, a martensiticstructurewas produced. It is interestingto note that

the Ti-5Al-2.5Snalloy transformedalong the shear lines at considerabledis-

tance from the impact crater (Fig. 31). The shear traces delineated in this

alloy and in pure titanium (Figs.25 and 26) are significantlydistortedfrom
12the theoreticalpattern given by Backman and Finnegan . The diamond

pattern observed beneath the crater is much flatter than their theoretical

pattern, and the observed sidewall shear bands enter the crater at a much

steeper angle than predicted.

It is suspectedthat adiabaticshear plays a major role in titanium per-

foration when the impact is significantlyoff-normal in orientation. If one

compares the details of the perforationmorphology in Fig. 40(a) with the

adiabaticshear zone pattern that is especiallywell delineated in Fig. 31(a),

he will note that there is a striking similarityof their geometries. It

appears that the perforated sample (Fig.40) failed on intersectingadiabatic

shear zones.

The indicationthat the propensitytoward adiabatic shear significantly

affects the impact resistanceof titanium and its alloys creates great incen-

tive to study the relationshipfurther. Both experimentsand computer simula-

tions need to be performed. These further studies should also include a
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precise determinationof the relationshipbetween thresholdpenetrationand

semi-infinitetarget impactcrater depth in these materials.

2. Beryllium. The hypervelocityimpact behavior of the beryllium

tested is sufficientlypoor to render it impracticalfor an applicationsuch

as a space radiator heat pipe. The brittlenessof this metal would probably

cause a heat pipe impactedwith the smallestmeteoroid to leak through

secondarycracks like those seen in Fig. 35. Open cracks would lead to heat

pipe failure.

The beryllium impact behavior noted in this study is essentiallyno

differentfrom that observed by Diedrich,et al.8 They reported significant

secondarycracking in beryllium impactedat both room temperatureand 980 K.

Berylliummight be useful as an armoringmaterial if it could be backed with a

ductile support material that could arrest cracks propagatingthrough the

beryllium after impact.

B. Implicationsfor Radiator Design

Because the radiator surface is composed of many heat pipes, the radiator

area is effectivelysegmented into many individual,independentunits. This

system of individualheat pipes must be designed to absorb a predictablenumber

of losses and function at full heat-rejectioncapacity for the duration of the

entire system mission. Of course, the radiatormust have a minimum mass con-

sistentwith this goal. Table VII contains a list of the basic design criteria

to be satisfiedby the radiator used in the SPAR system. With the aid of the

NASA near-Earthmeteoroid environmentmodel and the Poisson distributionequa-

tion [Eq. (3)] describedearlier, the probabilityof impact by n particlesof

mass m or greater can be established. Because impactsby particlesof mass m

or greater will penetrate the armor protectionof the heat pipes, the radiator

may lose n heat pipes due to meteoroid impact. If the heat pipes can withstand

the impactsof smaller meteoroids,then the Poisson distributionprobability,

TABLE VII

RADIATOR DESIGN CRITERIA

Radiator Power (kW)
OperatingTemperature(K)
Mission Duration (yr)
Radiator Survival Probability

1010
775
7

0.99

.

.
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P~<n, becomes the radiator survival probability,and the number of heat

pi~es survivingthe mission can be predicted. With this information,a

minimum-weightheat pipe can be designed so that the survivingheat pipes can

adequatelyreject the waste heat.

Of primary concern, therefore, is the optimizationof the number of radi-
ator heat pipes required to provide adequate system redundancyto absorb some

losses due to meteoroid impact. Another dimensionof the optimizationis the

selectionof the maximum mass meteoroidto defend against. This latter aspect
is derived from a material penetrationequation such as the C-S equation

[Eq.(4)]. For purposes of radiator design, this equation was used in sensi-

tivity studies of titanium radiatormass vs criticalmeteoroid mass and the

number of heat pipes. Plots of radiatormass vs meteoroidmass calculated
from the C-S equation are presented in Fig. 46 for a K. value of 1.5.

As can be seen in Fig. 46, the titaniumradiator masses are minimizedfor
meteoroidmasses in the range 1.25 x 10-5 to 1.75 x 10-5 g using either

270 or 360 heat pipes. Increasesin the radiator masses to the

520 I
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‘ 460
ln
ln
<
= 440

~ 420
n
2

400

380

Q RADIATOR MATERIAL= TITANIUM
RADIATOR POWER= 1O1O kW
OPERATING TEMPERATURE= 775 K
MISSION TlME= 7 yr
SURVIVAL PROBABILITY= 0.99
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‘,
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‘.
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N= 180

.0.0.
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Fig. 46. Radiatormass vs meteoroid mass for armor thick-
nesses calculatedwith the C-S equation.

59



minima are due to increasesin the number of impact losses that must be

absorbed,while increasesin radiatormasses to the right of the minima are

due to increasedarmor thickness.

From the radiator mass minimizationplots in Fig. 46, we estimate a

critical standardmeteoroid has a mass of 1.5 x 10-5g. The kinetic energy of

this particle is 3J which is slightly below the energy range of particles

launched in this study. Also, as indicatedin Fig. 43, the C-S energy-density

parameter E9p/Pt, for the critical standardmeteoroid impacting
titanium is about an order of magnitudebelow that for the least energetic

particle launched in this study. This means that penetrationpredictions

based on the C-S equation require a greater extrapolationthan those based on

the energy-volumerelation, Eq. (5).

Using K. = 1.5 and the C-S equation for calculatingthe armor thickness

required to protect against a critical standardmeteoroid,we find the required

thickness is 0.6 mm. However, if we use the crater volume/meteoroidenergy

relationshipdetermined in this study with K. = 1.5 and assume the formation

of hemisphericalcrater, we calculatethe armor thickness should be 1.16 mm.

VII. CONCLUSIONSAND RECOMMENDATIONS

This study has gone far to define the hypervelocityimpact behavior of

titanium, titanium alloys, and beryllium. The cratering behavior of these

materials has been quantified;however,the correlationbetween semi-infinite

target cratering and thin target perforationneeds better definition. More

experimentsare required in,this area with more emphasis being given to oblique

impacts. This study indicatedthat target temperaturehad little effect on

the hypervelocityimpactbehavior of titanium,but there was a strong effect

on the impact behavior of beryllium. The high-temperaturetitanium alloys,

Ti-5Al-2.5Snand Ti-6242 Si, were found to have better impact resistancethan

commercial-pure,Grade 2 Ti. The tendency toward adiabaticshear in titanium

appears to influenceits perforationbehavior such that the value of the ratio

of the target perforationthe thicknessto the semi-infinitetarget penetra-

tion depth, Ko,appears to be higher for this material than for most.

Berylliumwas found to behave in a manner that is unacceptablefor heat

pipe radiator applications. That is, its brittle behaviorwould cause heat

pipe failure to occur by secondarycracking resulting from an encounterwith a

●
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meteoroid that would not have sufficientkinetic energy

pipe wal1.

More work is required to develop the most reliable

tion equation so that radiatorweights can be kept to a

to penetratethe heat

penetrationextrapola-

minimum. Also, a

clearer definition of the correlationfactor, K , needs to be obtained for

titanium and its alloys for the same reason. ItOwouldalso be advisableto

attempt to perform hypervelocityimpact experimentson titanium at lower

particle energies to better simulate the critical standardmeteoroid.
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