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Impact Testing of Inconel 718 for Material Impact
Model Development
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Cleveland, Ohio 44135

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 Federal Aviation Administration (FAA) William J. Hughes Technical
Center. Unique features of this set of data are that all material property and impact test data are obtained
using traceable material, the test methods and procedures are extensively documented, and all of the raw
data is available. Four parallel efforts are currently underway. The Ohio State University conducts both
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. The George
Mason University conducts the development of improved numerical modeling techniques for deformation
and failure. Glenn conducts the impact testing of flat panels and substructures.

This report describes impact testing performed on Inconel 718 sheet and plate samples of different
thicknesses 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.

Nomenclature
DIC digital image correlation
FAA Federal Aviation Administration
NGFBF  NASA Generic Fan Blade Fragment
Vso velocity at which the probability of penetration is 50 percent

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, cowling wings, and empennages. 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
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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
from 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 and the Federal Aviation Administration (FAA) William J. Hughes Technical Center.
Unique features of this set of data are that all material property and impact test data are obtained using
traceable 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 conducted on Inconel 718 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). The test program described in this report is similar to one
conducted on Al 2024 and Ti-6Al-4V sheet and plate samples described in Reference 1. Procedures and
results are reported in detail, and information about 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 precipitation-hardened Inconel 718 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 cylindrical projectiles ranging in diameter from 0.375 to 0.75 in. The larger
panels were impacted by the NGFBF as a simplified simulation of a blade impacting a 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 backside of the
panels using digital image correlation (DIC) techniques, providing data useful for validating numerical
impact models.

2.1 Materials

Impact tests for both the small and large panels were conducted on precipitation-hardened Inconel 718
sheet and plate material of the thicknesses shown in Table I. The nominal thickness in the table 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.
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TABLE L—TEST SPECIMEN NOMINAL AND MEASURED THICKNESSES

Thickness Panels
Small Large
Nominal, in. 0.0500 0.08 0.125 0.250 0.50 0.0500 0.125
Actual, in. .0495 .08 126 263 .53 .0495 126

15.

000

|

15.000

The sheet and plate material was received in the annealed condition and precipitation hardened
according to the following schedule:

1. Heatto 1,325 °F (718 °C) and hold for 8 h in inert environment.
2. Furnace cool at 100 °F (55 °C) per hour to 1,150 °F (621 °C). Hold for 8 h.

3. Cool in air or argon.

The heat treatment resulted in a hardness of HRC 44 (certification sheet, Appendix B).

2.2 Small Panel Test Setup

A minimum of seven ballistic impact tests were conducted on each of the different thickness target
panels shown in Table I. 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. in diameter on a 13-in.-diameter
bolthole circle. They were held in massive steel fixtures with a 10-in.-circular aperture as shown in

Figure 2. The two parts of the fixture were 1.5-in.-thick steel.
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Figure 1.—Small panel test specimen. Dimensions in inches.
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Figure 2.—Test fixture assembly. Dimensions in inches. (a) Front view. (b) Side view. (c) Clamp fixture assembly.

The projectiles were cylindrical with a large radius front face and impacted the plates in a normal
orientation at the center of the plate. The only exception to this was with one of the 0.5-in. specimens,
tests DB266 through DB268. These were conducted on the same panel at locations at least 3 in. away
from each other. Conducting multiple tests on a single 0.5-in.-thick panel was considered acceptable as
the damage in plates of this thickness 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/s.
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.
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TABLE I1.—PROJECTILE MATERIAL AND DIMENSIONS FOR
DIFFERENT SPECIMEN THICKNESSES

Panel Projectile Projectile Projectile Average
thickness, material length, in. | diameter, in. mass,
in. g
0.05 S7 tool steel 0.75 0.375 11.2
0.08 S2 tool steel .86 5 21.2
0.125 S2 tool steel .86 5 21.2
0.25 S2 tool steel 1.0 5 21.2
0.5 A2 tool steel 2.245 .75 126.4

R2.75
R.032
7 ¥

— 250 |=—

Figure 3.—Sample small panel projectile.
Length and diameter vary depending
on test specimen thickness and
material. Dimensions in inches.

2.2.1 Projectiles

The projectiles used for the small panel testing were hardened tool steel cylindrical rods with varying
length, diameter, and material as shown in Table II. They had a relatively large nose radius of 2.75 in.,
which allowed a slight deviation in the normal orientation of the projectile without a front edge impact
(Figure 3). The edge of the front face was “broken” with a 1/32-in. radius. The projectiles were hardened
to a minimum of Rockwell 55C.

2.2.2 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.
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Figure 4. —Large vacuum gas gun. Shown with 3-in.-diameter gun barrel.

Figure 5.—Pressure vessel.
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Figure 6.—Sabots used to transport projectile down gun barrel. Posttest sabot shown in center.

2.2.3 Instrumentation

Data acquired from the impact tests included measurements of the impact velocity, post-impact
velocity (if penetration occurred), projectile orientation prior to impact, and full-field backside strain and
displacement measurements using a DIC system. In addition, high-speed cameras provided qualitative
observations of each test.

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.

The speed and orientation of the projectile were measured by tracking the position of markers 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.) and the PONTOS point tracking software system (GOM). 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 8. 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 8). The origin of the coordinate system was at
point 1 shown in Figure 8. All positions reported for the projectile and the impact point were computed
with respect to this coordinate system.

For tests in which the projectile penetrated the panel, the exit velocity of the projectile was measured
using a second pair of calibrated Phantom V7.3 cameras and the PONTOS point tracking system.
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Figure 7.—Top view of vacuum chamber showing high-speed camera
locations. PONTOS and ARAMIS made by GOM.

Figure 8.—Points used to define laboratory coordinate system.

Full-field displacement and strain measurements were obtained using a calibrated pair of high-speed
digital cameras (Photron model SA1.1, Photron USA) and a DIC software package (ARAMIS, GOM).
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 between
the cameras was approximately 16 in. The cameras were set with a resolution of 256 x 216 pixels, an
exposure of 5 pus and a frame rate of 150,000 frames per second. The backside of each panel was painted
with a random set of black dots on a white 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.

23 Large Panel Test Setup

Impact tests were conducted on large panels with two different thicknesses. 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
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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 accurately represent this type of impact.

2.3.1 Test Specimens

The test specimens were 24-by 24-in. precipitation-hardened Inconel 718 with a nominal thicknesses
of 0.125 in. These specimens were cut from the same sheet material as the small panel test specimens.
Actual thicknesses are shown in Table 1. The panels were held at a 45° angle in a square fixture with a 20-
by 20-in. aperture as shown in Figure 9. The panels were through-bolted with twenty-four 0.5-in. bolts
equally spaced around the sides, 1 in. from the edges, and they were mounted such that the rolling
direction of the sheet was in the vertical direction.

Figure 9.—Large panel test setup showing orientation of projectile and test specimen.
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2.3.2 Projectile

Two NGFBF projectiles were used for the large panel tests, designated thick and thin, as shown in
Figure 10 and Figure 11. The two were similar in shape but differed in the thickness dimension. The
projectiles were Ti-6A1-4V, AMS 4911, with nominal masses of 340 and 430 g for the thin and thick
projectiles, respectively. The desired orientation of the projectile at impact was at a 45° angle from
vertical such that the flat plane of the projectile was at a 90° angle to the plane of the test specimen. A still
image from a high-speed video of an impact test, directly before impact is shown in Figure 12.

0 100
0.200‘ ' 0.400

‘,L [ 1=
A Tj T A A
-5 000___ 0.400 r

(b)

(a)

1.000

——4.000 —»

3.780

(c) (d)
Figure 10.—Thin generic fan blade fragment. Dimensions in inches. (a) Side view. (b) Front view.
(c) Top view. (d) View of model.

la=-1.00
0.2(1 o.1ou ‘i 020* *0.50
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(a) (b)

- 4.00—»| 3.78

(c) l (d)

Figure 11.—Thick generic fan blade fragment. Dimensions in inches. (a) Side view. (b) Front view.
(c) Top view. (d) View of model.
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Figure 12.—Still image from high-speed movie of impact test taken directly before impact.

2.3.3 Instrumentation

Full field displacement data on the backside of the impacted panels were obtained using a pair of
calibrated Phantom V7.3 high-speed cameras and a DIC system, similar to the small panel tests.

To measure the projectile linear and angular position and velocity, a pair of calibrated Photron SA-X2
cameras and the PONTOS point tracking software were used to track the position of individual markers
on the projectile. These were used to establish the projectile coordinate system and calculate velocity and
orientation relative to the fixed laboratory coordinate system.

The fixed laboratory coordinate system was specified with the origin at the center of the impact face
of the test panel with the x direction 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 projectile coordinate system is shown in Figure 13. The origin of the coordinate system was
located at a point on the root of the blade 0.5 in. from the bottom edge and 0.5 in. from the side, as shown
in the figure. The y-axis of the coordinate system was pointed to the right, parallel to the bottom edge.
The x-axis was parallel to the edge of the projectile and pointed from the origin to another point along the
top face of the projectile located an absolute distance L from the origin.

To report the position, velocity, and orientation of the projectile, the position and velocity of the
origin of the projectile local coordinate system are given with respect to the fixed laboratory coordinate
system. The angular position and velocity are given as a set of Euler angles and angular velocities with
respect to the moving coordinate system. The Euler angles are defined as a rotation about the fixed
laboratory x-axis (roll), followed by a rotation about the once-rotated local y-axis (pitch), followed by a
rotation about the twice-rotated local z-axis (yaw).

In addition to the above cameras, a Phantom V7.3 camera oriented normal to the path of the projectile
from the side was used for a redundant velocity measurement, and a Phantom V7.3 camera viewing from
above was used to measure the velocity of the projectile if it penetrated the panel.
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Origin

Figure 13.—Projectile local coordinate system. Dimensions are in inches.

For the tests on the 0.125-in. material, the backside DIC cameras were operating at a frame rate of
20,000 frames per second, an exposure of 4 s, and a resolution of 352 x 368 pixels. The front-side
photogrammetry cameras were operating at 60,000 frames per second with an exposure of 2.5 ps and a
resolution of 768 x 256 pixels.

For the tests on the 0.05-in. material, the backside DIC cameras were operating at a frame rate of
20,000 frames per second, an exposure of 4 us and a resolution of 384 x 344 pixels. The front-side
photogrammetry cameras were operating at 40,000 frames per second with an exposure of 2.5 us and a
resolution of 768 x 392 pixels.

For all tests, the side camera was operating at a rate of 32,000 frames per second, an exposure of
10 ps, and a resolution of 608 x 96 pixels. The top camera was operating at a rate of 10,000 frames per
second, an exposure of 25 pus and a resolution of 400 x 600 pixels.

2.3.4 Test Configuration

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

Fifty instrumented impact tests were conducted in total for the two different size test specimens. The
following sections describe and discuss the test results.
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31

Small Panel Impact Tests

A total of 40 small panel impact tests were conducted on five different specimen thicknesses. The

tests were conducted at velocities that bracketed the penetration threshold velocity of the panel. The
projectile size and mass were different for each panel size to maintain a penetration threshold in the 600
to 900 ft/s range. The results of the tests are summarized in Table III. In a number of instances, the size of
the projectile was changed after the first test of a given specimen thickness. This occurred with the 0.05-
and 0.08-in.-thick specimens.

Figure 14 through Figure 18 plot the penetration (0 or 1) against the projectile impact velocity. For

tests on the 0.05-, 0.08-, and 0.125-in. specimens, there was no overlap in the results, meaning that the
lowest velocity where penetration occurred was higher than the highest nonpenetrating test velocity. For
the 0.25- and 0.5-in. specimens, there is some overlap. For cases in which there is an overlap, a logistic
regression analysis was used to compute the probability of penetration and the velocity at which the
probability of penetration is 50 percent, termed the Vso. For cases in which there is no overlap, it is not
possible to compute the probability, so the Vs is assumed to be the average of the highest nonpenetrating
velocity and the lowest penetrating velocity. The Vs of the different thickness panels is shown in Table IV.

TABLE II.—SMALL PANEL IMPACT TEST RESULTS

Test Panel Projectile Impact Kinetic Exit velocity Exit | Penetrate Comments
thickness, velocity energy KE,
mn. Dimensions, | Material | Mass, ft/s m/s (KE), ft/s m/s J
length x g J
diameter, in.

DB232 0.0495 1.00x0.375 S7 14.94 806.0 | 245.7 450.8 660.1 | 201.2 | 302.4 1 Penetrate

DB234 0.0495 0.75%0.375 S7 11.19 485.0 | 147.8 122.3 0.0 0.0 0.0 0 Did not
penetrate; and
no crack

DB235 0.0495 0.75%0.375 S7 11.20 517.0 | 157.6 139.1 0.0 0.0 0.0 0 Did not
penetrate; and
no crack

DB236 0.0495 0.75x0.375 S7 11.21 593.0 | 180.7 183.1 0.0 0.0 0.0 0 Did not
penetrate but
produced a
crack

DB237 0.0495 0.75%0.375 S7 11.22 553.6 | 168.7 159.7 0.0 0.0 0.0 0 Did not
penetrate; and
through crack
around
perimeter of
impact

DB238 0.0495 0.75%0.375 S7 11.21 660.5 | 201.3 2272 2488 | 75.8 322 1 Penetrated; and
flap separated
from panel

DB239 0.0495 0.75%0.375 S7 11.19 620.0 | 189.0 199.8 363.0 | 110.6 68.5 1 Penetrated; and
clean hole in
panel

DB240 0.0495 0.75%0.375 S7 11.22 773.0 | 235.6 3114 621.0 | 189.3 | 201.0 1 Penetrated

DB241 0.0800 0.853x%0.500 S2 21.16 763.0 | 232.6 572.2 515.0 | 157.0 | 260.7 1 Penetrated

DB242 0.0800 0.86x0.50 S2 21.16 632.0 | 192.6 392.6 0.0 0.0 0.0 0 Did not
penetrate; and
no crack

DB243 0.0800 0.86x0.50 S2 21.26 647.0 | 197.6 413.4 0.0 0.0 0.0 0 Did not
penetrate; and
no crack

DB244 0.0800 0.86x0.50 S2 21.20 694.1 | 211.6 474.4 1462 | 44.6 21.0 1 Penetrated; and
flap stayed
connected to
panel
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TABLE III.—Continued.

Test Panel Projectile Impact Kinetic Exit velocity Exit | Penetrate Comments
thickness, velocity energy KE,
mn. Dimensions, Material Mass, ft/s m/s (KE), ft/s m/s J
length x g J
diameter, in.

DB245 0.0800 0.86x0.50 S2 21.23 683.0 | 208.2 460.0 259.0 78.9 66.2 1 Penetrated,;
and flap
separated
from panel

DB246 0.0800 0.86x0.50 S2 21.23 6533 | 199.1 420.9 0.0 0.0 0.0 0 Did not

penetrate; and
through crack
at bottom

DB247 0.0800 0.86x0.50 S2 21.24 661.0 | 201.5 431.1 0.0 0.0 0.0 0 Did not
penetrate; and
crack around
approximately
half of
perimeter at
top

DB248 0.0800 0.86x0.50 S2 21.25 823.6 | 251.0 669.6 609.0 | 185.6 | 366.1 1 Fully
penetrated;
and plug
velocity
697 ft/s

DB249 0.0800 0.86x0.50 S2 21.23 846.0 | 257.9 705.8 632.0 | 192.6 | 393.9 1 Fully
penetrated

DB250 0.1260 0.86x0.50 S2 21.23 853.0 | 260.0 717.5 549.5 | 167.5 | 297.8 1 Fully
penetrated;
and plug
velocity
652 ft/s

DB259 0.1270 0.86x0.50 S2 21.30 657.0 | 200.3 427.1 0.0 0.0 0.0 0 Did not
penetrate; and
through crack
in part of
perimeter

DB260 0.1270 0.86x0.50 S2 21.31 685.6 | 209.0 465.3 0.0 0.0 0.0 0 Did not
penetrate; and
crack around
approximately
half of
perimeter

DB261 0.1270 0.86x0.50 S2 21.28 739.9 | 2255 541.1 0.0 0.0 0.0 0 Perforation
hole; and
projectile did
not penetrate.
Plug ejected
on backside

DB262 0.1270 0.86%0.50 S2 21.30 776.0 | 236.5 595.8 4299 | 131.0 | 1829 1 Penetrated
DB263 0.1270 0.86x0.50 S2 21.28 770.6 | 2349 587.0 3737 | 1139 | 138.0 1 Penetrated
DB264 0.1270 0.86x0.50 S2 21.29 709.1 | 216.1 497.3 0.0 0.0 0.0 0 Did not

penetrate; and
created a flap

DB265 0.1270 0.86x0.50 S2 21.30 639.0 | 194.8 404.0 0.0 0.0 0.0 0 No
penetration or
cracking

DB251 0.2630 0.86x0.50 S2 21.27 861.0 | 2624 732.4 0.0 0.0 0.0 0 Did not
penetrate; and
plug velocity
157 ft/s
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TABLE III.—Concluded.

Test

Panel
thickness,
in.

Projectile

Impact
velocity

Dimensions,
length x
diameter, in.

Material

Mass,

ft/s

m/s

Kinetic
energy
(KE),
J

Exit velocity

ft/s

m/s

Exit

Penetrate

Comments

DB252

0.2630

1.00%x0.50

S2

24.57

867.3

264.4

858.5

170.7

52.0

Fully
penetrated

DB253

0.2630

1.00%x0.50

S2

24.52

822.0

250.5

769.6

N/A

0.0

0.0

Projectile was
captured; and
plug exited
hole

DB254

0.2630

1.00x0.50

S2

24.57

761.0

232.0

661.0

123.5

17.4

Projectile
fully
penetrated
panel

DB255

0.2630

1.00x0.50

S2

24.88

760.0

231.6

667.5

N/A

0.0

0.0

Projectile was
captured

DB256

0.2630

1.00x0.50

S2

24.86

570.8

174.0

376.2

N/A

0.0

0.0

Did not
penetrate; and
no crack

DB257

0.2630

1.00%x0.50

S2

24.80

652.2

198.8

490.0

N/A

0.0

0.0

Did not
penetrate; and
no crack

DB258

0.2630

1.00x0.50

S2

24.80

719.5

2193

596.4

N/A

0.0

0.0

Did not
penetrate; and
through crack
around most
of perimeter

DB266

0.5300

2.245x0.750

A2

126.30

668.7

203.8

2,623.4

172.4

174.4

Penetrated;
and plug exit
velocity

216 ft/s

DB267

0.5300

2.245%0.750

126.32

528.1

161.0

1,636.5

N/A

0.0

0.0

Did not
penetrate; and
created a dent
but no visible
crack

DB268

0.5300

2.245%0.750

126.31

626.0

190.8

2,299.3

179.0

54.6

188.0

Penetrated;
and plug exit
velocity

220 ft/s

DB269

0.5300

2.245%0.750

126.39

591.8

180.4

2,056.2

N/A

0.0

0.0

Did not
penetrate; and
no visible
crack

DB270

0.5300

2.245x0.750

A2

126.39

602.9

183.8

2,134.0

N/A

0.0

0.0

Did not
penetrate; and
no visible
crack

DB271

0.5300

2.245x0.750

A2

126.41

620.5

189.1

2,260.8

N/A

0.0

0.0

Did not
penetrate; and
no visible
crack

DB272

0.5300

2.245%0.750

126.47

642.0

195.7

2,421.3

N/A

0.0

0.0

Did not
penetrate; and
no visible
crack
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Figure 14.—Penetration results for 0.05-in. (nominal) small panels. (a) Penetration
(1 =yes, 0 =no). (b) Exit velocity versus impact velocity. Velocity at which
probability of penetration is 50 percent, Vso, was 607 ft/s.
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Figure 15.—Penetration results for 0.08-in. (nominal) small panels. (a) Penetration
(1 = yes, 0 = no). (b) Exit velocity versus impact velocity. Velocity at which
probability of penetration is 50 percent, Vso, was 672 ft/s.
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Figure 16.—Penetration results for 0.125-in. (nominal) small panels. (a) Penetration

(1 = yes, 0 = no). (b) Exit velocity versus impact velocity. Velocity at which
probability of penetration is 50 percent, Vso, was 655 ft/s.
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® Test data
— Logistic regression
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Figure 17.—Penetration results for 0.25-in. (nominal) small panels. (a) Probability of
penetration. (b) Exit velocity versus impact velocity. Velocity at which probability of
penetration is 50 percent, Vso, was 812 ft/s.
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® Test data
— Logistic regression

Penetration

0 ® o o o S :
500 550 600 650 700

Impact velocity, ft/s

@)
200 -

180 - @
160 -
140 -~
120 -
100 -

80 -

Exit velocity, ft/s

60 -

20 -
0 &) ' oo o L '
500 550 600 650 700
Impact velocity, ft/s
(b)
Figure 18.—Penetration results for 0.5-in. (nominal) small panels. (a) Probability of

penetration. (b) Exit velocity versus impact velocity. Velocity at which probability of
penetration is 50 percent ,Vso, was 640 ft/s.

TABLE IV.—Vs5o MEASUREMENTS FOR
DIFFERENT PANEL THICKNESSES

Panel thickness, Vso,
in. ft/s

0.05 607

0.08 672
0.125 655

0.25 812

0.8 640

Photographs and deformation response from the small panel tests are given in Appendix C.
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TABLE V.—LARGE PANEL IMPACT TEST RESULTS

Test Panel Projectile Impact velocity | Translational Exit Comments
thickness, of blade center kinetic Velocity
in. of mass energy, (ft/s)
Thickness Material Mass, ft/s m/s J
g

LGI110 0.08 Thin Ti-6Al-4V 311 913 278.3 12,044 0 Did not penetrate
LGI111 0.08 Thin Ti-6Al-4V 325 1,120 341.4 18,940 0 Did not penetrate
LG1113 0.08 Thick Ti-6Al-4V 431 1,112 338.9 24,751 0 Complete perforation

initiated at tip; large
piece separated from
panel; and blade
fractured but did not
completely penetrate
the panel.

LGl1114 0.08 Thick Ti-6Al-4V 445 895 272.8 16,558 0 Complete perforation
initiated at tip; large
piece of panel ripped
away but remained
attached; and blade
fractured but did not
completely penetrate
panel

LGI1115 0.08 Thick Ti-6Al-4V 444 720 219.5 10,696 0 Blade tumbled; did not
penetrate or crack
specimen; and
incorrect blade
orientation

LGl116 0.08 Thick Ti-6Al-4V 445 741 2259 11,354 0 Did not penetrate or
crack specimen
LG1125 0.05 Thin Ti-6Al-4V 328 634 193.2 6,122 176 Penetrated; tip

impacted and slide
down; and heavier root
section penetrated

LG1126 0.05 Thin Ti-6Al-4V 327 378 1152 2,170 140 Penetrated; tip
impacted and slide
down; and heavier root
section penetrated.

LG1127 0.05 Thin Ti-6Al-4V 326 261 79.6 1,033 0 Did not penetrate

LG1128 0.05 Thin Ti-6Al-4V 331 322 98.1 1,593 0 Did not penetrate

3.2 Large Panel Impact Tests

Six tests were conducted on the 0.08-in.-thick large Inconel 718 heat-treated panels, two with the thin
projectile (Figure 10) and four with the thick projectile (Figure 11). Four tests were conducted on the
0.05-in.-thick large panels with the thin projectile (Figure 10). For the 0.08-in.-thick panels, neither of the
tests with the thin projectile resulted in penetration. Two tests with the thick projectile resulted in full
perforation of the panel but the projectile itself did not penetrate through the panel. It should be noted that
the energy required to fully perforate the panel in test LG1114 was less than that of test LG1111, in which
there was no perforation. This may be due to the fact that the thicker blade used in test LG1114 was less
likely to bend, presenting a stiffer impact surface. While the projectiles in both tests, LG1113 and LG1114,
completely fractured, there was less bending in the tip. For the 0.05-in.-thick panels, two tests resulted in
penetration and the penetration velocity was bounded between 322 and 378 ft/s. The results for the large
panel tests are summarized in Table V. The linear and angular positions and velocities of the blade local
coordinate system at the time of impact are presented in Table VI. Note that the velocities of the local
coordinate system origin differ from those of the center of mass shown in Table V. Photographs and
deformation response from the large panel tests are presented in Appendix D.
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TABLE VIL—LINEAR AND ANGULAR POSITION AND VELOCITY OF THE PROJECTILE LOCAL COORDINATE SYSTEM
AT THE TIME OF IMPACT
[The projectile x-axis dimension refers to the dimension, L, given in Figure 13. Note in test LG1113, the photogrammetry cameras did not trigger
so position and velocity data were not obtained.]

Projectile position and orientation Projectile linear and angular velocity Projectile
Test X, Y, Z, Roll, | Pitch, | Yaw, X, Y, Z, Roll, Pitch, Yaw, x-axis
Number |, in. in. deg deg deg ft/s ft/s ft/s deg/s deg/s deg/s | dimension,
L, in.
LG1110 | -5.8| -1.0 0.4 -2.7 64.2 34 935.9 6.3 -9.0 -75.3 7,152.8 | 1,283.6 2.74
LGI111 | 69| -12 | -0.5 -1.5 58.0 -1.0 (1,149.8 114 | -17.8 198.7 7,216.8 | —275.8 3.56
LGI113 | NA | NA NA NA NA NA NA NA NA NA NA NA NA
LGl114 | -64 | -0.8 0.1 -2.0 59.3 0.2 939.0 0.6 | 205 |-1,3155 [4,167.6 |1,597.0 3.85

LGl1116 | =59 | -1.6 0.9 0.8 66.5 -0.5 7734 | -39.2 | -10.6 296.4 4,617.8 929.3 3.84
LG1125 | 58| -1.4 | 0.4 7.6 77.0 4.8 640.8 10.3 -8.3 64.5 6,566.8 511.1 4.02
LG1126 | 6.1 | -1.3 | 0.2 —0.4 68.2 3.6 384.8 5.5 —4.6 -73.6 2,861.2 47.9 3.89
LG1127 | 27| -1.1 | 0.8 22 118.4 -5.8 264.7 3.7 -7.6 |-146.8 4,2419 | -299.1 3.97
LG1128 | 41| -12 | 0.1 12 98.5 -3.1 327.2 44 -5.3 —63.8 4,317.0 | -153.0 3.94

4.0 Concluding Remarks

This report provides results of instrumented impact tests on 15-in.-square Inconel 718 panels of 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 bladelike features. In the small panel
tests, the thinner panels (0.05-, 0.08-, and 0.125-in.) had a well-defined ballistic threshold velocity while
there was some overlap in the thicker panels (0.25- and 0.5-in.). These results are similar to those obtained
in a previous study on Al 2024 and Ti-6Al-4V materials (Ref. 1). As in the previous study, it is postulated
that irregular results obtained for the thicker materials may be due to a high sensitivity to frictional effects.
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,
traceable materials used for both material characterization and impact testing, and extensive instrumentation
results. This report provides a 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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Appendix A.—Material Certification Sheets

Material certification sheets for the various Inconel 718 sheet thicknesses are found in Figure A.1 to
Figure A.4.
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PAGKING LIST A\'rl ﬂ'd ur;: y CERTIFICATE OF TEST
oghony Tenacicaies
CUST. ORD.NO. & DATE CusT. CORE ADGCPTNG MILL SHIPPERNO. PHOQULT LCDE MILL UHDER NUMBF R DA E SHIPRED
01015776 | 02/04/10 110977 BRACKENRIDGE, PA [459793 13020103050000 32-020-043 06/1(/10 l
FORME DISTRIZUTION M R&Eﬁf Rz':‘n D"fﬁ;‘ GOVT CONTRACT IPPING LOCATION ’ [
el sl Jm | 1816395 2245 [srackenrioee  |ea 030667
SOLL TO FRIME SLC. SHIP TO
UNITED PERFORMANCE METALS DSO  DSO UNITED PERFORMANCE METALS
3475 SYMHMES ROAD 584 3475 SYMMES ROAD
HAMILTON OH 45015 HAMILTON OH 45015
CRADE AND SPECIFICATIONS CARRIER - GROSS, RONALD, INC.

TALTEMP" 718 ALLOY SHEET C KR COILS ANNEALED 2D FIN 3 EDGE (UPM 71H) (10/30/08 EXCEPTIONS TO UPM 718)
(ASTM-E-139-06) (AMS 2269F) {BS0TFLl4-522 CLASSES A & E) (AMS 5596K) (UNS NO7V7i8) (5-400 DTD 10/31/07)
(ASTM-E-112-96 REAPPROVED 2004 E2) (ES0TF133-S9 CLASS C) (S-1000 DATED 1/2/08) (UPM-Qu&-001) (F-14, F-17,
F-22, 1¥-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO B501#14)
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dola 1 3¢./.050/886. 068449 -01 04100N137 1723546 5856 50 5806 184542
C CUsT ILJ‘*NTI"‘Y 21145
SXID SB56 50 5800
i b HEAT/TEST --C--- --MN-- --P--~ --§--- --§I-~ --CR-- --NI-- --AL-~ --MO-- --CU-- --CB-- --TA--
{IEAT 068449-01 .05 .08 Q06 .0002 .05 18.18 52.79 .60 2.88 .03 4.96 .01
WEST LoCATION TC BN EN C DN BN BN BN BI BN BN BN
~=fle= ~~CO—= =-=B-o= -—FE--
HEAT  (068445-01 1.02 .16 -001 18.13
TEST LOCATION BN BN BN BN
5 N
YTRLD ‘PENSIT.R % ELONG GRAIN RLVlEWED BV o C
ITEM TEST NO P8I * PSI IN 2" % R/A HARDNESS BEND SIZE Date b2 f[12 & ﬂ.
DU1A 3723546 T 73000. 131000 48. 96.HRBW T PASS O e
94 .HR3W 9.
WEST LOCATION e ko TC TC 7 TC
* ¥.S. BY 0.2% OFFSET METHOU
MELT INTER-GRAN MICROSTRUC MICROSTRUC OCUCASLONAL AVLRALE
I'PEM TEST NO SQURCE ATTACK P&W E-44 AMS 5596  GRAIN SIZE GRAIN S1ZE MACROEICH
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Figure A.1.—Material certification for test number G210041.
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AL §188:3 408

NOTICE OF SHIPMENT/
PACKING LIST 4\ An Alltheny CERTIFICATE OF TEST
Alkeghony Technelogas
CUST. ORD. NO. & DATE J cusl.copE ACGEPTING MiLL SNFPER 0O PAGDUC T CODE Ll QROER NUMBE LR L SHIFRED
01015776 | 0z/04/10l 110977 JRACKENRIDGE, PAl459793  113020103060000 132-020~043 l06/16/10 T
FTIMSO"‘.‘JHIBlf'mN OﬂDEH 1MTE‘ DHM GOY T COMTAAGT SHIPPING LOCATION INVOICE
waly fmsl e BL63T-5 | 2245 |BRACKBNRIDGE | bA |030667
SOLD TO R SHIP TO
UNITED PERFORMANCE METALS UNITED PERFORMANCE METALS
3475 SYMMES ROAD 3475 SYMMES ROAD
HAMILTON OH 45015 HAMILTON OH 45015
GRADE AND SPECIFICATTONS CARRIER - GROSS, RONALD, INC.

“ALLEMP* 718 ALLOY SHEEYT ¢ B COILS ANNEALED 2D FIN 3 EDGE (UPM 718) (10/30/08 EXCEPTIONS TO UkM /18)
(ASTM~E-~139-06) (AMS 2260F) (B50TF14-522 CLASSES A & K) {AMS 5596K) (UNS NO7718) (S-400 DTD 10/31/07)
(ASTM-E-112-96 REAPPROVED 2004 E2) [(ES50TF133-5S9 CLASS C) (S-100Q¢ DATED 1/2/08) (UPM-QRS-001) (F-14, #-17,
F-22, F-23, F-MASTRER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) (04/30/04 EXCEPTICNS TGO B50TF14)

P& B-25
TTEM TEST NO 'RAN BEND
Q01A 3723546 z2.

TEST LOCATION TC
METALLOGRAPHIC MAGNTRTCATION: 100X £TCHANT USED: HCL/CHROMIC ACID

GRADE VERIFICATION WAS CARRIED OUT SPECTROSCOPICALLY

INVERGEANULAR ATTACK MAGNLYICATION: 500X

ALLEGHENY LUDLUM DOES NOT USE MERCURY IN THE TESTING OR PRODUCTLON OF ITS PRODUCLS. TO THe BiY
ALLEGHENY LUDLUMS KNOWLEDGE, UNDERSTANDING, AND BELIEF, THIS MATERIAL WAS NOT CONTAMINATED BY MERCURY
WHILE I7 WAS BEING PRONDUCED IN OUR FACILITIES

NO WELDS/WELD REPAIRS PERFORMED.
PHE PRODUCT WAS SOLULTION HEAT-TRENPED WITHIN THE RANGE 1725F - 18250 /- 25F (941C - 996C +/- 14C)
FOR A TIME COMMENSURATE WITH THICKNESS AND COQLED AT A RATE EQUIVALENT TO AIR OR FASTER.

ALLEGHENY LUDLUM DOES NOT USE MERCURY IN THE TESTING OR PRODUCTION OF ITS PRODUCTS.
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Figure A.1.—Continued.
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AL 6166-3 408

NGTICE OF SHIPMENT/
PAckiNG Tiey %N‘l ﬂl]!d Eheny CERTIFIGATE OF TEST
Sivmeryincraaienis
cti o A cust. cooe sty — p— GRS | QATE SRR
01015776 In2/04/10l 110977 | BrACKenRInGR, A 1456793 [13020103060000 [32-020-043 106716710
QR\(" GIGTREUIRN UOVTCONTRALCT IPAIRG LOCATON WYVORE
HOLG, } I ‘,i F%# J oauen Imslonn
a5 s 916395 2245 IBRACKENRIDCE lea |o30667
SOLD TO mua-m SEC. SHIP TO
UNTTEL PERFORMANCE METALS DSO DSO UNI'LED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
AMILTOK O 45015 HAMTLTON on 45015

GRADE AND SPECIFICATIONS CARRIGR - GROSS, RONALD, TNC.
"ALTEMP* /18 ALLOY SHEET C R CQILS ANNEALED 2D FIN 3 EDGE (UPM 718) (10/20/08 GXCEPTIONS TC Uk 718)
(ASTM-E-139-06) (AMS 3269F) (B50TFL4-522 CLASSES A & E) (AME 5596K) (UNS NOY7ig) (5-400 DID 10/31/07)
(ASTH-E-112-96 REAPPROVED 2004 E2} (E50TF133-S9 CLASS C) (S-1000 DATED 1/2/08) (UPK-QRS-001) (F-14, F-17,
F-22, F-23, F-MASTER] (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS] (04/30/04 EXCEFTIONS TO BSOTF14)

THE NIMERTC CODES SHOWN UNDER MELT SOURCE CAN BE TNTFRPRETED AS FOLLOWS:
1. - MATERIAL MELTED, ROLLED AND TESTED IN THE UNITED STATES.
2. - FOREIGN MELY; ROLLED AND TESTED IN THE UNITED STATES.

THIS DIN EN 10204:2005 - 3.1 CERTIFICATE OF TEST SHALL NOT BE REPRODUCED EXCEPY LN FULL. FEDERAL LAW
PROHIBITS THi RECORDING OF LSE, FICTITIOUS, OR FRAUDULENT STATEMENTS OR ENTRIES ON THE CERTIFICATE
AND MAY BE PUNTSHABLE AS A FELONY UNDER FEDERAL LAW. MATERIAL WAS MANUFACTURED IW ACCORDANCE WITH THE
ALC QUALITY MANUAL REVISION 18 DATED 0B/05/2009. ALC HOLNS SEVERAL QUALLTY CERTIFICATIONS THAT INCLUDE
I50-9001 AND ASD100. TESVING WAS PERFORMED AT ALC NADCAP AND ISO/IEC 17025 APPROVED LABORATORIES
LOCATED AT I'HE NATRONA HEIGHTS, BRACKENRIDGE, LATROBE, AND MIDLAND, PA FACILITIES OR AT A NADCAP

AND ISO/1uC 17025 ACCREDITED COMMERCLAL LABORATURY .

DIN BN 10204:2005 - 3.1 CERTIFICATE DOES NOT INDICATE PED APPROVAL FOR THIS MATERIAL.

ATI-ANLEGHENY LUDLUM HOLDS SEVERAI QUALITY AND LABORATORY CERTIFCALIONS THAT INCLUDE ISO-2001:2000,
AZ8100, AD 2000-MERKDBLATT WO, AND EU PRESSURE BQUIPMENT DIRECTIVR 27/23/EC, NADCAP MATFRTALS TESTTNG,
ISO/IEC 17025, $400, GEAE 5-1000. REFER TO WwWW.RLLEGUENYTLUDLUM.COM TO ACCESS THE CURRENT ATL-AL

DUALITY CERYIFIC ONS .

@

ALLEGHENY LUDLUM WORKS TO TEE ROLLS ROYCE RR9000:SABRE REQUIREMENTS.

MATERIAL TESTED AT ALLEGHENY LUDLUM GEAE 3400 (DATED 10/31;0!) APPROVED FACILITIES (T1225):
NATRONA HREIGHTS 'lr.CFhI( AL CENTER AND RRACKENRTNDGR, PA
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Figure A.1.—Continued.
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NOTICE OF SHIBMENT/
PACKING LIST AT‘ ﬁ[:ld CERTIFICATE OF TEST
Alloghony Tectyialagios
CUST. ORD NO. & DATE CUET CODE ACCEF MG MiLL SKIFPER NO. FrOOCT CODE MILL UHUER HUMBER UATE SIRPPED
01015776 l0z/0a/10 110977 BRACKENAIDGE, L 59793 113020103060000 139-020-043 06716710 J
FONKS DISTRAID TN REPEAT ‘ HIPPING LOCAT KON INVOIGE
15,.,ﬂ{ ! ORDER n.m, oAty |
B 81639-5 |26 2245 [BRACKENRIDGE [pa 020667
SOLD TO PRTIME  SEC. SHTP 70
UNITED PERFORMANCE METALS DSO  DSO UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON ot 45015 HAMITTON OH 45015

CRADE AND SPECILFLCATIONS CARRIER - GROSS.RONALD. INC.
CALTEMPY 718 ALLOY SHEET C H COILS ANNEALED 2D FIN 3 EDGE (UPM 718) (10/30/08 EXCEFTIONS TO UPM 710}
(ASTM-E~139-06) [(AMS 2269F) (BS0Tr14-S22 CLASSES A & E) (AMS 5596K) {[UNS N0O7718) (5-400 DTD L0/31/07)
{ASTM-E-112-96 REALPPRGVED 2004 E2} (ES0TF133-5S9 CLASS C) (S-1000 DATED 1/2/08) (UBM-QRS-001) (F-14, F-
F-22, F-23, F-MASTER) (bPWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO BSOTF

ALLECGHENY LUDLUM PERFORMS CHEMICAL ANALYSIS BY THE FOLLOWING TECHNIQUES:
C, 5 BY COMBUSTION/INFRARED

N, O, H BY INERT FUSLON/THERMAL CONDUCTIVITY

MM, P, 51, CR, NI, MO, Cy, CB, CO, V BY WDXRF

B BY CQES

Al: AND TL {>=0.10%) BY WDXRF, OTBERWISE BY OES

PR, BY, AG BY GFAA

TESYING WAS PERIORMED AT THE FOLLOWING LOCATTONS:
BN = ATT-ALLBGHENY LUDLUM; 100 REIVER ROAD; BRACKENRIDGE, PA 15014 s
o 3 ] = = 2 e ; . AMERICAN SPECIAL METALS, CORP,
TC = ATI-ALLEGHENY LUDLUM; 1300 BPACIFIC AVENUE: NATRONA HLLGHTS, PA 15065 CERTIFICATION OF COMPLIANCE
We certify that this matenal conforms to the applicable

<<<sss<<  VOR ACCESS 10 ONLINE CERTIFICATES OF FEST >>3>>> Scifications s shonn v s purchase order

3 o DT QTR - - o S1OmET B\
<< <es REGISTER AT WWW.ALCEXTRA.COM >»)>>>%mmrm# [ R
ASM Work Order# ZDY0 - Y - 12 3\\
Oy Yieces
E‘-_ A-2-2 00

Q. C\Certification Clerk Date
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Figure A.1.—Continued.
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NOTICE OF SHIPMENT/

ALGIGS-D 503
CERTIFICATE OF TEST

3% AT e

PACKING LIST
Allogheny Techngiogos
INVOLCLE NO 30667
TEST NO 3723546 SHIP DATE 6/16/2010
YIELD TENSTLE ELONGATION STRESS
SPECTFLCATLUN (PST) (P51) N 2" HARDNESS RUPTURE
BOTF14-520  + )
HEAT TREAT (1) 170000 201000 20 A5SHRC
ZLEVATED 1EMD (3 145000 162000 16
STRESS RUFTURE :2} 20.2 HUOURS DISUONTLNUED
ANS 5598K  *
IEAT ‘TREAT 4y 180000 205000 19 46HRC
ELEVATED TEMP  (3) 152000 166000 12
STRESS RUPTURE (2} 23 145.3 HOURS BROKE
CRALN STROCTUNR: UNTFORY LARGEST GRAIN SIZ: 9
* TPRANSVERSE TEST-Y.S. BY 0.2% QFFSHT METHOD
(1) HEAT 10O 175CGF +/- 25F (954C +/- 14C) AND HOLD FOR ONE HOUR. COONL TO ROOM TEMPERATURK. HEAT TQ
1325F +/- 25F (718C +/- 14C) AND HOLD FOR EIGHT HOURS. FURNACE COOL TO 1150 +/- 25F (621C +/-
14C) FOR RIGHT HCURS. COOL 10 ROOM TEMPERATIIRE.
(2} 1200F +/- 3F (648C +/- 20}, L0U,000 P5: (689 MPA).
(3) HEAT TENSLILE TO 1200F +/- SF (§49C +/- 3C), HOLD AT EEAT 20-30 MINUTES, TEST AT 1200F +/- SF
1645C +/-3C) .
4) HEAT" 10 1325F +/= 15F (718C +/ 8C}). 1IOLD AT HEAT FOR 8 HCURS +/= .% HOURS; COO. AT RATE OF 100F
+/- 15F (38C +/- £CJ PER HOUR, TO 1150F ~/- 15F {621¢ +/- BC); HOLD AT L150F +/- 15F {621C »/- 8C)

FOR 8 HOURS, AIR CQOL.

BY CERTIFYLING

10 B50TF14-522 CLASE E,

WE HAVE CERTIFIED THAT THIS MATERIAL IS5 CAPABLE OF MEETING CLASS F,

WHEN HEAYT REA TN ACCOROUANCE WITH THE CLASS F REQUIREMENTS OF PARAGRAPH 3.6.1 HEAT TREATET PROPERTIES

HEUORTED ON OQUR C LCATE UL‘ TEST, INDICATED BY (1) ADOVE, SHOW THE RESULTS AFTFER SAMPLES WERR HFAT

IREATED TO “HE RE F CLASS F, ACTUAL COIL WAS SUPPLIED IN THE MILL ANNFALED CONDITION TN

ACCORDANCE WITH ¢

ELEVA D TEMPERATURE TENSILE TESTING WAS PERFORMED AY WESTMORELAND MECHANICAL TESTING & RESEARCH, INC..

YOUNGSTOWN, PA., CERTIFICATE #122335, EXPIRATION DATE 04/30/2010.

ISSURD BY ALLRGHENY LUDLUM - 06/16/2010 13:09
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NOTICE OF SHIPMENTY CERTIFICATE OF TEST
PACKING LIST AT-ILudurn
} CUST. GRO. NO. & DATE ‘(‘IIGT GOOG A\JGEFHH"WLL nadegtid SHPPERNO. PAQDUCT CODE MILL QGROEA NUMOLH DAL SIRPPCD
01016216 | 6as18/10 110877 BRACKENRIDGE, PA 1464071 |.13020103050000 32-040-092 107/29/10 {
FONMS DISTRIBUTION [ife] GOVT CONTRACT MATL SHIPPING LOCATION | INVOIGE
ship o oroeh mase] amn
I'U*‘ li"i I 81639-9 [26 2245 |VANDERGRIFT |ea 650416
SOLD TO PRIME SEC. SHIP TO
UNITED PERFORMANCE METALS DSO  DSO UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON OH 45015 HAMILTON CH 45015
GRADE AND SPECIFICATIONS CARRIER - CLAY TRANSPORT, INC.
“ALTEMP* 718 ALLOY SHEET C R COILS ANNEALED 2D FIN 3 EDGE (UPM 718) (10/30/08 EXCEPTIONS TO UPM 718)
(ASTM-E-139-06) (AMS 2269F) (B50TF14-522 CLASSES A & E) (AMS 559CK) (UNS N07718) (S-400 DTD 10/10/2008)
(ASTM-E-112-56 REAPPROVED 2004 E2) (ES50TF133-59 CLASS C) (S-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17,
F-22, ¥-23, r-MASTER) (PWA 300 REV BJ) (CONTROLLED TQO PwA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO BSOTF14)
ITEM PCS DIMENSIONS W/G/L HEAT # COTIL # TEST & GROSS TARE NET  THEO TAG #/ CD SKID #
Q01A 1 36.02/.080/551 068623 -02 06190N502 6210041 5620 50 5570 721872
C CUST IDENTITY 14084
1 SKID 5620 50 5570
- m=MNe~ —-Po-o --§e-- —=8l-= --CR-— --NI-- --AL-- -=-MO-- --CU-- --CB-- --Ta-
HEAT 06862:-02 .12 .008  .0001 .07 18.21 52.54 .55 2.%30 .06 5.00 .01
TEST LOCATION BN BN e BN BN Bl BN BN BN BN T
--TI-- --CO-- --B--- --FE--
HEAT 068623-02 1.00 .30 002 19.05
TEST LOCATION BN BN BN BN
YIELD TENSILE % ELONG GRAIN
ITEM TEST NO PSI * BSI IN 2" % R/A HARDNESS BEND SIZE
001a (210041 T 62000. 128000 58 93 . HRBW T PASS 9
93 HRREW L
TEST LOCATION e TC TC TC el ™
“ Y, 5, BY 0.,2% QOFFSET METHOD
MELT INTER-GRAN MICROSTRUC MICROSTRUC OCCASIONAL AVERAGE
ITEM TEST NO SOURCE ATTACK PiW  E-44  AMS 5596  GRAIN SIZE GRALN S1ZE MACROETCH
001A 210041 1 .0000 IN FIG 1 PBASS 9. 9. PASS
,UOUO QUT FIG 1 PASS 9. 9. PASS
TEST LOCATION TE C ™ TC TC TC
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Figure A.2.—Material certification for test number 3723546.
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ALBIB-3 908

NOTICE OF SHIPMENT/
PACKING LIST %ATI All Ithe.ny CERTIFICATE OF TEST

CUST. OAD. N & BATIE cusT. cont acoermmc SHIBFER HO, PROULLT CODE MILL ORDER MUMBER OATE SHIPPED ‘
01016216 | 04719710 120977 BR}\CKENRIDGE, PA 1464071 13020103060000 32-040-092 [07/29/10 |
FOAME DIETRIBUTION GOV CONTRACT SHPPING LOGATION INOIE.
snu | o Jeue is,,“{ J nnrn Jmm mulvi ‘ o
=) 1 ;’ﬂ*i o 81639 926 2245 [VANDERGRIFT PA 650416
SOLD TO PRIME SEC. SHIF TO
UNITED PERFORMANCE METALS DSO DSO UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON OH 45015 HAMILTON OH 45015

GRADE AND SPECIFICATIONS CARRLER - CLAY ‘TRANSPORT, INC.
"ALTEMP® 718 ALLOY SHEET C R COILS ANNEALED 2D FIN 3 EDGE (UPM 718) (10/30/08 EXCEPTIONS 10 UPM 718)
(ASTM~E-138-06) (AMS 2269F) (BS50TF14-S22 CLASSES A & E} (AMS S$596K) (UNS NO7718) (5-400 DTD 10/10/2008)
(ASTM-E-112-96 REAPPROVED 2004 E2) (ES0TF133-S9 CLASS C) (S5-1000 DATED 1/2/08) (UPM-QRS-(001) (F-14, F-17,
F-22, F-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO BSOTF14)

P&w E-25
ITEM TEST NO TRAN BEND
001a 6210041 2
TEST LOCATION el
100X  ETCHANT USED: HC1/CHROMIC ACID

HMETALLOGRAPHIC MAGNIFLCATION:

CRADE VERIFLICATION WAS CARRIED QUT SPECTROSCOPICALLY

INTERGRANULAR ATTACK MAGNIFICATION: S00X

ALLEGHENY LUDLIM DOES NOT USE MERCURY IN THE TESTING OR PRODUCTION OF ITS PRODUCTS. TO THE BEST OF
ALLEGHENY LUDLUMS KNOWLEDGE, UNDERSTANDING, AND BELIEF, THIS MATERIAL WAS NOT CONTAMINATED BY MERCURY

WHILE IT WAS BEING PRCDUCED IN QUR FACILITIES
NO WELDS/WELD REPAIRS PERFORMED.
" +/- 25F (941C - 996C +/- 14C)

| THE PRODUCT WAS SOLUTION WEAT-TREATED WITHIN THE RANGE 1725F - 1825F
E FOR A TIME COMMENSURATE WITH THICKNESS AND COOLED AT A RATE EQUIVALENT TO AIR OR FASTER.

ALLEGHENY LUDLUM DOES NOT USE MERCURY 1IN UHE TESTING OR PRODUCTION OF ITS PRODUCTS.

PARGE 02 - CONTINUED ON PAGRE 03 07/29/10 11:54:35
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Figure A.2.—Continued.
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AL 81683900

NOTICE OF SHIPMENT/
PACKING LIST % Aﬂ- I hl'gﬁ]‘:% CERTIFICATE OF TEST

CUST, GO, MO & DATE r GusT. GoDE PPN, TR PRODUST OB [ ML OROER NUMDER oarE surPED ’
(1016216 1047197101 110977 | BRACKENRIDGE, BA 4540/1 ljUZOLUEGSODDU 32-040-092 07/29/10
FORMS DISTHILY 1ION REPEAT [ COVT CONFIY SIIPPHL LOTATION
S0, ' s par 5?‘{!1 ! URDER ‘HATEJ om|v| | ‘
o= 1 [To - 81639-9 |26 12245 IVANDERGRIFT Pa | 6350416
SOLD TO PRIME SEC. SHIP TO
UNITED PERFORMANCRE METALS NSO jalzie) TINLTED PERFORMANCE METALS
1475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON OH 45015 HAMILTON CH 45015
GRADE AND SPECIFICATIONS CARRIER - CLAY TRANSPORT, INC.

"ALTEMP" 718 ALLOY SHEET C R COILS ANNEALED 2D FIN 3 EDGE (UPM 718) (Ll0/30/08 EXCEPTIONS TO UPM 718)
(ASTM-E~139-06]) (AMS 2269F) (B50TF14-822 CLASSES A & E) (AMS 5096K) (UNS NOT718) (5-4060 DTD 10/10/2008)
(RSTM-E-112-96 REAPPROVED 2004 E2) (ESCTFL33-SS CLASS ) (S5-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17,
F-22, F-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO B50TF14)

‘THE NUMERIC CODES SHOWN UNDER MELT SOURCE CAN BE INTERPRETED AS FOLLOWS:
1. - MATERIAL MELTED, ROLLED AND TESTED IN THE UNITED STATES.
2, - FOREIGN MELT; ROLLED AND TESTED IN THE UNITED STATES.

THIS DIN EN 10204:2005 - 3.1 CERTIFICATE OF TEST SHALL NOT BE REPRODUCED EXCEPT IN FULL. FEDERAL LAW
PROHIBITS THE RECORDING OF FALSE, FICTITIOUS, OR FRAUDULENT STATEMENTS OR ENTRIES ON THE (ERTIFICATE
AND MAY BE PUNISHABLE AS A FELONY UNDER FEDERAL LAW. MATERIAL WAS MANUFACTURED IN ACCORDANCE WLITH THE
ALC QUALITY MANUAL REVISION 19 DATED 06/09/2010. ALC HOLDS SEVERAL QUALITY CERTIFICATIONS THAT INCLUDE
IS0-9001 AND AS9100. TESTING WAS PERFORMED AT ALC NADCAP AND ISO/IEC 17025 AFPROVED LABORATORIES
LOCATED AT THE NATRONA HEIGHTS, BRACKENRIDGE, LATROBE, AND MIDLAND, PA FACILITIES OR AT A NADCAP

AND ISO/IEC 17025 ACCREDITED COMMERCIAL LABORATORY.

DIN EN 10204:2005 - 3.1 CERTIFICATE DOES NOT INDICATE PED APPROVAL FOR THIS MATERIAL.

ATI-ALLEGHENY LUDLUM HOLDS SEVERAL QUALITY AND LABORATORY CERTIFCATIONS THAT INCLUDK 1SU0-900L:2000,
AS9100, AD 2000-MERKBLATT WO, AND EU PRESSURE FEQUIPMENT DIRECTIVE $7/23/EC, NADCAP MATERIALS TESTING,
ISO/TIREC 17025, GEAE S40C, GEAE $-1000. REFER TO WwWw.ALLEGHENYLUDLUM.COM TO ACCESS THE CURRENT ATI-AL
QUALITY CERTIFICATIONS.

ALLEGHENY LUDLUM WORKS 710 THE RCLLS ROYCE RR9000:SABRE REQUIREMENTS.

MATERTAL TESTED AT ALLEGHENY LUDLUM GEAE S400 (DATED 10/31/07) APPROVED FACILITIES ({(T1225):
NATRONA HEIGHTS TECHNICAL CENTER AND BRACKENRIDGE, PA.

PAGE 03 - CONTINUED ON PAGE 04 07/23/10 11:54:35
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Figure A.2.—Continued.
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AL 61683 5

NOTICE OF SHIPMENT/ -
PACKING LIST w}:% ﬁ\T' l { 'eF"'e"YI CERTIFICATE OF TEST

Alareny Tecwioiogies
CUS T, GHD. NO. & DATE | cusT GOGE AGCEPTING MILL SHIPFER NOU YRCOUCT OUUE MILL ORDEN HLWBEH TIATE SHIKWEU ‘r
01016216 i UQ/"‘}/]O] 110977 RHI\CKENRIDCE PA 4640'71 13020103060000 [32-040-092 07//’9/10 '
FORMI CIS1RIBUTION ‘(f MATL. SHIFP(NG LOCATION
oy kel | | S i wvl E ‘ b s
Jo—+| 1 fio*+ 81639-9 |26 2245 |VANDERGRIFT PA 1650416
SQLD TO PRIME SEC. SHIP 40
UNITED PERFORMANCE METALS Dso Dso UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMTILTON OH 45015 HAMILTON OH 45015
GRADE AND SPECIFICATIONS CARRIER - CLAY TRANSPORT, INC.

“ALTEME® 718 ALLOY SHEET € R COILS ANNEALED 3D ®IN 3 EDGE (UPM 718) {(10/30/08 EXCEPTIONS 1O UPM 718)
(ASTM-E-139-06) (AMS 2269F) (BSOTFL4~S22 CLASSES A & E) (AMS 5596K) (UNS NO7718) (S-400 0TD 10/10/2008)
(ASTM-E-112-96 REAPPROVED 2004 F2) (ES0TF133-59 CLASS C) (S-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17,
F-22, F-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO BWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO B50TF14)

ALLEGHENY LUDLUM PERFORMS CHEMICAL ANALYSIS BY THE FOLLOWING TECHNIQUES:
C, S BY COMBUSTLON/LNFRARED

N, O, H BY INERT FUSION/THERMAL CONDUCTIVITY

»w, P, SI, CR, NI, M0, CU, CB, CO, V BY WDXRF

R BY OES

AL AND TI (>=0,10%) BY WDXRF, OTHERWISE BY QFS

PB, BI. AG BY GFAA

TESTING WAS PERFGRMED AT THE FOLLOWLNG LOCATLIONS:
= ATI-ALLEGHENY LUDLUM; 100 RIVER ROAD; BRACKENRIDGE, PA 15014
TC = ATI-ALLEGHENY LUDLUM; 1300 PACIFIC AVENUE; NATRONA HEIGHTS, PA 15065

AMERICAN SPECIAL METALS, CORP.
5 B 1 FRTIF rY OF v, o RTIFICATION OF COMPLIANCE
<<<<<<<< TOR ACCESS TO ONLINE CERTIFICATES OF TEST »>>»x>m certify that s materia] conforms 10 the applicable

Py v
e SRS RS NGRS S0 >>>>P>>Daclﬁi‘almns as showr, on this putchase order.
Customer. '2—' (=Y
Customer PO#, =N -G =P -
ASM Wnrk Qrdert_2 OVO— W= V273N
Q ‘ ecel
ki ;o R -2.-2.0\0
Q.C¥ertification Clerk Date
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Figure A.2.—Continued.
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sLcieraae

NOTICE OF SHIPMENT/ \0 CERTIFICATE OF TEST
PACKING LIST Tf N- l Lud? ¥

gy fptaoase TNVOICE NO 650416
ST U0 G210041 SHIP DATE 742972610
YIELD TEKSILE ELONGATION STRESS
SPECIFICATION (PST) (P31) N 2" HARDNESS RUDTURE
BIUTFLl4 2 5
HEAT TREAT (i} 1590€Q 201000 19 47 HRC
ELFVATER TRMP  (3) 142600 162000 20 B
STRE35 RUPTURE (2) 20.2 HOURS DISCONTINUED
AMS SE9GK Y
UEAT TREAT (4) 174000 203000 20 48 . HEC
BLEVATED TEMP (3) 143000 164000 19
STKESS RUPTURE (2) 13 98.9 HODRS BROKE
GIRATN STRUCTURE: UNIFORM LARGRSY GRAIN $TZiE: 9
* TRANSVERSE TEST-Y.S. BY 0.2% OFFSET METHOD
(1) LEAT PO L750F +/- 25F (354C +/- 14C) AND HOLD FOR ORE !HOUR. (OOL TO ROON 'PEMPERATURE. HEAT TO

1325F 1/~ 25F (718C +/~ 14C) AND HOLD FOR EIGHT HOURS. FURNACE COOL TO 1150F +/- 25F (621C +/-
14C) FOR ELGHT HOURS. CUUI: ‘f0 ROUM TEMPERATURE,

(2} 12007 «/- 3F (649C +»/- 2C), 100,000 PSI (68 MPA).

13} HEAT TERSILE Y0 1200F +/- 57 (548C 4/- 3C), HOLD AT HEAT 20-20 MINUTES, TEST AT 1200F +/- 5P
(649C +/-3C) .

(4)  HEAT PO 1325F +/- ISP (71BC +;7- BC), HOLD AT HEAT FUR B HOURS +/- .5 HQURS; COOL AT RATE OF LQ0F
~/- 25F (38C +/- BC) PER HOUR, TO 11S0F +/- 15§ (821C ¢/- 8C); HOLD &1 1150F +/- 15F {621C +/- 8C})
TOR & HOURS, AIR COOR.

BY CERTIFYING T0 BS0TF14-522 CLASS E, WE HAVE CERTIFIED THAT THIS MATERIAL IS CAPABLE OF HEEIING CLASS F,
WHEN HEAT TREATED IN ACCORDAHCE WTTH THE CLASS F REQUIREMENTS OF PARAGRAEH 3.6.1. KEAT TREATED PRUPERTIES
REPORTED ON QUR CERTIFICATE OF TREST, INDICATED BY (1) ABOVE, SHOW THE RESULTS AFTER SAMPLES WERE HFAT
TREATED 'TO THE REQUIREMENT OF CLASS F. ACTUAL COIL #WAS SUPPLIED IN THE MILL ANNEALED CONUDITION 1N
ACIORDANCE WITH CLASE E.

'ERETURE TENSILE TESTING WAS PRRFORMED AT WESTHORLELAND MECHANICAL TESTING & RESEARCH, INC.

COURGSTUMN, PA., A NADCAP CERTIFIED LABORATORY. Amatican .
A CGualily rance
ISSUSD BY ALLEGHENY LUDLUM - 07/29/2010 15:56 ppproved
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Figure A.2.—Concluded.
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Binys

AN TigiMENTE CERTIFICATE QF TEST
PACKING LIST Arl tisdlirn
g by Tt kg e
CUST. GRD NO. & DATE CYST. CO0E ACCE"HNGMILL SIIPPER NO, l PRODUCT CODE ’ WL QADCR NUMHEA DANE SHIPPLO
o1 0164 5 [05/21/100 110977 | BRACKENRIDGE, PA 1465610 l13010103060000 32-050-144 l0g/12/10
FOANS DIFTAINLTION ey FL./;‘.[JL o"”‘ GOME GO HAGT NG LOGA 100 [
OO I 3 B L B 87110-0 26 2245 |BRACKENRIDGE Iza 030899
SOLD TO PRIME SEC. SHIF TO
UNITED PERFORMANCE METALS D50 DSO UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON QH 45015 HAMILTON OH 45015
GRADE AND SPECIFICATIONS CARRIER - GROSS,RONALD, INC.

"ALTEMP* 718 ALLOY SHEET C R CUT LENGTHS ANNEALED 2D FIN 3 EDGE (UpPM 718) (ASTM-£-112-36 REAFPROVED 2004 E2)
(ASTM~E~139-06) (AMS 2269F) (BS0TFL14-522 CLASSES A & E) [(AMS 5596K) (UNS H07718) (S-400 DTD 10/10/2008)
(10/30/08 EXCEPTIONS TO UPM 718) (E50TF133-39 CLASS C) (S-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17

F-22, F-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) {04/30/04 EXCEPTIONS TO BSO’I‘rld)

ITEM PCS DIMENSIONS W/G/L HEAT # COIL # TEST # GROSS TARE NET THEQO TAG #/ CD SKID #
001A 16 36./.125/120. 068645 -02 07020N260A 3723828 2833 249 2584 134855
16 16./.125/120. 068645 -02 07020N260B 3723828 2AB3 291 2592 134856
10 36./.125/120. 068645 -02 07020N260C 3723828 191t 295 1622 134857
C CUST IDENTITY 14050
3 SKIDS 7633 835 6798
TYPE HEAT/TEST ~-0--= =—MN-- --P--= --Se-- --ST-- --CR-- --NI-- =-AL-= --MO-- --CU-- --CB-~ --TA--
HEAT 068645-02 .05 .07 007 L0002 .06 18.27 52.20 .59 2.89 04 5.04 .01
TEZT LOCATION TC BN BN TE BN BN eN BN BN BN N TC
-=TI-- --CO-- --B--- --FE--
HEAT 068645-02 l.02 .16 .002 19.62
TEST LOCATION BN BN BN BN
YIELD TENSILE % ELONG GRAIN
ITEM TEST NO PSI * PSI IN 2* % R/A  HARDNESS BEND SIZE
001A 3723828 T 65500 129000 49, 98, HRBW T PASS 9
95 . HRBW 9. - \
TEST LOCATION e T T ¢ TC ¢  REVIEWED BY O;E’.
LA S~ 1 I FFAR” 1]
¥.5. BY 0.2% CFFSET METHOD Date gi’}b Z/O by 1
PAGE 01 - CONTINUED ON PAGE (2 08/12/10 14:34:27
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Figure A.3.—Material Certification for test number 3723828.

NASA/TM—2020-220451 33



AL 81683 909

NGTICE OF SHIPMENT/ e resr
PACKING LIST %m‘ﬁ bﬁ}:ﬁ" CERTIFICATE O

GusT. ORD. NO § DATE CAST, GODE ADLH—'HNGMAU e SHPPER MO, PRGOUCT CODE MILL DHDER HUMBER DATE SHIPPED ’
01016426 \05/21&0, 110977 BRACKFNRIDGE, ?A 1165610 130101030600Q0 132-050~144 [08/12/10
ORMS OISTAIBUTHOR TCOMTRAGT MATL SHIPPING LOCATION INVONGL
010 1 lsu.rl I:m_'ai F i e -
=] 1 ffor b 18711020 26 2245 IBRACKENRIDGE ipa |030899
SoLD TO PRIME SEC. SH1P TO
UNITED PERFORMANCE METALS DSO  DSO UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMLILTON OH 45015 HAMILTON OH 45015

GRADE AND SPECIFICATIONS CARRIER - GROSS, RONALD, INC,
"ALTEMP" /18 ALLOY SHEET C R CUT LENGTHS ANNEALED 2D FIN 3 EDGE (UPM 718) (ASTM-E-112-96 REAPPROVED 2004 E2)
(ASTM-E-139-06) (AMS 2269F) (BSOIFl4-522 CLASSES A & E) {AMS 5596K) (UNS N07718) (5-400 DTD 10/10/2008)
(10/30/08 EXCEPTIONS TO UPM 718) (ESOTF133-39 CLASS C} (S-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17,

F-22, F-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO BSOTF14)
INTER-GRAN MICROSTRUC MICROSTRUC OCCASIONAL AVERAGE

MELT
ITEY TEST NO SOURCE ATTACK PeW E-44 AMS 5596  GRAIN SIZE GRAIN S1ZE MACROETCH
001a 3723828 a s L0000 IN FIG 1 PASS 9. Iz PASS

L0000 OUT FIG 1 PASS 9. 9. PASS

TEST LOCATION TC c e TC T e

P&W E-25
ITEM TEST NO TRAN BEND
001A 3723828 2.

TEST LOCATION

T
METALLOGRAPHIC MAGNIFICATION: 100X ETCHANT USED: HCL/CHROMIC ACID

GRADE VERIFICATION WAS CARRIED OUT SPECTROSCOPICALLY

INTERGRANULAR ATTACK MAGNIFICATION: 500X

ALLEGHENY LUDLUM DOES NOT USE MERCURY IN THE TESTING OR PRODUCTICON OF 1ITS PRODUCTS. TO THE BEST OF
ALLEGHENY LUDLUMS KNOWLEDCE, UNDERSTANDING, AND BELIEF, THIS MATERIAL WAS NOT CONTAMINATED BY MERCURY
WHILE IT WAS BEING PRODUCED IN OUR FACILITIES.

NO WELDS/WELD REPAIRS PERFORMED.

THE PRODUCT WAS SOLUTION HEAT-TREATED WITHIN THE RANGE 1725F - 1B25F +/- 25F {941C - Y96C +/- 14C)
FOR A TIME COMMENSURATE WITH THICKNESS AND COOLED AT A RATE EQUIVALENT TO AIR OR FASTER.
PAGE 02 - CONTINUED ON PAGE 03 08/12/10 14:34:27
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Figure A.3.—Continued.
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AL B16y. 4

NOTICE OF SHIPMENT/
PRcING LiaT .&A‘T" ﬁl'd gher CERTIFICATE OF TEST
by Tachmigioe
CUST. ORD. NO & OaTF CUST COLE ACCEFTING MHL ( SMIHPER N PHUNLCT CURE HILL DRDER NUMRBEH IATE SHIPPED
01016426 Fosszi/100 110977 [ mrackenRIDeE, 28 l465610 ! 1010103060000 |32-050-144 l08/12/10 f
FONIG DI RII!II'CUN DEF( e ﬂm JOWT CONTRAGT MATL SHIPFING LOCATION IHYDICE
el s (= | 87110~ ol 28] f:zas BRACKENRIDGE tpa 030899
SQLD TO PRIME SEC. SHIP TO
UNTTED PERFORMANCE METALS 0so Dso UNITED FPERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON OH 45015 HAMILTON OH 45015

CARRIER - GROSS,RRONALD, INC.
"ALTEMP" 718 ALLOY SHRET C R CUT LENGTHS ANNEATLED 2D FIN 3 EDGE (UPM 718) (ASTM-E-112-96 RRAPPROVED 2004 E2)
{ASTM-E-139-06j (AMS 2269F) (B50TF14-522 CLASSES A & L} (AMS 5596K) (UNS N07718) (s5-400 DID 10/10/2008)

{10/30/08 EXCEPTIONS TC UPM 718} {(ES0TF133-89 CLASS C) (S-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17,
-22, F=-23, F-MASTER) (PWA 300 REV BJ} (CONTROLLED TC PWA LCS REQUIRMENTS) (04/30/04 EXCEPTIONS TO B30TF14)

ALLEGHENY LUDLUM DOES NOT USE MERCURY IN THE TESTING OR PRODUCTICN OF ITS PRODUCTS.

GRADE AND SPECIFICATIONS

THE NUMERIC CODES SHOWN UNDER MELT SOURCE CAN BE INTERPRETED AS FOLLOWS:

1. - MATERYAL MELTED, ROLLED AND TESTED IN PHE UNIUED STATES.

2. - FOREIGN MELT; ROLLED AND TESTED IN THE UNITED STATES.
THIS DIN EN 10204:2005 - 3.1 CERTIFICATE OF TEST SHALL NOT BE REPRODUCED EXCEPT IN FULL. FEDERAL LAW
PROHIBITS THE RECCRDING OF FALSE, FICTITIOUS, OR FRAUDULENT STATEMENTS OR ENTRIES ON THE CERTIFICATE
AND MAY BE PUNISHABLE AS A FELONY UNDER FEDERAL LAW, MATERIAL WAS MANUFACTURED IN ACCORDANCE WITH THE
ALC QUALITY MANUAL REVISION 19 DATED 06/09/2010. ALC HOLDS SEVERAL QUALITY CERTIFICATIONS THAT INCLUDE
180-9001 AND ASS100. TESTING WAS PERFORMED AT ALC NADCAP AND ISQ/IEC 17025 APPROVED LABORATQRIES
LQCATED AT THE NATRONA HEIGHTS, BRACKENRIDGE, LATROBE, AND MIDLAND, PA FACILITIES OR AT A NADCAP
AND ISO/IEC 17025 ACCREDITED COMMERCIAL LABORATORY.

DIN EN 10204:2005 - 3.1 CERTIFICATE DOES NOT INDICATE PED APPROVAL FOR THIS MATERIAL.

ATI-ALLEGHENY LUDLUM HOLDS SEVERAL QUALITY AND LABORATORY CERTIFCATIONS THAT INCLUDE IS0-9001:2000,
AS59100, AD 2000-MERKBLAU WO, AND EU PRESSURE EQUIPMENT DIRECTIVE $7/23/EC, NADCAD MATERIALS TESTING,
ISO/IEC 17025, GEAE S400, GEAE S-1000. REFER 170 WWW.ALLEGHENYLUDLUM,COM TO ACCESS THE CURRENT ATI-AL
QUALITY CERTIFICATIONS.

ALLEGHENY LUDLUM WORKS TO THE ROLLS ROYCE SABRE QUALITY MANAGEMENT SYSTEM.

PAGE 03 ~ CONTINUED ON PAGE 04 G8/12/10 14:34:27
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Figure A.3.—Continued.
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AL 5100-3808

NOTICE OF SHIPMENT/ :
PACKING LIST %% Ar ] N‘ legheay CERTIFICATE OF TEST

CUST ORD. NO, & DX 1E ] scceprram i SIFPER KO PRODUST CODE ML DADER NUMBER DATE SHPPER
01016426 ‘05/21/10] 110977 F BRACKENRIDGE PA 465610 13010103060000 32-050-144 08/12/10 |
FORNS OSTRISUTION GOVT CONTAGT TING LGCATION
soLu. } ’sm! F,Eq ' )-l.l!:luuhv
o= 1 [0 ~¥ 87110 0126 ‘ 2245 |BRACKENRIDGE IPA 030899 |
S0LD TO PRIME SEC. SHIP TO
UNITED PERFORMANCE METALS nso DS UNITED PERFORMANCE METALS
3475 SYMMES ROAD 584 3475 SYMMES ROAD
HAMILTON OR 45015 HAMILTON OH 45018

GRADE AND SPECIFICATIONS CARRIER - GROSS, RONALD,INC.
7 {ASTM-E-112-96 REAPPROVED 2004 E2}

"ALTEMP" 718 ALLOY SHEET C R CUT LENGTHS ANNEALED 2D FIN 3 EDCE (UPM 718)
(ASTM-E-1389-06) (AMS 2269F) (BS50TFL4-522 CLASSES A & E) (AMS 5596K) (UNS NOT718) (5-400 DrD 10/10/20068)
(10/30/08 EXCEPTIONS TO UPM 718) (ESQTF132-S% CLASS C) (5-1000 DATED 1/2/08) (UPM-QRS-001) (F-14, F-17,
F-22, F-23, F-MASTER) (PWA 300 REV BJ) (CONTROLLED TO PWA LCS REQUIRMENTS) {04/30/04 EXCEPTIONS T0 B50TF14)

MATERIAL TESTED AT ALLEGHENY LUDLUM GEAE S400 (DATED 10/31/07) APPROVED FACILITIES (T1225):
NATRONA HEIGHTS TECHNICAL CENTER AND BRACKENRIDGE, PA.

ALLEGHENY LUDLUM PERFORMS CHEMICAL ANALYSIS BY THE FOLLOWING TECHNIQUES:

€, 8 BY COMBUSTION/INFRARED

N, ©, [ BY INERT FUSION/THERMAL CONDUCTIVITY

MM, P, S5I, CR, NI, MO, CU, CB, CU0, V BY VWDXRF

B BY QES

AL AND TI ({>=0.10%) BY WDXRF, OTHERWISE BY QRS

PB., BI, AG BY GFAA

TESTING WAS PERFORMED AT THE FULLOWING LOCATIONS: AMERICAN SPRCIAT METALS, CORP

BN = ATI-ALLEGHENY LUDLUM; 100 RIVER RQAD; BRACKENRIDGE, P2 15014 CERTIFICATION OF COMPLIANCE

TC = ATI-ALLEGHENY LUDLUM: 1300 PACIFIC AVENUE; NATRONA HEIGHTS, PA 15065 We certify that this material conforms to the applicable
specifications as hown on this purchase order.

<<<<<<<cc FOR ACCESS TO UNLINE CERTIFICATES OF TEST »>>»>>3>5>
S S T REGISTER AT WwWiW.ALCEXTRA,.COM P

QK G Yieces
[« - 20\
Q.CCertification Clerk Date
PAGE 04 ONTINUED ON_PAGE 05.
uf 30 on 413 Tho fasteedd o
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Figure A.3.—Continued.
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AL TS 0l

NOTICE OF SHIPMENT/ ’ TI |then CERTIFICATE OF TEST
PACKING LIST '7’\ Lud
Aleghony Tectnologws
INVOICE NO 30899
TEST WO 3723828 SHLE DATE 8/12/2010
YIELD TENSTLE ELONGATTON STRESS
SPECLEICATLON (BEST} (PST) InN 2" HARDNESS RUPTURE
B3OTFLA-522  *
HEA'L 'TREAT 1) 1645000 201000 20 46 .HRC
ELEVATED TEMP (31 Ladagon 163000 17 : =
STRESS RUPTURE (2} 20.5 HOURS DISCONTINUED
AMS 5596K 7
HEAT TREAT 41 179000 206000 18 47 . HRC
ELEVATYED TEMP (3 144000 163000 16
STRESS RUPTURE (2) 12 109.5 HOURS BROKE
GRALM STRUCTURE: UNLFORM LARGEST CRAIN SIZE: 9

* TRANSVERSE TEJT-V.5, BY 0.2% OFFSEP METHOD

{2) HEAT TC 1750F +/- 25F (954C +/- 14C) AND HOLL FOR ONE HOUR. COOL TO ROGM TEMPERATURE. HEAT TO
1323F r/= 25F (718C +/- 14C) AND HOLD FQR EIGHT HOURS., FURNACE COCL TQ 1150F +/- 25F (621C +/-
14C) FOR EIGHT HOURS. COOL TO ROOM TEMPRERATURE

t2) 1200F +/- (649C +/- 2¢), 100,000 PSI {6E9 MDA).

{3y HEAT TENSILE 1O 1200F +/- 5F (649C +/- 3C), HOLD AT HEAT 20-30 MINUTES, TEST AT 1200F +/- SF
(648C +/-3C) .

(4)  HEAT PO L325F +/- 1OF (718C »/- BC], HOLD AT [GAT FOR B HOURS +/- .5 HOURS; COOL AT RATE OF 100F
+/~ 15F (3BC +/- BC) PER HOUR, TO 1150F +/- 15F (621C +/- 8C): IOLD AT 1150F +/- 15F (6210 +/- BC)
FOR 8 HOURS, AIR COQOL.

DV CERTIFYING TG B50TF14-522 CLASS E, WE HAVE CERTIFIED TH&T THIS MATERIAL 1S CAPABLE OF MEETING CLASS F,
WIEN HEAT TREATED IN ACCORDANCE WTTH THE CLASS F REQUIREMENTS OF PARAGRAPH 3.5.1. HEAT TREATED FRQPERIIES
REPORTED ON QUR CERTIFICATE OF TEST, INDICATED By (1) RROVE, SHOW THE RESULTS AFTER SAMPLES WEKE HEAT
TREATED TO THE REQUTREMENT OF CLASS F. ACTUAL £QTT, WAS SUPPLIED IN THE MILL ANNEALED CONDI'YION IN

ACCORDANCE WITH CLASS E.
LNG WAS ED AT WESTMOREL Ci ICAL TESTIN A 7 i o o
WAS PERFORMED AT WESTMORELAND MECHANIC. STING & RESEARCH, INC Amesican Bpacial Metals
o e

ELEVATED TEMPERATURE TENSILE TESLL
YOUNGSTOWN, Ph., & NADCAF CENTIFLED LABURNTORY .

TSSUED BY ATLECHENY LUDLUM - 08/12/2010 16:01

PAGE 05 - FINAL PAGE. TERESA A. STUMPF - QUALITY ASSURANCE DEPI
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sonniant 200 ouRoRDERND  PWOTB&TTO l.’)“ &'
YouRoRDERNO 174040 * Lf1
T61748-01
I IEU"W Wasningon, P& 18301 CERMICIED MATERIAL ey 05/26/2010 1o
um CERTIFICATE OF CONFORNENCE SALESMAN MO 424
R Cichions $echmicta
(3
Ty W52,
ymw~m,0«w0u¢r
48182 Fled
ALTEME 718 HRAF 'E 205
ASTM BO70 02  AMS 5596 K GE BSOTFL4 S22 CLASS A & E TRACER #,

2.4468; NACE MRO175; RRPO00:SABRe;
S1000E; S400E:; UNS N07718

Heat Matl ID Slip Sid Lot No Size(Inches) Pcs Weight(lb)
06B516L03 03 15012 ARA 234006  .5000 x  48.0000 x 260.0000 1 1909 T 20900y
06B516L03 03 15012 AAR 234007  .5000 x  4B.0000 x 29B.0000 L aees T Lod3eyr

Heat c MN P s 81 NI CR MO co cu AL TI CB B FE .
©6B316L03 .048  .0B3F .008 .0001 .072 52.40 18.32 2.87 .20 .034 .54 1,02 4.94 .0029 19.25
TR
V6BH1L6LOT 010
Cond. Yield Tensile Red. of Grain
Lot No Gauge Cond. Test Strength Strength €£long %4 Area Z Hardness Bend Corrasion Size
234006 .5000 TRANS ANNEAL, &2.8 K81 128.8 KSI 52.0 &60.0 BO9L 8
TRANS (A) 147.7 KS1I  204.5 KSI 25.0 Co44
TRANS (A&C) 140.2 K81 146.1 KSI 28.0
TRANS (B) 160.8 KSI  200.2 KS1 27.0 coss
TRANS (B&L) 129.3 KSI  1546.0 K81 27.0
234007 . 5000 TRANS AMNEAL &4.0 KSI  130.8 KSI 51.0 57.0 BO93 8
TRANS (A) 163.9 K81 202.2 K51 26.0 C043
TRANS (AREC) 159.8 K81 164.9 KSI 29.0
TRANS (B) 172.5 K81 204.6 KSI 24.0 CQ4z

REVISHED BY O.C.
PAGE 1 CONTINUE ON PAGE 2 i s
Dos= .E’,BE/-LQW

THIS CERTIFICATE OF TEST SHALL NOT BE REPRODUCED IN FULL WITHOUT THE WRITTEN APPROVAL OF THE COMPANY. THE RECORDING OF FALSE, FICTITIOUS, OR FRAUDULENT STATEMENTS OR ENTRIES ON THE CEATIFKCATE MAY BE PUNISHED AS
A FELONY UNDER FEDERAL LAW. TESTING WAS PERFORMED AT AL NADGAP AND ISOAEL 17025 APPROVED LABORATORIES LOCATED AT NATRONA HEIGHTS, BRACKENRIDGE, LATROBE, MIDLAND, AND LEECHBURG, A FACILITIES OA A NADCAP AND
(SONEC 17425 ACCREDITED LABORATORY, EN 10204 - 31 ALLEGHENY LUDLUM IS APPROVED AS MANUFACTURER ACCORDING TO AD-MERKEUATT WOXTRD 100 AND THE PRESSURE EQUIPMENT DIREGTIVE PED 97/23EC.

AMLEGHENY LUDLUM PERFORMS CHEMICAL ANALYS!S BY THE FOLLOWING TECHNIQUES: C, § BY COMBUSTK N, O, HBY INERT FUSHO: o .MM, P, 51, CA, N, MO, CU, CB, GO, V. BY WDXRF. 8 BY OES. AL AND T {>=0.:0%)
8Y WOXRF. OTHEAWISE BY OES, PB. 81, AG BY GFAA
CERTIAGATE OF TEST STATEMENT & GHEMISTRY STRTEMENT EXCEPT AS GTHERWISE KOTED, HAS BERN TESTED THE LSTED TOTHE AMD) ORDER

Figure A.4.—Certificate of conformance.
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|
soeia 200 | GUR ORDER NO. FWO3BL770 Fage 2
vouncRoERNO, 174040

Allannanv Tazhnolooken

500 Green Strest | MEMO NG, 361748-01
Al i LuteIFhenY Washington, PA 15301 CERTIFIED MATERIAL | hure 05/26/2010
CERTIEICATE OF CONFORMEREE O twum 424
|
1

48182 192
Cond .- Yield Tensile Red. of Grain
Lot No Gauge Cond. Test Strength Strength Elong % Area % Hardness Bend Carrosion Size

TRANS {B&C) 145.0 K51 167.8 kSI 22.0
Lot Ne: 238006 (D) STRESS RUFTURE - HRS BRUKE &7.0 ELONG 8.0
Lot No: 238006 (E) STRESS RURTURE ~ KRS BROKE 1.5 ELONG 6.0
Lot No: 234006 MICROSTRUCTURE UNIFORM
Lot No: 234006 FINAL STRESS RUFTURE LOAD - (D) 130 KSI; (E) 130 KSI
Lot Nao: 234007 (D) STRESS RUPTURE - HRE BROKE 64.9 ELONG 8.0
Lot No: 234007 (E) STRESS RUPTURE - HRS BROKE 93.9 ELONG 7.0
Lot No: 234007 MICROSTRUCTURE UNIFORM
Lot No: 234007 FINAL STRESS RUPTURE LOAD (D) 130 KSI; (£) 130 KSI

MATERIAL WAS NOT WELD REPAIRED

MATERIAL WAS PRODUCED WITHOUT KNDWN CONTACT WITH MERCURY

DIN EN 10204:2005 3.1 CERTIFICATE

MATERIAL IS OF USA MELT AND MANUFACTURE

(A) SOLUTION TREATED & AGED PER GE BSOTFL4 (ABOVE REVIGION) CLASSES B & F

(B) PRECIFITATION HARDENED PER AMS 5596 AND ASTM B&670 (ABOVE REVISIONS)

(C) HEAT TO 1200 DEG F, HOLD AT HEAT 20/30 MIN., TEST AT 1200F +/- 5F

(D) STRESS RUPTURE PER G.E, BSOTF14 — 1200F, UFLOAD S KSI1/B-1Q HRS RFTER 23 HRS

{E) STRESS RUPTURE PER AIMS 5596 & ASTM B6703; URLOAD S5 KS1/8-10 HRS AFTER 48 HRS

NADCAP CERT #124317 ALLEGHENY LUDLUM BRACKENRIDGE, FA EXFIRES 10/31/201Q

HEAT TREATED IN RANGE DF 1725-182%F AND COOLED AT RATE EGQUAL TO AIR OR FASTER -

INITIAL STRESS RUPTURE LOAD - 10¢ KSI

MECHANICAL & ELEVATED TEMP TESTS PERFORMED AT WMTR; CHEMICAL TESTING PERFORMED AT AILLEGHENY LUDLUM
American Spcoial Meowals

PABE 2 CONTINUE ON PAGE I !,Fon;‘,;',f""‘"‘”“'”"c“ B
eSS

THIS CERTIFICATE OF TEST SHALL NOT BE REPACDUCED IN FULL WITHOUT THE WRITTEN APPRGVAL OF THE COMPANY. THE OR ENTRIES ON THE MAY BE PUNISHED AS
A FELONY UNOER FEDERAL LAW, TESTING WAS PERFORMED AT ALG NADCAP AND ISHEG 17025 APPROVED LABORATORIES LOCATED AT NATRONA HEKHTS, BR%NRIDG‘E LATROBE, MiDLAND, AND LEECHBURG, PA FACILITIES OR A NADCAP AND
ISOAEC 17025 ACCREDITED LABORATORY. EN {0204 - 3.1 ALLEGHENY LUDLUM IS APPROVED AS MANUFACTURER ACCORDING TO ADMERKBLATT WO/TRD 100 AND THE PRESSURE EQUIPMENT XRECTIVE PED BT/ZVEC.

ALLEGHENY LUDLUM PERFORMS CHEMICAL ANALYSIS BY THE FOLLOWING TECHNIQUES: G, § BY COMBUSTIONANFRARED. N, O, H BY INERT FUSION/THERMAL CONDUCTIVITY. MN, P. 81, CR, NI, MO, CU, €8, 00, ¥, BY WOXRF. B BY OES. AL AND T1 (»0.10%)
BY WOXAF, OTHERWISE B QES. P8, B, AG BY GFAA
CERNACATE OF TEST STATEMENT & CHEMISTRY STATEMENT EXCEFT. HAS BERN TESTED N WITH TOTHE AD ORDER

Figure A.4.—Continued.
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CERTIHICATION UF TEYTS 8 RAPPORT D'ESSA| CUSTUMER COPY
Sales Order Na Daw Entered. Crrtdmer Refurvace Haynes Iniemational
rom o i STt HAYNES 1020 West Ptk Avense
5805710010 03/18/10 T14082 20100821005 [ 1or3 International PO Box 9013
! e Kokamo, Indizna, 46902
H Predust Description = Doscription Praduit » Matertal Bashreibung
P 0.250 x 48 x 240
HAYNES(R) 718 ALLOY PLATE - PLATE
i Nadcap CERTIFICATE NUMBER 126994
f GE# 19762, 5400 10/10/2008, S1000 3/2/2010, EN 10204 3,1, AS9100
{dprcntestion « Spccificatias » Spesifibatian Quentlty Ordenrs
Guantic Commandee
] Liefermesge
AMS 5596, K. BS0TF14, 522, C1 A TESTED CL B; BSOTF14, $22, C). E TESTED CL. F. 14 PC 4 PC
ASTM-N-£70, 02, UNSH NO7718; MRO175-2003, A; RRIO0G:SABRe
Heal Number | Chemical Anaiysis » Analyse Chimigue » Chemische Analyse
Moo beCoder [ 4 G ot Co o | G T M Mo N B s [ S wo v 7
ST L Ty +
215009812 (0.53 0.003 0.051 517 0.7 1810 0.05 18.50 0.21 .09 5290 <0.005  [<0.002 ‘(I a8 092 i BUTT END *01
| |
i | |
| | | ‘ !
| | i ]
- l i | B IS N D
i ) Ta o B 5 [ i o [ Y A W [ AT | MirCo_ | KitMa T
218009812 LS,IE{] irxl,us | ! BUTT END =02
‘ |
| 1 ! ’
: ‘ i
b ‘
[ ‘ | ' i
| ! !
L L
e R SV S R S |
Certified By « Certifie Par » Beschernigt Durch: fim White 8212010
Certificalion Supervisor
il ﬂ/ d%) !
§
|
|

Dot .

Pﬂ%g“’%
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Figure A.4.—Continued.
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“CERTIFICATION OF TESTS « BAFPORT U'ESSAL LN TIF(E + WERKSZEUGNIS CUSTOMER COPY
Sum Ordnr o Dite Latered Cuntarmer Reference Report Mo, Frges Wi Fagns IHaynes Inemationa!
Aeterence Crie p .
s e g == s Tgir | HAYNES 2 e ik A
HOSTIO0L0 | O3RN0 174082 20106821006 2003 | International PO Box 9013
‘ Kokomo, [ndizna, 46902
= nN  EE— — = ]
Teaids Tret 0t Rosa Temperstarr = Lrasi D Traction & Temp. Ambicaie » Zypveryuch Tenslle Test at Elevated Tempersture « Luani Or Tractien A Riz Temp. E Strert Rupture Temperniurs » T1aal A Charge De Repiurg Zeitatyndveravch
Bei Rave Temp, Warm Zeprenuck [ e
Turae B3] Tn Ve W g e T | e % VK TP Vel RE | | T& e ‘! e T Choeiln | RAR
Lo B A2 | Lim Bt A0 | % ABonge Eou | Lo Bl & 1% | Lim Eum AGI% | % Aloag EN Faa Conmmntz e e
pemnn | XS [07% SR | SDvams | XA R - e R r e ety i et o PN
1 i P tews i R B 1T | _Teap B Y
131000 PSI SIS0 PST | 50% 1A) | [[1200 °F [ 170000 PST1 149000 PST |~ 23 % 18) 1260 5F 105000 PST[ 206 THRS | 17 % DB
208000 PST 179000 PSI| 21 % | sy || 200 | (66000 PS] | 1IR000 PSI | 22 % jile} 1200°F | 105000 PSL| 1187 HRS | 30 % 1o
206000 PSI 167000881 21 % o ‘ I (
| i
! .
| ? |
| {
o | '
‘ p | i
! r i
1 | P | *
| l i | , (
1 o 1 | | ! ‘i ___L ] i
—— A Hardem: Gl S [GA | Uaifarminy | Corrarion Rate | Ovitatioa Fate Tharpy Impnct et Creep huprare
[ Hickey Durerie Vieal Grositer Be Grain
St | Gealer Muerte Korogrotare
’ T Vo [ rocomiin | Py Grar | Doy, | WLA | FAW | Awd Do [ T T Farspovar [ Toigins | Tt | Tocthoew T T o | SBegl [RBagdl
1‘ e i Grnk Fipore Mot | R vob o 3 [y Cormmime | Hepms | MADegEN | L3HA
| ] e ‘ ' verch Somang | swagm | % Dewang
| | v Lo | o | oo | | ey P
[FTHRBW DAY [ 65 | 65 | 100 | @ | 6] 1 T ] |
‘ surc| 1By i
| | 431RC I 1)C) |
| ‘ ‘ J
i |
| i ‘
' [ [ | \
! ! I |
] | | |
L f i ' I 1 L
Certified By ¢ Certilie Par o Bescheinlgt Durch: Jim White 8212010 132758057101
Certification Supervisor

@d— £ A% | iy A apance ™

T4 BTN AL AL A8 BF ATV TN B L THAT AL 1 PLESLYVATIFL OF i FPROOSSTY B 0, 111 T I T ¥ATIAL biA Ty T AL BT o Voo vy swmp
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Figure A.4.—Continued.
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CUSTOMER COPY

FICA 110 UF TESTS » RAPPORT DVESSAIS CER 3 15 IE » WEKKS£EUG
e Ha.

ErE Curiomer Referrnee i3 nl~ Haynes [nlematicnal
m;:::ﬁ-:::wr T ety HAYNES 1020 West Far e
580571001-0 | QW80 T74082 20100821006 lnternlﬁﬂﬂ'ﬂl PO Box 9013
e | e ——— Kokomo, Indiana, 46302

Heal Codes: AMS $596/9B12: YBXCF
All tests and inspections have been perfarmed and resulls meet specification requiréments
THIS MATERIAL 1S FREE FROM MERCURY, CADMIUM, RADIUM, AND ALPHA SOURCE CONTAMINATION
THlS MATEKIAI WAS MELTED AND MANUFACTURED [N THE UMITED STATES
t-oomtpotted 1o P A Fo6ranmd gttt (S5
Micrestructiire; Acoeptahie
Surfate microstructural evaluation was performed at S00X magnification
Tested at Haynes Inizmational, Inc. Kokamo, In.
Microstructure camplies with ESUTF133 Class C
Samples tested 10 BSOTFI4 Cl F condition and material supplied o C1E condition
Samples iested to BSUTF14 C1.B condition and material supptied 16 CLA condition.
All aged test specimens are aged after final machining.
Mill Orders Used: 2758057101 (4 PC)
* This test was perfornicd a1 Conneelicut Metalluegical, Inc., 100 Prestige Park, East [ {anford, CT, Phone ¥ (860)289-7481 Fax # (860)522-1 516
Method of Chemistry Analysis for Heaf 69812 BUTT END *02: O.E. (ALB.Cr,PSi); LECO (C,5); XARL DIRECT RATION(Ch Fr), XARL LINFIT (CBTA.Co,Cu,Mn Mo Ni T To),
A) 1725 °F 10 1825 °F
B) 1725 °F 10 1625 °F. Step 1'1J25 °F, & Hrz, Step 2:1150 °F, & HrsTotal Temic. 18 Hig)
€} 1725 °F to 1825 °F; Step 11750 °F, | Hrs; Siep 2.4325 °F, 8 Hrs; Step 3:1150 °F, § HrsTouwl Time: 18 Hrs)

Certified By » Certifie Par « Bescheinigt Durch: Jim White ) 82172010
Certification Supervisor
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AMERICAN SPECIAL METALS, CORP,
CERTIFICATION OF COMPLIANCE

‘We certify that this material conforms to the applicable
specifications dssph\nwn on this purchase order.
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Figure A.4.—Continued.
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SUEBAA- 1 200 OUR CRDER NO. FWO3B677( Fage =
YOUR ORDER NO. T74040

500 Green Street MEMO NO. 36174B8-01
I I&HW Washington, PA 15301 CEHrnFi'FDE'f"gg']rmL DATE 05/26/2010
um CERTIFICATE OF CONFDﬁ-mi’?«:Fé ; 424

4B1BZ 1182

NADCAP CERT #122335 WESTMORELAND MECHANICAL TESTING (WMTR) YOUNGSTOWN, PA EXFIRES 4/30/2010

AMERICAN SPECIAL METALS, CORP.
CERTIFICATION OF COMPLIANCE

We certify that this material canforms to the applicable
apecificationy as shown on this purchase order.

Cromes. E BB

Customer POR._ DX TACK - 16 -9 -0O240
ASM Work Order?_ 201D = W - 12 ¥\

Gy, \ " Piece

X 7. 20D
O.CBgrtincation Clerk Date

PAGE I FINAL FAGE

THIS CERTIFIGATE OF TEST SHALL NOT BE REPAODUCED IN FULL WITHOUT THE WRITTEN APPROVAL OF THE COMPANY. THE RECORDING OF FALSE, FIGTITIOUS,
A FELONY UNDER FEDERAL LAWY, TESTING WAS PERFORMED AT ALC NADCAP AND |SOMEC 17025 APPROVED
ISOVEC 17025 ACCREDITED

OR FRAUDULENT STATEMENTS OR ENTRIES ON THE CERTIFICATE MAY BE PUNISHED AS
1ES LOGATED AT NATROMA HEKIHTS, BRACKENAIDGE, LATROBE, MIDLAND, AND LEECHBURG. PA FACILITIES OR A NADCAP AND
 EN 10204 = 1.1 ALLEGHENY LUDLUM IS APPROVE AS MANUFACTURER ACCORDING TO AD-MERKBLATT WO/TRD 100 AND THE PREBSURE EQUIPMENT DIRECTIVE PED 672/EC.

ALLEGHEMY LUDLUM AL ANALYSIS 8Y THE ITECHNIQUES: €, 5 BY COMBUSTION N, 0, H BY INERT FUSIONTHERMAL CONDUCTIVITY. W, P, 61, CR, M1, WO, CU, GB, CO, ¥, BY WDXRF. B BY OES, AL AND 1 (>«0.10%)
BY WOXRF, OTHERWISE BY OES. PB. Bl, AG BY OFAA

CENTECATE OF TEST STATEMENT & CHEMISTAY STATEMENT EXCEPT AS OTHERWASE NOTED, THES MATERAL HAS BEEK AXD TESTED B4 THE LIETED SPECF RESUTS

™ o AND ORDER

Figure A.4.—Concluded.
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Appendix B.—Heat Treatment Certification

The following sheet certifies the material hardness after heat treatment.

The Euclid Heat Treating Company Order No.: 337371
. . Date: 03/14/2013
@Fﬂ Certlﬁcatlon Entry Date: 03/12/2013

Page: 1 of 1

To:

NASA Glenn Research Center

Cleveland OH Purchase Order No.: 13-1114
Packing List No.: AERX2013D

1 Material: other
We are pleas&d to provide you with the following certification.
Quantity | Part Number / Part Name / Part Description Pounds
1 Inconel 718 1584

Inconel 718 Mat'l Plates
Age harden per Instructions (42 RC min)

Serial Numbers / Other Numbers: 1 Qty- 1 Lot.

Sulbjject material was age hardened per customer instructions. Samples show a resultant hardness of 44 Re.

ATI STATERAENT OF UMITED LASIITY e
AL R 16 PERFORVED 8UBIECT TO'DQEF&.LCM“OTM‘“EN"ERUKIMWAWHWCE‘PFWTMW mnsunos THAT EVEN AF TER EMPLOYING ALL THE SC NETHOOS KNOVS TO
T SEUER, HAZARDS STIL REAAAUN N UETAL TREATING. THE BUYER THEREFORE AGREES THAT SELLER'S LUWBILITY GHALL NOT EXCEEQ TVACE THE AMOUNT OF THE CHARGES FOR THE CHANY MATERAL.
[\Q'[HMER AGREES AND UNDERSTANDS THAT THIS LI TATION OF LIABUTY IS NOT AN EXCULPATORY CLALIST, THE nmmmmvm unauwor ﬂtmmmTEﬂ: 0T\ THE AMOUNT OF
TME SAMARGES lltmtmt.'rWﬁﬂulﬁlm"lﬂﬁnﬂ.'NSBIMWE@IOE’MO‘T“m mmm“mm ULLY COMPENSATE THE DUYER IN THE AWOUNT OF THE CHARCES.
{3 IEMHAPFUEE TO ALL WORK OONE BY THE SELLER EXCEPT WHERE OTHERWISE AGRIRD TO N A WRITTEN DMENT GIGNED DY AN AUTHORIZED REFRESENTATHE OF THE SELLER. THE BUVER,
GENTRACTHG FOR METAL TREATMINT, AGRELS TO ACCIPT THE LIMITS OF LABILITY AS EXPRESSED IN THES rmeusm’ 0 THE EXCLUSION OF ANY AND ALL OF AS TO UABLITY THAT MAY BE =T
Foee T N THE BUYERT OV INVOICES. PLRGHABE ORDERS OR OTHER FTHE nﬂu:moﬂmrwa.w MHIKMMM EE AGREED TO I WRITING AKD
A’J’EQEMMCIIEI R OF THE SELLER BEFCRE WORK 1S BT, AFE THAT A O MUST U AGREED ON,
HerECTIMG THE HIGHER fIBK TO THE &usﬂ»o'lmr»ommcwnuzamzreuwn-mn:m:nmmnm»u\emunmmzumr AND T oF
UABRITY, ot-dszass THE TERPAS SET PORTH HEREIN ARE BINDING ON THE SUYER (T 85 ACREED BY THE BUYER AND THE SELLER THAT nenmmromu.msnwn:r WITHIN A REASCNATLE PERICO CF TIME
APTERTHE RECHT OF A SHPNENT OF HEAT TAEATED MATERSAL NOT TO EXCEED FIVE (5) BUSINESS DAYS, WILL NOT VOID THT LIMITATION OF LWEILITY CONTAINED N l1 BASTER
QBLCATION IOPOOTBV THE SELLER IF IT DOES NOT AGRIT TG THE LIMITATION OF LIABILITY CONTAINED HERERN AND A FPAILURE ON THE PART OF THE BUYER TO 0O 5O N WRITING BEFCRE WORK STARTS VALL BE
CUEIIED ACCEPTANGE OF THIS UWNTATION OF LIABLITY. THE SELLER NAKES NO EXPRESS CR INPLIED WHRRRANTIES AND SPECIFICALLY DISCLAIWS ANY IPUED VAITRANTY OF FITNEES FOR A PARTICULAR PURFOBE O
MEACHANTABRITY, A2 TO II‘I:FEFFOQV.INCEORCAP‘IBUTES(Fﬂluﬂm“ﬂu‘l’m&"u OR THE HEAT TREATMENT. THE AFCRENENTICAED LIMTATION GF UABILTY STATED ADOVE 15 SPECIRCALLY IN
LBV OF ANY EXPRESS QR SVPLIED WARRANTY, INCLUO NG ANY NKRRRANTY OF MERCHANTAB! omwcnmrnu ON THE PART OF THE SELLER. THE SELLERCS LIASILITY T8 THE
PARTY

BUYER G311 CEABE ONCE ANY FURTHER PROCES BING, ASSEWBLING OR ANY OTHER mﬁstmmmu Y THE

Pk fr $30age 0 wekivl o c3ael Wil be rted 3ed srkn preemiod i wls) nmmmumwmwm»mm nmwumunm ropusien, delamiy, or ruziue of naisl e
[ m agering, uﬁmam\nrm greeinend, i abawe, nov I ety cese Fr e cavead by of scoaring e anm
ity shollasd feee Fabasa 5y 156 Daper 1o beScan panly see) cornichy W hisd of ared. £334 T i) WATS VTR 13 B macks 10
v o 2 ot (el ahange e LIMITATION OF LIABILITY shated absve. Wi en M Bupsr mummmmmmmmbum m,hl-ll-lllmhfﬂ:l.lr
h,nﬁqmmmmmu«.ofummm»m!mbous«: [ EpATiCYly BAEmINTEs 37 aorees B! (s LMITATION OF LABILITY shal rerah b o¥fedt, mmmmwhmu-umunm.n
pemaA ained 4y 8 Ul of chatges mene by e Super. en-.-msmnnummnmmauhmumc-m-wﬂ it Batiity) 1o ang apedal ndired or

snng Iu--vrrlmmchlmcau bl Bl Aet er BeS 43 persanel inury, POPary Camanss. Kes ¢l of odecaan, el NEAS, b nmumwmnmmuumm h!"“l“
Gefer Py agenl of ropeeunTiaie s Rutboriad 1o slee e ot slion, numnnmnﬁ-wwmnﬂu«dmm msumwmmuuavmnmnu I larers Moem cord s rmd an e (sce and Seck of Be
Telars quudsben parchic efer, sibe dONCwAIRETEA 84 A fonTa. Adry cierend or addboal eams cortained In any 3 te Deyers S sre barely ool W Em & Derety gven
Coppegle 2011 © Watsl Treaing ieasana. Al Rgivis Fxssrved.

We hereby certify that these samples have been heat treated to the
abave specifications.

1408 East 222 Street  Cleveland OH 44117 Phone: (216) 481-8444 Fax: (216) 481-3473

Figure B.1.—Heat treatment certification.
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Appendix C.—Small Panel Test Results

This section shows photographs of test specimens and digital image correlation (DIC) results for each
of the small panel tests conducted. In certain tests, where there was full penetration, no DIC results are
shown.

Test DB232

The DIC data was not obtained due to full penetration of projectile.

Seerete®
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.2.—DB232 posttest rear view.

& 3

Figure C

NASA/TM—2020-220451 47



Figure C.4.—DB232 posttest rear view closeup.
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Test DB234

a4

+0.
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fin] -11.81 -9.84 -7.87 -5.91 -3.94 f-1.97 0.00 1.97 3.84 5.91 7.87 9.84 11.81

Figure C.5.—DB234 locations of digital image correlation (DIC) measurements.
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Figure C.6.—DB234 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.7.—DB234 pretest front view.
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Figure C.9.—DB234 posttest front view closeup.

Figure C.10.—DB234 posttest rear view closeup.
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Test DB235

Center of Impact + : [in]
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Figure C.11.—DB235 locations of digital image correlation (DIC) measurements.
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Figure C.12.—DB235 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.13.—DB235 posttest front view closeup.

Figure C.14.—DB235 posttest rear view closeup.
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Test DB236
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Figure C.15.—DB236 locations of digital image correlation (DIC) measurements.
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Figure C.16.—DB236 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.17.—DB236 posttest front view closeup.

Figure C.18.—DB236 posttest rear view closeup.
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Test DB237
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Figure C.19.—DB237 locations of digitial image correlation (DIC) measurements.
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Figure C.20.—DB237 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.21.—DB237 posttest front view closeup.

Figure C.22.—DB237 posttest rear view closeup.
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The DIC data was not obtained due to full penetration of projectile.

Test DB238
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Figure C.23.—DB238 posttest front view.
Figure C.24.—DB238 posttest rear view.
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Figure C.25.—DB238 posttest front view closeup.
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Test DB239

The DIC data was not obtained due to full penetration of projectile.

Figure C.27.—DB239 posttest front view.
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Figure VC.28.—DBZ39 posttest rear view.
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Figure C.29.—DB239 posttest front view closeup.

Figure C.30.—DB239 posttest rear view closeup.
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Test DB240

The DIC data was not obtained due to full penetration of projectile.

Figure C.31.—DB240 posttest front view.
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Figure C.32.—DB240 posttest reér view.
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Figure C.33.—DB240 posttest front view closeup.
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Figure C.34.—DB240 posttest rear view closeup.
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Test DB241

The DIC data was not obtained due to full penetration of projectile.
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Figure C.36.—DB241 posttest rear view.
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Figure C.37.—DB241 posttest front view closeup.

Figure C.38.—DB241 posttest rear view closeup.
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Test DB242
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Figure C.39.—DB242 locations of digital image correlation (DIC) measurements.
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Figure C.40.—DB242 out-of-plane displacement at time of maximum displacement. (a) Displacement versus length.
(b) Displacement versus time. (c) Displacement Z.
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Figure C.41.—DB242 posttest front view closeup.
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Figure C.42.—DB242 posttest rear view closeup.
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Test DB243
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Figure C.43.—DB243 locations of digital image correlation (DIC) measurements
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Figure C.44.—DB243 out-of-plane displacement at time of maximum displacement. (a) Displacement versus length.
(b) Displacement versus time. (c) Displacement Z.
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Figure C.45.—DB243 posttest front view closeup.
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Figure C.46.—DB243 posttest rear view closeup.

NASA/TM—2020-220451 69



Test DB244

The DIC data was not obtained due to full penetration of projectile.
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Figure C.48.—DB244 posttest rear view.
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Figure C.49.—DB244 posttest front view closeup.

)

Figure C.50.—DB244 posttest rear view closeup.
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Test DB245

The DIC data was not obtained due to full penetration of projectile.

Figure C.51.—DB245 posttest front view.

Figure C.52.—DB245 posttest rear view.
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DB245 posttest front view closeup.

Figure C.53.
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igure C.54.—DB245 posttest rear view closeup.
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Test DB246

st

Figure C.55.—DB246 posttest front view.
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Figure C.56.—DB246 posttest rear view.
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Figure C.57.—DB246 posttest front view closeup.
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Test DB247
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Figure C.59.—DB247 locations of digital image correclation (DIC) measurements.
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Figure C.60.—DB247 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.61.—DB247 posttest front view closeup.

DB247 posttest rear view closeup.

Figure C.62.
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Test DB248

The DIC data was not obtained due to full penetration of projectile.

Figure C.63.—DB248 posttest front view.

x v

Figure C.64.—DB248 posttest rear view.
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Figure C.65.—DB248 posttest front view closeup.

Figure C.66.—DB248 posttest rear view closeup.
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Test DB249

The DIC data was not obtained due to full penetration of projectile.
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Figure C.68.—DB249 posttest rear view.
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DB249 posttest front view closeup.

Figure C.69.

igure C.70.—DB249 posttest rear view closeup.
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Test DB250

The DIC data was not obtained due to full penetration of projectile.

NASA/TM—2020-220451

Figure C.71.—DB250 posttest front view.
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Figure C.72.—DB250 posttest rear view.
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Figure C.73.—DB250 posttest front view closeup.
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Figure C.74.—DB250 posttest rear view closeup.
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Test DB251

The DIC data was not obtained due to full penetration of projectile.

g ) P
Figure C.75.—DB251 posttest front view.
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Figure C.76.—DB251 posttest rear view.
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Figure C.77.—DB251 posttest front view closeup.

Figure C.78.—DB251 posttest rear view closeup.
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Test DB252

The DIC data was not obtained due to full penetration of projectile.

Figure C.79.—DB252 pretest front view.
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Figure C.80.—DB252 posttest rear view.
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Figure C.81.—DB252 posttest front view closeup.
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Test DB253

The DIC data was not obtained due to projectile being captured.

Figure C.83.—DB253 posttest front view.
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Figure C.84.—DB253 posttest rear view.
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Figure C.85.—DB253 posttest front view closeup.

o0
otn e ®0%e %" o0
.o.o‘q n»’» ‘q *t w“

aouaﬂv

Figure C.86.—DB253 posttest rear view closeup.
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Test DB254

The DIC data was not obtained due to full penetration of projectile.

Figure C.87.—DB254 posttest front view.
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Figure C.88.—DB254 posttest rear view.
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Test DB255

The DIC data was not obtained due to projectile being captured.

Figure C.90.—DB255 posttest front view.
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Figure C.92.—DB255 posttest front view closeup.

Flgure C.93.—DB255 posttest rear view closeup.
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Test DB256

No pretest or posttest pictures were taken of sample DB256.
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Figure C.94.—DB256 locations of digital image correlation (DIC) measurements.
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Figure C.95.—DB256 out-of-plane displacement at time of maximum displacement. (a) Displacement
versus length. (b) Displacement versus time. (c) Displacement Z.
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Test DB257
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Figure C.96.—DB257 locations of digital image correlation (DIC) measurements.
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Figure C.97.—DB257 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.98.—DB257 posttest front view closeup.

Figure C.99.—DB257 posttest rear view closeup.
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Test DB258
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Figure C.101.—DB258 out-of-plane displacement at time of maximum displacement. (a) Displacement versus

length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.102.—DB258 posttest front view closeup.

Figure C.103.—DB258 posttest rear view closeup.
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Test DB259
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Figure C.104.—DB259 locations of digital image correlation (DIC) measurements.
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Figure C.105.—DB259 out-of-plane displacement at time of maximum displacement. (a) Displacement versus

length. (b) Displacement versus time. (c) Displacement Z.

NASA/TM—2020-220451 99



Figure C.106.—DB259 posttest front view closeup.
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Figure C.107.—DB259 posttest rear view closeup.
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Test DB260
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Figure C.108.—DB260 locations of digital image correlation (DIC) measurements.
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Figure C.109.—DB260 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.110.—DB260 posttest front view closeup.
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Test DB261

The DIC data was not obtained due to perferation of specimen.

g 2

Figure C.112.—DB261 posttest front view.
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Figure C.113.—DB261 posttest rear view.
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Figure C.114.—DB261 posttest front view closeup.
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Figure C.115.—DB261 posttest rear view closeup.
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Test DB262

The DIC data was not obtained due to full penetration of projectile.

¥

Figure C.116.—DB262 posttest front view.
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Figure C.117.—DB262 posttest rear view.
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.—DB262 posttest front view closeup.

Figure C.118

o

Figure C.119.—DB262 posttest rear view closeup.

106

NASA/TM—2020-220451



Test DB263

The DIC data was not obtained due to full penetration of projectile.

NASA/TM—2020-220451
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Figure C.120.—DB263 posttest front view.
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Figﬁre C.121.—DB263 posttest rear view.
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Figure C.122.—DB263 posttest front view closeup.

Figure C.123.—DB263 posttest rear view closeup.
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Test DB264
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Figure C.124.—DB264 locations of digital image correlation (DIC) measurements.
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Figure C.125.—DB264 out-of-plane displacement at time of maximum displacement. (a) Displacement versus

length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.126.—DB264 posttest front view closeup.
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Test DB265
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Figure C.128.—DB265 locations of digital image correlation (DIC) measurements.
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Figure C.129.—DB265 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.130.—DB265 posttest front view closeup.

Figure C.131.—DB265 posttest rear view closeup.
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Test DB266

The DIC data was not obtained due to full penetration of projectile.
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Figure C.132.—DB266 posttest front view.

Figure C.133.—DB266 posttest r
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Figure C.134.—DB266 posttest front view closeup.

Figure C.135.—DB266 posttest rear view closeup.
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Test DB267
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Figure C.136.—DB267 locations of digital image correlation (DIC) measurements.
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Figure C.137.—DB267 out-of-plane displacement at time of maximum displacement. (a) Displacement versus

length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.138.—DB267 posttest front view closeup.
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Figure C.139.—DB267 posttest rear view closeup.
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Test DB268

The DIC data was not obtained due to full penetration of projectile.

Figure C.140.—DB268 posttest front view.
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Figure C.141.—DB268 posttest rear view.
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Figure C.142.—DB268 posttest front view closeup.
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Figure C.143.—DB268 posttest rear view closeup.
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Test DB269
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Figure C.144.—DB269 locations of digital image correlation (DIC) measurements.
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Figure C.145.—DB269 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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DB269 posttest front view closeup.

Figure C.146.
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DB269 posttest rear view closeup.

Figure C.147.
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Test DB270
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Figure C.148.—DB270 locations of digital image correlation (DIC) measurements.
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Figure C.149.—DB270 out-of-plane displacement at time of maximum displacement. (a) Displacement versus length.
(b) Displacement versus time. (c) Displacement Z.
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Figure C.150.—DB270 posttest front view closeup.

Figure C.151.—DB270 posttest rear view closeup.
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Test DB271
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Figure C.152.—DB271 locations of digital image correlation (DIC) measurements.
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Figure C.153.—DB271 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.154.—DB271 posttest front view closeup.
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Figure C.155.—DB271 posttest rear view closeup.
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Test DB272
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Figure C.156.—DB272 locations of digital image correlation (DIC) measurements.
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Figure C.157.—DB272 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure C.158.—DB272 posttest front view closeup.

Figure C.159.—DB272 posttest rear view closeup.
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Appendix D.—Large Panel Test Results

This section shows photographs of test specimens and digital image correlation (DIC) results for each
of the large panel tests conducted. In certain tests, where there was full penetration, no DIC results are

shown.
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Figure D.1.—LG1110 locations of digital image correlation (DIC) measurements.
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Figure D.2.—LG1110 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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.—LG1110 posttest front view.

Figure D.3

Figure D.4.—LG1110 posttest rear view.
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Figure D.5.—LG1110 posttest projectile top view.

Figure D.6.—LG1110 posttest projectile bottom view.
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Test LG1111
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Figure D.7.—LG1111 locations of digital image correlation (DIC) measurements.
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Figure D.8.—LG1111 out-of-plane displacement at time of maximum displacement. (a) Displacement versus length.
(b) Displacement versus time. (c) Displacement Z.
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Figure D.10.—LG1111 posttest front view.
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Figure D.12.—LG1111 posttest projectile side view.
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Test LG1113

The DIC data was not obtained due to full penetration of projectile.

Figure D.13.—LG1113 posttest front view.

Figure D.14.—LG1113 posttest rear view.
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Figure D.16.—LG1113 posttest projectile.
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Test LG1114

The DIC data was not obtained due to full penetration of projectile.

Figure D.18.—LG1114 posttest rear view.
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Figure D.19.—LG1114 posttest projectile.
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Test LG1115

No DIC data available due to improper impact location.
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Figure D.21.—LG1115 posttest rear view.
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Figure D.22.—LG1115 posttest projectile.
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Figure D.23.—LG1116 locations of digital image correlation (DIC) measurements.
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Figure D.24.—L.G1116 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure D.25.—L.G1116 posttest displacements. (a) Displacement versus length. (b) Displacement Z.
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Figure D.26.—LG1116 posttest front view.
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Figure D.27.—LG1116 posttest top view.
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Figure D.28.—LG1116 posttest projectile side view.

NASA/TM—2020-220451 141



Figure D.29.—LG1116 posttest projectile bottom view.
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Test LG1125

The DIC data was not obtained due to full penetration of projectile.

Figure D.30.—LG1125 posttest front view.
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Figure D.31.—LG1125 posttest rear view.
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Figure D.32.—LG1125 posttest projectile.
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Test LG1126

The DIC data was not obtained due to full penetration of projectile.

Figure D.34.—LG1126 posttest rear view.
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Figure D.35.—LG1126 posttest projectile.
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Test LG1127
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Figure D.36.—LG1127 locations of digital image correlation (DIC) measurements.
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Figure D.37.—LG1127 out-of-plane displacement at time of maximum displacement. (a) Displacement versus

length. (b) Displacement versus time. (c) Displacement Z.
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Figure D.38.—LG1127 posttest displacements. (a) Displacement versus length. (b) Displacement Z.

Figure D.39.—LG1127 posttest front view.
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Figure D.40.—LG1127 posttest rear view.

Figure D.41.—LG1127 posttest projectile.
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Test LG1128
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Figure D.42.—L.G1128 locations of digital image correlation (DIC) measurements.
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Figure D.43.—LG1128 out-of-plane displacement at time of maximum displacement. (a) Displacement versus
length. (b) Displacement versus time. (c) Displacement Z.
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Figure D.45.—L.G1128 posttest front view.
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Figure D.46.—LG1128 posttest rear view.

Figure D.47.—LG1128 posttest projectile.

NASA/TM—2020-220451 152



Reference

1. Pereira, J.M., et al.: Impact Testing of Aluminum 2024 and Titanium 6Al-4V for Material Model
Development. NASA/TM—2013-217869 (DOT/FAA/TC-12/58), 2014. http://ntrs.nasa.gov

NASA/TM—2020-220451 153


http://ntrs.nasa.gov/










	TM-2020-220451.pdf
	Summary
	Nomenclature
	1.0 Introduction
	2.0 Methods
	2.1 Materials
	2.2 Small Panel Test Setup
	2.2.1 Projectiles
	2.2.2 Gas Gun
	2.2.3 Instrumentation

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


	3.0 Results and Discussion
	3.1 Small Panel Impact Tests
	3.2 Large Panel Impact Tests

	4.0 Concluding Remarks
	Appendix A.—Material Certification Sheets
	Appendix B.—Heat Treatment Certification
	Appendix C.—Small Panel Test Results
	Appendix D.—Large Panel Test Results

	Reference




