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SUMMARY

Experiments were conducted on beryllium and graphite to determine their behavior
under hypervelocity impact. Both materials were impacted with 1/8- and 3/32-inch-
diameter spherical projectiles of pyrex and aluminum accelerated to a nominal velocity
of 25 000 feet per second by an accelerated reservoir light gas gun. The targets were
in the form of flat plates and tubes and were generally tested at temperatures of '700,
’7000, or 1300° F. Beryllium metal was tested as hot-pressed disks and as tubes fabri-
cated from sintered-powder, cast, and extruded material. All beryllium tubular targets
had high-strength inner liners. The various graphite compositions that were tested in-
cluded flat blocks of ATJ, ZTA, and pyrolytic graphite. A tubular target of AGSR
graphite was also tested. These selections reflected a range of densities for the graphite
and a range of purities and processing methods for the beryllium.

Each material exhibited characteristic brittle crater damage and supplementary
cracking damage. The cracking damage was influenced by target size and shape and for
beryllium by the processing method of the armor material. The projectile penetration
depths were correlated with a frequently used empirical penetration criterion based on
target modulus of elasticity. The beryllium crater data exhibited a correlation within
the range of experience for other metals while the graphite exhibited penetration depths
below the values for metals, Design implications of the results for space radiator
applications were discussed.

INTRODUCTION

Future space missions will require large amounts of electric power to satisfy main
propulsion and auxiliary power requirements (ref. 1), The major requirements posed
for these power-generating systems are low specific weight (1b/kW), long life (10 000 hr
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Figure 1. - Nuciear-electric space power generating system.

or more), and continuous and reliable operation. Analyses of such systems (e. g.,

ref. 2) have indicated that the waste-heat radiator is a major contributor to the total
powerplant weight and that the majority of this weight is concentrated in the protective
armor on the radiator surfaces vulnerable to damage by impacting meteoroids. In
general, the armor is used as a sleeve or block around the fluid-carrying tube liner. A
concept of a waste-heat radiator is shown in figure 1. The inset is included to show the
protective armor.

The material used for the armor structure has a marked effect on the overall power-
plant weight. An analysis of the effect of construction materials on total radiator weight
was made in reference 3 for a system with a high power level. The armor materials
that produced the lowest weight radiator for a 1-megawatt-output Rankine system with a
radiator temperature of 1200° to 1400° F were beryllium and graphite. The use of more
conventional materials, such as stainless steel and columbium alloy, resulted in con-
siderably heavier radiators. Radiators with beryllium and graphite as armor were also
shown in reference 3 to be potentially lighter than aluminum radiators. Therefore, there
is an incentive to consider the use of beryllium and graphite for radiator armor when
striving for low specific weight powerplants.
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The calculated relative weight advantage of beryllium and graphite was based on
their thermal conductivity, density, and hypothetical ability to resist penetration by im-
pacting projectiles; however, the true behavior of these materials under impact is for
the most part unknown. Therefore, it was necessary to investigate the impact resistance
of these materials under hypervelocity impact conditions before any further assessment
could be made of their potential suitability as radiator construction materials.

Materials subjected to hypervelocity impact exhibit two distinct modes of damage:
primary damage due to the direct action of the projectile on the target, and secondary
damage due to the interactions between the impact-generated stress waves and target
boundaries (ref. 4). Brittle materials have characteristic primary and secondary damage
that differs from the more ductile engineering materials. Secondary damage in brittle
materials is influenced by changes in specimen size, shape, and materials in contact
with the free surface (ref. 5). Furthermore, brittle materials generally exhibit greater
total area damage because they are more sensitive than ductile materials to secondary
damage effects. The evaluation of beryllium and graphite under hypervelocity impact
conditions was undertaken to determine the primary and secondary damage characteris-
tics for configurations applicable as meteoroid armor and to correlate the primary
crater depths with an empirical penetration criterion for use in design calculations.

The approach taken in the investigation was to impact beryllium and graphite targets
of commercially available compositions at room temperature and representative radiator
operating temperatures with single projectiles from an accelerated-reservoir light-gas
gun. The projectile mass was selected to yield impact energies typical of the energies
of meteoroids that present a hazard to space radiators as stated in reference 6. Beryl-
lium and graphite targets were fabricated in the form of flat plates and tubes by using
currently available materials. All impacttesting was performed under contract with the
General Motors Corporation Defense Research Laboratories, Santa Barbara, California,
as part of an overall research program on meteoroid protection concepts and design data
for space radiators (NASA Contract nos. - NASw-468 and NAS3-2798). Prior results
from the same program were reported in reference 7.

The report includes a description of the targets and their fabrication processes
together with the test results and associated observations. The data obtained were
principally qualitative in nature and therefore are presented in the form of photographs.
Measurements of the target damage were made and are presented together with the
crater depth correlation and analysis of the damage patterns.

APPARATUS

Ballistics Range Facility

All tests were performed on a ballistic range similar to the facility described in



.Powder chamber}
B

{a) 30 Caliber accelerated-reservoir light-gas gun.

(b} Velocity measuring stations and impact chamber.

Figure 2. - Ballistics range facility at General Motors Corporation Defense Research Laboratory,
Santa Barbara, California.

reference 8. The basic equipment consists of a light-gas gun, a 20-foot free-flight
range, and an impact chamber. A photograph of the 30-caliber accelerated-reservoir
light-gas gun is shown in figure 2(a). This facility can achieve nominal velocities of
about 25 000 feet per second for routine testing; consequently, 25 000 feet per second
was chosen as the nominal impact velocity for this investigation.

The accelerated-reservoir light-gas gun consists of a powder chamber in which
smokeless powder is used to accelerate a polyethylene pump piston down an 18-foot-long,
1-inch-inside-diameter pump tube. In so doing, the piston compresses hydrogen as the
driver gas to a nominal pressure of 20 000 to 30 000 pounds per square inch. At this



pressure, a break valve opens at the front end of the high-pressure coupling, thus re-
leasing the hydrogen gas into the launch tube behind the projectile and sabot. As the
projectile and sabot begin their travel in the 6-foot-long launch tube, the pump piston
enters the tapered section of the high-pressure coupling. The front face of the pump
piston is accelerated, thus maintaining a constant base pressure behind the saboted
projectile during launch. The projectile is launched into the flight range and travels
approximately 20 feet before impacting the target. Prior to impact, the saboted projec-
tile travels through a surge chamber (not shown) in which the sabot is removed, allowing
the projectile to continue into the velocity chamber (fig. 2(b)). Here, the position and
time of arrival of the projectile are recorded at each of three shadowgraph stations.
When the projectile interrupts a photobeam, electronic counters are stopped, and a
short duration spark is set off at each section, exposing a film plate. The measurements
of time and distance between stations serve to determine the velocity of the projectile
along its trajectory and at the target. The accuracy of the impact velocity determined in
this manner is +1 percent.

The flight of the projectile is terminated in a specially constructed impact chamber
that has several viewing ports (fig. 2(b)). A full-size door, which acts as the rear wall
of the chamber, allows easy insertion and removal of the targets. The targets are held
by a mounting supported on two rails on the floor of the chamber. This design allows
the placement of the target at a uniform longitudinal position with respect to the viewing
ports. A variety of targets can be accommodated.

Since the investigation of the damage to a radiator target requires that the target be
impacted while under a simulated space environment, the tests were conducted with the
target at an elevated temperature and at low ambient pressure. Special target mountings
and heaters (fig. 3) permitted routine testing at temperatures up to 1400° F and selected
testing at 2000° F. Generally, target heating was accomplished by electric resistance
elements conforming to the surface of the target or through the use of a specially con-
structed furnace (fig. 3) that contained the entire target. The target temperature was
monitored continuously by several thermocouples affixed to the specimen, and the heat
was applied gradually to minimize any internal thermal gradients (e.g., approximately
2 to 3 hr were allowed for a tubular target).

The requirement for low ambient pressure was approached by sealing the impact and
velocity chambers and pumping down to a pressure of less than 1 millimeter of mercury.
To prevent oxidation of the heated targets in these tests, helium was used as the environ-
mental gas in the impact chamber. A vacuum gage, calibrated for helium gas, provided
an accurate measurement of the pressure within the chamber.

In general, most beryllium compounds are considered toxic, and ingestion, inhala-
tion, or contact with the skin is to be avoided (ref. 9). The chamber was therefore
modified to permit the testing of beryllium metal targets under hypervelocity impact at



Figure 3, - Furnace used to heat plate and disk impact targets.

elevated temperature. A scavenging system was added to provide sufficient air purging
or water flushing after impact to remove the particulate beryllium to the limiting maxi-
mum allowable concentration of 2 micrograms of beryllium per cubic meter (ref. 9).
After safe conditions were attained and the targets were cool, they were thoroughly
rinsed in water, dried, and placed in individual transparent bags for subsequent handling,
examination, and storage.

Targets

The targets were selected to investigate impact effects into configurations ranging
from semi-infinite flat plate targets to impacts into armored radiator tubes with inner
liners. Large diameter flat plates of thicknesses up to 4 inches were used to obtain an
assessment of the minimum impact damage characteristics of each material while small
armored tubes (e.g., 0.50-in. i.d.) were used to assess the damage that might occur in
space radiator tubes.

The beryllium targets were procured as finished targets that covered a range of
processing methods and degrees of purity. The flat targets, fabricated from commercial
grade, hot-pressed beryllium, were in the shape of thick circular disks having diameters
of 4 or 6 inches with various thicknesses. The tubular targets consisted of beryllium
armor 1. 25-inch outside diameter by 0. 375-inch wall thickness surrounding a 0. 50-inch-

outside-diameter tubular liner of AISI 316 stainless steel or columbium - 1-percent-




TABLE 1. - BERYLLIUM TARGET DIMENSIONS AND COMPOSITION

Target | Type Liner tube Armor
number
Material Inside Wall Outside Thick- | Composi- Processing Brinell
diameter, | thick-| diameter, | ness, tion from method hardness
in. ness, in. t, table I, number
in, in, column- (a)
1 Disk None | ----- | --=-= 6.0 4. 000 F Hot pressed 142
2 Disk None | =----- | ----- 6.0 . 500 F Hot pressed 147
3 Disk None | ----- | --=== 4.0 1. 000 D Hot pressed 137
4 Disk None | =----- [ ----- 4.0 1. 000 E Hot pressed 128
5 Tube | AISI 316 SS 0. 460 0. 020 1.250 . 373 A Sintered powder 140
6 Tube | AISI 316 SS . 445 . 028 1.229 . 365 B Extruded 154
7 Tube Cb-1Zr . 400 . 050 1. 260 . 380 C Cast b85 to 114
8 Tube | AISI 316 SS . 460 . 020 1.250 . 373 A Sintered powder 140
9 Tube | AISI 316 SS . 480 . 010 1.250 . 3175 A Sintered powder 154
10 Tube | AISI 316 SS . 480 .010 1. 250 . 375 A Sintered powder 154

2Room temperature values, 500 kg load with 10 mm ball.

bRange of 5 readings, very nonhomogeneous material.

zirconium alloy. These liner materials are considered representative of the two general
classes of materials that could be used in radiator construction. No attempt was made
in this investigation to assess the relative merits of these liner materials for resistance
to hypervelocity impact. The inner liner thickness ranged from 0. 010 to 0. 050 inch.

The 0. 375-inch armor thickness was selected to prevent perforation of the liner tube as
determined from previous empirical impact relations. The tubular beryllium targets
were fabricated by first cold-pressing beryllium powder around the tube liner and then
bonding and sintering it by the simultaneous application of heat and pressure. Solid
extruded beryllium tubing was bonded to the tube liners by the same process. Beryllium
armor was also cast directly around columbium - 1-percent-zirconium-alloy tubes
through the use of special processes and molds. Specific details of these fabrication
processes are found in references 10 and 11. Construction specifications and dimensions
for the beryllium targets tested in this investigation are included in table I. Brinell
hardness measurements were made on all beryllium targets and these also appear in
table I. The chemical composition and available strength data for each beryllium target
tested are found in table II.

The graphite materials were generally obtained in bulk form from the manufacturer
and the individual targets were fabricated to specific geometries (e.g., rectangular
blocks, flat plates, and tubes). The grades of graphite tested were AGSR, ATJ, ZTA
(ref. 12), and pyrolytic (ref. 13); thus both the structural and premium quality grades
were covered. The dimensions of each target prior to impact are recorded in table III.
A general description of the distinguishing features for each grade is included in table IV.
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TABLE II. - BERYLLIUM CHEMICAL ANALYSIS AND MECHANICAL PROPERTIES

Column

Target number

Target fabrication reference

Material identification

Element?;
Beryllium
Beryllium oxide
Boron
Silver
Aluminum

Carbon
Calcium
Cadmium
Cobalt
Chromium

Copper
Iron
Lithium
Magnesium
Manganese

Molybdenum
Nitrogen
Nickel

Lead

Silicon
Titanium
Zinc

A
5,8,9,10
10

Powder

99.5
.58

. 00008
. 005
.075

.07
<.01

<. 00007
. 0005
.01

. 009
. 080
. 0001
. 012
. 0125

Mechanical Properties:
Specific gravity
Ultimate tensile strength

Longitudinal, psi

Transverse, psi
Yield strength

(0. 2 percent offset)

Longitudinal, psi

Transverse, psi
Elongation

Longitudinal, percent

Transverse, percent

B
6
10

Extruded

98. 51
1.61
1.1 ppm
5 ppm

. 075

. 040
200 ppm
1 ppm
5.3 ppm
73 ppm

73 ppm
. 149
.5 ppm

. 005
. 013

aAna.lysis shown in percent unless otherwise noted.

b

Dashes denote values not reported.
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Cast

Hot
pressed

98.28
1.90

400 ppm

. 128

1600 ppm

Hot
pressed

99. 12
1.51

650 ppm
. 103

1350 ppm

1,2

Hot
pressed

98.6
1. 67

.08

. 004

1.85
46 400
49 000
32 600

32 600

1.5
2.0




TABLE III. - GRAPHITE TARGET DIMENSIONS AND COMPOSITION

Target Type Armor Liner
number Material | Orientation Planform Thickness, material
grade between dimension, in,
impact in,
direction
and grain
11 Block ATJ Across 4, 0 square 2.00 None
12 Block ATJ Across 3.5 square 2.00
13 Block ATJ Across 4, 0 square 2.00
14 Block ZTA Across 4,0 square 2.50
15 Block Pyrolytic Across 4.0 square 2.50
16 Block Pyrolytic With 4. 0 square 2.50
17 Tube AGSR Across 2.50 o.d. 21. 00
2Tube wall thickness.
TABLE IV. - SUMMARY OF GRAPHITE GRADES TESTED
Grade Bulk General characteristies Composition
specific and
gravity property
reference
AGSR 1. 54 to 1. 58 Structural quality, general 12
purpose, coarse grain,
extruded with minor internal
voids, not pitch impregnated
ATJ 1,73 Premium quality, fine grain, 12
flaw free, high strength
ZTA 1. 95 Premium quality, high density, 12
controlled grain orientation,
anisotropic mechanical and
thermal properties, no struc-
tural macroflaws
Pyrolytic 2,20 t0 2.23 Premium quality, high degree 13
of property anisotropy, ap-
proaches maximum theoret-
ical specific gravity
(i.e., 2.266)




TABLE V. - BERYLLIUM TEST RESULTS

T
Target | Report | Impact Target Projectﬂed i Impact | Crater | Dimple | Ratio of Crater | Modulus of | Caleulated
number | figure round temper- | Diameter Mate- Muss Impact angle, depth, height | penetra- diame- | elasticity, : materials
s 488, , s | 4 - . i N icie
number | mumber at:re, : in. rial < velocity. | A, P, ln.sxde ‘ tion depth L.cr, psi | Loofflzmnt,
ho it/sec deg in. liner to larget | o ‘ ; b
tube, | thickness, | Exponent o |
in. Pm/t |
f, 1/2 2/3
1 4 D-944 1300 3/32 Pyrex | ------ 23 700 0 0.190 | -—--- 0.0475 0.23 6. 0><1()6 2.14 2.05
2 5 D-1087 1300 3/32 0.0182 23 800 0 J197 0 e . 394 .22 426, 0 2.21 2.11
3 6 D-147 700 3/32 ' L0178 | 24700 0 L185 | - . 185 .25 42,0 2.38 2.27
4 7 D-414 1300 3/32 ; L0176 25 800 0 218 | e .219 .25 96,0 2.33 2.21
5 8,9 D-416 1300 3/32 L0174 | %25 300 0 | .207 | 0.109 . 555 .25 P90, 0 2,05 1.96
6 8 D-T170 1350 3/32 H i . 0178 24 000 8 boo.201 . 164 . 551 - 224.8 2.21 2,11
ki i D-940 1300 | 3/32 1 L0178 | 24300 8 1 . 260 . 060 . 684 . bag. 0 i 2,66 2,53
8 9 | D-415 | Room 3/32 H L0178 25 650 0 i . 161 . 082 . 442 S 43,0 i 2.06 1,95
9 10 D-1093 1300 : 3/32 | . 0180 24 000 55 f . 182 112 432 .20 bZOAO 2.41 2.30
10 10 D-1094 1300 3/32 L0177 24 000 | 55 | .160 . 088 427 .24 b20‘0 2.39 2.28
! i av 2.28 | av 2,18
AReference 18, 2 percent beryllium oxide.
bRefcrence 18, 1 percenl berylliur: oxide.
CEstimated.
dAverage calculated specific gravity, 2. 51 for 3/32-in. -djam. pyrex spheres.
®Based on target specific gravity, 1. 85, N

Hemispherical crater
{point of projectile
impact) ™.

~
AN

,~~ Protruding
region

~

Front surface
spall area—.

Figure 4. - Characteristic external primary damage in a semi-infinite beryllium
target {target 1, 6-in. o. d. by 4-in. thickness). Impact velocity, 23 700 feet
per second with 3/32-inch-diameter pyrex sphere; target temperature, 1300° F,
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After hypervelocity impact testing, the pertinent external features of all targets
were photographed and the crater depths were defined with respect to the original target

surfaces. Crater diameters were also measured and recorded. For tubular targets,
measurements of the dimple height dimension (protrusion of the inner surface of the tube

under the point of impact) inside the tube were also made and recorded. The angle be-
tween the impact direction and the normal to the surface was also measured and re-
corded.

BERYLLIUM TARGET RESULTS

Thick Disks

All of the digk targets were fabricated from commercial grade, hot-pressed beryl-
lIium material having a beryllium oxide content of less than 2 percent. The targets were
tested under nominally the same velocity conditions (25 000 ft/sec) with 3/32-inch-
diameter pyrex spheres. Thus the qualitative observations that follow should not reflect
any significant variation due to the beryllium target chemical composition. The beryl-
lium impact data are presented in table V.

The damage on a semi-infinite beryllium target (fig. 4) was attained by impacting
a 6-inch-diameter by 4-inch-~thick disk. The target was heated to 1300° F and then
impacted by a 3/32-inch-diameter pyrex sphere at a velocity of 23 700 feet per second.
The front surface spalled region surrounding the hemispherical crater is typical of im-
pact craters in brittle materials. The areas damaged by impact in such materials as
lucite, glass, and rock have a similar appearance (refs. 5, 14, 15, and 16). In rock
targets the origin of the front surface spall has been traced to internal failure along the
trajectories of maximum shear (ref. 14). It is conjectured that the front spall fractures
in beryllium are similarly governed since the protruding region surrounding the spall
area shown in figure 4 suggests damage originating beneath the target surface. The
rear surface of this beryllium target had no observable deformation or damage.

Reducing the target thickness to 0. 50 inch and maintaining the same nominal impact
conditions resulted in additional damage features not present in the semi-infinite target
as shown in figure 5. The characteristic brittle primary damage (crater and spalled
area) on the front surface of the target is seen; however, a portion of the front surface
spalled material remained partly attached to the target. This observation serves to
confirm that the front spall fracture originates beneath the surface and that the spalled
material is removed as fragments. Several strong random fractures can also be seen
on the front surface of the target; however, their random direction indicates no obvious
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Figure 5. - Surface spall characteristics of a 6,0-inch-diameter by 0,50-inch-thick beryllium disk target (target 2). Impact velocity,
23 800 feet per second with 3/32-inch-~diameter pyrex sphere; target temperature, 1300° F.

/—~Impact by pump

Hemispherical
’ ¢ piston fragment

crater —
~

§:

Radial
fractures

C-69326

Figure 6. - tmpact into a 4.0-inch~outside-diameter by 1.0-inch-thick hot-
pressed beryliium disk (target 3) at 700° F, Impact velocity, 24 700 fest
per second with 3/32-inch-diameter pyrex sphere,




direct relation to the cratering process and suggests that they may represent an exten-
sion of defects in the target.

The rear target surface (fig. 5) showed spall damage and also exhibited several dis-
tinguishing characteristics. The exposed surface left by the detached spall is sharply
outlined and relatively flat, The protruding portion around the spalled area together
with the short radial fractures suggests additional internal damage. Random fractures
observed on the front surface were not visible on the rear surface of the target.

Targets with a 4. 0-inch diameter and a 1. 0-inch thickness were impacted at 700°
and 1300° F to assess the effects of a reduction in target planform area and a variation
in target temperature. Figure 6 depicts the results of the 700° F test temperature and
reveals primary front surface damage consistent with the previous tests. Two radial
fractures are visible on the front surface, one of which is strongest at the edge of the
specimen. This fracture could have been initiated by the interaction of stress waves and
the target boundary. This particular target, however, was inadvertently subjected to an
additional impact by the plastic pump piston from the light-gas gun. The impact location
of this fragment is shown on the figure and is a smooth, shallow depression. Debris of
this nature generally travel at velocities of approximately 2000 feet per second and
possess sufficient energy to extend and increase the damage caused by the projectile
or to initiate new target damage.

The rear surface of the target (not shown) was not spalled by the impact of the
projectile; however, several fine fractures were observed radiating from a point directly
beneath the point of impact.

A companion target having the same dimensions as target 3 (fig. 6) and made from
the same material was then impacted at 1300° F. Figure 7 indicates that the primary
crater area had the same general features as that in the previous targets; however,

Front ~Spall region Fracture originating Rear
from rear surface —

Hemispherical crater —

tmpact by
piston debris—

Location of
impact point on
front face — _

C-65986 o C-65987

Figure 7. - fmpact into a 4.0-inch~outside-diameter by 1.0-inch~thick hot-pressed beryllium disk (target 4} at 1300° F. impact
velocity, 25 800 feet per second with 3/32-inch-diameter pyrex sphere.
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Target 5 Target 6 Target 7 there were no front radial fractures
observed on this particular specimen.
This phenomenon could be attributed
to an apparent increase in ductility at
the higher test temperature, since at
hign strain rates a trend toward in-

Eront view creased ductility at temperatures

around 1300° F has been displayed by

commercial grade hot-pressed beryl-

N
Circum- - ongitudinal lium in conventional tensile tests
! fracturse
ferential (ref 17)
fracture — ’ ’
/ N This target was also subjected
Impact to additional impacts by pump piston
dm;-c&m debris, and the strong jagged frac-
ture that appears in the rear view of
figure 7 is presumed to be caused by
the impact of these debris. No rear

Side view

surface spall was visible on this tar-

1 get as was visible for the 700° F

Sinte(ed»powder Extruded bery!i%um Cast beryllium test shown in figure 6.
berytium on AISI on AlS! 316 stainless- on columbium -
316 stainiess-steel  stesl liner | percent zircon-
liner fum liner
Tubes

Figure 8, - Results of impact into beryllium - armored tubes fabricated by different
processing methods, [mpact velocily, 25 000 feet per second (nominall with 3/32-

inch-diameter pyrex sphere; target temperature, 1300° F. . .
Processing method. - Figure 8

illustrates the external impact damage on targets fabricated by different processing
methods. The targets shown were fabricated from sintered-powder, extruded, or cast
beryllium. All of the targets shown in figure 8 were impacted at a nominal temperature
of 1300° F.

All the tubular targets showed essentially the same general damage patterns. In all
cases a hemispherical crater was present surrounded by a spalled region, however,
each of the processing methods had a somewhat different effect on the extent and appear-
ance of the external damage. The front spalled region of the sintered-powder beryllium
armored target covered the smallest area while the front spalled region on the extruded
beryllium armored target covered approximately a 35 percent greater area. Both tar-
gets had the same texture on the spall fracture surfaces. The cast beryllium armored
target had a 90-percent increase in front surface spalled area compared with the
sintered-powder beryllium armored target. Also, the spall fracture surfaces of the
cast target was noticeably more coarse and uneven as compared with those of the other
two targets. It is surmised that this difference in fracture surface appearance is
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attributable to the larger grain size encountered in cast beryllium,

The beryllium armor fabrication process also had an influence on the intensity of
the cracks that occurred in several preferred orientations to the tube axis. All the
beryllium targets shown in figure 8 had a strong circumferential crack radiating from
the impact point that propagated around each target in a plane normal to the longitudinal
axis of the tube. This crack was least severe in extent for the sintered-powder beryl-
lium armor and most severe in extent for the cast beryllium armor. There was also a
tendency for strong longitudinal cracks to develop on the front surfaces of both the ex-
truded and cast armor as indicated in figure 8. This crack extended the entire length of
the target and, by observing the end of the target, extended completely through the armor
thickness. The longitudinal cracking is consistent with the directional properties in-
duced in the extruded beryllium and the grain orientation in the tubular beryllium cast-
ings (ref. 11). Several longitudinal fractures were also observed on the rear external
tube surface approximately opposite the impact point on all the targets.

The damage to the inner surface of the liner tubes for all the targets shown in fig-
ure 8 was confined to a hemispherical protrusion or dimple inside the tube bore. Visual
examination did not reveal any observable cracks or openings in the liner tube. Meas-
urements taken of the dimple height appear in table V (p. 10).

The cracks radiating from the impact point and extending beyond the front spall
region were not observed on the beryllium disk targets described in the section entitled
Thick Disks. The radial cracking pattern is believed to be a characteristic of brittle
tubular targets and similar patterns have been observed on tubular lucite targets (ref. 5).

Temperature level. - The effect of target temperature on the results of impact into
sintered-powder beryllium armored tubular targets is illustrated in figure 9. The tubu-
lar targets were tested at room temperature and 1300° F. Both targets revealed the
characteristic hemispherical depression at the point of projectile impact. The same
pattern of cracks radiating from the point of impact appeared on both the targets shown
in figure 9. The principal observable difference between the two targets was that the
front surface spalled region surrounding the point of impact in the target tested at room

temperature covered approximately a 35 percent larger area and had a more irregular
texture than the front surface spall of the target tested at 1300° F. A possible explana-
tion for the larger front surface spall area could be the low room-temperature values of
tensile elongation of beryllium (ref. 18) and the increased sensitivity of beryllium at
room temperature to surface flaws induced by machining (ref. 17). No large differences
in the dimples of the inner liner were observed, and there were no strong longitudinal
cracks on the front surfaces of either of the targets. Each target, however, had similar
longitudinal cracks on the rear external surface approximately opposite the impact point.
The tests did not reveal any other major variations in the behavior of the beryllium
armor attributable to the change in test temperature.
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Target 8 Front view Target 5 Multiple impacts. - The accidental
impacts of gun debris on flat beryllium
disks resulted in additional damage to
the targets shown in figures 6 and 7
(pp. 12 and 13). If multiple meteoroid
impacts occurred in service on beryl-
liurg armored tubes, the damage might

likewise be magnified. Meteoroid im-

pacts in close proximity on radiator
tubes could aggravate or increase
fractures already present from the
previous impacts and possibly result

Side view

in the separation or removal of large

Impact . R

direction pieces of the armor from the liner
a—r-

tube. Consequently, if large amounts

of beryllium armor material are lost,

the reliability of the entire radiator

structure could be substantially re-

duced.

Room temperature B A rather severe service impact
Figure 9, - Effect of target temperature on sintered-powder beryllium iti as si lated by subiecting a
armor applied over 0,50-inch-outside-diameter by §.028-inch-wall condition w mu y J g

AISI 316 stainless-steel tubing. Impact velocity, 25 000 feet per sec~ sintered_powder beryllium armored

ond {nominal) with 3/32-inch-diameter pyrex sphere, . .
tube to two impacts approximately

120° apart under the same test conditions. The results are shown in figure 10. A con-
necting fracture was observed between the two impact points, but no local separation or
loss of armor occurred. Neither of the impacts perforated the interior stainless-steel
tube, and no large differences in dimple height were obtained.

In service, the probability of the occurrence of high-energy meteoroid impacts in
the same location is quite low. Lower energy impacts by smaller meteoroids are more
likely to occur in close proximity; however, it is felt that the effects of these lower
energy impacts would be comparatively weak and would not significantly contribute to the
local damage.

GRAPHITE TARGET RESULTS

The impact data for the graphite targets tested in this phase of the investigation are
listed in table VI. The graphite targets were generally in the form of thick rectangular
solids; however, one tubular graphite target was included in this series of experiments.
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Target 10 Target 9

Connecting
fracture —

4 0 INCH 1
C-73100 'C-73101

Second impact Combined view First impact

Figure 10. - Multipte impact on sintered-powder beryllium armored AISI 316-stainless-steel tube,
Impact velocity, 24000 feet per second {each impact) with 3/32-inch-diameter pyrex sphere;
target temperature, 1300° F; angle hetween impacts,~120°,

TABLE VI. - GRAPHITE TEST RESULTS

Target Report Impact Target Projectile® Tmpact | Crater | Ratio of Crater Modulus of clasticily, Target Calculated
number | figure round temper- Diam- Material Mass Tmpact angle, depth, penetra~ diam- psi specific materials
number | number atélre, oter, ¢ ' velocily, | A, P, tion depth eter, gravity coefficient,
¥ in, ft/sec “ deg in, to‘ target in,
: thickness, Exponent ¢
H Pw/t
) 1 1/2 2/3
11 11 D-343 | Room 1/8 Pyrex | 0.0414 | 25000 | 0 0.398 0. 198 1.25 | 1.18x10% (ver. 22, p. 37) 1.73 1.16 1.08
12 11 D-362 1300 1/8 Pyrex L0409 | 25500 ' 0O . 406 . 203 1.25 | 1.21 (ref. 22, p. 37) 1.73 1.18 111
13 12 D-371 Room 1/8 Aluminum L0469 | 25800 o 5 L414 . 206 1.25 1,18 (ref. 22, p. 37) 1173 1.09 1.01
i ‘ av 1. 14 |av 1.07
14 13 D-364 Room 1/8 Pyrex . 0412 | 25 400 J 0 | .524 .210 1.69 T4 (ref. 22, p. 54) 1.94 1.32 21
15 14 D-361 1300 1/8 Pyrex L0415 | 25300 | © [ . cme s R [ R
16 15 D-363 1300 1/8 Pyrex . 0413 | 25600 i .484 . 194 1. 50 4.4 (ref. 12) 2.20 2.41 2.19
1 16 D-991 1300 3/32 Pyrex L0178 | 24 600 10 E .359 . 359 ——-- .90 (ref. 11) 1.57 1.27 117
aAvcx‘age calculated specific gravity, 2. 51 for 3/32-in.-diam. pyrex sphere: 2,47 for 1/8-in. -aiam. pyrex sphere; and 2. 80 for 1/8-in, ~diam. aluminum sphere.
' Blocks
(Y . . .
The tests on graphite blocks used 1/8-inch-diameter pyrex spheres accelerated to

the same nominal velocity of 25 000 feet per second as the 3/32-diameter pyrex spheres
used in the beryllium tests discussed previously. Consequently the projectile energy at
impact for the graphite tests was approximately 2. 4 times that for the beryllium tests.
ATJ graphite. - The first experiments conducted on ATJ grade graphite were on
3.5- and 4. 0-inch-square by 2. 0-inch-thick blocks. The tests were conducted to ascer-
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Target 11 Target 12

Projectile
impact ‘
point - Raxsed peak
in crater

hottom——

71630
Room temperature 1300° F

Figure 11. - Effect of targel temperature on crater appearance in semi-infinite ATJ graphite block targets, Impact velocity, 25 000
feet per second {nominal) with 1/8-inch-diameter pyrex sphere,

tain the target damage of semi-infinite thick material at room temperature and at
1300° F. The results are shown in figure 11.

The craters obtained were contimuous, shallow, rough, and uneven. The small
smooth hemispherical crater previously observed in the beryllium targets under the
point of projectile impact was not present in the graphite target. The target tested at
1300° F had a raised central portion or peak in the bottom of the crater as indicated in
figure 11. The semi-infinite condition was attained as indicated by the absence of
observable damage on the rear surface of the targets.

Even though 1/8-inch-diameter pyrex projectiles were used the greater energy did
not cause any radial cracks to appear in the graphite targets. In this respect the behav-
ior of the graphite in figure 11 was similar to the impact behavior of the flat semi-
infinite beryllium target shown in figure 4. The supplementary small craters visible on
the faces of the targets in figure 11 were presumed to be caused by miscellaneous gun
debris. The increase in test temperatures from room temperature to 13 00° F had no
observable effect on the appearance and size of the primary craters shown in figure 11.

The result of impact of a 1/8-inch-diameter aluminum projectile on an ATJ graphite
target is shown in figure 12. The crater resuliing from the aluminum projectile showed
essentially the same features displayed by the craters caused by the pyrex projectiles.
There was no visible damage on the rear surface of the target. Unfortunately, this tar-
get was inadvertently impacted by sizable fragments of debris (pump piston and/or .
sabot), and the close proximity of the debris to the projectile impact point resulted in
additional crater and cracking damage as shown in figure 12, There was no visible
damage on the rear surface of the target.

The impact crater had the same texture and shape as those shown in the targets of
figure 11; however, there were several cracks radiating from the impact point to the
adjacent edges. The projectile as well as the gun debris impacted this target quite close
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Niscellaneous . — to the edges, and it is conjectured that this
gun debris

impadsw\n\ condition of proximity to the edges acted as
an effective reduction in target size. Ten-
Radial : sile waves reflected from the edges of the
cracks —g &

target are more likely to cause fractures
as the target size is reduced. Similar ef-
fects attributable to a reduced target size
have been observed in tests conducted with
lucite and glass targets (ref. b).

Figure 12. - Multipte impact of ATJ graphite block target (target ZTA graphite. - Figure 13 illustrates
13, 4.0 in. square by 2.0 in. thick) at room temperature, . : .
impact velocity, 25 800 feet per second with 1/8-inch-diameter the results of lmpaCt into ZTA graphlte at
aluminum sphere. room temperature. This grade of graphite

represents an increase in density of 18 per-
cent over the ATJ grade tested previously
(see table IV, p. 9). In addition, anisotropic

Projectile physical and thermal properties, controlled
ggi?ff_\\ grain orientation, increased flexural
strength, and macroflaw reduction are in-
Partially duced in this material by the manufacturing
?:mhfga”” process (ref. 12). The crater shown in fig-

ure 13 was approximately conical in shape,

m in contrast to the craters observed in ATJ
' graphite (figs. 11 and 12). The impact

Figure 13. - Impact crater in ZTA graphite (farget 14, 4.0 in. square crater also covered a larger diameter than

by 2.5 in, thick). Impact velocity, 25 400 feet per second with 1/8- i .
inch~diameter pyrex sphere at room temperature, did the craters in the ATJ targets. No

radial fractures were observed around the
impact point, nor was there visible damage on the target rear surface. A partly attached
front spall was observed on this target as indicated in figure 13.

The texture of the material inside the crater had subtle differences compared with
the material in the ATJ craters. The ZTA material had the appearance of *layers! or
""flakes' normal to the direction of impact, which was presumed to be an effect of the
material anisotropy.

Pyrolytic graphite. - The next series of experiments used pyrolytic graphite targets.

This grade of graphite is made by deposition of carbon from a hydrocarbon gas on a
heated graphite substrate (ref. 13). The material is deposited as a layered structure
with a high degree of anisotropy. The plane of deposition is designated the a-b plane,
and the thermal and physical properties parallel to the plane of deposition are on the
order of 200 times greater than corresponding properties normal to the plane. The tar-
gets were 4.0 inches square by 2. 5 inches thick and were composed of individual 1/4-
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L Plates 1 to 10,
' beginning at

impact face—
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I

4.6 in. | Projectile
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4.0in.

Assembled target

Plate 2 Piate 10

Figure 14. - Pyrolytic graphite semi~infinte target (ftarget 15) with 10 individual plates (each 0.25 in, thick} oriented perpendicular to impact. Impact
velocity, 25 300 feet per second with 1/8-inch-diameter pyrex sphere; target temperature, 1300° F.

inch-thick plates clamped together because usable thick plates could not be obtained. In
the test, the plates were impacted on the 4. 0-inch-square face. Two targets were
assembled: one having the plates parallel to the impact direction; and the second having
the plates normal to the impact direction.

In the tests of the effect of impact normal to the plates, each plate of the target was
numbered consecutively beginning with the impact face as shown in figure 14. The first
two plates were both perforated and suffered severe cracking and extensive fragmenta-
tion. Plate 3 suffered slight damage while plates 4 to 7T remained intact. The last three
plates on the rear of the target were each damaged in a fashion suggesting rear spalling.
Plates number 2 and 10 are shown in figure 14 to illustrate the nature of the damge in the
two affected regions. Similar impact results for unbonded, laminated metal targets are
indicated in reference 19. Reference 5 also cited additional damage occurring in thin
brittle targets backed with heavier layers of other materials. The severe damage
suffered by the first two pyrolytic graphite plates is thus conjectured to be a characteris-
tic of the laminated unbonded construction of the target and not necessarily due to the
anisotropy of the properties of the individual plates.

Figure 15 illustrates the results of impact into a clamped pyrolytic graphite target
with individual plates oriented parallel to the impact direction. Each plate was numbered
consecutively beginning at the left edge of the target as shown in figure 15. The observed
crater covered a firmly outlined circular area, shallow in depth and rough and uneven in
appearance. The damage sustained by this target had different characteristics from the
target shown in figure 14 with the plates oriented perpendicular to the impact direction.
None of the plates suffered the complete fragmentation observed on the previous target
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N beginning at
}\‘\ feft edge
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Assembled target
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Figure 15, - Pyrolytic graphite semi-infinite block target (target 16) with individual plates oriented paraltei to
impact direction. impact velocity, 25 600 feet per second with 1/8-inch-diameter pyrex sphere; target temp-
erature, 1300° F.

since each damaged plate was partially restrained by the adjacent plates on either side.
There was no rear surface spall damage such as seen on the previous target. Several
plates near the projectile impact point, however, had cracks radiating from the point of
impact to the rear surface of the target. Plate number 8 was located under the point of
projectile impact and suffered the greatest damage. The damage decreased on plates to
either side of the impact point. Figure 15 shows individual views of plates 6, 8, and 10
as representative examples of the trend of damage relative to the point of impact. The
plates were held in position by clamps and were not bonded together; hence the damage
just described is again influenced by the unbonded laminations. The comparisons of
figures 14 and 15 indicate, however, that less overall target damage is encountered when
the individual plates are oriented parallel to the direction of impact. The parallel orien-
tation (fig. 15) is also the most probable armor configuration for space radiators since
the maximum value of thermal conductivity occurs in the plane of the sheet.
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Tubes

A cylindrical graphite target was fabricated from AGSR grade material having a 2. 5-
inch outside diameter by 0. 50-inch bore. The AGSR grade was selected as being repre-
sentative of the structural qualify graphite material that might be suitable for space radi-
ator armor. The results of impact into this target are shown in figure 16. The crater
was similar in shape and texture to the craters observed in the ATJ graphite block tar-
gets (figs. 11 and 12). The inner surface of the bore was not damaged under the point of
impact. Hence the results can be considered representative of an impact on a semi-
infinite target. There was no evidence of the radial fracturing emanating from the crater
or any other cracking such as found on the beryllium armored tubes. It is not certain
whether the lack of cracking can be attributed to the increased wall thickness of the
graphite tube or to the graphite material itself; however, it is noted that there was less
tendency for radial cracking to occur in the graphite blocks than in the beryllium blocks.

ANALYSIS AND DISCUSSION
Penetration Relation
The initial comparison of the various candidate armor materials for waste heat radi-

ators (ref. 3) was based on the following correlation obtained for hemispherical craters
or penetration depths in semi-~infinite flat plates:

I:f 2_;/_<@>90 (v cos >\)2/3 (1)
d 4.21 Py <Et>1/3

where Pt

P penetration depth in a semi-infinite plate (crater depth), in.

d nominal projectile diameter, in.

v target material correlating coefficient

pp projectile specific gravity (calculated from the actual mass and nominal pro-

jectile diameter)
Py target specific gravity
® exponent (taken as 1/2 or 2/3)
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v projectile velocity, ft/sec
A angle of impact (for normal impact, cos » = 1)

E, target modulus of elasticity, psi

Metallic materials generally exhibit  values ranging from 1.5 to 2.5 (ref. 5);
however a value of 2.0 was used for y in the calculations of radiator weight made in
reference 3 for all materials because of the lack of specific values for each material.
Experimental values of P_ in conjunction with equation (1) were used to obtain values
of 1 for both the beryllium and graphite flat plate and tubular targets. The pertinent
experimental and property data for beryllium and graphite targets are listed in tables V
and VI (pp. 10 and 17, respectively) together with experimentally determined values
of the materials coefficient y for two values of the exponent ¢. The targets listed
in tables V and VI were considered essentially semi-infinite in thickness since the com-
puted values of the ratio of crater depth to target thickness (Poo/t) fell below the value
of 0. 75 arvitrarily set for thin targets in reference 5.

Table VII summarizes the calculated average values of materials coefficient for ex-

TABLE VII, - SUMMARY OF CALCULATED

MATERIAL COEFFICIENT

Material and Impact Orientation Materials Number
—Projectile coefficient, of
impact ¥ tests
point
Exponent ¢
1/2 2/3
Beryllium (disks and tubes) 2.28 | 2.18 10
ATJ Graphite (across grain) 1,14 1,07 3
ZTA Graphite (across grain) 1,32 1.27 1
AGSR Graphite (across grain) .27 117 1
Pyrolytic graphite (with grain) 2.41 | 2.19 1

C-74080

Figure 16. -~ AGSR graphite tube target
(target 17, 2.50-in. o.d. by 0.50-in.
i.d. by12.0-in. length). [mpact
velocity, 24 600 feet per second with
3/32-inch-diameter pyrex sphere;
target temperature, 1300° F,
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ponent values of 1/2 and 2/3. The individual values of the materials coefficient for the
beryllium data (10 values) and the graphite data (5 values) exhibited close agreement
within each group of materials (tables V and VI).

The average y values calculated for beryllium, 2.28 for ¢ = 1/2 and 2. 18 for
@ =2/3, are in fair agreement for the values of ¢ published for other metals. These
values are 1. 96 for 1100 aluminum, zinc, tin, steel, cadmium, copper, and lead targets
(ref. 20, ¢ = 1/2), 2.28 for lead and copper targets (ref. 21, ¢ = 2/3), and 2.27 for
cast aluminum targets (ref. 5, ¢ = 1/2 and 2/3).

Generally, the manufacturing process for graphite induces a preferred grain orien-
tation in all graphite products, which results in anisotropic mechanical and thermal
properties (ref. 12). Consequently, the values of the modulus of elasticity used in com-
puting the y values for graphite were taken for the orientation of the grain parallel to
the direction of impact (refs. 12, 13, and 22). The » values calculated for the graphite
targets impacted across the grain (i.e., ATJ, AGSR, and ZTA grades) consistently fell
substantially below the experimental value for beryllium. Only the pyrolytic graphite
specimen impacted with the grain showed a value of y near the aluminum and beryllium
values.

It is of interest to speculate about the possible reasons for the behavior of the
graphite as revealed by the differences in the ¢ values. Equation (1) is an empirical
description of the depth of penetration into fully dense ductile metals exhibiting hemi-
spherical craters. The graphite craters were generally not hemispherical, which indi-
cate perhaps that the interaction between the cratering process and the materials strength
properties may be different in graphite. Also, all the graphite grades that were impacted
across the grain exhibited shallower craters (lower v ) than those of the single target
result impacted with the grain. This might suggest that material property anisotropy is
strongly involved. Finally, recent investigations (e.g., ref. 23) have indicated that an
increased ability to attenuate shock waves is possible with less than fully dense material.
Thus, less penetration might be involved in the lower density grades (ATJ, ASGR, ZTA)
than in the nearly maximum density pyrolytic grade. In any event, it is apparent that
graphite crater depths may be considerably different from those of the more conventional
metals under comparable impact conditions.

Application Considerations

If beryllium and graphite are considered as material for space radiator meteoroid
protective armor, the preliminary data presented herein suggest several factors for
consideration in the design application. The occurrence of cracking under hypervelocity
impact for these materials indicates their unsuitability for carrying structural loads.
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Furthermore, the existence of cracking damage in the beryllium disks and tubes suggests

; that significant cracking could also occur in thin beryllium and graphite fins, dependent
' on sheet thickness, size, and impacting particle energy (as was the case for thin lucite
sheets in ref. 5). Consequently, additional investigations should be performed to evalu-
ate the impact resistance of beryllium and graphite as thin fins for space radiators.

Although highly improbable, the combined effects of multiple impacts, vibration,
creep, and thermal cycling could act on a czacked armor section and result in the local
separation of the cracked material. Such local loss of armor would increase the vulner-
ability of the exposed inner liner to further impact damage. In addition it may be desir-
able to strengthen the armor to increase the structural capacity of the armor for load
carrying purposes. Hence, it may be worthwhile to investigate concepts of reinforcing

or containing the armor with metallic fibers or mesh.

Cracking can also result in a degradation of radiating effectiveness if the cracks
occurred normal to the conduction heat flow path in the armor or at the junction of the
armor and fin. Increased thermal degradation could also result in beryllium radiators
because of the larger loss of high-emittance surface coating resulting from the increased
spall area around the impact crater. This effect should not be as significant for graphite,
however, because of its higher natural emittance (coatings may not be required, ref. 3).
The significance of the preceding problems will depend on the ratio of damaged area to
total radiator surface area that, in general, should be quite small,

Finally, further impact tests with thick graphite targets should be conducted to verify
the low indicated value of the materials coefficient . I substantiated, a more favorable
weight advantage for graphite might result; however, final comparisons will require the
establishment of appropriate factors describing armor thickness required to prevent
inner surface spall or other critical damage criteria in lined tubes.

SUMMARY OF RESULTS

The following are the major results of the study of damage characteristics of se-
lected beryllium and graphite plate and tubular targets under hypervelocity impact con-
ditions:

1. The impact craters in flat semi-infinite beryllium and graphite disk or block
targets differed in appearance from impact craters in conventional ductile materials.
Beryllium craters consisted of a relatively smooth hemispherical depression under the
point of projectile impact surrounded by a larger sometimes irregular spalled region.
Graphite craters generally consisted of a continuous, large, rough-textured, shallow
crater. The appearance of these craters is not greatly affected by reductions in target
planform area or increases in target temperatures up to 1300° F in block targets.

2. Beryllium and graphite tubular targets had craters similar in appearance to those
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in comparable flat disk or block targets. Increasing the test temperature from room
temperature to 1300° F in a beryllium sintered-powder tube target resulted in a sizable
decrease in front spall area and a smoother texture of the spall fracture surface. Crater
spall area was also observed to vary substantially for beryllium tubular targets made by
different processing methods.

3. Cracking damage occurred on beryllium and some graphite flat disk or block
targets and on beryllium tube targets. The cracks extended radially from the crater in
most cases, and reductions in target planform area or multiple impacts tended to in-
crease the severity of cracking damage. Strong longitudinal cracks were observed on
the front surface in the beryllium tubular targets that were cast or extruded.

4, Multiple impacts of equal energy in the same vicinity on a sintered-powder
beryllium armored tube did not result in any local removal or loss of cracked material.

5. The crater depths in beryllium plate and tube targets (10 samples) correlated
according to the modulus of elasticity produced average materials coefficients of 2. 18
to 2.28, similar to values experienced with other metallic materials. Crater depths in
conventional graphite (ATJ, ZTA, AGSR), however, exhibited about 50 percent lower
values based on the same correlation criterion. The variation of the individual values of
the materials coefficient calculated for the beryllium data (10 values) and the graphite
data (5 values) exhibited close agreement within each respective materials group.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 28, 1965.
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