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1. INTRODUCTION

A series of hypervelocity impact (HVI) tests were conducted by the NASA
Johnson Space Center (JSC) Hypervelocity Impact Technology Facility (HITF) [1],
building 267 (Houston, Texas) between January 2003 and December 2005 to test the HVI
performance of metal foams, as compared to the metal honeycomb panels currently in
service. The HITF testing was conducted at the NASA JSC White Sands Testing Facility
(WSTF) at Las Cruces, New Mexico. Eric L. Christiansen, Ph.D., and NASA Lead for
Micro-Meteoroid Orbital Debris (MMOD) Protection requested these hypervelocity
impact tests as part of shielding research conducted for the JSC Center Director
Discretionary Fund (CDDF) project.

The structure tested is a metal foam sandwich structure; a metal foam core
between two metal facesheets. Aluminum and Titanium metals were tested for foam
sandwich and honeycomb sandwich structures.

Aluminum honeycomb core material is currently used in Orbiter Vehicle (OV)
radiator panels and in other places in space structures. It has many desirable
characteristics and performs well by many measures, especially when normalized by
density.

Aluminum honeycomb does not perform well in Hypervelocity Impact (HVI)
Testing. This is a concern, as honeycomb panels are often exposed to space
environments, and take on the role of Micrometeoroid / Orbital Debris (MMOD)
shielding. Therefore, information on possible replacement core materials which perform
adequately in all necessary functions of the material would be useful.

In this report, HVI data is gathered for these two core materials in certain
configurations and compared to gain understanding of the metal foam HVI performance.

Figure 1-1
Example of metal foam core material with mm scale
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2. TEST OBJECTIVES

The focus of this testing series is the HVI performance of the metal foam
sandwich structure. HVI testing is performed on samples of honeycomb and foamed
metal samples to make a comparison between them. The comparison will be between the
performances of each configuration to determine which of them performs the best when
impacted at hypervelocity.

The objective is to determine the performance of the considered configurations
and compare them. This information is intended to aid in the comparison of foam and
honeycomb, which are possible core materials in OV radiator panels.

Data will also be gathered to aid in the creation and verification of ballistic limit
equations. This will be done by varying one shot parameter to determine when failure is
expected to occur. Projectile diameter will be increased until failure occurs while all
other shot parameters are kept constant, or impact velocity will be increased while all
other shot parameters are kept constant.

3. GLOSSARY OF TERMS

The following terms appear throughout the test report. Test articles will receive a
more full explanation in 4. DESCRIPTION OF TEST ARTICLE CONFIGURATIONS.

0.5” Al HC - A test article with the following parameters: 0.5 thick sandwich structure,
aluminum facesheets, aluminum honeycomb core

0.5” Al F10 - A test article with the following parameters: 0.5” thick sandwich structure,
aluminum facesheets, aluminum foam core, the foam core has a pore size such
that there are 10 pores along a linear inch of foam

0.5” Al F40 - A test article with the following parameters: 0.5” thick sandwich structure,
aluminum facesheets, aluminum foam core, the foam core has a pore size such
that there are 40 pores along a linear inch of foam

0.5” Ti HC - A test article with the following parameters: 0.5” thick sandwich structure,
titanium facesheets, titanium honeycomb core

0.5” Ti F60-1 - A test article with the following parameters: 0.5” thick sandwich

structure, titanium facesheets, titanium foam core, the foam core has a pore size
such that there are 60 pores along a linear inch of foam
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0.5” Ti F60-2 - A test article with the following parameters: 0.5” thick sandwich
structure, titanium facesheets, titanium foam core, the foam core has a pore size
such that there are 60 pores along a linear inch of foam

2” Al HC - A test article with the following parameters: 2” thick sandwich structure,
aluminum facesheets, aluminum honeycomb core

2”7 Al F10 - A test article with the following parameters: 2” thick sandwich structure,
aluminum facesheets, aluminum foam core, the foam core has a pore size such
that there are 10 pores along a linear inch of foam

2”7 Al F40 - A test article with the following parameters: 2” thick sandwich structure,
aluminum facesheets, aluminum foam core, the foam core has a pore size such
that there are 40 pores along a linear inch of foam

Metal foam — a metal processed such that it retains an open porosity with a designated
pore size; see Figure 1-1

Nominal density — in the foam core, it is the percentage of the volume of the core that is
occupied by metal

Sandwich structure — a three-layer construction configuration in which a core material is
bonded to a facesheet on opposite sides
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4. DESCRIPTION OF TEST ARTICLE CONFIGURATIONS

The Test Articles in this series are of 8 major configurations: 0.5” Al F10, 0.5” Al
F40, 2” Al F10, 2” Al F40, 0.5” Al HC, 2” Al HC, 0.5” Ti F60, 0.5” Ti HC.

4.1 0.5" Al F10

The 0.5” Al F10 is a 0.5” thick aluminum 6101-T6 foam core with 0.010” thick
aluminum 6061-T6 facesheets. F10 indicates that the metal foam pore size is such that
there are (10) pores per inch. This article has multiple shots on a 12” x 12” panel, with a
witness plate at a 2” standoff behind the back of the panel. Facesheets are bonded to the
core with adhesive. The nominal density of the foam core ranges from 6% to 8%.

Figure 4.1-1
HITF03147 Pretest Photo,
Example 0.5” Al F10 Target Article
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4.2 0.5" Al F40

The 0.5” Al F40 is a 0.5” thick aluminum 6101-T6 foam core with 0.010” thick
aluminum 6061-T6 facesheets. F40 indicates that the metal foam pore size is such that
there are (40) pores per inch. This article has multiple shots on a 12” x 12” panel, with a
witness plate at a 2” standoff behind the back of the panel. Facesheets are bonded to the
core with adhesive. The nominal density of the foam core ranges from 6% to 8%.

Figure 4.2-1
HITF05037 Pretest Photo,
Example 0.5” Al F40 Target Article
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4.32" Al F10

The 2” Al F10 is a 2” thick aluminum 6101-T6 foam core with 0.010” thick
aluminum 6061-T6 facesheets. F10 indicates that the metal foam pore size is such that
there are (10) pores per inch. This article has a single shot on a 6” x 6” panel, mounted to
a frame plate or directly held by bolts, with a witness plate at a 2” standoff behind the
back of the panel. Facesheets are bonded to the core with adhesive. The nominal density
of the foam core ranges from 6% to 8%.

Figure 4.3-1
HITF04162 Pretest Photo,
Example 2” Al F10 Target Article
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4.4 2" Al F40

The 2” Al F40 is a 2” thick aluminum 6101-T6 foam core with 0.010” thick
aluminum 6061-T6 facesheets. F40 indicates that the metal foam pore size is such that
there are (40) pores per inch. This article has a single shot on a 6” x 6” panel, mounted to
a frame plate or directly held by bolts, with a witness plate at a 2” standoff behind the
back of the panel. Facesheets are bonded to the core with adhesive. The nominal density
of the foam core ranges from 6% to 8%.

Figure 4.4-1
HITF04163 Pretest Photo,
Example 2” Al F40 Target Article
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4.50.5" Al HC

The 0.5” Al HC is a 0.5” thick aluminum honeycomb core with 0.016” thick
aluminum facesheets. This article has multiple shots on a 12” x 12” panel, with a witness
plate at a 2” standoff behind the back of the panel. Facesheets are bonded to the core
with adhesive.

Figure 4.5-1
HITF03145 Pretest Photo,
Example 0.5” Al HC Target Article
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4.6 2" Al HC

The 2” Al HC is a 2” thick aluminum honeycomb core with 0.050” thick
aluminum facesheets. This article has a single shot on a 6” x 6” panel, mounted to a
frame plate or directly held by bolts, with a witness plate at a 2” standoff behind the back
of the panel. Facesheets are bonded to the core with adhesive.

Figure 4.6-1
HITF04160 Pretest Photo,
Example 2” Al HC Target Article
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4.7 0.5" Ti F60-1

The 0.5” Ti F60-1 is a 0.5” thick titanium foam core with 0.028” thick Ti-6-2-4-2
(6% Al, 2% Sn, 4% Zr, 2% Mo by weight) titanium alloy facesheets. F60 indicates that
the metal foam pore size is such that there are (60) pores per inch. This article has
multiple shots on a 12” x 12” panel, with a witness plate at a 2” standoff behind the back
of the panel. Adherence between the core and the facesheets is achieved by hot pressing
the sandwich structure. The nominal density of the foam core is 8.21%.

Figure 4.7-1
HITF05293 Pretest Photo,
Example 0.5” Ti F60-1 Target Article
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4.8 0.5" Ti F60-2

The 0.5” Ti F60-1 is a 0.5” thick titanium foam core with 0.034” thick Ti-6-2-4-2
titanium alloy facesheets. F60 indicates that the metal foam pore size is such that there
are (60) pores per inch. This article has multiple shots on a 12” x 12” panel, with a
witness plate at a 2” standoff behind the back of the panel. Adherence between the core
and the facesheets is achieved by hot pressing the sandwich structure. The nominal
density of the foam core is 10.1%.

Figure 4.8-1
HITF05372 Pretest Photo,
Example 0.5” Ti F60-2 Target Article
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4.90.5" TiHC

The 0.5” Ti HC is an approximately 0.5 thick titanium honeycomb core with
0.034” thick 6-2-4-2 Titanium facesheets. This article has multiple shots on a 12” x 12”
panel, with a witness plate at a 2” standoff behind the back of the panel. Facesheets are

weld-bonded to the core.
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Figure 4.9-1
HITF05292 Pretest Photo,
Example 0.5” Ti HC Target Article
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5. TEST SUCCESS CRITERIA

Only Successful Tests will be considered as acceptable data. A Successful Test
will be one with:

e Clean impact by the projectile within 0.25” of the aim point and no secondary
impacts

e Determination of projectile impact velocity

e Verification of projectile integrity prior to impact

6. TARGET PASS/FAIL CRITERIA

Pass/fail criteria will be determined by perforation of the second facesheet on a
Successful Test. If there is no perforation of the second facesheet, then the test is a pass.
A fail will be when there is any perforation of the second facesheet.
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7. HVI TEST MATRIX

Note: All projectiles are Al 2017-T4 unless otherwise noted

HITE Panel Areal Prpjectile Impag:t Impact

Number Target Type Den5|t2y Diameter | Velocity Angle

(g/cm?) (mm) (km/s) (deg)
HITFO3147-1 | 0.5" Al F10 0.51 1.0 6.95 0
HITFO3147-2 | 0.5" AIF10 0.51 1.1 6.89 0
HITF03147-3 | 0.5" Al F10 0.51 1.2 6.83 0
HITF03147-4 | 0.5" Al F10 0.51 1.2 6.87 0
HITF05036-1 | 0.5" Al F40 0.49 1.0 6.88 0
HITF05036-2 | 0.5" Al F40 0.49 1.2 6.90 0
HITF05036-3 | 0.5" Al F40 0.49 1.4 6.45 0
HITF05037-1 | 0.5" Al F40 0.49 1.2 7.05 45
HITF05037-2 | 0.5" Al F40 0.49 1.4 6.92 45
HITFO3145-2 | 0.5" AIHC 0.37 0.8 6.75 0
HITFO3145-1 | 0.5" AIHC 0.37 1.0 6.86 0
HITF05069-4 | 0.5" AIHC 0.37 1.3 6.99 60
HITF05293-2 | 0.5" Ti F60-1 1.279 2.4 3.45 0
HITF05293-4 | 0.5" Ti F60-1 1.279 2.6 7.00 0
HITF05293-5 | 0.5" Ti F60-1 1.279 2.8 6.93 0
HITF05293-6 | 0.5" Ti F60-1 1.279 2.4 6.80 45
HITFO5379 | 0.5" Ti F60-2 1.535 2.8 4.09 0
HITFO5373 | 0.5" Ti F60-2 1.535 3.0 6.71 45
HITFO5372 | 0.5" Ti F60-2 1.535 3.2 6.77 45
HITFO5376 | 0.5" Ti F60-2 1.535 3.2 6.62 45
HITFO5377 | 0.5" Ti F60-2 1.535 3.2 4.00 45
HITFO5378 | 0.5" Ti F60-2 1.5635 3.2 7.16 45
HITFO5374 | 0.5" Ti F60-2 1.535 34 6.60 60
HITFO5375 | 0.5" Ti F60-2 1.535 3.6 6.76 60
HITF05292-1 | 0.5" TiHC 0.93 15 6.74 0
HITF05292-2 | 0.5" TiHC 0.93 1.6 6.79 45
HITF05292-3 | 0.5" TiHC 0.93 1.7 6.90 60
HITF04151 2" AIF10 1.25 3.6 6.76 0
HITFO4161 2" AIF10 1.25 4.0 6.89 0
HITF04155 2" AIF10 1.25 4.0 6.89 45
HITF04162 2" AIF10 1.25 4.4 6.92 45
HITF04152 2" Al F40 1.18 3.6 6.79 0
HITF04163 2" Al F40 1.18 4.0 6.79 0
HITFO4164 2" Al F40 1.18 4.4 6.70 45
HITF05068 2" Al F40 1.18 4.8 6.93 45
HITF04159 2" AITHC 1.59 3.2 6.86 0
HITF04150 2" AIHC 1.59 3.6 6.22 0
HITF04160 2" AIHC 1.59 3.2 6.74 45
HITF04153 2" AIHC 1.59 3.6 6.87 45

* - Projectile used was Al 2219-T4
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8. SUMMARY OF TEST RESULTS

JSC63945

HITE Pr_ojectile Impaf:t Impact _
WSTF Number | Target Type | Diameter | Velocity | Angle | Pass/Fail
Number
(mm) (km/s) (deg)
HITF03147-1 | WSTF03-38055 | 0.5" Al F10 1.0 6.95 0 Pass
HITF03147-2 | WSTF03-38055 | 0.5" Al F10 1.1 6.89 0 Pass
HITF03147-3 | WSTF04-38140 | 0.5" Al F10 1.2 6.83 0 Fail
HITF03147-4 | WSTF04-38140 | 0.5" Al F10 1.2 6.87 0 Fail
HITF05036-1 | WSTF05-39292 | 0.5" Al F40 1.0 6.88 0 Pass
HITF05036-2 | WSTF05-39654 | 0.5" Al F40 1.2 6.90 0 Pass
HITF05036-3 | WSTF05-39658 | 0.5" Al F40 1.4 6.45 0 Fail
HITF05037-1 | WSTF05-39293 | 0.5" Al F40 1.2 7.05 45 Pass
HITF05037-2 | WSTF05-39655 | 0.5" Al F40 1.4 6.92 45 Fail
HITF03145-2 | WSTF03-38052 | 0.5" AIHC 0.8 6.75 0 Pass
HITF03145-1 | WSTF03-38052 | 0.5" AIHC 1.0 6.86 0 Fail
HITF05069-4 | WSTF05-39414 | 0.5" AIHC 1.3 6.99 60 Fail
HITF05293-2 | WSTF05-39960 | 0.5" Ti F60-1 2.4 3.45 0 Pass
HITF05293-4 | WSTF05-39994 | 0.5" Ti F60-1 2.6 7.00 0 Pass
HITF05293-5 | WSTF05-40074 | 0.5" Ti F60-1 2.8 6.93 0 Fail
HITF05293-6 | WSTF05-40104 | 0.5" Ti F60-1 2.4 6.80 45 Pass
HITF05379 | WSTF06-40325 | 0.5" Ti F60-2 2.8 4.09 0 Pass
HITF05373 | WSTF05-40123 | 0.5" Ti F60-2 3.0 6.71 45 Pass
HITF05372 | WSTF05-40123 | 0.5" Ti F60-2 3.2 6.77 45 Fail
HITF05376 | WSTF06-40252 | 0.5" Ti F60-2 3.2 6.62 45 Pass
HITF05377 | WSTF06-40283 | 0.5" Ti F60-2 3.2 4.00 45 Pass
HITF05378 | WSTF06-40234 | 0.5" Ti F60-2 3.2 7.16 45 Fail
HITF05374 | WSTF06-40201 | 0.5" Ti F60-2 3.4 6.60 60 Pass
HITF05375 | WSTF06-40243 | 0.5" Ti F60-2 3.6 6.76 60 Pass
HITF05292-1 | WSTF05-39540 | 0.5" Ti HC 15 6.74 0 Pass
HITF05292-2 | WSTF05-39941 | 0.5" Ti HC 1.6 6.79 45 Pass
HITF05292-3 | WSTF05-39542 | 0.5" Ti HC 1.7 6.90 60 Fail
HITF04151 | WSTF04-38183 2" Al F10 3.6 6.76 0 Pass
HITF04161 | WSTF04-38186 2" Al F10 4.0 6.89 0 Fail
HITF04155 | WSTF04-38194 2" Al F10 4.0 6.89 45 Pass
HITF04162 | WSTF04-38199 2" Al F10 4.4 6.92 45 Pass
HITF04152 | WSTF04-38184 2" Al F40 3.6 6.79 0 Pass
HITF04163 | WSTF04-38187 2" Al FA0 4.0 6.79 0 Fail
HITF04164 | WSTF04-38200 2" Al F40 44 6.70 45 Pass
HITF05068 | WSTF05-39413 2" Al F40 4.8 6.93 45 Pass
HITF04159 | WSTF04-38185 2" AIHC 3.2 6.86 0 Fail
HITF04150 | WSTF04-38174 2" AIHC 3.6 6.22 0 Fail
HITF04160 | WSTF04-38198 2" AIHC 3.2 6.74 45 Fail
HITF04153 | WSTF03-38192 2" AIHC 3.6 6.87 45 Fail

Measurements from the test articles are in Appendix B.
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8.1 BALLISTIC LIMIT OBSERVATIONS

An observation relevant to the Ballistic Limit is one in which one variable is
changed while the others are constant (or nearly constant in the case of velocity). In
these observations the Target Type and Impact Angle are constant. Additionally, either
the Impact Velocity or the Projectile Diameter is constant, but the other increases causing
failure. We then know the Ballistic limit is between these tests in terms of the varied
parameter.

HITE Projectile | Impact | Impact
WSTF Number Target Type | Diameter | Velocity | Angle | Pass/Fail
Number
(mm) (km/s) (deg)
HITF03147-2 | WSTF03-38055 0.5" Al F10 1.1 6.89 0 Pass
HITF03147-3 | WSTF04-38140 0.5" Al F10 1.2 6.83 0 Fail
HITF05036-2 | WSTF05-39654 0.5" Al F40 1.2 6.90 0 Pass
HITF05036-3 | WSTF05-39658 0.5" Al F40 14 6.45 0 Fail
HITF05037-1 | WSTF05-39293 0.5" Al F40 1.2 7.05 45 Pass
HITF05037-2 | WSTF05-39655 0.5" Al F40 14 6.92 45 Fail
HITF03145-2 | WSTF03-38052 0.5" AIHC 0.8 6.75 0 Pass
HITF03145-1 | WSTF03-38052 0.5" AIHC 1.0 6.86 0 Fail
HITF05293-4 | WSTF05-39994 0.5" Ti F60-1 2.6 7.00 0 Pass
HITF05293-5 | WSTF05-40074 0.5" Ti F60-1 2.8 6.93 0 Fail
HITF05379 WSTF06-40325 0.5" Ti F60-2 2.8 4.09 0 Pass
HITF05293-5 | WSTF05-40074 0.5" Ti F60-1 2.8 6.93 0 Fail
HITF05373 WSTF05-40123 0.5" Ti F60-2 3.0 6.71 45 Pass
HITF05372 WSTF05-40123 0.5" Ti F60-2 3.2 6.77 45 Fail
HITF05377 WSTF06-40283 0.5" Ti F60-2 3.2 4.00 45 Pass
HITF05372 WSTF05-40123 0.5" Ti F60-2 3.2 6.77 45 Fail
HITF04151 WSTF04-38183 2" Al F10 3.6 6.76 0 Pass
HITF04161 WSTF04-38186 2" AIF10 4.0 6.89 0 Fail
HITF04152 WSTF04-38184 2" Al F40 3.6 6.79 0 Pass
HITF04163 WSTF04-38187 2" Al F40 4.0 6.79 0 Fail

From these pairings, we can say that the ballistic limit for the Target Type in
question is in between the two data points. In the case where the velocity is relatively
constant, the Projectile Diameter/Mass ballistic limit for that Impact Velocity/Impact
Angle/Target Type combination is isolated. The performance of the different Target
Types can then be compared.
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8.2 TARGET ARTICLE TYPE COMPARISON OBSERVATIONS

A relevant Comparison Observation is when one target type passes and another
fails when the Impact Velocity is constant and the Projectile Diameter is constant or
decreased. In these observations, the Impact Velocity, Impact Angle, and Target Article
core thickness are constant. If the Projectile Diameter that causes failure in a Target
Type is the same or less than the Projectile Diameter that causes failure in another Target
Type, than we can get information toward the superior ballistic performance of a certain

Target Type.
HITE Projectile | Impact | Impact
WSTF Number Target Type | Diameter | Velocity | Angle | Pass/Fail
Number
(mm) (km/s) (deg)
HITF03147-2 | WSTF03-38055 | 0.5" Al F10 1.1 6.89 0 Pass
HITF03145-1 | WSTF03-38052 0.5" AIHC 1.0 6.86 0 Fail
HITF05036-2 | WSTF05-39654 | 0.5" Al F40 1.2 6.90 0 Pass
HITF03145-1 | WSTF03-38052 0.5" AIHC 1.0 6.86 0 Fail
HITF05036-2 | WSTF05-39654 | 0.5" Al F40 1.2 6.90 0 Pass
HITF03147-3 | WSTF04-38140 | 0.5" Al F10 1.2 6.83 0 Fail
HITF05375 | WSTF06-40243 | 0.5" Ti F60-2 3.6 6.76 60 Pass
HITF05292-3 | WSTF05-39542 0.5" Ti HC 1.7 6.90 60 Fail
HITF04151 | WSTF04-38183 2" Al F10 3.6 6.76 0 Pass
HITF04159 | WSTF04-38185 2" AIHC 3.2 6.86 0 Fail
HITF04162 | WSTF04-38199 2" Al F10 4.4 6.92 45 Pass
HITF04160 | WSTF04-38198 2" AlHC 3.2 6.74 45 Fail
HITF04152 | WSTF04-38184 2" Al F40 3.6 6.79 0 Pass
HITF04159 | WSTF04-38185 2" AIHC 3.2 6.86 0 Fail
HITF05068 | WSTF05-39413 2" Al F40 4.8 6.93 45 Pass
HITF04160 | WSTF04-38198 2" AIHC 3.2 6.74 45 Fail

This comparison shows that for the given configurations and conditions:

0.5” Al F10 performed better than 0.5” Al HC.
0.5” Al F40 performed better than 0.5” Al HC.
0.5” Al F40 performed better than 0.5” Al F10.
0.5” Ti F60-2 performed better than 0.5” Ti HC.
2”7 Al F10 performed better than 2 Al HC.
2”7 Al F40 performed better than 2 Al HC.
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8.3 COMPARISON OF STRUCTURES
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It is expected that a higher panel areal density would perform better (have a
higher ballistic limit), but it is not the only factor. Areal density is the mass per unit area
(g/lcm?), and is useful when examining possible shield materials. In these observations,
the higher panel areal density article failed at a lower projectile diameter than the lower
panel areal density article. This would imply that the lower panel areal density article is a
more efficient shield.

Panel Areal

Projectile

Impact

Impact

HITF WSTF Number Target Type Density Diameter | Velocity | Angle Pas_s/
Number 7 Fail
(g/cm?) (mm) (km/s) (deg)

HITF04151 | WSTF04-38183 2" AIF10 1.25 3.6 6.76 0 Pass
HITF05293-5 | WSTF05-40074 | 0.5" Ti F60-1 1.28 2.8 6.93 0 Fail
HITF04159 | WSTF04-38185 2" AIHC 1.59 3.2 6.86 0 Fail
HITF04162 | WSTF04-38199 2" AIF10 1.25 4.4 6.92 45 Pass
HITF05372 | WSTF05-40123 | 0.5" Ti F60-2 1.54 3.2 6.77 45 Fail
HITF04160 | WSTF04-38198 2" AIHC 1.59 3.2 6.74 45 Fail
HITF04152 | WSTF04-38184 2" Al F40 1.18 3.6 6.79 0 Pass
HITF05293-5 | WSTF05-40074 | 0.5" Ti F60-1 1.28 2.8 6.93 0 Fail
HITF04159 | WSTF04-38185 2" AIHC 1.59 3.2 6.86 0 Fail

Another factor that changes the ballistic limit is spacing between the first
facesheet and the second facesheet, which can be used to help understand how despite the
lower areal density:

2”7 Al F10 performed better than 0.5” Ti F60-1 and
2”7 Al F10 performed better than 0.5” Ti F60-2

But configuration of facesheet thickness and what is between the facesheets can

have an effect greater than the areal density:

2”7 Al F10 performed better than 2 Al HC and
2”7 Al F40 performed better than 2 Al HC.

In this case, the 2” aluminum foam sandwich with the lower areal density and

equal spacing performed better than the 2”” aluminum honeycomb sandwich which had
25% - 35% greater areal density (25% - 35% higher mass).
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9. CONCLUSIONS
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In this series, the metal foam configurations performed better than the comparable
honeycomb configurations. Even when the foam had a lower areal density, it performed
better than the comparable honeycomb configurations.

The following comparison of pictures show the damage done to the aluminum
foam compared to the aluminum honeycomb. The foam article in these images performs
better, has a lower areal density, and was impacted by the same size projectile as

compared to the honeycomb.

FmNJrT“ ETFoLT @Y

|
—-

| 3. 6enm Al balt
°

.76 Km/se.r.

Gt 2 3 4 Eou W

Advanced MMOD Shielding
Research
Honeycomb/Metallic Foam
Sandwich
Comparison Studies
Test Article HITF04151

Figure 9-1
Jsc2005e11412 HITF04151 Front, first
facesheet

View of the damage on the front
of Target Type "B-2.0-F10"
(2.0" thick 10 PPI Al foam

sandwich panel)
after a shot with 3.6 mm ball
at 0 degrees and 6.76 km/sec |

Front

T HITFO4150

S.é mm Al &

6. 2% n.m/uc

| Advanced MMOD Shielding
Research
Honeycomb/Metallic Foam
Sandwich
Comparison Studies
Test Article HITF04150

Figure 9-2
Jsc2005e11402 HITF04150 Front, first
facesheet

View of the damage on the front
of Target Type "B-2.0-HC"
(2.0" thick Al honeycomb
sandwich panel)
after a shot with 3.6 mm ball
| at 0 degrees and 6.22 km/sec

T I
Figure 9-3
Jsc2007e21473 HITF04151 Cross section
of foam sandwich structure

e
Figure 9-4
Jsc2007e21476 HITF04150 Cross section
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Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball

Test Article HITF04151 | at 0 degrees and 6.76 km/sec

Figure 9-5
Jsc2005e11416 HITF04151 Rear, second
facesheet

of honeycomb sandwich structure
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-
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View of the damage on the back
of Target Type "B-2.0-HC
(2.0" thick Al honeycomb
sandwich panel)
after a shot with 3.6 mm ball
| at0degrees and 6.22 km/sec

Advanced MMOD Shielding
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Sandwich
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Figure 9-6
Jsc2005e11409 HITF04150 Rear, second
facesheet

Pass

Fail

Forward work will examine other factors of the shield configuration (thickness of
facesheet, thickness of core, multiple sandwiches, etc.) as well as the properties of the

core material.

These tests have provided data on hypervelocity penetration resistance of metal
foam core sandwich structures which may have applications replacing honeycomb core
panels on spacecraft to improve micro-meteoroid and orbital debris (MMOD) protection.

10. REFERENCES

[1]
Facility (HITF); AIAA 92-1640; 1992

J. L. Crews, E. L. Christiansen; The NASA JSC Hypervelocity Impact Test

Page 23




Hypervelocity Impact Evaluation of Metal Foam Core Sandwich Structures  JSC63945

11. APPENDIX A: PHOTOGRAPHS
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NASA PHOTOGRAPH TABLE

Jsc2005e11412 HITFO4151 Front, first TaCESNEEL. ......cociiiiiceeieiee ettt 22
Jsc2005e11402 HITF04150 Front, first faceSheet...........covviiiiiiiiii e 22
Jsc2007e21473 HITF04151 Cross section of foam sandwich StruCture.........ccccveveveevevcvveressvnenen, 22
Jsc2007e21476 HITF04150 Cross section of honeycomb sandwich structure ..........c..ccccvevenee 22
Jsc2005e11416 HITFO04151 Rear, SeCONd fACESNEET .......oovvireeeiiee ettt 23
Jsc2005e11409 HITF04150 Rear, Second faCeSNEET ........ceeivveeeeiiiiie ettt 23
Jsc2005e11293 HITFO03145 Front, first fTaCESNEET. .......cceiiiieee ettt e e 29
Jsc2005e11291 HITF03145-1 Front, first TACESNEET ......cooevieieeiee et 29
Js5c2005e11292 HITF03145-2 Front, first faCeSNEET ........ocvviiicii e 30
Jsc2005e11288 HITF03145 Rear, Second faCeSNEET ........ceeivvieeiiiiiie ettt 30
Jsc2005e11289 HITF03145-1 Rear, SeCONd faCESNEEL........cccvvveiiie ettt 31
Js5c2005e11290 HITF03145-2 Rear, Second faCeSNEEL..........covviiieeieiiie e 31
Jsc2005e11299 HITFO03147 Front, firSt faCESNEET......covcvviee ittt e 32
Jsc2005e11300 HITFO3147-1 Front, first TACESNEEE ......ccoeiieeeeeeee ettt 32
Jsc2005e11303 HITF03147-2 Front, first TACESNEET ......coovviecieeie ettt 33
Jsc2005e11301 HITF03147-3 Front, first faCeSNEET .......oovvviiiiiiiceeece e 33
Jsc2005e11302 HITFO3147-4 Front, first TACESNEET .....ccevvieeeeeeee ettt 34
Jsc2005e11294 HITF03147 Rear, SECONd FACESNEET .......oov vttt 34
Js5c2005e11296 HITF03147-1 Rear, Second faCeSNEEL..........covviiiiiiicie et 35
Jsc2005e11297 HITF03147-2 Rear, SECONd TACESNEEL........cocvveeeiiviiee ettt 35
Jsc2005e11295 HITF03147-3 Rear, SECONd faCESNEEL........ccveeeeiee ettt 36
Jsc2005e11298 HITF03147-4 Rear, Second faCeSNEEL.........ccovveiieeieiiie et 36
Jsc2005e11402 HITFO04150 Front, firSt fAaCESNEET......covcvviieiiriiee ettt 37
Jsc2005e11409 HITF04150 Rear, SeCONd fACESNEET .......cov vttt 37
Jsc2005e11410 HITF04150 Rear, SeCONd fACESNEET .......oovviieeiiiee ettt 38
J5c2005e11408 HITF04150 Front Witness PIate ........cccoveiviiiiiie e 38
J5c2005e11406 HITFO4150 Rear Withess PIALE .......cecveiiiiieieiiiiisie e 39
Jsc2005e11407 HITF04150 Rear Witness Plate .......c.cecveieeiee i 39
Jsc2005e11412 HITF04151 Front, first faceSheet...........cocvviiiiiiiii e 40
Jsc2005e11411 HITFO04151 Front, firSt faCESNEET......covcvviie ittt 40
Jsc2005e11416 HITFO4151 Rear, SECONA FACESNEET ......coov ittt 41
Jsc2005e11415 HITF04151 Front Witness plate .........coveviiiiiiii e 41
J5c2005e11414 HITFO4151 Rear WItness PIAe .......ccoceiueiieieiiieiie e 42
J5€2007€21462 HITFOA152 OBIIQUE.....ecvviiieeeiiecieieieeeee et 42
Jsc2007e21467 HITFO4152 Front, first TaCESNEEL. ......cociiiiiceeeeie ettt 43
Jsc2007e21477 HITF04152 Front, first faceSheet...........coovviiiiii i 43
Jsc2007e21468 HITF04152 Rear, Second faCeSNEET ........eeeiiviieiiiiiie ettt 44
Jsc2005e11286 HITFO4153 Front, first faCESNEEL. ......coeiiiiieeiiiee ettt 44
Js5c2005e11287 HITF04153 Front, first faceSheet...........cocvviiiiiiiii e 45
Jsc2005e11283 HITF04153 Rear, Second faCeSNEET ........ceeiiviiei ittt 45
Jsc2005e11284 HITF04153 Rear, SeCONd FACESNEET .......oov vttt 46
Jsc2007e14139 HITFO4155 Front, first fTaCESNEEL. ......cociiiiiieeeiee ettt 46
Jsc2007e14196 HITF04155 Front, first faceSheet...........covvviiiiiiii e 47
Jsc2007e14140 HITFO04155 Rear, SeCONd fACESNEET ......ccov vttt 47
J5c200721461 HITFOA159 ODIIQUE.......iiviiie ettt 48
Jsc2007e21463 HITF04159 Front, faCeSNEET.........cveiivieiiiii ittt 48
Jsc2007e21478 HITF04159 Front, firSt faCESNEET.......ovcvviieiiiiee ettt 49
Jsc2007e21464 HITF04159 Rear, SeCONd fACESNEET .......cov vttt 49
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Jsc2007e21479 HITF04159 Rear, Second faCeSNEET ........cceiiviieiiiiiie ettt 50
Jsc2007e21465 HITFO04159 Front, WItness PIALE ........ccveiiiieiieee e 50
Jsc2007e21466 HITF04159 Rear, WItness PIAte ........ccccvevveieeiiee e 51
Jsc2007e14147 HITFO04160 Front, firSt faCESNEET......covcvvieeiiiiee ettt 51
Jsc2007e14197 HITFO4160 Front, first TAaCESNEET. .......oceiiiieeeeeeee ettt e e 52
Jsc2007e14148 HITF04160 Rear, SeCONd fACESNEET .......oov vttt 52
Jsc2007e14198 HITF04160 Rear, SeCoNd faCeShEET ........ccviivviiiiiiecie e 53
J5c2007e14149 HITFO4160 Front, WIitness PIALE ........cccveiivveriiiecie e 53
Jsc2007e14150 HITFO04160 Rear, WitheSS PIAte ......ccvvieiieiiiiee e 54
Js5c2005e11323 HITF04161 Front, first faceSheet...........cocviiiiiiiiiiicie e 54
Jsc2005e11322 HITF04161 Front, firSt faCESNEET......covcvviee ittt 55
Jsc2005e11320 HITF04161 Rear, SECONd FACESNEET ......ccoveeeeeeeeee ettt 55
Jsc2005e11321 HITF04161 Rear, SECONd FACESNEET .......ovv vttt 56
J5c2005e11326 HITFO4161 Front Witness PIate ........cccoveiiiiiiiie e 56
Jsc2005e11325 HITFO04161 Rear Witness PIate ........covvviieiiiiee e 57
Jsc2007e14141 HITFO4162 Front, first fTaCESNEEL. .......oceiiiieeiiiee ettt 57
Jsc2007e14199 HITF04162 Front, first faceSheet...........cocvviiiiiiii e 58
Jsc2007e14142 HITF04162 Rear, Second faCeSNEET ........cceiiviieiiiiiie ettt 58
Jsc2005e11314 HITFO4163 Front, first fTAaCESNEEL. ......coceiiiieeeei ettt e e 59
Js5c2005e11315 HITF04163 Front, first faceSheet...........cociviiiiiiiiiiie e 59
Jsc2005e11316 HITF04163 Rear, Second faCeSNEET ........cceivvieeiiiiiie ettt 60
Jsc2005e11319 HITFO04163 Front Witness PIate ........cccovviiiiiieiie e 60
Jsc2005e11318 HITF04163 Rear, SECONd FACESNEET .......oov vttt 61
Jsc2007e14143 HITF04164 Front, first faceSheet..........c.oocviiiiiiiii e 61
Jsc2007e14200 HITF04164 Front, firSt faCESNEET......covcvviie ittt 62
Jsc2007e14144 HITF04164 Rear, SECONM FACESNEET .......ovv vttt 62
J5c2007e14151 HITF05036 Front, WIitness PIAte ..........cccceiieieieiie e 63
Jsc2007e14152 HITFO5036 Rear, WitheSS PIAte .......ccvviviieiiiiee et 63
Jsc2007e14153 HITFO5036 Front, first fTAaCESNEET. ........coiiiieeee ettt 64
Jsc2007e14179 HITFO05036-1 Front, first TACESNEET ......cceov ittt 64
Jsc2007e14180 HITF05036-2 Front, first faCESNEET .........coovvviiiiiciiie et 65
Jsc2007e14181 HITF05036-3 Front, first TACESNEET .....ccoev it 65
Jsc2007e14154 HITFO05036 Rear, SeCONd fACESNEET .......oov vttt 66
Jsc2007e14182 HITF05036-3 Rear, Second faCeSNEEL..........covveiicviiiiie e 66
Jsc2007e14157 HITFO05037 Front, firSt fAaCESNEET.......ovcvviie ittt 67
Jsc2007e14183 HITFO5037-1 Front, first TACESNEEE .......coovieeeeeeeeeee ettt 67
Jsc2007e14184 HITF05037-2 Front, first faCeSNEET ........ocvviiiciiiiceecee e 68
Jsc2007e14158 HITF05037 Rear, Second faCeSNEET ........cceiiviieiiiiiie ettt 68
Jsc2007e14185 HITF05037-2 Rear, SECONd faCESNEEL........ccveeeeeee oottt 69
Jsc2007e14155 HITF05037 Front, WItNesSs PIAtE ........ccvevveieiiieeiie e 69
J5c2007e14156 HITFO5037 Rear, Withess PIAte .......ccvevviieiiiiec s 70
Jsc2007e14145 HITFO5068 Front, first fTaCESNEET. ........ceiiiieeeeeee et 70
Jsc2007e14201 HITFO5068 Front, first faCESNEEL. .......ociiiiieeiiiee ettt 71
Jsc2007e14146 HITF05068 Rear, SeCoNd faCeShEET ........ccvvivuviiiiiiiie e 71
Jsc2007e14161 HITFO5069 Front, firSt faCESNEET........vcvviieiiriiee ettt 72
Jsc2007e14186 HITFO5069 Front, first fTAaCESNEET. .......oceiiiieeieee ettt e e 72
Jsc2007e14162 HITFO05069 Rear, SeCONd fACESNEET ........ovvvveeiiiee ettt 73
Jsc2007e14187 HITF05069 Rear, Second faCeSNEET ........ccevvvieeiiiiiie et 73
Jsc2007e14159 HITFO5069 Front, WItness PIAte ........cccveiiiieiiiiiie e 74
Jsc2007e14160 HITFO5069 Rear, WItnNess PIAte ........ccccvevveiieiiee i 74
Jsc2007e14165 HITF05292 Front, first faceSheet...........covviiiiiiiii e 75
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Jsc2007e14188 HITF05292-1 Front, first faCESNEET .........oovvvveiiiicee e 75
Jsc2007e14189 HITF05292-2 Front, first TACESNEEE .......cooveeeeeeeee et 76
Jsc2007e14190 HITF05292-3 Front, first TACESNEET .......coovieeieeiee et 76
Jsc2007e14166 HITF05292 Rear, Second faCeSNEET ........cceiivieeeiitiiie ettt 77
Jsc2007e14191 HITF05292-1 Rear, SECONd faCESNEET........ccveeeeeee ettt 77
Jsc2007e14192 HITF05292-2 Rear, SeCONd faCESNEEL........ccvvveiiee ettt 78
Jsc2007e14193 HITF05292-3 Rear, Second faCeSNEEL..........covviiiciiiiiie et 78
J5c2007e14163 HITF05292 Front, WItness PIALE ........cccveievveieiiiie e 79
Jsc2007e14164 HITF05292 Rear, WItheSS PIAte ......ccveiveiieiiiiee e 79
Jsc2007e14169 HITF05293 Front, first faceSheet...........cocvviiiiiiii e 80
Jsc2007e14171 HITF05293-2 Front, first faCESNEET .........ovvvvviiiiicee et 80
Jsc2007e14172 HITF05293-4 Front, first TACESNEEE ......ccovvieceeeeee ettt 81
Jsc2007e14173 HITF05293-5 Front, first TACESNEET .......coiv ittt 81
Jsc2007e14174 HITF05293-6 Front, first faCeSNEET ........ccvviiiiiiicee e 82
Jsc2007e14170 HITF05293 Rear, SeCONd FACESNEET .......cov vttt 82
Jsc2007e14175 HITF05293-2 Rear, SeCONd faCESNEEL.........ccvvveiiie et 83
Jsc2007e14176 HITF05293-4 Rear, Second faCeSNEEL..........covviiiviiiciie e 83
Jsc2007e14177 HITF05293-5 Rear, SECONd faCESNEEL........cocveeeiiriiee ettt 84
Jsc2007e14178 HITF05293-6 Rear, SECONd faCESNEET........ccveeeeieee ettt 84
J5c2007e14167 HITF05293 Front, WItness PIAte .........ccccievieiiieiie e 85
Jsc2007e14168 HITF05293 Rear, WItheSS PIAt .......ccvvvvviieiiiieie st 85
Jsc2006e13229 HITF05372 — HITF05379 Front, first facesheet........cccovvevveeiiiieeieeeeee e 86
Jsc20066e13234 HITFO05372 Front, first fTaCESNEEL. .......ocoiiiieeieiee ettt 86
Js5c2006e13235 HITF05373 Front, first faceSheet...........coovviiiiiiii e 87
Jsc2006e13236 HITF05374 Front, firSt fAaCESNEET......c.vcvviieiiiie et 87
J5c20066e13237 HITFO5375 Front, first fTaCESNEEL. .......ociiiiiceeiiiee ettt 88
Js5c2006e13238 HITF05376 Front, first faceSheet...........cocvviiiiiiiii e 88
J5c2006e13239 HITFO5377 Front, firSt faCESNEET........vcvviee ittt 89
Jsc2006e13240 HITFO5378 Front, first fTAaCESNEEL. .......oceiiiieeee ettt e e 89
J5c20066e13241 HITFO5379 Front, first fTaCESNEEL. .......oceiiiieieiee ettt 90
J5c2006€13230 HITFO05372 — HITFO5379 REAI, COME ...ccoiieiteiiiee ettt ettt 90
Jsc2006e13242 HITF05372 Rear, core and first faCeSNEET .........evvveeiieeeeeeeee et 91
Jsc2006e13243 HITF05373 Rear, core and first faCeShEet .........ovvvveiiieciiieiieeee et 91
Jsc2006e13244 HITF05374 Rear, core and first faceSheet..........oovevvveiviiiiiec i 92
Jsc2006e13245 HITF05375 Rear, core and first faCeSheet .........covcvvvvivciiiii i 92
Jsc2006e13246 HITF05376 Rear, core and first faCeShEEL .........evvveeiieeceeeeeee et 93
Jsc2006e13247 HITF05377 Rear, core and first faceSheet..........ocvevvvveiiiiiiec e 93
Jsc2006e13248 HITF05378 Rear, core and first faCeShEEt .........covcvvvviiiiiiii i 94
Jsc2006e13249 HITF05379 Rear, core and first faCeSNEET .........evvveeiieeceeieeeee et 94
Jsc2006e13231 HITF05372 — HITF05379 Front, second facesheet .......c.vvvveevvvvcinveiieeeiieeciveeeenn, 95
Js5c2006e13250 HITF05372 Front, second faceSheet ............ocvviiviiiiii i 95
Jsc2006e13251 HITF05373 Front, SECONA FACESNEET .......oveeveeeeeeee ettt 96
Jsc2006e13252 HITF05374 Front, SECONA FACESNEET .......ovvevreeieiee ettt 96
Js5c2006e13253 HITF05375 Front, second faceSheet ............ocvviiviiiiii i 97
Jsc2006e13254 HITF05376 Front, Second faCeShEEL .........covveieiiiiiiee st 97
Jsc2006e13255 HITFO05377 Front, SECONA FACESNEET ..ottt 98
Jsc2006e13256 HITF05378 Front, SECONA FACESNEEE .......ovvevveeiiiee ettt 98
Jsc2006e13257 HITF05379 Front, Second faCeShEET .........covveieiiiiiiee ittt 99
Jsc2006e13232 HITF05372 — HITF05379 Rear, second faceSheet .......cvvvevvveeiiieeieeeee e 99
Jsc2006e13258 HITF05372 Rear, SeCoNd faCESNEET .......oiceveveeeee ettt 100
Jsc2006e13259 HITF05373 Rear, second faceSheet .........cceovveviiiiiiiii e 100
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Jsc2006e13260 HITF05374 Rear, sSecond faCeSNEET ........cvvivcvviiiiieiie ettt 101
Jsc2006e13261 HITF05375 Rear, SeCoNd faCESNEET ..ot 101
Jsc2006e13262 HITF05376 Rear, Second faCESNEET .......ooccvvveiiee ettt 102
Jsc2006e13263 HITF05377 Rear, sSecond faCeShEET .........ovivcvviiiiiiiiie et 102
Jsc2006e13264 HITF05378 Rear, SeCoNd faCESNEET ........oceeeeeeeee ettt 103
Jsc2006e13265 HITF05379 Rear, Second faCESNEET ........occveveeieee ettt 103
Jsc2006e13233 HITF05372 — HITF05379 Front, witness plate ...........cccocevveveveve e 104
J5c2006e13266 HITF05372 Front, WIitneSs PIALE .........ccvevviieiiiiee e 104
Jsc2006e13267 HITFO05378 Front, WItness PIAte .........ccveieiieiiiiee e 105
J5c2006e13268 HITF05378 Rear, WIthess PIate .......ccvcveieiiciiieieee e 105
J5c2006e13269 HITF05372 Rear, WItheSS PIAtE .......ccviveiereeiece e 106
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Figure A-1
Jsc2005e11293 HITF03145 Front, first facesheet

Figure A-2
Jsc2005e11291 HITF03145-1 Front, first facesheet
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Figure A-3

Jsc2005e11292 HITF03145-2 Front, first facesheet

Figure A-4
Jsc2005e11288 HITF03145 Rear, second facesheet
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Figure A-6
Jsc2005e11290 HITF03145-2 Rear, second facesheet
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Figure A-7
Jsc2005e11299 HITF03147 Front, first facesheet

0123450m.

1.O mm Al ball

ot

6.95 wm/sec
Figure A-8

Jsc2005e11300 HITF03147-1 Front, first facesheet
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Figure A-9
Jsc2005e11303 HITF03147-2 Front, first facesheet
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Figure A-10
Jsc2005e11301 HITF03147-3 Front, first facesheet
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Jsc2005e11302 HITF03147-4 Front, first facesheet
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Figure A-12
Jsc2005e11294 HITF03147 Rear, second facesheet
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Figure A-13
Jsc2005e11296 HITF03147-1 Rear, second facesheet
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O
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)D Shielding | View of the damage on the back

veh of Taraet Type "A-0.5-F10
Figure A-14
Jsc2005e11297 HITF03147-2 Rear, second facesheet
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lL2mm Al Gay
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Figure A-15
Jsc2005e11295 HITF03147-3 Rear, second facesheet

Lamw &1 Gall
D°
6.87 kenfsec

ed MMOD Shielding | View of the damage on the |

Figure A-16 S
Jsc2005e11298 HITF03147-4 Rear, second facesheet
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S.é mm Al &l

6. 22 »«m/se-c

Advanced MMOD Shielding View of the damage on the front
Research of Target Type "B-2.0-HC"
Honeycomb/Metallic Foam (2.0 thick Al honeycomb
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04150 | _at 0 degrees and 6.22 km/sec

Figure A-17
Jsc2005e11402 HITF04150 Front, first facesheet

D H:ﬂoil I%O '
ON38 74 .

LA L]
®
©
a2 =&
Advanced MMOD Shielding View of the damage cm tho back
Research of Target Type "B-2.0-HC"
Honeycomb/Metallic Foam (2.0” thick Al honeycomb
Sandwich sandwich panel)

Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04150 | at0 degrees and 6.22 km/sec

Figure A-18
Jsc2005e11409 HITF04150 Rear, second facesheet
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Figure A-19
Jsc2005e11410 HITF04150 Rear, second facesheet

Advanced MMOD Shielding View of the front of Witness |
Research Plate of Target Type "B-2.0-HC" |
Honeycomb/Metallic Foam (2.0" thick Al honeycomb
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04150 | at 0 degrees and 6.22 km/sec |

Figure A-20
Jsc2005e11408 HITF04150 Front witness plate
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o T T

0.1 .2 3 4 5¢n ®
Advanced MMOD Shielding View of the back of Witness
Research Plate of T
Honeycomb/Metallic Foam
Sandwich

Comparison Studies
Test Article HITF04150

Figure A-21
Jsc2005e11406 HITF04150 Rear witness plate

Figure A-22
Jsc2005e11407 HITF04150 Rear witness plate
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)

i
—&—

I 3. 6mm Al ball
o

4,76 km/sec

6.1 2 3 & Eia W

Advanced MMOD Shielding View of the damage on the front
Research of Target Type "B-2.0-F10"
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04151 | at0degrees and 6.76 km/sec |

Figure A-23 _
Jsc2005e11412 HITF04151 Front, first facesheet

Figure A-24 _
Jsc2005e11411 HITF04151 Front, first facesheet
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36 mm Al bt &

Advanced MMOD Shielding | View of the damage on the back
Research of Target Type "B-2.0-F10"
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04151 | at0degrees and 6.76 km/sec

Figure A-25
Jsc2005e11416 HITF04151 Rear, second facesheet

Advanced MMOD Shielding View of the front of Witness
Research Plate of Target Type "B-2.0-F10"
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04151 | at0 degrees and 6.76 km/sec

Figure A-26
Jsc2005e11415 HITF04151 Front witness plate
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Advanced MMOD Shielding View of the back of Witness |
Research Plate of Target Type "B-2.0-F10”
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam ‘
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04151 at 0 degrees and 6.76 km/sec

Figure A-27
Jsc2005e11414 HITF04151 Rear witness plate

Figure A-28
Jsc2007e21462 HITF04152 Oblique
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NASA JSC HITF
HITFO4152
Target: 2"

We VS
| impact Angle: 0°

Figure A-29
Jsc2007e21467 HITF04152 Front, first facesheet

NASA JSC HITF
SeSSsSes  HITF04152
Target: 2” Aluminum Foam (40ppi)
Honeycomb Core Metal Foam Core
. Comparison
* Projectile Diameter: 3.6mm
Velocity: 6.79 km/s

[ Impact Angle: 0°
¥ 2!

Front
Foam (40ppi),
Entry Hole e

Jobs 20 2. ;
Figure A-30

Jsc2007e21477 HITF04152 Front, first facesheet
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8.0% actual density bonded to
thick 6061-T6 sheets

Duocel® Aluminum Foam Metal

.010’"

| NASA JSC HITF
M HITF04152
Target: 2" Aluminum Foam (40ppi)
al Foam Core

Honey

Figure A-31
Jsc2007e21468 HITF04152 Rear, second facesheet

HTTFOQI.B Py

03-38(%2

2 Grm Al bl
45 °
6.86 K [sec

012345cm.

Advanced MMOD Shielding View of the damage on the front
| Research of Target Type "B-2.0-HC"
| Honeycomb/Metallic Foam (2.0" thick Al honeycomb
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04153 at 45 degrees and 6.86 km/sec

Figure A-32
Jsc2005e11286 HITF04153 Front, first facesheet
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2y Grva Al Gl
48 °
6.86 K/ sec

View of the damage on the front
of Target Type "B-2.0-HC”

Oy MY Al A e e i i | .

0. .d+ & 3 & DL

«dvanced MMOD Shielding
Research

i_ias e I ™o

Figure A-33
Jsc2005e11287 HITF04153 Front, first facesheet

AR ®

Advanced MMOD Shielding View of the damage on the back
Research of Target Type "B-2.0-HC
Honeycomb/Metallic Foam (2.0” thick Al honeycomb
Sandwich sandwich panel)
Comparison Studies after a shot with 3.6 mm ball
Test Article HITF04153 at 45 degrees and 6.86 km/sec

Figure A-34
Jsc2005e11283 HITF04153 Rear, second facesheet
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Figure A-35
Jsc2005e11284 HITF04153 Rear, second facesheet
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Figure A-36
Jsc2007e14139 HITF04155 Front, first facesheet
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NASA JSC HITF

HITF04155 Front
Target: 2" Aluminum Foam (10ppi) Liady .
Honeycomb Core Metal Foam Core \ E Alumlnum_
Comparison ‘ oam (10ppi),
Projectile Diameter: 4.0mm 15 Entry Hole
Velocity: 6.89 km/s

Impact Angle: 45°

Figure A-37
Jsc2007e14196 HITF04155 Front, first facesheet

Figure A-38
Jsc2007e14140 HITF04155 Rear, second facesheet
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Figure A-39
Jsc2007e21461 HITF04159 Oblique

Figure A-40
Jsc2007e21463 HITF04159 Front, facesheet
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NASA JSC HITF

HITF04159 Front
Target: 2" Aluminum Honeycomb Aluminum
Honeycomb Core Metal Foam Core

cﬂﬂg:,ison Honeycomb,
Projectile Diameter: 3.2mm Entry Hole

Velocity: 6.86 km/s
Impact Angle: 0°

Figure A-41
Jsc2007e21478 HITF04159 Front, first facesheet

NASA JSC HITF
HITF04159

Velocity: 6.86 kmis
Impact Angle: 0°

Figure A-42
Jsc2007e21464 HITF04159 Rear, second facesheet
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NASA JSC HITF

HITF04159 ey, Back
Target: 2" Aluminum Honeycomb R Aluminum
Honeyc:_)mb Core Metal Foam Core Honeycomb,
Comparison ! ¢ .
Projectile Diameter: 3.2mm A Exit Hole
Velocity: 6.86 km/s

Impact Angle: 0°

Figure A-43
Jsc2007e21479 HITF04159 Rear, second facesheet

o 70

[

50

NASA JSC HITF

HITFO415%

Target: 2° Aluminum Honeycomb

gnm&ycomb Core Metal Foam Core
o

Project et
Velocity: .86 kmis
Impact Angle: 0*

Figure A-44
Jsc2007e21465 HITF04159 Front, witness plate
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NASA JSC HITF
| HiTFo4159
¥ Target: 2 Aluminum Honeycomb
Honeycomb Care Metal Foam Core
Comparison

o
Projectile Diameter: 3.2mm
Velocity: 6.86 kmis.

Figure A-45
Jsc2007e21466 HITF04159 Rear, witness plate

Figure A-46
Jsc2007e14147 HITF04160 Front, first facesheet
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NASA JSC HITF
il A Front
Target: 2" Aluminum Honeycomb (i Aluminum
Honeycomb Core Metal Foam Core \

Ceoariuon ‘ Honeycomb,
Projectile Diameter: 3.2mm ) Entry Hole
Velocity: 6.74 km/s

Impact Angle: 45°

Figure A-47
Jsc2007e14197 HITF04160 Front, first facesheet

ITFO4160
argot: 2" Aluminum Honoycomb
Cx

i
;
gI
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Figure A-48
Jsc2007e14148 HITF04160 Rear, second facesheet
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JSC63945

NASA JSC HITF

Figure A-49
Jsc2007e14198 HITF04160 Rear, second facesheet

HITF04160 Back
Target: 2” Aluminum Honeycomb Aluminum
Honeycomb Core Metal Foam Core

Comparison Honeycomb,
Projectile Diameter: 3.2mm Exit Hole
Velocity: 6.74 km/s

Impact Angle: 45°

Figure A-50
Jsc2007e14149 HITF04160 Front, witness plate
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Figure A-51 _
Jsc2007e14150 HITF04160 Rear, witness plate

Advanced MMOD Shielding View of the damage on the front
Research of Target Type "B-2.0-F1Q"
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 4.0 mm ball
at 0 degrees and 6.89 km/sec

Test Article HITF04161

Figure A-52
Jsc2005e11323 HITF04161 Front, first facesheet
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Figure A-53
Jsc2005e11322 HITF04161 Front, first facesheet

® \ITRol6
T QUBRIRE

sy
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£.89 r-m/ftc

Advanced MMOD Shielding View of the damage on the back ||
Research get 'B-2.0-F10
Honeycomb/Metallic Foam f
Sandwich
Comparison Studies

Test Article HITF04161

Figure A-54
Jsc2005e11320 HITF04161 Rear, second facesheet
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Figure A-55
Jsc2005e11321 HITF04161 Rear, second facesheet

|
i I LB
1
Advanced MMOD Shielding t
Research late arget Type "B-2.0-F10'
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 4.0 mm ball
at 0 degrees and 6.89 km/sec

(1
0

Test Article HITF04161

Figure A-56
Jsc2005e11326 HITF04161 Front witness plate
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B . KB B
0l 208 4 Hem
Advanced MMOD Shielding View of the back of Witness
Research Plate of Target Type "B-2.0-F10"
Honeycomb/Metallic Foam (2.0" thick 10 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 4.0 mm ball

at 0 degrees and 6.89 km/sec
Test Article HITF04161

Figure A-57
Jsc2005e11325 HITF04161 Rear witness plate

Figure A-58
Jsc2007e14141 HITF04162 Front, first facesheet
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NASA JSC HITF

HITF04162 i Front
Target: 2" Aluminum Foam (10ppi) ;l e Aluminum
Honeycomb Core Metal Foam Core \ .
Comparison 3 ; Foam (1 oppl)»
Projectile Diameter: 4.4mm ) Entry Hole
Velocity: 6.92 km/s '

Impact Angle: 45°

Figure A-59
Jsc2007e14199 HITF04162 Front, first facesheet

" Aluminum Foam (10ppi)
mb Core Metal Foam Core

LA LML AN AL ML L LA MMM A M RN A

Figure A-60
Jsc2007e14142 HITF04162 Rear, second facesheet
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Front P HUF i
\

E

Sm /<

Advanced MMOD Shielding View of the damage on the front
Research of Target Type "B-2.0-F40”
Honeycomb/Metallic Foam (2.0" thick 40 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 4.0 mm ball
at 0 degrees and 6.79 km/sec
Test Article HITF04163

Figure A-61
Jsc2005e11314 HITF04163 Front, first facesheet

|

;j f{ \"‘\‘ A h

Figure A-62
Jsc2005e11315 HITF04163 Front, first facesheet
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Figure A-63
Jsc2005e11316 HITF04163 Rear, second facesheet

Advanced MMOD Shielding View of the front of Witness
Research Plate of Target Type "B-2.0-F40
Honeycomb/Metallic Foam (2.0" thick 40 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 4.0 mm ball
at 0 degrees and 6.79 km/sec

Test Article HITF04163

Figure A-64
Jsc2005e11319 HITF04163 Front witness plate
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I'#'I'I'I'I ® |

0 2 3 4 5cm : 5
Advanced MMOD Shielding View of the back of Witness |
Research Plate of Target Type "B-2.0-F40" |
Honeycomb/Metallic Foam (2.0" thick 40 PPI Al foam
Sandwich sandwich panel)
Comparison Studies after a shot with 4.0 mm ball
at 0 degrees and 6.79 km/sec

oy

_ Test Article HITF04163

Figure A-65
Jsc2005e11318 HITF04163 Rear, second facesheet

Figure A-66
Jsc2007e14143 HITF04164 Front, first facesheet
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NASA JSC HITF

HITF04164 e Front
Target: 2" Algmim;dm F:I:»gm (wgpi) G, Aluminum
Honeycomb Core Metal Foam Core .
Comparison 3 I Foam (40ppi),
Projectile Diameter: 4.4mm ‘ Entry Hole
Velocity: 6.70 km/s

Impact Angle: 45°

Figure A-67
Jsc2007e14200 HITF04164 Front, first facesheet

NASA JSC HITF
HITFOA168
Target: 2" Aluminum Foam (40ppi)

-
g |
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g
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Honeycamb Core Metal Foam Care
Comparison

Prajectile Diameter: 4 dmm
Welacity: 6.70 kmis

Impact Angle: 45

INCH
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Figure A-68
Jsc2007e14144 HITF04164 Rear, second facesheet
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Figure A-69
Jsc2007e14151 H ITF

Figure A-70
Jsc2007e14152 HITF05036 Rear, witness plate
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NASA JSC HITF

HITF05036-1 Front

ol el sl bt Sl
neycom ore oam Core Foam (40Ppl)

Comparison ’

Projectile Diameter: 1.0mm Entry Hole

Velocity: 6.88 km/s

Impact Angle: 0°

Figure A-72
Jsc2007e14179 HITF05036-1 Front, first facesheet
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NASA JSC HITF

HITF05036-2 Front
Target: 0.5” Aluminum Foam (40ppi) i
Honeycomb Core Metal Foam Core FOAaI.I'l:In::‘Dl:::l)
Comparison )
Projectile Diameter: 1.2mm Entry Hole
Velocity: 6.90 km/s L

Impact Angle: 0°

Fiu re A-73
Jsc2007e1418 HITF05036-2 Front, first facesheet

NASA JSC HITF
HITF05036-3 Front
Target: 0.5" Aluminum Foam (40ppi) Aluminum
Honeycomb Core Metal Foam Core «
Comparison Foam (40ppi),
Projectile Diameter: 1.4mm Entry Hole
Velocity: 6.45 km/s

Impact Angle: 0°

Figure A-74
Jsc2007e14181 HITF05036-3 Front, first facesheet
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NASA JSC HITF

HITF05036-3

Target: 0.5" Aluminum Foam (40ppi) Aluminum
Honeycomb Core Metal Foam Core Foam ( 40ppi),
Comparison i

Projectile Diameter: 1.4 mm Exit Hole
Velocity: 6.45 km/s

Impact Angle: 0°

Figure A-76
Jsc2007e14182 HITF05036-3 Rear, second facesheet

Page 66



Hypervelocity Impact Evaluation of Metal Foam Core Sandwich Structures  JSC63945

Figure A-77
Jsc2007e14157 HITF05037 Front, first facesheet

NASA JSC HITF

HITF05037-1

;l"‘arget: O.SL%lumiamlF:am (::Oongi) Aluminum
gaoTComa HOm =i Foam (40ppi)

Comparison PPI),

Projectile Diameter: 1.2mm Entry Hole

Velocity: 7.05 km/s

Impact Angle: 45°

igue A-78
Jsc2007e14183 HITF05037-1 Front, first facesheet
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NASA JSC HITF
1| HITF05037-2 Front

| Target: 0.5" Aluminum Foam (40ppi) Aluminum
Honeycomb Core Metal Foam Core 2
Comparison Foam (40ppi),
Projectile Diameter: 1.4mm Entry Hole
Velocity: 6.92 km/s
Impact Angle: 45°

Figue A-79
Jsc2007e14184 HITF05037-2 Front, first facesheet

Figure A-80
Jsc2007e14158 HITF05037 Rear, second facesheet
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NASA JSC HITF

HITF05037-2 Back

'll'.'arget: O.SLZIumiaiTalF:am (éﬂ;zi) Aluminum
oneycomb Core oam Foam (40ppi),

Comparison 5 Pp1),

Projectile Diameter: 1.4mm Exit Hole

Velocity: 6.92 km/s

Impact Angle: 45°

Figur A-81
Jsc2007e14185 HITF05037-2 Rear, second facesheet

LT

Figure A-82
Jsc2007e14155 HITF05037 Front, witness plate
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Figure A-83
Jsc2007e14156 HITF05037 Rear, witness plate

: 2" Aluminum Foam (40ppi) Front
comb Core Metal Foam Core Aluminum Foam (40ppi)
"

o
Diameter: 48mm

o)
Velocity: B.93 Kmis
Impact Angle: 457

Figure A-84
Jsc2007e14145 HITF05068 Front, first facesheet
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NASA JSC HITF

HITF05068 e Front
Target: 2" Aluminum Foam (40ppi) Aluminum
Honeycomb Core Metal Foam Core \ Foam (40ppi)
Comparisor_i ¢ Entry Hol '
Projectile Diameter: 4.8mm : ntry nole
Velocity: 6.93 km/s

Impact Angle: 45°

Figure A-85
Jsc2007e14201 HITF05068 Front, first facesheet

UYL LA AL AMRN LA A AR A M AL A

NASA JSC HITF
HITFO5088

Targat: 2" Aluminum Foam (40ppi}

Honeycamb Cora Metal Foam Core 2 ek
Compaison uiminuim Foam (40ppi)
Projectile Diameter: 4 8mm

Velacity: 693 ks

Impast Angle: 45°

Jsc2007e14146 HITF05068 Rear, second facesheet

Figure A-86
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Figure A-87
Jsc2007e14161 HITF05069 Front, first facesheet

e
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NASA JSC HITF
HITF05069 Front

Target: 0.5" Aluminum Honeycomb H
Honeycomb Core Metal Foam Core HAlummum
Comparison oneycomb,
Projectile Diameter: 1.3mm Entry Hole
Velocity: 6.99 km/s
Impact Angle: 60°

Figure A-88
Jsc2007e14186 HITF05069 Front, first facesheet
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Figure A-89
Jsc2007e14162 HITF05069 Rear, second facesheet

10 mm

S LLLU LU
0O

NASA JSC HITF
HITF05069 Back

Target: 0.5” Aluminum Honeycomb Aluminum

Honeycomb Core Metal Foam Core
Comparison Honeycomb,
Projectile Diameter: 1.3mm Exit Hole
Velocity: 6.99 km/s

Impact Angle: 60°

Figure A-90
Jsc2007e14187 HITF05069 Rear, second facesheet
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Figure A-91
Jsc2007e14159 HITF05069 Front, witness plate

Figure A-92
Jsc2007e14160 HITF05069 Rear, witness plate
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Figure A-93
Jsc2007e14165 HITF05292 Front, first facesheet

[l!ll!lll]l" _

NASA JSC HITF

HITF05292-1 Front
Target: 0.5” Titanium Honeycomb Titanium
gg:qagac::)z Core Metal Foam Core Honeycomb,
Projectile Diameter: 1.5mm Entry Hole
Velocity: 6.74 km/s

Impact Angle: 0°

Figure A-94
Jsc2007e14188 HITF05292-1 Front, first facesheet
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NASA JSC HITF

HITF05292-2 Front
Target: 0.5” Titanium Honeycomb Titanium
Honeycomb Core Metal Foam Core

Comparison Honeycomb,
Projectile Diameter: 1.6mm Entry Hole
Velocity: 6.79 km/s

Impact Angle: 45°

Figure A-95
Jsc2007e14189 HITF05292-2 Front, first facesheet

NASA JSC HITF
HITF05292-3 AL Front

Target: 0.5” Titanium Honeycomb [ Titanium

Honeycomb Core Metal Foam Core
Compy:r?son Honeycomb,

Projectile Diameter: 1.7mm ' Entry Hole

Velocity: 6.90 km/s
Impact Angle: 60°

Figure A-96
Jsc2007e14190 HITF05292-3 Front, first facesheet
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Figure A-97
Jsc2007e14166 HITF05292 Rear, second facesheet

|I!‘H‘{!!ll["

NASA JSC HITF

HITF05292-1 Back
Target: 0.5” Titanium Honeycomb Titanium
Honeycomb Core Metal Foam Core Honeyc omb,

Comparison
Projectile Diameter: 1.5mm Damage
Velocity: 6.74 km/s

Impact Angle: 0°

Figure A-98
Jsc2007e14191 HITF05292-1 Rear, second facesheet
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e
.

NASA JSC HITF

HITF05292-2 Back
Target: 0.5” Titanium Honeycomb Titanium
Honepy::i)&: Core Metal Foam Core Honeycomb,
Projectile Diameter: 1.6mm Damage
Velocity: 6.79 km/s

Impact Angle: 45°

Figure A-99
Jsc2007e14192 HITF05292-2 Rear, second facesheet

'

: “l_l‘ITr[Al‘l Iy

NASA JSC HITF

HITF05292-3 Back
Target: 0.5” Titanium Honeycomb Titanium
Honeycomb Core Metal Foam Core

Comparison Hongycomb,
Projectile Diameter: 1.7mm Exit Hole

Velocity: 6.90 km/s
Impact Angle: 60°

Figure A-100
Jsc2007e14193 HITF05292-3 Rear, second facesheet
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Figure A-101
Jsc2007e14163 HITF05292 Front, witness plate

Figure A-102
Jsc2007e14164 HITF05292 Rear, witness plate
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Figure A-103
Jsc2007e14169 HITF05293 Front, first facesheet

NASA JSC HITF

HITF05293-2 Front
Target: 0.5" Titanium Foam (60ppi) Titanium Foam
Honeycomb Core Metal Foam Core 60pDi
Comparison ( ppl).
Projectile Diameter: 2.4mm Entry Hole
Velocity: 3.45 km/s

Impact Angle: 0°

Figure A-104
Jsc2007e14171 HITF05293-2 Front, first facesheet
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'j!lﬂ[l[ﬁ[ S i

NASA JSC HITF

HITF05293-4

Target: 0.5” Titanium Foam (60ppi)
Honeycomb Core Metal Foam Core
Comparison

Projectile Diameter: 2.6mm
Velocity: 7.00 km/s

Impact Angle: 0°

Front
Titanium Foam
(60ppi),
Entry Hole

Figure A-105
Jsc2007e14172 HITF05293-4 Front, first facesheet

10 mm

NASA JSC HITF

HITF05293-5 Front
Target: 0.5" Titanium Foam (60ppi) Titanium Foam
Honeycomb Core Metal Foam Core 2
CMg::son (60ppi),
Projectile Diameter: 2.8mm Entry Hole
Velocity: 6.93 km/s

Impact Angle: 0°

Figure A-106
Jsc2007e14173 HITF05293-5 Front, first facesheet
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NASA JSC HITF .

HITF05293-6 Front
Target: 0.5” Titanium Foam (60ppi) Titanium Foam
Honeycomb Core Metal Foam Core 60pDi
Comparison (60ppi),
Projectile Diameter: 2.4mm Entry Hole
Velocity: 6.80 km/s

Impact Angle: 45°

Figure A-107
Jsc2007e14174 HITF05293-6 Front, first facesheet

Figure A-108
Jsc2007e14170 HITF05293 Rear, second facesheet
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NASA JSC HITF

HITF05293-2 Back
Target: 0.5” Titanium Foam (60ppi) Titanium Foam
Honeycomb Core Metal Foam Core 60ppi
Comparison (60ppi),
Projectile Diameter: 2.4mm Damage
Velocity: 3.45 km/s

Impact Angle: 0°

Figure A-109
Jsc2007e14175 HITF05293-2 Rear, second facesheet

NASA JSC HITF
HITF05293-4 Back

Target: 0.5" Titanium Foam (60ppi) Titanium Foam
Honeycomb Core Metal Foam Core -
Comparison (60ppi),
Projectile Diameter: 2.6mm Damage
Velocity: 7.00 km/s

Impact Angle: 0°

Figure A-110
Jsc2007e14176 HITF05293-4 Rear, second facesheet
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-

—
—
—
[

0

NASA JSC HITF =

HITF05293-5 Back
Target: 0.5” Titanium Foam (60ppi) i
Honeycomb Core Metal Foam Core Tltarggm .Foam
Comparison ( 5 pPpi),
Projectile Diameter: 2.8mm Exit Hole
Velocity: 6.93 km/s

Impact Angle: 0°

Figure A-111
Jsc2007e14177 HITF05293-5 Rear, second facesheet

NASA JSC HITF

HITF05293-8 Back
Target: 0.5" Titanium Foam (60ppi) Titanium Foam
Honeycomb Core Metal Foam Core i
Comparison (60ppi),
Projectile Diameter: 2.4mm Damage
Velocity: 6.80 km/s

Impact Angle: 45°

Figure A-112
Jsc2007e14178 HITF05293-6 Rear, second facesheet
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Figure A-113
Jsc2007e14167 HITF05293 Front, witness plate

Figure A-114
Jsc2007e14168 HITF05293 Rear, witness plate
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Figure A-115
Jsc2006e13229 HITF05372 — HITF05379 Front, first facesheet

NASA JSC HITF

Shot # HITF05372

Target: Titanum Foam Sandwich Oblique
Test #1

Projectile Dia.: 32mm

Velocity: 6.77 km/s

Impect Angle: 45°

Front View of impact
Damage 10 Titanium Foam
Panel on Froni Face
Shee1(0.034" Thick Ti-6-2-
4-2 Face Sheels on Front
and Back of Panel)

Figure A-116
Jsc2006e13234 HITF05372 Front, first facesheet
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NASA JSC HITF
Shot # HITF05373

Target: Titanium Foam Sandwach Oblique

Test #2
Projectile Dra.: 3.0mm
Velocity: 6.71 km/s

Impact Angle: 45°

Figure A-117

NASA JSC HITF
Shot # HITROS374

Target: Titanuum Foam Sandwich Oblique

Test #3

Projectile Dia.; 3.4mm
Velocity: 6.60 km/s
Impact Angle: 60°

Figure A-118

Jsc2006e13236 HITF05374 Front, first facesheet

Jsc2006e13235 HITF05373 Front, first facesheet

0
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Front View of impact
Dameage 10 Titanium Foam
Panel on Front Face
Sheel(0.034" Thick Ti-6-2-
4-2 Face Sheeis on Front
and Back of Panel)

10 mm

Front View of impact
Damage 1o Titanium Foam
Panel on Front Face
Shee1(0.034" Thick Ti-6-2-
4-2 Face Sheels on Front
and Baok of Panel)
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NASA JSC HITF

Shot # HITFOS375

Target: Titanium Foamn Sendwich Oblique
Test #4

Projectile Dra.: 3.57mm (9/647)
Velocity: 6.76 km/s

Impact Angle: 60°

Froni View of impact
Damage lo Thanium Foam
Panel on Froni Face
Sheet(0.034" Thick Ti-6-2-
4-2 Face Sheets on Fronl
and Back of Panel)

Figure A-119
Jsc2006e13237 HITF05375 Front, first facesheet
_ S

8 ||-|||||m|

NASA JSC HITF

Shot # HITF03376

Target: Titauum Foam Sandwach Oblique
Test #5

Projectile Dra.: 3.2mm

Velocity: 6.62 km/s

Impect Angle: 45°

Front View of impact
Damage to Titanium Foam
Panei on Front Face
Sheel(0.034" Thiok Ti-6-2-
4-2 Face Sheels on Froni
and Back of Panel)

Figure A-120
Jsc2006e13238 HITF05376 Front, first facesheet
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0 10 mm

NASA JSC HITF

Shot # HITF05377

Target: Titanum Foam Sndwach Oblique
Test #6

Projectile Dia: 3.2mm

Velocity: 4.0 km/s

Impact Angle: 45°

Front View of impeact
Deamage 1o Tilanium Foam
Panel on Front Face
Sheel(0.034" Thiok Ti-6-2-
4-2 Face Sheels on Front
and Back of Panel)

Figure A-121
Jsc2006e13239 HITF05377 Front, first facesheet

NASA JSC HITF

Shot # HITF05378

Target: Titanium Foam Sandwich Oblique
Test #7

Projectile Dia.: 3.2mm

Velocity: 7.16 km/s

Impact Angle: 45°

Front View of impact
Damage 1o Titanium Foam
Panel on Froni Face
Sheet(0.034" Thiok T6-2-
4-2 Face Sheels on Front
and Back of Panel)

Figure A-122
Jsc2006e13240 HITF05378 Front, first facesheet
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&l
o
¥

NASA JSC HITF : a
Front View of impact

t # HITROS379 : |

S.'I;:-.g,et' Titanuum Foam Sandwich Oblique Damage o Thanium Foam

= Panel on Front Face

Sheet(0.034" Thick Ti-6-2-
4-2 Face Sheets on Front
and Baock of Panel)

Projectile Dia.: 2.8mm
Veloaity: 4.09 kmss

Impact Angle: 0°

I
.
L
e il e AR AR

Figure A-123
Jsc2006e13241 HITF05379 Front, first facesheet

Figure A-124
Jsc2006e13230 HITF05372 — HITF05379 Rear, core
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l””l““l

0 10 mm

5

HITFOS372

Target: Ttwuum Foun Smdsch Otiique Internel Damege
. Thanium Foam Panel

Propetile Dia: 3.2mm (Titenium Foam 80 PPT)

Velosity, 6.77 knvs

Figure A-125
Jsc2006e13242 HITF05372 Rear, core and first facesheet

Target: Tutaum Foam Smadwich Ciblique
Teern2 Titanium Foam Pans!

Propetils ia: 30mm (Tianium Foam 80 PPI)
Veloity: 6.71 ks
Impact Angle: 457

Figure A-126
Jsc2006e13243 HITF05373 Rear, core and first facesheet
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Target Titamum Fosm Sanamch Obilique
Test #3

Prepectile Dia: 3.4mm

Valezity: 660 kmss

Titanium Foam Panel
(Titanium Foam 60 PPI)

Figure A-127
Jsc2006e13244 HITF05374 Rear, core and first facesheet
LA et

7.

5
Targat: Titsnum Foam Sandwich Ot
1\;:4 G Titanium Foam Panel

: Propctile Dia.: 3.57mm (9/64") (Titanium Foam 60 PPI)
Wk Veloeity: 6.76 ks
Tt i3 - Impact Angle: 60°

Figure A-128
Jsc2006e13245 HITF05375 Rear, core and first facesheet
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Shat 8 HITPOS3T6

Target: Twanum Foam Smamch Oblique Internsl
Test #5 Titanium Foam Pansl

Propctile Dia: 3.2mm (Tilanium Foam 80 PP
Velecity: 662 kmis
Impact Angle; 45°

NASA JSC HITF
Shat & HITFOS377
Target: Titanium Foam Sendich Oblique
Test #6
o o Propchile Dia: 32mm
i 2 3 Velocaty: 4.0 kms
g Impact Angle: 45°

Internal Damage
Thanium Foam Panel
(Thanium Foam 60 PPY)

Figure A-130
Jsc2006e13247 HITF05377 Rear, core and first facesheet

R e e
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NASA JSC HITF

Shet # HITFOS378

Targat: Titsn:um Fosm Smnawich Obligue

Test #7 Titmnium Foam Panel

Propectile Dia: 32mm (Tilanium Foam 60 PPY)
Valoaity: 7.16 kmvs
Impect Angle: 45°

Jsc2006e13248 HITF05378 Rear, core and first facesheet

NASA JSC HITF

Shot ¥ HITFOS379 Internal Damage

Target: Titauum Fosm Smdwach Oblique Tianium Foam Panel

Praposia ia: 281 e L
chile Dia.: 2.

Velecity: 4.09 kms

Impect Angle: 0°

AL w2 &
Figure A-132
Jsc2006e13249 HITF05379 Rear, core and first facesheet
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Figure A-133
Jsc2006e13231 HITF05372 — HITF05379 Front, second facesheet

NASA JSC HITF
Shot # HITPOS372

Target: Titamum Foam Sandwach Oblique
Test #1

Propectile Dia: 32mm

Velecity: 6.77 kmss

Impact Angle: 45°

Front View of impact
Damage 1o Titanium Foam
Panel on Rear Face
Shee1(0.034" Thick Ti-6-2-
4:2 Faoe Sheets on Front
and Back of Panel)

gﬂb i
Figure A-134
Jsc2006e13250 HITF05372 Front, second facesheet
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i

10 mm

w'lx-‘ HTFFH Front View of impact
‘Target: Titsuum Fosm Smdwich Oblique pm“':““:“'u;:“.::.“
Test #2

" Sheel(0.034" Thick Ti-6-2-
Prejectile Dia.: 3.0mm 4-2 Face Sheets on Front
Velocity: 6.71 km/s and Back of Panel)
Impact Angle: 45°

e T e e T e o

Figure A-135
Jsc2006e13251 HIF0537 Front, second facesheet

i

10 mm

NASA JSC HITF

Shot # HITROS374 Front View of Impact
Target: Titamum Foam Smdwch Oblique Damage 1o Titanium Foam
Test #3 Panel on Rear Face
Propctile Dia.: 3.4mm Sheel(0.084" Thick TH6-2-
Veloaity: 6.60 kmss 42 Face Sheels on Front

Figure A-136
Jsc2006e13252 HITF05374 Front, second facesheet
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Shet rJ l:suc:nossn Front View of impact

Target: Titanum Foam Sandwich Oblique Damage l:ﬂ'l'l-mum Foam

Test #4 e Rear Face
Shee1(0.034" Thiok Ti-6-2-

Projpectile Dia.: 3.57mm (9/647)

Velocity: 6.76 km/s 4-2 Faoe Sheets on Front

Impact Angle: 60°

Figure A-137 "
J502006e323 HITF0575 Front, second facesheet

Front View of Impaoci
Target: Titsnium Foam Sandwich Oblique Damage 10 Titanium Foam

Test #5
Prejectile Dra: 3.2mm
Velocity: 6.62 km/s

Panel on Rear Face
Shee1(0.034" Thick TH6-2-
4-2 Fage Sheels on Front

Beck of Panel)

Impact Angle: 45°

Figure A-138
Jsc2006e13254 HITF05376 Front, second facesheet
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0

NASA JSC HITF

Shet # HITF05377

Target: Titanum Foam Sendwach Oblique
Test #6

Prejectile Dia.: 3.2mm

Velecity: 4.0 kmss

Impact Angle: 45°

Front View of impact
Damage 10 Titanium Foam
Panel on Rear Face
Sheel(0.034" Thiok Ti-6-2-
4-2 Face Sheets on Froni
and Back of Panel)

Figure A-139
J02006e13255 ITF5377 Front, second facesheet

=

SC HITF
w'J 3 Front Vh_; of lmp;ol
.mm I Damage 1o Titanium Foam
m. Titanium Foamn Sandwich Oblique Panel on Rear Face
. Sheet(0.034" Thick Ti-6-2-
P'.L':c‘t:e gzﬁm 4-2 Face Sheets on Front
i o and Back of Panel)

Figure A-140
Jsc2006e13256 HITF05378 Front, second facesheet
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NASA JSC HITF Front View of impact
Shot # HITFOS379 "

Demage 1o Titanium Foam
Target: Titeniumn Foam Smdwch Oblique Panel on Rear Face
Test #8 N Shee1(0.034" Thiok Ti-6-2-
Projectile Dra.: 23mm 4-2 Face Sheets on Front

Velocity: 4.09 km/s
‘Angle: 0° and Back of Panel)

Figure A-141
Jsc2006e13257 HITF05379 Front, second facesheet

Figure A-142
Jsc2006e13232 HITF05372 — HITF05379 Rear, second facesheet
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0 10 mm

NASA JSC HITF

Shot # HITF0S372 Rear View of Impaol
Target: Titauum Foam Smndwich Oblique w?nndle 1'l“"tl'll\'|\'llF Foam
Test #1 on ace
Projectile Dia:: 3.2mm Sheel(0.034" Thick TH6-2-
Velocity: 6.7 km/s 4-2 Face Sheels on Front

Impact Angle: 45° and Back of Panel)

Figure A-143
Jsc2006e13258 HITF05372 Rear, second facesheet

i

0 10 mm

NASA JSC HITF

Shot ljl-ﬂmﬂ Rear View of impect
Target: Titanium Foam Sandwich Oblique Damage 1o Titanium Foam
Test #2 Panel on Rear Face
Projpectile Dia: 3.0mm Sheel(0.034" Thick Ti-6-2-
Velocity: 6.71 km/s 4-2 Face Sheets on Front

Impact Angle: 45° and Back of Panel)

Figure A-144
Jsc2006e13259 HITF05373 Rear, second facesheet
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|m|||m|

0 10 mm

Target: Titanium Foam Sandwich Oblique
Test #3 '
: 3
Pv:]un):lc:ﬂe:; m-:mm 4-2 Face Sheets on Front
¥
by and Back of Panef)

Figure A-145
Jsc2006e13260 HITF05374 Rear, second facesheet

0 10 mm

NASA JSC HITF

Shet # HITF0S375

Target: Titanum Foam Sandwich Oblique

Test #4

Projectile Dia.: 3.57mm (9/64%) Sheet(0.084" Thick Ti-6-2-
Velocity: 6.76 km/s 4-2 Faoe Sheels on Front
Impact Angle: 60° and Back of Panel)

Figure A-146
Jsc2006e13261 HITF05375 Rear, second facesheet
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Illllllllll

0 10 mm

NASA JSC HITF

Shot # HITROS376 Rear View of impact
Target: Titanum Foam Smdwich Oblique Deamage 1o Titanium Foeam
Test #5 Panel on Rear Face
Projectile Dia; 3.2mm Shee1(0.084" Thick T-6-2-
Velocity: 6.62 km/s 4-2 Face Sheels on Front

Impact Angle: 45° and Back of Panel)

Figure A-147
Jsc2006e13262 HITF05376 Rear, second facesheet

0

NASA JSC HITF

Shot # HITF0S377

Target: Titanium Foamn Sandwich Oblique
Test #6

Projectile Dia.: 3.2mm

Sheet(0.034" Thick Ti-6-2-
4-2 Faoe Sheets on Front

Velocity: 4.0 km/s
In:c‘l{aﬂe: 45° and Back of Panel)

Figure A-148
Jsc2006e13263 HITF05377 Rear, second facesheet
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0 10 mm

NASA JSC HITF

Shot # HITFOS378

Target: Titanumn Fosm Sandwch Oblique
Test #7

Projectile Dia.: 3.2mm

Velocity: 7.16 km/s

Impact Angle: 45°

Rear View of impaot
Damage to Titanium Foam
Panel on Rear Face
Shee1(0.034" Thick Ti-6-2-
4-2 Face Sheels on Front
and Back of Panel)

Figure A-149
Jsc006e13264 HITF05378 Rear, second facesheet

|||||||||||
0 10 mm

NASA JSC HITF
Shot # HITROS379 Rear View of Impact

Target: Titenium Foam Smawich Obl Damage to Titanium Foam
'rme:; = Panel on Rear Face

Projectile Dia: 2.8 Shee1(0.034" Thick Ti-6-2-
m,’::; ‘.o;.mm 4-2 Face Sheels on Front
Impact Angle: 0° and Baok of Panel)

Figre A-150
Jsc2006e13265 HITF05379 Rear, second facesheet
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Figure A-151

Jsc2006e13233 HITF05372 — HITF05379 Front, witness plate

ST

10 mm

NASA JSC HITF
Shot ¥ HITROS372
Target: Titensum Fosm Sencwach Obilique Front View of Wilness
Test #1 Plate Damage (0.040"
Propctile Da: 32mm Thick Al 2024-T3)
Velocity. 6.77 km/s
Tmpact Angle: 48°

Figure A-152

Jsc2006e13266 HITF05372 Front, witness plate
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NASA JSC HITF

Shet # HITFOS378

Target: Titauum Foam Smdwsch Oblique Front View of Witness
Test #7 Pilate Damage (0.040"
Projectile Dia: 3.2mm Thick Al 2024-T3)
Velocity: 7.16 km/s
Impact Angle: 45°

Figure A-153
Jsc2006e13267 HITF05378 Front, witness plate

NASA JSC HITP

Shet # HITFOS378

Target: Titauum Foamn Sendwich Oblique Rear View of Witness
Test #7 Plate Damage (0.040"
Projpectile Dia.: 32mm Thick Al 2024-T3)
Valoaity: 7.16 kmvs

Impact Angle: 45°

Jsc2006e13268 HITF05378 Rear, witness plate
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NASA JSC HITP

Shot # HITFOS372

Target: Trtaum Foam Sandwich Oblique Rear View of Witness
Test #1 Plate Damage (0.040"
Projctile Dia: 3.2mm Thick Al 2024-T3)
Veloaity: 6.77 kmss

Impact Angle: 45°

Figure A-155
Jsc2006e13269 HITF05372 Rear, witness plate
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12. APPENDIX B: OTHER REPORTED DATA
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In the measurements titled Max, the maximum distance across the hole was
measured. The corresponding Min measurement is the measurement of the hole taken
perpendicular to the Max at the midpoint of the Max measurement.

Panel Areal | Projectile | Projectile
HITF Number | WSTF Number Target Type Density Diameter Mass
(g/em?) (mm) (9)
HITF03147-1 | WSTF03-38055 0.5" Al F10 0.51 1.0 0.0015
HITF03147-2 | WSTF03-38055 0.5" Al F10 0.51 1.1 0.0022
HITF03147-3 | WSTF04-38140 0.5" Al F10 0.51 1.2 0.0025
HITF03147-4 | WSTF04-38140 0.5" Al F10 0.51 1.2 0.0025
HITF05036-1 | WSTF05-39292 0.5" Al F40 0.49 1.0 0.0015
HITF05036-2 | WSTF05-39654 0.5" Al F40 0.49 1.2 0.0025
HITF05036-3 | WSTF05-39658 0.5" Al F40 0.49 1.4 0.0040
HITF05037-1 | WSTF05-39293 0.5" Al F40 0.49 1.2 0.0023
HITF05037-2 | WSTF05-39655 0.5" Al F40 0.49 14 0.0038
HITF03145-2 | WSTF03-38052 0.5" AIHC 0.37 0.8 0.0008
HITF03145-1 | WSTF03-38052 0.5" AIHC 0.37 1.0 0.0015
HITF05069-4 | WSTF05-39414 0.5" AIHC 0.37 1.3 0.0032
HITF05293-2 | WSTF05-39960 0.5" Ti F60-1 1.28 2.4 0.0197
HITF05293-4 | WSTF05-39994 0.5" Ti F60-1 1.28 2.6 0.0256
HITF05293-5 | WSTF05-40074 0.5" Ti F60-1 1.28 2.8 0.0321
HITF05293-6 | WSTF05-40104 0.5" Ti F60-1 1.28 2.4 0.0202
HITF05379 WSTF06-40325 0.5" Ti F60-2 1.54 2.8 0.0321
HITF05373 WSTF05-40123 0.5" Ti F60-2 1.54 3.0 0.0405
HITF05372 WSTF05-40123 0.5" Ti F60-2 1.54 3.2 0.0473
HITF05376 WSTF06-40252 0.5" Ti F60-2 1.54 3.2 0.0473
HITF05377 WSTF06-40283 0.5" Ti F60-2 1.54 3.2 0.0473
HITF05378 WSTF06-40234 0.5" Ti F60-2 1.54 3.2 0.0473
HITF05374 WSTF06-40201 0.5" Ti F60-2 1.54 3.4 0.0589
HITF05375 WSTF06-40243 0.5" Ti F60-2 1.54 3.6 0.0667
HITF05292-1 | WSTF05-39540 0.5" Ti HC 0.93 15 0.0049
HITF05292-2 | WSTF05-39941 0.5" Ti HC 0.93 1.6 0.0060
HITF05292-3 | WSTF05-39542 0.5" TiHC 0.93 1.7 0.0072
HITF04151 WSTF04-38183 2" Al F10 1.25 3.6 0.0667
HITF04161 WSTF04-38186 2" Al F10 1.25 4.0 0.0928
HITF04155 WSTF04-38194 2" Al F10 1.25 4.0 0.0937
HITF04162 WSTF04-38199 2" Al F10 1.25 4.4 0.1211
HITF04152 WSTF04-38184 2" Al F40 1.18 3.6 0.0667
HITF04163 WSTF04-38187 2" Al F40 1.18 4.0 0.0937
HITF04164 WSTF04-38200 2" Al F40 1.18 4.4 0.0121
HITF05068 WSTF05-39413 2" Al F40 1.18 4.8 0.1580
HITF04159 WSTF04-38185 2" AlHC 1.59 3.2 0.0473
HITF04150 WSTF04-38174 2" AlHC 1.59 3.6 0.0667
HITF04160 WSTF04-38198 2" AlHC 1.59 82 0.0473
HITF04153 WSTF03-38192 2" Al HC 1.59 3.6 0.0650
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. Impact Entry

HITF Number Impact Velocity Angle Pass/Fail Entry Hole Ho_Ie
(km/s) Max (mm) Min

(deg) (mm)
HITF03147-1 6.95 0 Pass 3.4 3.4
HITF03147-2 6.89 0 Pass 3.1 2.6
HITF03147-3 6.83 0 Fail 3.6 2.9
HITF03147-4 6.87 0 Fail 3.6 2.8
HITF05036-1 6.88 0 Pass 3.1 3.0
HITF05036-2 6.90 0 Pass 2.8 2.7
HITF05036-3 6.45 0 Fail 52 34
HITF05037-1 7.05 45 Pass 4.6 3.3
HITF05037-2 6.92 45 Fail 5.0 3.2
HITF03145-2 6.75 0 Pass 2.0 2.0
HITF03145-1 6.86 0 Fail 2.3 2.3
HITF05069-4 6.99 60 Fail 3.7 2.8
HITF05293-2 3.45 0 Pass 5.0 5.0
HITF05293-4 7.00 0 Pass 6.0 5.9
HITF05293-5 6.93 0 Fail 5.7 5.7
HITF05293-6 6.80 45 Pass 6.9 5.6
HITF05379 4.09 0 Pass 5.0 4.8
HITF05373 6.71 45 Pass 6.8 5.8
HITF05372 6.77 45 Fail 7.2 6.0
HITF05376 6.62 45 Pass 7.3 6.3
HITF05377 4.00 45 Pass 6.4 5.0
HITF05378 7.16 45 Fail 7.0 6.3
HITF05374 6.60 60 Pass 7.9 5.8
HITF05375 6.76 60 Pass 8.7 6.2
HITF05292-1 6.74 0 Pass 3.8 3.8
HITF05292-2 6.79 45 Pass 3.8 3.3
HITF05292-3 6.90 60 Fail 4.1 3.3
HITF04151 6.76 0 Pass 7.9 6.0
HITF04161 6.89 0 Fail 8.7 7.4
HITF04155 6.89 45 Pass 9.5 8.7
HITF04162 6.92 45 Pass 12.0 8.9
HITF04152 6.79 0 Pass 8.5 5.4
HITF04163 6.79 0 Fail 11.0 9.1
HITF04164 6.70 45 Pass 13.2 13.0
HITF05068 6.93 45 Pass 10.2 8.2
HITF04159 6.86 0 Fail 8.0 8.0
HITF04150 6.22 0 Fail 8.1 8.1
HITF04160 6.74 45 Fail 9.1 8.0
HITF04153 6.87 45 Fail 10.3 8.6
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Exit Hole | Exit Hole
HITF Max Min Comments
Number
(mm) (mm)
HITF03147-1 - = -
HITF03147-2 - - -
HITF03147-3 2.2 2.1 -
HITF03147-4 2.5 2.2 Second Exit Hole, 0.3mm diameter
HITF05036-1 - = -
HITF05036-2 - = -
HITF05036-3 1.3 14 Crack from exit hole, Two other small exit holes
HITF05037-1 = = -
HITF05037-2 0.5 0.5 =
HITF03145-2 - = -
HITF03145-1 4.0 3.9 5
HITF05069-4 0.7 0.7 Crack from exit hole, Second exit hole 0.6mm x 0.3mm
HITF05293-2 = = -
HITF05293-4 = = -
HITF05293-5 0.9 0.9 Crack from exit hole
HITF05293-6 - - -
HITF05379 = = -
HITF05373 = = -
HITF05372 0.3 0.3 Crack from exit hole
HITF05376 - = -
HITF05377 - - -
HITF05378 0.9 0.1 Crack from exit hole
HITF05374 = = -
HITF05375 = = -
HITF05292-1 - = -
HITF05292-2 - - -
HITF05292-3 2.2 2.0 =
HITF04151 = = -
HITF04161 14 12 Second Exit Hole, 2.6mm x 0.6mm
HITF04155 = = Secondary Impact
HITF04162 - - -
HITF04152 - - -
HITF04163 1.1 0.2 Large bulge (~30mm)
HITF04164 - - Many small secondary impacts
HITF05068 - = -
HITF04159 5.3 4.9 =
HITF04150 7.8 4.9 Crack (7mm), Three other exit holes, 0.4mm 1.2mm 1.8mm diameters
HITF04160 3.8 2.7 =
HITF04153 4.1 3.0 Two other exit holes, 1.1mm 0.6mm diameters
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