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Executive Summary

One of the difficulties with developing and verifying accurate impact models is that parameters such
as high strain rate material properties, failure modes, static properties, and impact test measurements are
often obtained from a variety of different sources using different materials, with little control over
consistency among the different sources. In addition there is often a lack of quantitative measurements in
impact tests to which the models can be compared.

To alleviate some of these problems, a project is underway to develop a consistent set of material
property, impact test data and failure analysis for a variety of aircraft materials that can be used to
develop improved impact failure and deformation models. This project is jointly funded by the NASA
Glenn Research Center and the FAA William J. Hughes Technical Center. Unique features of this set of
data are that all material property data and impact test data are obtained using identical material, the test
methods and procedures are extensively documented and all of the raw data is available. Four parallel
efforts are currently underway: Measurement of material deformation and failure response over a wide
range of strain rates and temperatures and failure analysis of material property specimens and impact test
articles conducted by The Ohio State University; development of improved numerical modeling
techniques for deformation and failure conducted by The George Washington University; impact testing
of flat panels and substructures conducted by NASA Glenn Research Center.

This report describes impact testing which has been done on aluminum (Al) 2024 and titanium (T1)
6Al-4vanadium (V) sheet and plate samples of different thicknesses and with different types of
projectiles, one a regular cylinder and one with a more complex geometry incorporating features
representative of a jet engine fan blade. Data from this testing will be used in validating material models
developed under this program. The material tests and the material models developed in this program will
be published in separate reports.
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Impact Testing of Aluminum 2024 and Titanium 6Al-4V for
Material Model Development

J. Michael Pereira, Duane M. Revilock, Bradley A. Lerch and Charles R. Ruggeri
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

1.0 Introduction

Numerical simulation of dynamic impact events has reached a level of maturity at which it is
commonly used as a design tool for a wide variety of acrospace structures such as jet engine containment
systems, fan blades, radomes and cowlings. However, current efforts require extensive testing in parallel
with modeling and it is often necessary to adjust model parameters somewhat arbitrarily in order that the
model fit the test results. Explicit transient finite element modeling of even the simplest of problems, such
as a regularly shaped projectile impacting a flat plate can result in widely varying results, depending on
the material and failure models, available material properties, the contact models, the mesh density, and a
number of different numerical parameters that must be specified in the computer codes.

One of the difficulties with developing and verifying accurate impact models is that parameters such
as high strain rate material properties, failure modes, static properties, and impact test measurements are
often obtained from a variety of different sources using different materials, with little control over
consistency among the different sources. In addition there is often a lack of quantitative measurements in
impact tests to which the models can be compared.

To alleviate some of these problems, a project is underway to develop a consistent set of material
property and impact test data and failure analysis for a variety of materials that can be used to develop
improved impact failure and deformation models. This project is jointly funded by the NASA Glenn
Research Center (GRC) and the FAA William J. Hughes Technical Center. Unique features of this set of
data are that all material property data and impact test data are obtained using identical material, the test
methods and procedures are extensively documented and all of the raw data is available. Four parallel
efforts are currently underway: Measurement of material deformation and failure response over a wide
range of strain rates and temperatures; Development of improved numerical modeling techniques for
deformation and failure; Ballistic impact testing of flat panels and substructures; and Failure analysis of
material property specimens and impact test articles.

This report describes impact testing which has been done on aluminum (Al) 2024 and titanium (T1)-
6aluminum (AL)-4vanadium (V) sheet and plate samples of different thicknesses and with different types
of projectiles, one a regular cylinder and one with a more complex geometry incorporating features
representative of a generic jet engine fan blade fragment—called the NASA Generic Fan Blade Fragment
(NGFBF). Procedures and results are reported in detail, and information on obtaining raw data is
provided. The material properties of this material, measured over a range of temperatures and strain rates
will be provided in a separate report.

2.0 Methods

Impact tests were conducted on flat Al-2024T3/T351 and Ti-6AL-4V panels with two different areal
dimensions, 24- by 24-in. large panel and 15- by 15-in. small panel. The smaller panels were impacted in
a normal direction with a cylindrical projectiles ranging in diameter from 0.5 to 0.75 in. The larger panels
were impacted by the NGFBF as a simplified simulation of a blade impacting containment structure in an
oblique orientation. Different test setups were used for the two sets of impact tests, as described in the
following sections. Strains and displacements were measured on the back side of the panels and post-test
metallography was selectively performed to characterize the material microstructure and damage and
failure in the test specimens.
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2.1 Materials

Impact tests were conducted on Al-2024 T3/T351 (AMS 4037) and Ti-6A1-4V (AMS 4911) sheet and
plate material of the thicknesses shown in Table 1. The nominal thickness is the thickness stated on the
certification sheet and the actual thickness is based on averages of multiple measurements of the as-
received material. The material certification sheets are given in Appendix A. For consistency, future
reference to target thickness in this report refers to the nominal thickness of the material.

TABLE 1.—TEST SPECIMEN NOMINAL AND MEASURED THICKNESSES (in.)

Small panel Large panel
Nominal 0.125 0.25 0.5 0.5
Al-2024
Actual 0.126 0.255 0.503 0.503
. Nominal 0.09 0.14 0.25 0.5 0.09
Ti-6Al-4V
Actual 0.092 0.135 0.254 0.515 0.092

2.1.1 Material Chemistry

Chemistry was checked by spectroscopy at GRC for all of the plates tested in this study. The results
for Al-2024T3/T351 are shown in Table 2 and are within the ranges given in AMS 4037.

TABLE 2.—AI1-2024 CHEMISTRY (wt %)

Element Panel thickness AMS 4037N
(in.)

0.125 0.25 0.5 Min Max
Cr 0.003 0.032 0.01 0.1
Cu 4.41 4.32 4.21 3.8 4.9
Fe 0.12 0.25 0.19 0.5
Mg 1.43 1.26 1.27 1.2 1.8
Mn 0.60 0.55 0.55 0.3 0.9
Si 0.06 0.10 0.1 0.5
Ti 0.032 0.017 0.019 0.15
Zn 0.09 0.12 0.17 0.25
Al Balance Balance Balance Balance

The chemical results for Ti-6Al-4V from NASA spectroscopy analysis are shown in Table 3. The
columns in Table 3 labeled “Cert” refer to the values given in the material certification sheets in
Appendix A. The chemical composition of the Ti-6-4 materials is consistent with the ranges specified in
AMS 4911.

TABLE 3.—Ti-6Al-4V CHEMISTRY (wt %)

Panel thickness, AMS 4911)J
Element in.

0.09 Cert 0.135 Cert 0.25 Cert 0.5 Cert Min Max
Al 6.74 6.16 6.56 6.27,6.32 6.13 5.91,6.03 6.64 6.27 5.50 6.75
\% 4.07 3.82 3.99 3.94,4.03 3.97 4.00, 4.02 4.04 4.08 3.50 4.50
Fe 0.16 0.17 0.15 0.13,0.16 0.18 0.19, 0.20 0.13 0.16 0.30
O 0.151 0.150 0.146 0.162,0.145 | 0.173 0.185, 0.200 0.190 0.170 0.20
C 0.003 0.009 0.017 |0.023,0.027 | 0.016 0.020, 0.020 0.011 0.016 0.08
N 0.006 0.005 0.006 0.004, 0.005 | 0.006 0.006, 0.007 0.006 0.006 0.05
Ti Balance | Balance | Balance Balance Balance Balance Balance | Balance |Balance|Balance
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2.1.2 Material Texture and Microstructure

The texture and microstructure of all materials used in this study were examined. Techniques and
results are given for texture in Appendix B. The aluminum plates were found to have cube textures typical
of annealing textures observed in face center cubic (FCC) structure materials. The Ti-6Al-4V plates had
either basal or transverse textures typical of hexagonal close packed structure (HCP) materials. For both
materials the sharpness of the texture (degree of anisotropy) in each plate varied from plate to plate. This
is most likely due to the specific thermal-mechanical processing history rather than a direct consequence
of the plate thickness. Therefore, any future plate could have more or less texture than those observed in
this study.

Appendix C describes the microstructures for each plate. The aluminum plates exhibit pancake-shape
grains typical of aluminum alloys with their longest dimension in the rolling direction. The 1/8 in. thick
aluminum has the most equiaxed and the smallest grains. The Ti-6Al-4V plates each have their own
unique microstructure dependent on their thermal-mechanical history, yet typical of alpha-beta titanium
alloys.

Appendix D is a description of material pedigree for separate purchases of Ti-6Al-4V plates to permit
some comment on the variation in pedigree. The additional plates had normal chemistry and
microstructure for annealed Ti-6-4. The textures were typical of rolled plate. The degree of anisotropy as
given by the texture index was no greater than 1.54 for all eight plates examined.

2.2 Small Panel Test Setup

Twelve Ti-6Al-4V and fifteen Al-2024 target ballistic impact tests were conducted on each of the
different thickness target panels shown in Table 1, with the exception of the 0.5 in. thick Ti-6Al-4V for
which limited material was available. The projectiles were cylindrical with a large radius almost flat front
face and impacted the plates in a normal orientation at the center of the plate. The only exception to this
was with the 0.5 in. thick Ti-6Al-4V specimens, for which there were only eleven impact tests and
multiple impacts were conducted on each panel, at least 3 in. away from each other. The 0.5 in. thick Ti-
6Al1-4V multiple tests on a single panel was considered acceptable as the damage was highly localized.
The tests were designed such that the ballistic limit velocity for the particular combinations of projectiles
and panels was in the range of 600 to 900 ft/sec. This corresponds to the high-speed range of the center of
mass of a typical uncontained engine fan blade fragment. The impact tests were conducted at speeds
above and below the ballistic limit so that some projectiles penetrated and some did not.

2.2.1 Al-2024 Test Specimens

Al-2024 sheet and plate, AMS 4037 of three different thicknesses, nominally 0.125, 0.25 and 0.5 in.
were tested. The 0.125 in. material had a temper of T3 and the 0.25 in and 0.5 in. material had a temper of
T351. The certified test reports for the material are shown in Appendix A and actual measured
thicknesses are reported in Table 1.

The test specimens were cut in squares, 15 in. on a side, with through holes for mounting bolts as
shown in Figure 1. The through holes were 9/16 in. diameter on a 13 in. diameter bolt-hole circle. They
were held in massive steel fixtures with a circular aperture shown in Figure 2(a) and (b). The two parts of
the fixture were 1.5 in. thick steel.
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Figure 2.—Test Fixture Assembly, (a) front and side view (dimensions in inches), and (b) Clamp Fixture Assembly.
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2.2.2 Ti-6Al-4V Test Specimens

The titanium test specimens were Ti-6Al1-4V, AMS 4911, with nominal thicknesses of 0.09, 0.14,
0.25 and 0.5 in., and the same areal dimensions as the aluminum specimens discussed above. The material
certification test reports for the material are shown in Appendix A and actual measured thicknesses are
reported in Table 1.

2.2.3 Projectiles

The projectiles used for the small panel testing were cylindrical with varying length, diameter and
material (Figure 3). They had a relatively large nose radius of 2.75 in., which allowed a slight deviation of
5° in the normal orientation of the projectile without a front edge impact. The edge of the front face was
“broken” with a 1/32 in. radius.

2.2.3.1 Projectiles for Aluminum Panels

The projectiles used for the 0.125 and 0.25 in. aluminum plates were Ti-6Al-4V cylinders, AMS
4928, with a hardness of 36-37 HRC and a diameter of 0.5 in. The projectiles used for the 0.125 in. plates
were 0.7 in. long with a nominal mass of 9.9 gram. The projectiles used for the 0.25 in. plates were 0.9 in.
long with a nominal mass of 12.8 gram. The projectiles used for the 0.5 in Al plate had a similar geometry
but were manufactured from A2 tool steel and hardened to Rockwell 59C. The diameter was 0.5 in. and
initially had a length of 1.5 in. The length was reduced to 1.125 in. after four tests indicated that the
longer projectile resulted in a penetration velocity below that desired by this program.

— R0.032
/

R2.750

1.459

[~—@0.500 |

Figure 3.—Sample Small Panel
Projectile (length and diameter vary
depending on test specimen
thickness and material. Dimensions
in inches.)
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2.2.3.2

The projectiles used for the 0.09 in. thick Ti-6Al-4V panels were 0.5 in. diameter, 1 in. long Ti-6Al-
4V, AMS 4928, with a hardness of 36-37 HRC, an average mass of 14.05 gram and the same nose profile
as described above. For the 0.14 in. thick Ti-6Al-4V panels, two different projectiles were used to
investigate the effects of projectile hardness. The first set of tests used a Ti-6Al-4V projectile similar to
the 0.09 in. panel tests, but 1.5 in long and with an average mass of 21.28 gram. The second set of tests on
the 0.14 in. thick Ti-6Al1-4V panels utilized a hardened A2 tool steel projectile with a diameter of 0.5 in.,
a length of 0.86 in., an average mass of 21.25 gram and a hardness of 59 HRC. For the 0.25 in. thick Ti-
6Al-4V panels the projectile was 0.5 in. diameter, 0.875 in. long A2 tool steel with an average mass of
21.56 gram and a hardness of 59 HRC. The projectiles used for the 0.5 in. thick Ti-6Al-4V were
considerably larger and heavier than any of the others, as shown in Table 2. A sample small panel
projectile is shown in Figure 3.

The panel thickness and projectile information is summarized in Table 4. Actual thickness of panels
were slightly different from the nominal, as shown in Table 1.

Projectiles for Titanium Panels

TABLE 4.—PROJECTILES USED FOR SMALL PANEL IMPACT TESTS

Target material Nominal thickness, Projectile material Hardness, Length, Diameter, Mass,
in. HRC in. in. gram
Al2024 0.125 Ti-6Al-4V, AMS 4928 36-37 0.7 0.5 9.0
Al2024 0.25 Ti-6Al-4V, AMS 4928 36-37 9 5 12.8
Al2024 0.5 A2 Tool Steel 59 1.125 5 28.0
Ti-6Al-4V 0.09 Ti-6Al-4V, AMS 4928 36-37 1.0 5 14.05
Ti-6Al-4V 0.14 Ti-6Al-4V, AMS 4928 36-37 1.5 5 21.28
Ti-6Al-4V 0.14 A2 Tool Steel* 59 .86 5 21.25
Ti-6Al-4V 0.25 A2 Tool Steel 59 .875 5 21.56
Ti-6Al-4V 0.5 A2 Tool Steel 63 2.25 75 126.3

* Used to study the effect of projectile hardness on penetration speed

2.2.4 Gas Gun

The cylindrical projectiles were accelerated with a helium filled gas gun connected to a vacuum
chamber, shown in Figure 4. The gun barrel had a length of 12 ft and a bore of 2.0 in. The pressure vessel
was made up of sections as shown in Figure 5, with a total volume of 681 in’. The projectile was carried
down the gun barrel supported by rigid foam in a cylindrical polycarbonate sabot shown in Figure 6. The
gun barrel protruded into the vacuum chamber which held the fixture for the specimens. The sabot was
stopped at the end of the gun barrel by a stopper plate with a through-hole large enough to allow the
projectile to pass through. This stopper system was designed such that the bottom of the sabot, including
the o-rings, remained in the gun barrel and formed a seal which prevented the gas pressure behind the
sabot from affecting the pressure in the vacuum chamber.

2.2.5 Instrumentation

Data acquired from the impact tests included measurements of the impact velocity, post-impact
velocity (if penetration occurred) projectile orientation prior to impact, strain gage measurements and full
field backside strain and displacement measurements using a digital image correlation system. In
addition, high speed cameras provided qualitative observations of each test.
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Figure 4.—Large Vacuum Gas Gun (shown with 3 in. diameter gun barrel).

Figure 5.—Pressure vessel.

NASA/TM—2013-217869 7



ey
Figure 6.—Sabots used to transport projectile down the gun barrel. (Post-test
sabot shown in center.)
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Figure 7.—Schematic of a top view of the vacuum chamber
showing the high speed camera locations.

2.2.5.1 General Photo-Instrumentation

Seven high speed digital cameras were used for each test. These cameras provided a side view of the
front of the panel and two views of the rear of the panel (side and top) for post-impact velocity
measurement. In addition, a calibrated pair of cameras located above and in front of the panel were used
to measure impact velocity and projectile orientation, and a calibrated pair of cameras viewing the
backside of the panel were used to compute the backside displacement and strain. The locations of these
cameras are shown schematically in Figure 7.
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2.2.5.2 Point Strain Measurement

Six of the 15 panels from each of the three thicknesses were instrumented with strain gages. Four of
these six instrumented panels had five uniaxial strain gages located as shown in Figure 8. The other two
of the instrumented panels had triaxial rosettes substituted for two of the uniaxial gages, resulting in nine
strain measurements (Figure 9). The uniaxial strain gages were Vishay Micro-Measurements EA-06-
125AD-120 (Vishay Micro-Measurements, Malvern, PA), with a gage factor of 2.085. The triaxial
rosettes were Vishay Micro-Measurements WA-06-060WR-120 with a gage factor of 2.11. The strain
gage bridge completion, signal conditioning and recording were performed with a Spectral Dynamics
Impax-SD measurement and control system utilizing SD-VX2805 data acquisition modules (Spectral
Dynamics, Inc., San Jose, CA). The acquisition rate for the strain gages was 1.25 Msamples/sec.

2.253 Projectile Speed and Orientation

The speed and orientation of the projectile were measured by tracking the position of two points on
the projectile and the position of three fixed points which defined the fixed laboratory coordinate system.
The point tracking was accomplished with the use of a calibrated pair of high speed cameras (Phantom
V7.3, Vision Research, Inc., Wayne, NJ) and the PONTOS point tracking software system (GOM,
Braunschweig, Germany). The three fixed points were located on a metal plate mounted to the specimen
fixture in a horizontal plane directly below the path of the projectile as shown in Figure 10. The three
points defined a coordinate system with the X-axis pointing in the opposite direction of the direction of
travel of the projectile, the Z axis vertically upward and the Y-axis in the horizontal plane and in a
direction defined by the vector product of unit vectors in the Z and X directions respectively (Figure 10).
The origin of the coordinate system was at point 1 shown in Figure 10. All positions reported for the
projectile and the impact point were computed with respect to this coordinate system. In this coordinate
system, the center of the impact surface of the test specimens is at (-4.24, 0.8125, 1.125) in.

Center of Test Panel
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Center of Test Panel

Figure 10.—Points used to define the Laboratory Coordinate System.

The post-impact velocity for the aluminum panel testing was measured with two high speed cameras
on the backside of the panel, oriented normal to the path of the projectile, one viewing from above and
one viewing from the left side (viewing from the gun barrel). These cameras were calibrated prior to the
impact test using an aluminum rod protruding from the gun barrel with calibration marks located at every
inch. Calibration tests in which no panel was mounted indicated that the differences in velocity
measurements between the two cameras and the PONTOS system were well under 1%.

For the Ti-6Al1-4V panel testing, the orthogonal camera system for exit velocity measurement was
replaced with a second pair of calibrated cameras and the PONTOS point tracking system.

2.2.54 Full Field Displacement and Strain

Full field displacement and strain measurements were obtained using a calibrated pair of high speed
digital cameras (Photron model SA1.1, Photron USA, San Diego, CA) and a digital image correlation
software package (ARAMIS, GOM, Braunschweig, Germany). The cameras were located on the outside
of the vacuum chamber and viewed the backside of the panel through two viewports. The distance from
the cameras to the panel was approximately 36 in. and the distance between the cameras was
approximately 16 in. For test DB58 and prior tests, the cameras recorded an area of approximately 4- by
4-in. with a resolution of 128 pix in the horizontal direction and 128 pix in the vertical direction and a
frame rate of 180,000 frames/sec. Later tests used a resolution of 128 x 160 pixels and a frame rate of
150,000 frames/sec. The back side of each panel was painted with a random set of black dots on a white
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background as required by the ARAMIS software. From the images, the software computed the
displacements in three directions at any point in the view for every recorded frame. In-plane strains on the
back surface of the panel were computed from the displacements.

2.3 Large Panel Test Setup

Four ballistic impact tests were conducted on larger flat panels of each material. These tests were
designed to involve a more realistic projectile and non-normal impact orientation to provide data for
validation of numerical models under conditions more complex than the small panel tests. It also is a
better representative laboratory test for a turbine engine blade release event. Since the release of an engine
blade is tangential, as the blade is released the tip makes contact in such a way that it tends to bend, as
opposed to a blade exiting in a purely radial direction. This creates a moment and the blade rotates after
initial contact, with the heavier root section often being the part of the blade that penetrates the engine
case. This test is a simple rig test to try to more represent this type of impact.

2.3.1 Test Specimens

The aluminum test specimens were 24- by 24-in. Al 2024-T351 with a nominal thickness of 0.25 in.
The titanium test specimens were 24- by 24-in. Ti-6Al-4V, AMS 4911, with a nominal thickness of
0.090 in. The material certification sheets are shown in Appendix A. The panels were held at a 45° angle
in a square fixture with a 20- by 20-in. aperture as shown in Figure 11. The panels were through-bolted
with 24 0.5 in. bolts equally spaced around the sides, 1 in. in from the edges.

2.3.2 Projectile

The NGFBF projectile used for the large panel test was designed to include some of the features of a
real fan blade, such as a thin tip and a heavier shank, while being relatively simple to manufacture and
model. It was made from Ti-6Al-4V, AMS 4911 and had a nominal mass of 340 gram. The dimensions
are shown in Figure 12 and a still image from a high speed video of an impact test, directly before impact
is shown in Figure 13.

Figure 11.—Schematic of the Large Panel Test Setup showing the
orientation of the projectile and test specimen.
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Figure 12.—Projectile used in the Large Panel Impact Tests. (Dimensions in inches.)

Figure 13.—Still image from a high speed movie of an impact test taken directly before impact.
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Figure 14.—Projectile Coordinate System.

2.3.3 Instrumentation

Full field displacement data on the back side of the impacted panels were obtained using a pair of
calibrated high speed cameras and a digital image correlation (DIC) system, similar to the small panel
tests. In these tests the cameras were operating at 32,000 frames per second with a spatial resolution of
256x256 pixels. In addition a second pair of calibrated cameras and DIC system were used to track the
position of individual points on the projectile. From these data, the impact velocity and orientation of the
projectile were computed. The cameras used for the projectile information were operating at 12,500
frames/sec with a resolution of 512 pixels in the horizontal direction and 288 pixels in the vertical
direction.

For measuring the projectile orientation a coordinate system was established on the projectile as
shown in Figure 14. The fixed laboratory coordinate system was specified such that the X direction was in
the direction of the axis of the gun barrel. The Y direction was to the right when looking toward the test
specimen from the gun barrel and the Z direction was vertically downward. The desired orientation of the
projectile at impact was 0° about the X axis (roll), 45° about the projectile y axis (pitch), and 0° about the
(rotated) projectile z axis (yaw). In this orientation the angle between the projectile and the test panel was
90°. This orientation was not achieved exactly in all tests, but the actual orientations (Euler angles) were
measured and recorded.

3.0 Results and Discussion
3.1 Small Panel Impact Tests

A summary of the small panel impact tests for each of the two materials is given in Table 5 and
Table 6. In these tables the impact angle is the angle between the axis of the cylindrical projectile and the
normal direction to the panel at the moment of impact.
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(a) Impact Results for 0.125 in. Thick Al-2024

TABLE 5—SMALL PANEL IMPACT RESULTS FOR Al-2024

Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg
DB54 9.90 739 41 1.2 Penetrated
DB55 9.88 722 176 2.1 Penetrated
DB56 9.90 707 69 1.7 Penetrated
DB57 9.90 674 0 3.9 Contained
DB66 9.92 782 383 1.9 Penetrated
DB67 991 642 0 3.1 Contained
DB68 9.90 626 0 1.0 Contained
DB69 9.90 673 0 1.1 Contained
DB70 9.90 679 0 32 Contained
DB71 9.93 920 697 1.7 Penetrated
DB73 9.95 883 644 1.3 Penetrated
DB74 9.95 978 803 6.1 Penetrated
DB75 9.90 858 610 1.7 Penetrated
DB76 9.95 666 0 3.1 Contained
DB77 9.85 663 0 24 Contained
(b) Impact Results for 0.25 in. Thick Al-2024
Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg
DB39 12.8 795 386 5.8 Penetrated
DB42 12.8 729 0 39 Contained
DB44 12.8 721 0 2.6 Contained
DB45 12.8 752 0 4.0 Hole, projectile rebounded
DB47 12.8 710 17 2.2 Penetrated
DBS51 12.7 734 172 5.6 Penetrated
DB52 12.8 763 153 32 Penetrated
DB58 12.7 750 0 7.8 Projectile lodged, plug ejected
DB59 12.7 746 145 2.7 Projectile lodged, plug ejected
DB60 12.8 713 0 4.7 Contained
DB61 12.8 733 0 33 Contained
DB62 12.8 685 0 3.8 Contained
DB63 12.7 648 0 1.2 Contained
DB64 12.8 861 444 0.6 Penetrated
DB65 12.8 938 494 0.3 Penetrated
(c) Impact Results for 0.5 in. Thick Al-2024
Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg
DB79 37.6 757 232 0.5 Penetrated
DB80 37.5 717 279 1.0 Penetrated
DBS1 37.5 690 239 0.8 Penetrated
DBg2 37.6 659 155 1.5 Penetrated
DB83 27.9 786 0 1.3 Contained, plug almost ejected
DB34 28.1 832 0 1.0 Projectile lodged, plug ejected
DB85 28.0 876 143 1.7 Penetrated
DB86 28.0 751 0 1.4 Contained
DBg7 28.0 819 212 0.4 Penetrated
DBS88 28.0 961 400 9.4 Penetrated
DB89 28.0 906 191 2.2 Penetrated
DB90 28.0 851 114 0.8 Penetrated
DB91 28.0 843 244 0.9 Penetrated
DB92 28.0 759 187 1.8 Penetrated
DB93 28.0 717 0 1.6 Projectile lodged, plug ejected
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TABLE 6.—SMALL PANEL IMPACT RESULTS FOR Ti-6Al-4V
(a) Impact Results for 0.09 in. Thick Ti-6Al-4V

Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg
DB126 14.01 768 369 3.8 Penetrated
DB127 14.02 720 (116) 4.5 Contained
DB128 14.04 640 o1 4.4 Contained, no crack
DB129 14.01 716 (64) 10.4 Contained, petal
DB130 14.06 764 385 6.0 Penetrated
DB132 14.10 864 630 2.3 Penetrated
DB133 14.04 706 (75) 4.1 Contained, petal
DB134 14.09 668 (76) 5.1 Contained, petal
DBI135 14.07 705 57) 0.9 Contained
DB136 14.05 669 29) 3.7 Contained, crack
DB137 14.08 777 377 24 Penetrated
DB138 14.08 637 (52) 0.1 Contained
* Rebound velocity given in parentheses where available
(b) Impact Results for 0.14 in. Thick Ti-6Al-4V (Using Ti-6Al-4V Projectile)
Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg
DB144 21.23 725 (116) 2.7 Contained, crack
DB145 21.24 695 o1) 1.5 Contained, no crack
DB146 21.25 743 (106) 2.3 Contained, flap
DB147 21.33 785 298 8.0 Penetrated
DB148 21.26 901 571 3.7 Penetrated
DB149 21.29 743 (70) 0.7 Contained
DB150 21.29 783 262 1.3 Penetrated
DBI151 21.30 773 36 2.2 Penetrated
DB152 21.30 904 625 0.7 Penetrated
DB153 21.30 861 580 2.0 Penetrated
DB154 21.27 771 232 1.6 Penetrated
DBI155 21.26 757 (15) 1.4 Contained
* Rebound velocity given in parentheses where available
(c) Impact Results for 0.14 in. Thick Ti-6Al-4V (Using Hardened Steel Projectile)
Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg

DBI157 21.25 674 Not measurable 3.9 Penetrated
DB160 21.24 614 34 Contained
DBI161 21.26 650 3.5 Contained
DB162 21.25 651 1.3 Contained
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TABLE 6.—CONCLUDED.
(d) Impact Results for 0.25 in. Thick Ti-6Al-4V

Test Projectile mass, Projectile impact Projectile exit Projectile impact Comments
gram velocity, velocity, angle,
ft/sec ft/sec deg
DB114 21.52 752 241 2.2 Penetrated
DBI115 21.51 710 (59) 1.7 Penetrated, flap
DBI118 21.61 715 41 6.8 Contained, plug
DBI119 21.62 630 (14) 5.5 Contained, crack
DBI121 21.55 696 (16) 3.0 Contained, flap
DBI122 21.59 650 (21) 2.1 Contained
DB123 21.54 814 336 1.7 Penetrated
DBI124 21.58 852 372 1.5 Penetrated
DBI125 21.61 911 396 5.0 Penetrated
DB139 21.54 619 57) Not available Contained
DB140 21.55 762 277 2.0 Penetrated
DB141 21.55 753 281 1.1 Penetrated
* Rebound velocity given in parentheses where available
(e) Impact Results for 0.5 in. Thick Ti-6A1-4V
Test Projectile mass, Projectile impact Projectile exit Projectile impact Plug Comments
gram velocity, velocity, angle, depth,
ft/sec ft/sec deg in.
DB177 126.3 896 475 620 Full Penetrated
DB178 126.4 865 424 522 Full Penetrated
DB179 126.2 713 241 360 Full Penetrated
DB180 126.2 646 152 310 Full Penetrated
DB182 126.4 527 0 0 .053 Contained
DB184 126.3 581 0 0 237 Contained
DB185 126.2 597 0 0 308 Contained
DB186 126.4 578 0 0 187 Contained
DB192 126.3 630 0 153 Full Contained/plug released
DB193 126.3 629 104 226 Full Penetrated
DB195 126.3 616 0 132 Full Contained/plug released
3.1.1 Projectile Residual Velocity

The residual velocity of the projectile is plotted against the impact velocity in Figure 15 to Figure 17
for the Al12024 tests. For the 0.125 in. and the 0.25 in. A12024 plates the results show a fairly well defined
transition between penetration and non-penetration, and a generally regular increase in residual velocity
as the impact velocity increases. However, for the 0.5 in. thick Al-2024 plates there is a considerable
range of impact velocities where in some cases penetration occurred and in others did not. Due to this
unexpected result, the data for these tests were carefully reviewed to the satisfaction of the authors that
there is no significant anomaly in the data. It is not known why this occurred for the thick aluminum
plates. It is clear that friction plays a more important role in the thicker plates. (In some of the tests, the
projectile became embedded in the 0.5 in. plate after a plate plug was ejected.) For the heavier and longer
projectiles used for the 0.5 in. thick plates the projectile orientation was generally very good, so the
impact angle could not be considered an explanation for the irregularities.

The residual velocity of the projectile is plotted against the impact velocity in Figure 18 to Figure 21
for the Ti-6Al1-4V tests. Note that there is no residual velocity plot for the 0.14 in. thick Ti-6Al-4V
impacted with the hardened steel projectile due to the fact that only one projectile penetrated this limited
set of tests. The residual velocity was low, but could not be accurately measured. For all the Ti-6Al-4V
tests there was a well-defined transition between tests where penetration occurred and those where there
was no penetration as well as a generally regular increase in residual velocity as the impact velocity

increased.
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Figure 16.—Exit velocity vs. impact velocity for 0.25 in. thick Al-2024 plate.
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Figure 22.—Example of plug formed in 0.5 in. Ti-6Al-4V plate.

For the 0.5 in. Ti-6A1-4V plates, the damage was highly localized and there was a velocity range over
which a plug developed but was not ejected (Figure 22). This occurred in the impact velocity range of 578
to 597 ft/sec. Above this there was a velocity range in which a plug was ejected but the projectile was
contained. At velocities above 630 ft/sec both the plug and projectile penetrated the panel. For the tests in
which a plug formed but was not ejected, measurements were made of the plug displacement (Table 6(¢)).
This measurement is the height of the plug face above the back surface of the plate.

The penetration results for the two materials are presented in Figure 23 and Figure 24 which show the
impact velocity for each test and whether or not penetration occurred. Based on the results shown in
Figure 15 to Figure 21 and Figure 23 and Figure 24 the approximate projectile penetration velocity results
are shown in Table 7.
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TABLE 7.—APPROXIMATE PROJECTILE PENETRATION
VELOCITY FOR THE SMALL PANEL IMPACT TESTS

Target Nominal Projectile Hardness, Length, Mass, Projectile
material thickness, material HRC in. gram penetration
in. velocity,
ft/sec
Al2024 0.125 Ti-6Al-4V 36-37 0.7 9.0 700
Al2024 0.25 Ti-6Al-4V 36-37 9 12.8 750
Al2024 0.5 A2 Tool Steel 59 1.125 28.0 800
Ti-6Al-4V 0.09 Ti-6Al-4V 36-37 1.0 14.05 740
Ti-6Al-4V 0.14 Ti-6Al-4V 36-37 1.5 21.28 770
Ti-6Al-4V 0.14 A2 Tool Steel* 59 .86 21.25 650
Ti-6Al-4V 0.25 A2 Tool Steel 59 875 21.56 735
Ti-6Al-4V 0.5 A2 Tool Steel 62-63 2.25 126.2 629

*Used to study the effects of projectile hardness
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Figure 25.—Kinetic energy lost by projectile in Al-2024 impact tests.

3.1.2 Projectile Kinetic Energy Absorbed

A useful metric for impact model validation is the amount of kinetic energy absorbed by a panel when
impacted. Figure 25 shows the kinetic energy absorbed by the A12024 test panels. This is defined simply as
the difference in projectile kinetic energy before and after impact and does not take into account the kinetic
energy of the plug if one was ejected. In many cases it was not possible to accurately measure the plug
kinetic energy, but in general it was less than 5% of the total energy absorbed. The curved reference lines
represent the kinetic energy of the projectile as a function of impact velocity. For cases where all of the
kinetic energy was absorbed (no penetration), the data points lie on the curves. For higher velocities where
the projectile has residual kinetic energy, the points fall below the curves. Figure 26 to Figure 28 show the
same information for the Ti-6Al-4V plates. The data is plotted on separate graphs for clarity. In general, for
speeds just above the penetration velocity the amount of energy absorbed is slightly less than that at just
below the penetration velocity. However, as speeds increase, there is no general trend. The data shows that
for thicker panels (0.25 in. and above) the amount of energy absorbed increases as the speed increases
beyond the penetration velocity. For thinner panels (0.14 in. and lower) the energy absorbed tends to
decrease with increasing impact velocity. This may be indicative of a role that friction may play in the
impact process. Another explanation may be related to the different failure modes in thicker specimens and
related strain rate hardening effects. At this point there is not enough data to support a general conclusion.
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Figure 28.—Kinetic energy lost by projectile in 0.5 in. Ti-6Al-4V impact tests.

3.1.3 Effects of Projectile Hardness

Referring to Table 7, it can be seen that the Ti-6Al-4V projectile used on the 0.14 in. thick Ti-6Al-4V
material (row 5) had a similar mass to the hardened steel projectile used with the 0.25 in. thick Ti-6Al-
4V. The penetration velocity for the thicker material was lower than that of the thinner material. It was
suspected that the cause for this was the difference in material properties of the projectiles. Macroscopic
examination of the two types of projectiles demonstrated mushrooming on the front face of the Ti-6-4
projectiles (Figure 29) which was an obvious indication of extensive plastic deformation. However there
were no signs of slip bands, shear bands or grain distortion due to the deformation. In addition, a hardness
profile was taken from the top radius of the projectile into the core, looking for evidence of work
hardening. Hardness readings were independent of location. The only sign of plasticity was the
deformation.

No evidence of plasticity or macro deformation was seen in the hardened A2 projectiles. However,
micro-hardness profiles indicated that the surface of the projectile was softer than the core. The surface
had a hardness of approximately HRC45 and got increasingly harder toward the center of the projectile,
until it reached a constant value of HRC64 at a distance of 200 um from the surface. The projectile core
hardness is similar to the values for projectile hardness provided in Table 4, since the values in Table 4
were only taken in the core. The reduced hardness at the projectile surface is believed to be due to
decarburization of the surface during heat treatment. In some cases the projectiles were hardened in an air
atmosphere, producing some surface scale. However, a hardness value of HRC45 is relatively high
compared with the Ti-6Al-4V test panel and probably did not affect the overall behavior significantly.

An additional set of tests was conducted on the 0.14 in. thick Ti-6Al-4V plates using a hardened steel
projectile of the same mass as the Ti-6Al1-4V projectile (see Table 7, row 6). As shown in the table, there
was a considerable reduction (15%) in the penetration speed. Simple elastic-plastic LS-DYNA analyses
confirmed a significant increase in plastic strains in the panel with a projectile having a higher yield
strength, and therefore hardness, and it can be speculated that the higher impedance of the harder
projectile induces higher particle velocities and resulting higher strains. It has been observed elsewhere in
Anderson et al. (Ref. 1) that the ballistic limit velocity decreases significantly when the hardness of the
projectile exceeds that of the target. In thick targets, it has been shown by Forrestal and Piekutowski
(Ref. 2) that penetration depth increases and projectile deformation decreases as the hardness of the
projectile increases. Hardness is an indicator of material yield strength.
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Figure 30.—Sequential frames from front and back cameras viewing an impact on a 0.135 in.
thick Ti-6Al-4V specimen.

3.1.4 Boundary Conditions

One impact test was conducted using a higher camera frame rate to determine the time duration for
failure to develop in a panel compared with the time required for a stress wave to reach the panel
boundaries and back. This test was conducted to determine whether boundary conditions play a role in the
penetration process. This test was conducted on a 0.14 in. thick Ti-6Al-4V test panel. Two synchronized
cameras, operating at 300,000 frames/sec, showed the time of impact and the time at which damage was
fully evident on the back side of the panel. Due to the high frame rate, the spatial resolution was limited.
The test was somewhat qualitative as the time at which damage fully developed is a matter of judgment.
Sequential frames from the two cameras are shown in Figure 30. Each frame is separated by a time of
3.33 psec. Based on strain gage measurements at different distances from the impact point, the speed of
the fastest recorded strain wave in the panel was 208,000 in./sec. For a 10 in. traverse distance (5 in. to
the panel boundary and 5 in. back), the time duration is approximately 48.1 psec, corresponding to

NASA/TM—2013-217869 25



approximately 14 camera frames. It is clear from the images in Figure 29 that damage is fully developed
within eight frames for this thickness panel. This leads to the conclusion that the boundary conditions do
not play a role in panels of this thickness.

3.1.5 Strain Measurements

Strain measurements on the backside of the panels were recorded using both strain gages and the
digital image correlation (DIC) system. Because of the large volume of strain data collected in this study,
they are not reported here. However a number of comparisons were conducted to check the correlation
between strain measurements using the two measurement methods. It was questionable whether using the
DIC system to measure the strain at the actual location of the gage would give accurate results, due to the
coating used and the existence of the gage itself. So in addition to comparing the results at the gage
location, the strain gage results were also compared with DIC results at the same radial distance from the
impact point, but at a location 180° away. Figure 31 shows two strain gage and two DIC strain
measurements at four locations on a 0.125 in. thick Al-2024 panel impacted at 679 ft/sec, approaching the
penetration velocity (test DB70, Table 6(a)). Strain gage measurements are shown from gages 2 and 7,
which, referring to Figure 9, are both 2 in. from the center of the panel and are measuring strain in the
radial direction. DIC strain measurements are also shown, one directly on gage 7 and the other 180° away
from gage 7 at the same radial distance. It can be seen that strain gages 2 and 7 have a very similar
response, indicating that the impact is very symmetric. The DIC strain measurement 180° away from gage
7 also shows very good agreement. The DIC measurement directly on gage 7 has a similar response,
although the peak values are somewhat higher. There is more noise in the DIC measurements, due mainly
to the limited spatial resolution of the high speed cameras. However, in general the agreement is good,
which gives confidence in the full field strain measurements available in both the small panel tests and the
large panel tests discussed below, in which no strain gage instrumentation was used.
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Figure 31.—Comparison of strain gage (bold line) and DIC strain measurements on a 0.125 in.
thick AL2024 panel impacted at 679 ft/sec.
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3.2 Large Panel Impact Tests

Four impact tests on each of the large Al-2024 and Ti-6Al-4V panels described in Section 2.2, using
the NGFBF blade fragment simulating projectile. Results of these tests are shown in Table 8 and Table 9.
Photos from the impact tests are shown in Figure 32 to Figure 39. It can be seen from the test photographs
that failure initiation and the majority of the damage occurs when the heavier root section of the blade
impacts the panel. This is consistent with what occurs in an actual jet engine fan blade out incident.

TABLE 8.—RESULTS OF IMPACT TESTS ON LARGE Al-2024 PANELS

Test Measured Projectile Projectile Impact Result
ID thickness, material mass, velocity
in. gram ft/sec
LG908 0.257 Ti-6Al-4V 330 685 Contained.
LG909 259 Ti-6A1-4V 338 791 Contained, perforated
LGI910 257 Ti-6Al-4V 329 746 Contained, perforated
LGI11 257 Ti-6A1-4V 338 721 Contained, perforated

TABLE 9.—RESULTS OF IMPACT TESTS ON LARGE Ti-6A1-4V PANELS

Test Measured Projectile Projectile Impact Result
ID thickness, material mass, velocity
in. gram ft/sec
LG912 0.094 Ti-6A1-4V 339 626 Contained. Small crack
LG913 .095 Ti-6Al-4V 344 698 Projectile penetrated
LGI15 .094 Ti-6A1-4V 344 653 Projectile penetrated
LGI16 .094 Ti-6Al-4V 344 569 Contained. No cracks

The projectile impact orientation and angular velocities for the large panel Al-2024 and Ti-6Al-4V
panel tests are shown in Table 10. In this table, the roll angle refers to rotation of the projectile x axis
about the fixed laboratory X axis, the pitch angle is the rotation of the projectile about the once rotated
(rolled) y axis and the yaw is the rotation of the projectile about the twice rotated (rolled and pitched) z
axis (refer to Figure 14). The desired orientation of the projectile at impact was (0, 45, 0). Actual
orientations of the projectile were somewhat different due to the difficulty of precisely controlling
orientation in the impact tests. The lack of precise control is due to the highly dynamic nature of the
event. When the sabot impacts the sabot stopper, significant deformations occur immediately which can
change the orientation and introduce angular velocities in the projectile as it exits the gun barrel. In
addition, the roll angle of the sabot is not constrained as it travels down the gun barrel.

TABLE 10.—PROJECTILE ORIENTATION AND ANGULAR VELOCITY AT IMPACT

Test number Orientation angle Angular velocity
Roll, Pitch, Yaw, Roll velocity, | Pitch velocity, | Yaw velocity,
deg deg deg deg/sec deg/sec deg/sec
Al-2024
LG908 -2.82 90.64 0.44 1.24 161.12 -0.14
LG909 2.13 75.04 1.03 -8.97 155.80 66.09
LGI10 —-5.66 81.02 0.77 —6.95 119.10 —32.84
LGI11 10.90 85.47 -1.06 68.52 58.41 311.26
Ti-6Al-4V
LGI12 0.42 63.92 7.15 1.00 3,862.00 —-808.00
LGI13 0.70 88.59 1.82 —349.00 8,022.00 555.00
LGI15 2.74 85.52 11.49 555.00 7,330.00 1221.00
LGI16 -4.79 68.52 5.60 —-172.00 3,132.00 622.00
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Figure 34.—Large Al-2024 Test Panel, front and back side, test LG910.
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Figure 37.—Large Ti-6Al-4V Test Panel, front and back side, test LG913.

NASA/TM—2013-217869 29



Figure 38.—Large Ti-6Al-4V Test Panel, front and back side, test LG915.

Figure 39.—Large Ti-6Al-4V Test Panel, front and back side, test LG916.

Full field deformation results were obtained using the DIC discussed above. Results for the Al-2024
and Ti-6Al-4V tests in Table 8 and Table 9 are shown in Figure 40 to Figure 47. Perforation occurred in
all of the panels except one Al-2024 panel (LG908) and one Ti-6Al1-4V panel (LG916). For these panels,
the displacement time history of the point of maximum displacement is also shown in Figure 40(c) and
Figure 47(c) respectively. It is also noted that each deformation curve is plotted for successive camera
frames operating at 32,000 frames per second.
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Figure 40.—(a) Deformation profile in Al-2024 test LG908 at the time of maximum deformation. (b). Deformation
along section line shown in Figure 40(a) as a function of time (Al-2024 test LG908). (c). Deformation as a function
of time for the point of maximum deformation shown in Figure 40(a) (Al-2024 test LG908).
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Figure 41.—(a) Deformation profile in Al-2024 Test LG909 after projectile penetration. (b) Deformation along section
line shown in Figure 41(a) as a function of time (Al-2024 test LG909).
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Figure 42.—(a) Deformation profile in Al-2024 Test LG910 after projectile penetration. (b) Deformation along section
line shown in Figure 42(a) as a function of time (Al-2024 test LG910).
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Figure 43.—(a) Deformation profile in Al-2024 Test LG911 after projectile penetration. (b) Deformation along section
line shown in figure 43(a) as a function of time (Al-2024 test LG911)
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Figure 44.—(a) Deformation profile in Ti-6Al-4V Test LG912 at the time of maximum deformation. (b) Deformation
along section line shown in figure 44(a) as a function of time (Ti-6Al-4V test LG912).

NASA/TM—2013-217869 35



in.

1.0
Section line —~
Y 0.9
0.8
0.7
0.6
0.5
— 0.4
0.3
0.2
0.1
(a) 0.0
1.76
1.60 -
1.40 -
- 1.20
£
N 1.00 A
c
g 0.80 -
g 0.60 -
2 0.40 -
2 ;
0.20
0.00
-0.18 T T T T n
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 17.4
(b) Section length, in

Figure 45.—(a) Deformation profile in Ti-6Al-4V Test LG913 at the time of maximum deformation. (b) Deformation
along section line shown in Figure 45(a) as a function of time (Ti-6Al-4V test LG913)
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Figure 46.—(a) Deformation profile in Ti-6Al-4V Test LG915 at the time of maximum deformation. (b) Deformation
along section line shown in Figure 46(a) as a function of time (Ti-6Al-4V test LG915).
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Figure 47.—(a) Deformation profile in Ti-6Al-4V Test LG916 at the time of maximum deformation. (b) Deformation
along section line shown in Figure 47(a) as a function of time (Ti-6Al-4V test LG916). (c) Deformation as a function
of time for the point of maximum deformation shown in Figure 47(a) (Ti-6Al-4V test LG916).
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4.0 Discussion and Summary

In the two materials tested there is generally a well-defined ballistic limit velocity. The one exception
to this is the case of the 0.5 in. thick Al-2024. The plugs formed in the thick aluminum and titanium plates
were tapered at the front, with significant gouging along the sides. This indicates that fracture occurred
while the rear side of the plates were under elastic bending deformation which reduced the size of the hole
when the plate returned to a flat orientation, resulting in a hole with a smaller diameter than the projectile.
This presumably increased the friction on the projectile as it travelled through the plate, as evidenced by
the gouging observed in the plugs. The irregular results obtained for the 0.5 in. thick Al-2024 plates may
be due to a high sensitivity to frictional effects. It is not known why the same sensitivity was not observed
with the 0.5 in. thick Ti-6Al-4V plates, in which frictional effects were also present, but it should be noted
that the impact conditions were significantly different, involving a projectile of different size and
material.

At velocities higher than the ballistic limit, the energy absorption could either increase or decrease
with impact velocity. For thicker panels (0.25 in. and above) the amount of energy absorbed increased as
the speed increased beyond the penetration velocity. For thinner panels (0.14 in. and lower) the energy
absorbed generally decreased with increasing impact velocity.

The projectile properties had a significant effect on the ballistic limit. The harder steel projectile
resulted in a 15% decrease in penetration velocity in the 0.14 in. thick Ti-6-4 plate. It is not clear whether
this is a result of just the hardness difference in the projectile or if the overall mechanical impedance is
the primary driver, but results in the literature indicate that projectile hardness has an effect on both
penetration velocity and penetration depth in thick test specimens.

Digital image correlation (DIC) yields good results for strain, even at the relatively low image resolution
used in this study. However, it is useful to have a limited number of strain gages to verify results at
discrete points.

In the large panel tests the major damage occurred where the heavier root section of the projectile
impacted the test panel. This may be counter-intuitive since the tip of the projectile is relatively sharp, but
is consistent with the damage that results from a fan blade-out in a jet engine.

This report provides results of instrumented impact tests on 15 in. square Al-2024 and Ti-6Al-4V
panels of three different thicknesses impacted in a normal direction by a cylindrical projectile and 24 in.
square panels of the same materials impacted at a 45° angle by a more complex projectile having blade-
like features. The data provided in this report is useful for validation of numerical and empirical impact
models for metals. Unique features of the data provided include extensive documentation of test
procedures and results, material characterization of the very same materials used for impact testing, and
extensive instrumentation results. These reports provide a valuable set of data which can be used for
developing and validating computational and empirical high strain rate and impact deformation and
failure models. Although it is impossible to report all data in a single report, they are archived and
available through the authors.
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Material Certification Sheet for 0.125 in. Al-2024

/eﬁmﬁﬁ Tine: 5347

Eram: T8 Sharoh e . M?ﬁ
oS Qlling
GmbH
AMAG roliing 111
EN 10204} b a:nﬁgﬁa 2
s 314 S ygas 1voni ot

Abnahmepe aifcate - mill cortficats Bae | ae: 2008 04 08

mﬂ solling Gt 0TS 16543, BN 9100, 190 14091 ;

“anifizledt raeh parihed 1

r—'—"""l mrv;

1™ rwmeTALS, NG

| san CONSTITUTION D

LA 18341 Exdon,PA

renamptinger consignes!
WOT Maeals - Wichita
Endiunds, Bastell Hr.

L

Produlktiproduct
%mm

| Yaur cusd., ord. Po.

Dl | dat8: — -
Rickregiine N | latieT of eredil nou
___.__——-—--——"J_ —

Teohn. dl
pS-Q0A-250

Warkatoft | mﬂarla#'.;m AMS 4037 N
1 \ammper:
BT, Greil: 0125080014400
undenanikakhr | customer ftem no.: 0530 Sandervarschrit | spacial terme:
—
~—Warkatol Kollo “Gawichinstio | BUL
[ Aa-F. Ll W m _!Ln;#__mm—_&l
e Tﬁ%m%d_ “Oimiaeeds | a02ad 5580680001 1227 31
F—g | 7067a/1l00_| 01/0013994 2024.4 5580640002 1234 35\
o1 | roeTS01m0 | 01001388418 20244 GOB0EH1004 1231 31
[T o1 | 7oersioiio | 0100390478 2024.4 5580680003 2 | 3 |l
[Chemische Zusammenestzung | chamical compoaition: [%] Gewithsanizie / waight praportion |
{cagt no. | mans ! i 1
BN s [ #e [ ou [ wn [ Mgl & T W [ = | W]
| Min. i a8 [om [ 12 i
Max. | 050 | 080 | 48 | 09 | 1A | 0o | 005 | 025 | 648 _'
| 008 | 045 | 46 | a8 | 15 | <000 | <001 | 008 | 00 —]
Zugverguch / tensilo teat
BMrLoaTr, | Zustand | Richiung A e e —
S | | | |
Min. | 830 | 420 5 | —
Maex.
TOBTEAD Ta LT B0 | 478 18 [
L TR LT 853 | 3 | ]
7067501 T3 o0 564 | 28,3 38 i
. TOETEO1 T3 LT | 863 48,3 7 ] !
[ TOETI T2 LT | B4 | 460 T ! 1 'II
T T3 LT | 56,8 | 455 37 '. I J
ﬁ‘ al TW METALS
‘ T {ﬂtsr;-,-
GinibH E
TR ot e meusma |8 WY1 T 20
h YT T 3
1 ACCEPTED BY
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Diabe: SERDDE Tiear 5:31:42 P -
EMO TRENS an'_'rn EXPORT amseer9 PUT

AMAG rolling GmbH AMAG

Olling

Abnahmepriifzeugnis 3.1 (EN 10204) Nr: 85521763 1/1
Inspection certificate - mill certificate Rev, 0

AMAG rofing GmbH Selle fpage: 2von/of 2
Terfizlart nach | carifiad to ECYTS 18545, EN 0100, 180 12001 Daturn / date: 2008 04 05

BHrLosML
LotNe. Pert

[Einktr, Lattfhighat 7 sisctr. conduntivity
d

Zustand
temper WS

kin.

Max, 1,5 | | i ]

| TOETED

T3 0.2 [ —]

Mﬂﬁﬂtﬂfunmfumuﬂlﬂ

Biegeversuch / Transverse bend lest: CIF,
MaBkentrolia / Dimensional Chask: OK,
Oberlidche / Surface Inspectish: O |

Er wird bestitigl, dags die Ligferang geprift wurde und dan Verelnbarungen bei der Brsteliung antsprioht.
Wi heseby ceritfy that the malerial described above has baean iegiad and complies widh 1ha tarme of the ardar

cankract,

R

Werkssachvarathndiger |
hacho

Totofen / telephond | Fax /! fax ! E-Mail / e-mail
+43 (7722} B01-2746 | +43 [7reg) ooo-A42 | furendiic amag.al

Muschined wepsts - GORE Shre Lintrssnedt / Automated - walkid without baing ighed

NASA/TM—2013-217869

Page 11 022

'FJFQ.C- TW METALS

WS E

14 ﬂ"ﬂ"‘* P

TR e[S v ime
T

Boaebonet/ ;

ACCEPTED BY

42




A2

SHIP TO:
TW METALS

1200 BLAKE DRIVE
WICHITA, KS 67219

Material Certification Sheet for 0.25 in. A12024

;:35?*!'?

KAISER

ALUMINUM

Trentwood Works - Spokane, WA 89215

Phone: (800} J67-2586

o CERTIFIED TEST REPORT
TW METALS INC Serial Number
THE ARBORETUM
TE0 CONSTITUTION DRIVE 4046144
EXTON, PA 18341
CLSTOMER PO NUMBER: CUSTOMER PART NUMBER: SMIPPING RUN 1L OAD 1D: GOV'T CONTRACT NUMBER:
M48133447 08232 10044478
KAISER ORDER NG | LINE ITEM: SHIP DATE: ALLGY: CLAD: TEMPER:
1025400 1 16-ALIG-2005 2084 - BARE - Tasl -
WEIGHT SHIPPED- GLAMNTITY: BIL NUMBER: GAUGE: WIDTH: LENGTH:
3504 LB 22 PCS EST. 205660 02600 IN 4B500IN - | 144500IN
Cartifled Specifications
AMS 4037/RevM - AMS-O0-A-2504Ravh ASTM B 209 Revid -
Test Code: 1504 Test Results
Lot: 33715644 Cast 282 Drop 11 Ingot 1
Tansile: Tamper Dir/ # Tesis Uttimate KSI (MPA}  Yield KSI (MPA) Elongation %
T351 LT /2 (Min:Max) 694 ; 701 48,8 50.5 168 :17.0
(479 - 483) (336 : 348)
Chemistry: =1 FE cu MM MG CR ZM T v IR OTHER
Actual 040 0.24 4,43 0.56 1.33 001 a.11 0.02 0.01 0.00 TOT 0.05
Lot 337167A6 Cast282 Drop 16 Ingot 4
Tansde: Temper Dir / # Tesls Ultirnate K3 (MPA) Yieid KS| (MPA) Elengation %
Tasi LT 72 {Min:Max) 701 :70.3 485 : 50.4 166 18,7
{483 : 485} (341 : 348)
Chamistry: 8l FE Gcu L MG CR ki m W ZR OTHER
Actual 010 0.28 485 0.59 1.38 0.0a 0.12 0.02 0.0 0.00 TOT 0.04
ALLOY LIMITS
Chemistry: Si FE cu MM MG CR ZMN Tl W ZA OTHER MAX
2024 MIN D.00 0.00 3.80 0.30 1.20 0.00 Q.00 0.00 0.00 000 EACH 0.05
MAX 0.50 0.50 4.80 0.80 1.80 0.0 0.25 0,15 005 005 TOT R E]
Aluminum Remalndar TW METALS .
. g
E P
Q
s MIGTZ0 R Page 1 of 2
Tj: P T
el
EPTED BY

NASA/TM—2013-217869
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{3500

SHIP TO:
TW METALS m’ 5 E R
1200 BLAKE DRIVE ALUMINUM
WICHITA, KS 67218 Trantwood Works - Spokane, WA 95216
Phone: (800)367-2586
— CERTIFIED TEST REPORT
W lIIETALS NG Serial Mumber
THE ARBORETUM ADRDBAD
780 CONSTITUTION DRIVE
EXTON, PA 18341
CASSTOMER PO MUMBER: WORK PACKAGE: | CUSTOMER PART HUMBER: BHEP AUNLOAD ID: | GOYT CONTRACT NUMBER:
M4B143561 o232 10060273
KAISER CROER NO: LINE ITEM: EHIP DATHE: aLLoy: CLAD: TEMPER:
1031631 1 22-FEB-2008 2024 BARE T3E1
WEIGHT SHIPFED: QUANTITY: IBAL NUMBER: GAUGE: WILTH: LENGTH:
3B0E LB 2 PCS EST. 207522 02500 IN 48,500 IN 144.500 IM
Certified Specifications
AMS 4037/Revid AMS-00-A-Z50/4Fevh
GMMF 025/Revd
Test Code: 1504 Test Resulls
Lot 34092048 Cast313 Drop 09 Ingot4
Tensile: Tamper Dir / # Tests Ultimete K51 (MPA]  Yiasld KSI (MPA) Elangatian %
Tasl LT/ 2 (MimMax) G8.8:69.3 49.1:48.2 166171
(474 4TH) {339 - 339)
Chemistry: gl FE cu MM MG CR | Tl W IR OTHER
Actual (R 4] 027 4.53 0.56 1.41 0.m 019 o002 0. 0.00 TOT 005
Chemistry: sl FE cu MM MG CR M T W ZR OTHER  MAX
2074 MIN 0.00 .00 3.80 0.30 1.20 0.00 0.00 0,00 0.00 00D EACH 0.0
[SL 0.50 0.50 480 0.80 1.80 010 0.25 0.15 005 005 TQT 0.15
CERTIFICATION

AITER ALLWIKGM & CHEMICAL CORPORATION (HAIBER| HEHEH'{'EEH.‘I"F“ THAT WETAL SHPPED LRDER THS OROER WAS WELTED AND MANUFACTURED Ik THE UG A
AND HAT BEEW MEPECTED, TEETED, AND FOLIMD M COMFORKNARCE W AEQLIPRRERT S OF THT APPLIDARLE SPECTEIATIONS A5 INCLCATE D ERTIR, ALL METAL WHISH

a ERALERAT TE! BE THE WRITTEN APPROYAL DIF K4
ALUMINIRS & CHEMICR, SORPOAKTION LABDAKTORY. THE AECOADING OF FALBE, FﬂnmI!ll.!hwbtl..'ﬂ'l’E-TATEIIBI'I'SOHBITHE!DN'I‘H!G!R‘MII:';T!HI.TE
PUNIBICD A5 A FELONY UNDER FEDERAL LAW, IS0L001 2000 CERTIFIED

BILL FOYNOR, LABORATORIES SUPERVISOR

/_&i%gyﬂ—-—— Page 1 of 1
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A3

Material Certification Sheet for 0.5 in. A12024

[ 5P TO:
TW METALS KA’ 5 E R
1200 BLAKE DRIVE ALUMINUM
WICHITA, K5 67219 Trentwood Works - Spokane, WA 99215
Phone: (800) 367-2586
T CERTIFIED TEST REPORT
TW METALS IMC Serial Number
THE ARBORETUM 40626
760 COMETITUTION DRIVE a7
EXTON, PA 18341
CUSTOMER PO NUMBER: WORK PACKAGE: | CUSTOMER PART NUMBER: BHIP AUM/LCAD ID: | GOYT COMTRACT NUMBER:
MA91 44942 08251 1008277
KAISER ORDER MO: | LINE TEM: 4P DATE: ALLDY: BLAD: TEMPER;
1042601 1 21-MAR-2008 2024 BARE Tab1
WEIGHT SHIFPED: CALANTITY: WL NUMBER: GALGE: WIDTH: LENGTH:
2856 LB 8 PCS EST. 207817 0.5000 N 48.500 IN 144.500 N
_‘_ﬂ-—*‘
Certified Specifications TW METALS
AMS 4037/ Revi AME-DO-A-250v4) Rewva, ASTHM B 209/Revid E
CMMP (25Rav s MAR 37 1006
Tast Code: 1504 Test Results ;T E :"
Lot: 352560A7 Casi 318 Drop 30 Ingot 3 PTED BY
|
Tensile: Temper Dir/ & Tests URimate K5I (MPa) Yield KS1 (MPA]} Elgngatian %
Tag1 LT/ 2 (Min:Max) BB.G ; 886 50.0: 50.8 188 :174
(472 - 480} (345 : 340)
Chamisiry: 3l FE cu MN MG CR ZN Ti v ZR QOTHER
Actual 0.08 .22 447 0.68 137 0.1 018 0.02 001 [iXn}] TOT 0,04
ALLOY LIMITS
Chamisiny: sl FE cu MH MG CR i | Ti W IR OTHER MAX
2024 MIN 0.00 0.00 3.B0 0,30 120 Q.00 0.00 .00 0.00 003 EACH 0.05
MAX 050 0.50 490 080 1.80 +R V] 025 015 0,08 0.05 TOT 015
Alumbnum Remainder
CERTIFICATION
M‘;JTEIGHMTIM B CHEMICAL CORSRATION (0 ZER) HEFIZEY CERTRES THAT WETAL SHIFED LNDER THIS ORDER WAS MELTED AND MANUFACTUSED IN THE LLS.A

. TESTED, AKD POUKD M COMFORMAMCE WITH THE
15 SOLUTION HEAT-TREATED WITH

BILL POYNOR, LABORATORIES SUPERYISOR

e £

Page 1 of 1
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A4

Material Certification Sheet for 0.09 in. Ti-6Al-4V

©fCODE: 464-000%. MATERIAL IS F

FORM 444 REV B7104 TEST REPORT page b ot 1
. R TITANILM COMPAKY | BATE SALES DROER N0 |GRADE PACKING LIST NO.
RTI1 D 1000 WARREN AVE. 142412006 61420 GAL-4Y 80125439
I E 1 MILES, DHED 44486 CLSTOMER MAME CUSTOMER ORDER NO.
niernationa TRADCO, INC
Metals, Inc. g m— RTLST. LOUIS 1064988
ViR SHINGTON, MO 83090 (15 H.B. ANN. & CLD, TI SHEET
IDEMNTIRCATION & REFER | INGOT MO LOT |5R EP‘EBFII'.‘A“M AMS 4911 MIL-T-8046] AB-1 AM.2 DMS 1592F
1“-"-"5’“‘1- NUMEBER AMS-T-S0464 AR-1 ASTM B 265-05 GR.S
8511343 s | oo ASTM F 1I472-02A.  F-14-17-22-23  PAWA 3006H
PROCUGTION ORDER FWA S10AT
30086131
CHEMIETRY:  HEAT CODE PEBCER HGOT (AVERAGE of TOP-CENTER-BOTTOM) INGOT {AVERAGE of TOP-BOTTOM) FINAL PRODUCT
ELEMENT] TEST INFORMATION _ FRACTURE (2]
TEET LAB il ]
[w I NGOT CHEWMISTRY  |RMI Titani s 011 [Tv] Touphness 81 yal Gl |
H ¥i5 [PALANCE G TRETS IT'nEEEE Wﬁ!m MO S B
FE_ ] .17 £
Al 14
v R
O |.15
FET
= CHEMISTRY TEST METHODS
ﬁmﬂiﬂﬂ_—_
- 2/N2: ASTM E 1400/1977 (i
Tl EALAMNLE HYDEOGEN: ASTM E 1447
FaL | |oxy | I (CARBON: ASTM E 1041
prooucTlrrorPu] 26 | L
FROFERTIES 1 hits certificate shal pol
L] 1453 1 14 I { 482 1 [ | be reproduced except in
LLTIMATE K5I T 506 ;1515 / ; 377 ] full without writen
(7] L] 1380 J 1384 ] 3 3E8f I appateral of e RTI
|2%) OFFSET T 1430 _j 144 I [ 433 J 3 Inbarinticr! Mulsls, inc.
W ELONGATION | L] 121 [ i3 ] / 136 7 f Inbu«ﬂﬂ:rln- |
~meees; [T 126 4 135 ] / 107 4 ! i Inoh"rw:'rd I
% REDLETION 1L f ! ! ' ! - oo el
N AREA T ! I ! Fi - I anbries on this
L1590 10, [ ! A documents may be
BEND 105 T[50TR / 10.0TD ! |BEND 160 ] | pumished a5 a Salony
HARDHESS [aTATIC NOTCH dndar federal ke,
BETA TRANSLS 81T + 25°F (CALGULATED) .
CREEF
ULTRASCHIC — =
HEAT TREAT! FROD. ANM, 1450°F 15 MIN. A.C. LAT ANM, 1325°F 20 LN & A C ]
TEAT FORGE JESTED OB [T, 851 ] b43-04-00
SHIPPING JOTHER DATA:
[ND. OF PIECES 20 PS8, T WAS MELTED AT KM TITANIUM COMPANTY, NILES, Cttl0.  FRODUCT CONFORMS TDALL OTHER
WEIGHT [LBS) 1003# ICAL RECIUTRENETS OF THE SPECTIFICATION, MU TERIAL CTIECKED FOR SURFACE
SIZE [IN) 090 ¥ 36,00 X086 e AR HATION AND THEF P THE TEST, MICROSTRUCT URELS ALCEFTARIE
[TEST FIEGES X Z R MEETE THE oF " TAATERIAL, HAS BEEN TESTED TN ACCUORDANCE WITH
TFWA VENIWOR TORY CONTHIL AT SOURCE (L), TESTING WAS |
WA TG TN COMPLIAFICE MAARLIAL Vo33, TRADCO TIC., WASIITRGTON, W0, AEB0
2 T3, Ta060 J BB 00, WTLES, £ AEIH NG, 72386, TRCRMIE TICALL Y NEL TELY MA TTHIALS OHLY. MATERIAL

AMINATION. MATERIAL HAS SO WELD REFATR

THIS 5 TQ CERTIFY THAT THE
ABOVE TEST RESULTS ARE
CORRECT AS CONTAINED IN THE
HEC-WS- OF THE COMPANY

'ﬁl TuTeen  TRI-TECH METALS INC OVERSTAMP

I,- METALS IHE
Cust:

P.O.

Sipe:

Tiem (W1

Pl 209-048-1401,
FAAMAAC, ACCTG OFC
DTFACT-06-p-00167
090" x 36" 90", Jea, L pecutio L2 caciml 5% 15"

Order Date:06/26/2006
Job#: F53143

HewvLot 3139306

NASA/TM—2013-217869

46

namemme: SHARON FREDRICK, LAB SUPERVISOR
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A.5 Material Certification Sheet for 0.140 in. Ti-6Al-4V

R ado i Sy SR B e s P s
G &_ “ThaniJm Metals Eo.rpuranun e ey e el

100 Titanlum-Way, Toranta, Ohlo 43964 e PRAGE AR T s
Telephone (740} 537-5654; FAX (740) 537-5759 ¢ e e

- TIMIE;

CERTIFICATE I CUSTOMER PURCHASE ORDER

R846B--301 . 4500005213

HEAT GERADE PRODUCT DESCRIPTION

RE4EE TIMETAL 6-4 . .140" SHEET
SPECTFICATIONS o TTTTTT

AMS 4911 H; DMS 1582 F; MIL-T-5046_J AM 2 AB-1

CHEMICAL ANALYZIS
(Weight Fercent)

c Fa N Rl W a
RE463-TOP 0.027  0.160  0.004  £.322  4.030  §.14%
RB468-BOT 0.023 0.130 0.00% &.272 3.544 0.162
H2 (ppm) LOCATION METHOD
RA468--G01-848246-2 30 - HOT EXT.
REA468--G01-54826-3 25 - HOT EXT.

Yrerium less than 10 pom.
Balance ticanium.

MECHANICAL PROPERTIES
VCF 8 HRS. & 1350°F
Room Temparabtuze Tensile Results (¥S @ .2% offsat)

IDENTITY TENSILE TS K5I ¥5 K5I 4D, % EL
" DIR

RE468--G0%-54826-2 L 145 118 14

RB46B--C01-54B26-2 T 152 143 13

RE4AB--G01-54826-1 L , 145 137 1s

RE468--G0L-54826-1 T 1414 140 1a

MACROSTRUCTURE,/MICROSTRUCTURE
L-Micro Spec.: AMS 4511 H

IDENTITY MICRO MICROD GARRIM SIZE
RATIMNG RATING
FRED Qo
RE&EE——GU_J.—S-{-HZE—E R - i0.0
RE46B--G01-54826-3 A - 10.0

COMPLIANCE STATEMENTS
1 Microstructurs examined and acceptabla.
2 Burface fres from contamination.
1 105 degres bend test performed and is acceptzhls. Send factor R/T 5.0 examined

at 20X.
@. [-Teck  TRI-TECH METALS INC OVERSTAMP
W
Phif 909-948-1401,  Omder Date:06/26/2006
Cust:  FAA/AAC, ACCTG OFC Job#:  FS3143

P.O. DTFACT-06-P-00167
Size: . 140"x 36"x 72", 4 ea, 2 pc cut o 12 eachym15%x 15"

Item 002 Heat'Lotd EE4el

|
;
|

R

RECISTERED IS0 2002

A
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Material Certification Sheet for 0.250 in. Ti-6Al1-4V

A.6
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Appendix B.—Texture Analysis

Texture analyses were performed on samples from all the 2024 aluminum (Al) sheet and plates that
were impact tested in this report. The samples were prepared for measurement by ultrasonic cleaning in
ethanol followed by immersion etching at ambient temperature. The Al 2024 samples were etched in a
50% sodium hydroxide solution for 7 minutes followed by a rinse in 50% nitric acid. The titanium (T1)
6Al-4 vanadium (V) samples were etched in a 2%HF + 8%HNO3 + 90%H20 solution for 40min
followed by a water rinse. Typical material removal per surface was 125 um for the Al 2024 samples and
50 pm for the Ti-6Al-4V samples.

Texture data was acquired using a Bruker D8 Discover X-ray Diffractometer equipped with a sealed
Cu tube, graphite monochrometer set to Ka radiation, 0.5 mm diameter collimator, and a proportional
multiwire 2—D position-sensitive detector (area detector). The sample was mounted in a 2-axis Eulerian
cradle equipped with a 3-axis translation stage and aligned using a laser/videomicroscope system.

A data acquisition scheme was designed with 5° resolution for reflection-mode pole figure (PF)
coverage up to 75° (nominal) from the surface normal. For the Al 2024 samples, this included the (200),
(111), and (220) poles. For the Ti-6A1-4V samples, this included the (10.0), (00.2), (10.1), (10.2), (11.0),
and (10.3) poles of the alpha Ti phase and the (110) and (200) poles of the beta Ti phase. Data was taken
from the rolled surface of the samples. The rolling direction (RD) was marked on the samples by the
requester and preserved during etching by beveling a sample edge parallel to the RD. Sample coverage
was maximized by oscillating over a 30- by 30-mm area using a 2-axis raster pattern during each of the
data acquisition frames (180s/frame).

The raw 2D data was reduced to experimental (incomplete) pole figures using the Multex3 software
package (Bruker AXS, Madison, WI). Data from these pole figures were then used to compute the
Orientation Distribution Function (ODF) using the harmonic method (Ref. 3) as implemented in the
TexEval software package (Bruker AXS, Madison, WI). Full pole figures were then calculated from the
ODF and are shown in this appendix.

A quantitative measure of texture sharpness is the texture index, which is computed from the ODF. Its
value lies between 1 for a texture-free sample and infinity for a single crystal. For comparison, the texture
index of a sample of commercial aluminum foil (a highly textured material) was measured at 4.14.
Texture index values, predominant textures present, and degrees off-center (for the Ti-6-4 basal textures)
are summarized in Table B.1. All the texture measurements were taken at the surface of the sheet or plate
with the exception of the Ti-6-4 (0.5 in. thick) plate which was measured both at the surface ant at the
center of the plate thickness.

TABLE B.1.—SUMMARY TEXTURE RESULTS

Sample Texture index | Predominant texture Degrees off-center
type

Al2024 1/8 in. 1.26 Cube N/A

A12024 1/4 in. 1.89 Cube N/A

Al12024 1/2 in. 1.34 Cube N/A

Ti-6-4 0.09 in. 1.40 Transverse N/A

Ti-6-4 0.135 in. 1.17 Basal 30°

Ti-6-4 0.25 in. 1.48 Basal 18°

Ti-6-4 0.5 in. 1.03 Basal, Transverse -

Ti-6-4 0.5 in. 1.45 Transverse (thru-thickness at the center of the plate)

B.1  Al2024-T3

All of the Al 2024 exhibit a cube texture (Figure B.1) with the textures of the 1/8 in. and 1/2 in.
samples being considerably weaker than the 1/4 in. sample. The 1/4 in. thick plate also contained the
largest grain sizes. The 1/8 in. plate had the most equiaxed grains. The cube texture is a typical annealing
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texture seen in Face Center Cubic (FCC) structured metals. The symmetry of the (200) PF from the 1/8
in. sample may indicate cross-rolling (4-fold symmetry with one direction weaker than the perpendicular
direction. The apparent 6-fold symmetry of the 1/4 and 1/2 in. samples perhaps indicates clock-rolling.

Calculated PF 200 Calculated PF 111

—_— —

~~— —

Q) (2 T

———

Calculated PF 220

0.20
0.40

0.60

0.81 RD

1.01

1.21

1.41

1.62 o
1.82

@ 2.02

@ OO0 00CO0Ceoe

N -
(a) ~ -

—_—

Figure B.1.—Pole figures for Al 2024-T3. (a) Plate thickness: 1/8 in., (b) Plate thickness: 1/4 in.,
and (c) Plate thickness: 1/2 in.
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B.2 Ti-6-4

The strong overlap of the beta Ti (110) pole with both of the alpha Ti (00.2) and (10.1) poles
prevented successful extraction of beta phase pole. This is a common problem with Ti-6Al-4V samples.
Likewise, the beta (110) phase data could not be completely separated from the alpha (00.2) and (10.1)
pole figures, especially at high tilt angles. Therefore, texture for only the alpha phase is presented.

The texture index in Table B.1 indicates that the 0.09, 0.25 and the 0.5 in. thick Ti-6-4 plates have the
strongest textures. This is consistent with the high degree of anisotropy observed in the mechanical test
samples taken out of these plates (Ref. 4). The 0.135 in. plate had a relatively weak texture. The last two
rows in Table B.1 gives texture measurements for the same 0.5 in. thick plate. The difference between
these rows is that the first row was taken 50 um below the surface of the plate, whereas the data for the
last row was measured 90° with the beam incident to the thickness of the plate. These two measurements
indicate that there is inhomogeneity within the 0.5 in. plate with the near surface being isotropic and
becoming strongly textured toward the mid-thickness of the plate. It should be noted that samples for
mechanical tests were also taken through-the-thickness and exhibit anisotropic results (Ref. 4).
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The pole figures are given in Figure B.2. The 0.09 in. sample displays a transverse (T) texture, where
the basal planes align perpendicular to the rolling plane with the c-axis parallel to the transverse direction
(TD) as illustrated in Figure B.3. This indicates that the sample was rolled at a temperature between ~ °F
and the alpha/beta transus temperature (Ref. 5). Note from the (10.0) pole figure that this pole is parallel
to the RD. This differs slightly from Figure B.3, which shows the (11.0) pole parallel to the RD.

The 0.13 and 0.25 in. samples display a basal (B) texture, where the basal planes are nearly aligned
with the rolling plane (also illustrated in Figure B.3). This indicates that the sample was rolled at a
temperature below ~1652 °F (Ref. 5). Table B.1 includes the angle between the maximum intensities of
the basal planes and the rolling plane (degrees off center). This angle decreases with increasing degree of
deformation (Ref. 6). Therefore, these angles are qualitatively consistent with the respective texture index
values for these samples.

The 0.5 in. plate (through-thickness) showed a strong texture. The pole figures in Figure B.2(d) indicate
that the basal planes tend to be oriented with their normals parallel to the RD. The prismatic planes tend to
align with the original sample rolling surface and + 60° inclinations to that surface. These orientations are
consistent with a transverse texture. A possible explanation for this is that the plate was cross-rolled.

Calculated PF 002 Calculated PF 100
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() L ™ L -

Calculated PF 002 Calculated PF 100
® 0.16 T T~
@ 0.32
© 0.48
© 0.65
© 0.81
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Figure B.2.—Pole figures for Ti-6Al-4V. (a) Plate thickness: 0.09 in., (b) Plate thickness: 0.135 in., (c) Plate thickness:
0.25in., and (d) Plate thickness: 0. 5 in. (Note: These pole figures are rotated 90° from those of the other plates
due to the location of the incident x-ray beam.)
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Figure B.3.—Basal (a) and transverse (b) textures of
titanium alloys (schematic, (00.2) pole figures) (Ref. 7).
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Appendix C.—Grain Structure

Metallographic sections were taken out of all plates to document the general grain structure. All three
plate dimensions were polished and examined. The Al 2024 samples were immersion etched in an
solution of 2 ml HF, 3 ml HCI, 5 ml HNO; and 190 ml H,O (Keller’s etch). The Ti-6-4 samples were
etched in 2 mL HF, 8 mL HNO3, and 90 mL distilled water (Kroll’s etch).

The 3-D views of the microstructure in each aluminum 2024 plate are shown in Figure C.1.

The three plate directions are indicated in the figure. Table C.1 provides the average grain dimensions
for the three plates. The maximum observed grain size is also given in the table and their variables
defined in Figure C.2. Finally, the aspect ratio (L/h : W/h : h/h) of each dimension based on the grain
thickness is listed.

TABLE C.1.—GRAIN DIMENSIONS (um) FOR Al 2024 PLATES

Thickness Lnean Linax Winean Winax Niean Nipax Aspect
ratio

1/2 in. 706 1861 163 492 40 130 18:4:1
1/4 in. 1505 4249 344 1356 111 382 14:3:1
1/8 in. 37 122 31 86 17 58 2:2:1

The %2 and Y4 in. plates have large aspect ratios with the longest grain dimension elongated in the
rolling direction. While the % in. plate has the largest grain aspect ratio, its grains are noticeably shorter
than those in the %4 in. plate. The other two grain dimensions are also smaller for the %% in. plate. The 1/8
in. plate contained grains that were more equiaxed and had average grain dimensions less than 50 um. Of
all three plates, the 1/8 in. plate had substantially smaller grains. All of the aluminum plates were
peppered with second phase particles aligned in the rolling direction. These were presumably CuMgAl,
particles, but were not specifically investigated.

The 3-D views of the Ti-6Al-4V microstructures are shown in Figure C.3. The ' in. thick plate has a
binomial grain size consisting of many large areas of elongated unrecrystallized grains interspersed with
equiaxed grains having diameters of approximately 15 um. The Y4 in. thick plate has an equiaxed grain
structure with an average grain size of 13.5 um. The microstructure consists of equiaxed alpha grains in a
transformed beta matrix containing coarse acicular alpha. The microstructure of the 0.135 in. plate
consists of equiaxed alpha grains of an average diameter of 8.2 um, and particles of beta. The 0.09 in.
plate contains flattened alpha grains 30 um in length, 9 pm in width, and 3 pm thick. Grain boundary and
particulate beta are also present.
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Figure C.1.—Grain structure for the Al 2024 plates: (a) 1/2 in., (b) 1/4 in., and (c) 1/8 in.
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Figure C.3.—Grain structure for the Ti-6-4 plates: (a) 0.5 in., (b) 0.25 in., (c) 0.135 in., and (d) 0.09 in.
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Appendix D.—Pedigree of Supplemental Ti-6-4 Plates

Four additional plates of Ti-6-4 were examined to provide some guidance on plate variability in the
pedigree. Chemistry, texture and microstructure were documented following the procedures described
earlier for Ti-6-4. The chemistry is shown in Table D.1 and documents a normal Ti-6-4 composition.

TABLE D.1.—Ti-6Al1-4V CHEMISTRY (wt %)

Element Panel thickness (in.) AMS 4911J

BLM45 Cert BLM45 Cert BLM46 Cert BLM47 Cert Min Max
0.27 in. 0.53 in. 0.27 in. 0.425 in.

Al 6.2 6.35 6.28 6.28 6.29 6.18 6.25 6.25 5.50 6.75

v 3.99 4.00 4.11 3.97 3.99 4.00 3.75 3.9 3.50 4.50

Fe 0.16 0.19 0.16 0.15 0.15 0.16 0.15 0.18 0.30

(0] 0.193 0.175 0.177 0.183 0.191 0.170 0.176 0.170 0.20

C 0.004 0.003 0.027 0.027 0.013 0.017 0.016 0.010 0.08

N 0.004 0.006 0.004 0.006 0.006 0.006 0.005 0.006 0.05

Ti Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal.

The 3-D microstructures are shown in Figure D.1, displaying common grain structures for alpha-beta
titanium alloys. The grain size appears similar to those from the earlier batch of plates.
Texture measurements were taken on the near-surface of the rolling plane for each plate. The texture
index is given in Table D.2.

TABLE D.2.—TEXTURE RESULTS FOR THE SECOND BATCH OF Ti-6-4 PLATES

Sample Texture index | Predominant texture type Degrees off-center
BLM 45 0.270 in. 1.24 Transverse 31°
BLM 45 0.530 in. 1.13 Basal 27°
BLM 46 0.270 in. 1.33 Transverse 24°
BLM 47 0.425 in. 1.54 Transverse -

The texture indices are the range of values listed earlier for the first set of plates. BLM 47 (0.425 in.
thick) has the strongest texture of all eight plates. Unfortunately no mechanical tests were conducted on
the latter set of four plates for comparison.

Pole figures are given in Figure D.2. For plates with a transverse (T) texture, the basal planes align
perpendicular to the rolling plane with the c-axis parallel to the transverse direction (TD). This indicates
that the sample was rolled at a temperature between ~1706 °F and the alpha/beta transus temperature. For
a basal (B) texture, the basal planes are nearly aligned with the rolling plane. This indicates that the
sample was rolled at a temperature below ~1652 °F (Ref. 5). Table D.2 includes the angle between the
maximum intensities of the basal planes and the rolling plane (degrees off center). This angle decreases
with increasing degree of deformation (Ref. 6). However, the angles in Table D.2 do not correlate well
with the texture indices. This might be due to the fact that there are also transverse texture components
present and that the base texture is dominant only in the BLM 45 0.530 in. sample.

General phase ID data was gathered on each sample prior to the detailed texture measurements. As
expected, the alpha phase dominated all samples. Unexpectedly, sample BLM 46 0.270 in. showed a
visibly noticeable shift in the beta lattice parameter. Therefore, lattice parameters were calculated from
the phase ID scans and summarized in Table D.3 along with composition data (major elements only) as
determined by a handheld x-ray fluorescence (XRF) instrument. It can be seen from Table D.3 that the
beta lattice parameter for sample BLM 46 0.270 in. is clearly larger than the rest. For this sample, the
alpha lattice parameters are also larger than those of the other samples, though the differences are much
less than the beta phase difference. The sample composition data show only minor variations between
samples and also from the expected composition given in the specification. Therefore, the BLM 46
0.270 in. lattice parameter variations do not appear to be due to sample composition.
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TABLE D.3.—LATTICE PARAMETERS FOR EACH PLATE

Sample Lattice parameters Alloy composition (wt%)
alpha (A) beta (A) Ti Al A
a c a
BLM 45 0.270 in. 2.924 4.671 3.192 89.59 £0.65 5.89 +£0.60 4.12+0.28
BLM 45 0.530 in. 2.924 4.672 3.198 90.06 = 0.64 5.03 £0.60 4.50+0.28
BLM 46 0.270 in. 2.929 4.673 3.236 89.57+£0.71 6.07 +£0.68 4.09 £0.27
BLM 47 0.425 in. 2.923 4.669 3.198 90.00 £ 0.64 5.56 £0.60 4.07 £0.28
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Figure D.1.—Microstructures of supplemental Ti-6-4 Plates: (a) BLM 45, 0.270 in. (b) BLM 45, 0.530 in. (c) BLM 46,
0.270in. (d) BLM 47, 0.425 in.
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Figure D.2.—Pole figures of the supplemental Ti-6-4- plates: (a) BLM 45, 0.270 in., (b) BLM 45, 0.530 in., (c) BLM 46,

0.270in., and (d) BLM 47, 0.425 in.

NASA/TM—2013-217869 71



(002)

® 0.27
® 0.54
© 0.81
© 1.09
© 1.36
© 1.63
0 1.90
0 2.18
RD © 245
@272

®0.32
® 065
© 0.98
© 1.31
© 1.64
© 1.96
©2.29
0 2.62
RD @ 2.95
® 328

TD

Figure D.2.—Concluded.

NASA/TM—2013-217869 72



References

L.

2.

Anderson, C.E., Jr., Hohler, V., Walker, J.D. and Stilp, A.J., “The influence of projectile hardness on
ballistic performance,” Int. J. Impact Eng., 22(6), July, 1999.

Forrestal, M.J and Piekutowski, A.J., “Penetration experiments with 6061-T6511 aluminum targets
and spherical-nose steel projectiles at striking velocities between 0.5 and 3.0 km/s,” Int. J. Impact
Eng., 24(1), Jan., 2000.

Kocks, U.F., Tome, C.N., and Wenk, H.-R., Texture and Anisotropy: Preferred Orientations in
Polycrystals and their Effect on Materials Properties. Cambridge: Cambridge (1998).

Seidt, J.D., Plastic Deformation and Ductile Fracture of 2024-T351 Aluminum under Various
Loading Conditions, PhD dissertation, The Ohio State University, 2010.

Luetjering, G., “Influence of processing on microstructure and mechanical properties of (a+f3)
titanium alloys,” Mat. Sci. and Eng. A243 (1998), 32-45.

Peters, M. and Luetjering, G. “Control of microstructure and texture in Ti-6Al-4V.” In Titanium
Science and Technology ‘80: Proceedings of the Fourth International Conference on Titanium. Ed. H.
Kimura and O. Isumi. TMS-AIME: Warrendale, PA (1980), 925-935.

Leyens, C. and Peters, M. Eds., Titanium and Titanium Alloys: Fundamentals and Applications.
Wiley-VCH: Weinheim (2003).

NASA/TM—2013-217869 73



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it
does notdisplay a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
01-05-2013 Technical Memorandum

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Impact Testing of Aluminum 2024 and Titanium 6A1-4V for Material Model

Development 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Pereira, J., Michael; Revilock, Duane, M.; Lerch, Bradley, A.; Ruggeri, Charles, R.

5e. TASK NUMBER

5f. WORK UNIT NUMBER
WBS 432938.11.01.03.02.02.16

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Aeronautics and Space Administration REPORT NUMBER
John H. Glenn Research Center at Lewis Field E-18662-1

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITOR'S
National Aeronautics and Space Administration ACRONYM(S)
Washington, DC 20546-0001 NASA
11. SPONSORING/MONITORING
REPORT NUMBER

NASA/TM-2013-217869; DOT/FAA/TC-12/58

12. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified-Unlimited

Subject Category: 37

Available electronically at http://www.sti.nasa.gov

This publication is available from the NASA Center for AeroSpace Information, 443-757-5802

13. SUPPLEMENTARY NOTES
An Erratum was added to this report October 2014.

14. ABSTRACT

One of the difficulties with developing and verifying accurate impact models is that parameters such as high strain rate material properties, failure modes, static properties, and
impact test measurements are often obtained from a variety of different sources using different materials, with little control over consistency among the different sources. In
addition there is often a lack of quantitative measurements in impact tests to which the models can be compared. To alleviate some of these problems, a project is underway to
develop a consistent set of material property, impact test data and failure analysis for a variety of aircraft materials that can be used to develop improved impact failure and
deformation models. This project is jointly funded by the NASA Glenn Research Center and the FAA William J. Hughes Technical Center. Unique features of this set of data
are that all material property data and impact test data are obtained using identical material, the test methods and procedures are extensively documented and all of the raw data
is archived Four parallel efforts are currently underway: Measurement of material deformation and failure response over a wide range of strain rates and temperatures and
failure analysis of material property specimens and impact test articles conducted by The Ohio State University; development of improved numerical modeling techniques for
deformation and failure conducted by The George Washington University; impact testing of flat panels and substructures conducted by NASA Glenn Research Center. This
report describes impact testing which has been done on Aluminum (Al) 2024 and Titanium (Ti) 6Al-4Vanadium (V) sheet and plate samples of different thicknesses and with
different types of projectiles, one a regular cylinder and one with a more complex geometry incorporating features representative of a jet engine fan blade. Data from this
testing will be used in validating material models developed under this program. The material tests and the material models developed in this program will be published in
separate reports.

15. SUBJECT TERMS
Impact; Material texture; Microstructure

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF il: i
= REPORT b ABSTRACT < THIS PAGE AGES STI Help Desk (email:help@sti.nasa.gov)
U U U 36 19b. TELEPHONE NUMBER (include area code)
uu 443-757-5802

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18









	TM-2013-217869
	Executive Summary
	1.0 Introduction
	2.0 Methods
	2.1 Materials
	2.1.1 Material Chemistry
	2.1.2 Material Texture and Microstructure

	2.2 Small Panel Test Setup
	2.2.1 Al-2024 Test Specimens
	2.2.2 Ti-6Al-4V Test Specimens
	2.2.3 Projectiles
	2.2.4 Gas Gun
	2.2.5 Instrumentation

	2.3 Large Panel Test Setup
	2.3.1 Test Specimens
	2.3.2 Projectile
	2.3.3 Instrumentation


	3.0 Results and Discussion
	3.1 Small Panel Impact Tests
	3.1.1 Projectile Residual Velocity
	3.1.2 Projectile Kinetic Energy Absorbed
	3.1.3 Effects of Projectile Hardness
	3.1.4 Boundary Conditions
	3.1.5 Strain Measurements

	3.2 Large Panel Impact Tests

	4.0 Discussion and Summary
	Appendix A .—Material Certification Sheets
	A.1 Material Certification Sheet for 0.125 in. Al-2024
	A.2 Material Certification Sheet for 0.25 in. Al2024
	A.3 Material Certification Sheet for 0.5 in. Al2024
	A.4 Material Certification Sheet for 0.09 in. Ti-6Al-4V
	A.5 Material Certification Sheet for 0.140 in. Ti-6Al-4V
	A.6 Material Certification Sheet for 0.250 in. Ti-6Al-4V
	A.7 Material Certification Sheet for 0.500 in. Ti-6Al-4V

	Appendix B.—Texture Analysis
	B.1 Al 2024-T3
	B.2 Ti-6-4

	Appendix C.—Grain Structure
	Appendix D.—Pedigree of Supplemental Ti-6-4 Plates
	References

	Report Documentation Page



