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= This project:
= Develop an experiment and acquire data that support
developing the products equation of state (EOS) for HNAB

= A series of small-scale sandwich tests were performed on

vapor-deposited HNAB
= Sandwich test provided velocity of the metal liner during explosive
loading
= Experimental data will be provided to computational
modelers who will develop the EOS and compare to
existing computational models EOS
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Presentation Notes
HNAB films produced by PVD are of interest as a model explosive system due to the high density, low surface roughness and unique microstructure that results from the PVD process. 
EOS for an explosive is required for precise modeling for an explosive.

Cylinder tests are generally ~1 inch (25.4 mm) inner diameter by 12” length (~304.8 mm)
Sandwich tests have a width ~6” and a length ~5”
Micro-sandwich
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Hugoniot of UNREACTED
Explosive

= Function used to model the pressure of
expanded detonation product gases
= Not a fundamental EOS
= Yields an incomplete description of the
products’ states
= Provides pressure as a function of
specific volume

Rayleigh Line

Hugoniot of Detonation
Products

Pressure ——
o

- Specific Vol Ve
= Empirical form prETETEERE T
P-V representation of detonation with (A)
s P =Ae RV 4 Be~RV 4 cy—(1+w) as the initial state of unreacted explosive,
(B) as the state of reaction products, and
= Where A’ B’ C’ Rli Rz’ and w are all (C) as the jump condition to the fully

constants that are specific to the explosive. :hockgd butungegaGcted explosive. Adapted
1 .

P refers to the pressure and V refers to the """ “0%P¢" (1999)

specific volume.
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Presentation Notes
JWL is a standard EOS for explosive products modeling.

Hugoniot is a relationship between Pressure and specific volume for a material

Provides pressure as a function of specific volume starting at the Chapman-Jouguet (CJ) state along the “expansion isentrope.” 





“What is a Sandwich Test?

= Similar to a cylinder expansion test
= Slab geometry vs. cylindrical geometry

= Explosive confined on 2 sides that is detonated at one end
= Can be used to determine data that will lead to development of

products EOS

Liner breaks; detonation
products escape

Expanding Liner
Air Shock
Detonation Wave

Pin Wires

Copper Cylinder

Camera's
view

Slit Plane &:}

Tube is electrical ground

(Left) Schematic
diagram of a typical
cylinder test (Davis
and Hill 2002).

(Right) Cross-
section of the
micro-sandwich
test.
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Tantalum

/

HNAB

Adhesive
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Presentation Notes
Cylinder test is copper tube filled with explosives and detonated at one end to determine EOS
Cylinder test image shows detonation at the top of the liner and is propagated down.  We can see the liner expanding downward (air shock develops) as detonation is propagated down.

Liner motion tells us about the expanding explosive products
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@Vhy Sandwich Test? )

= Though it is similar to the cylinder
expansion test, the sandwich test has a
few advantages over the cylinder test

= Thinner liners
= Smaller geometry
= Larger range of temperatures

= Sandwich test Is better for vapor-deposited
explosives, like HNAB

I
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The cylindrical geometry causes the liner to stretch and thin, which can only be completed by a very ductile material that can expand adequately without tearing.  
On the other hand, the slab geometry of a sandwich test consists of only the liner bending, which allows for thinner materials.  
This also means you can have smaller geometry. (can use less explosive material)
Other criteria can be used for material selection in the slab/sandwich geometry.  
The cylindrical geometry does not have the capacity for the wide range of initial temperatures due to the “differential thermal expansion between HE and the liner,” especially in the cold case (Hill, 2001). 
[Cold case has a tendency for the explosives to shrink away from cylinder liner]
The slab geometry also has the advantage of designs that “accommodate a wide range of initial charge temperatures.” 
While not important to this project, it is often important to understand explosive behavior at hot and cold temperatures.
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= Tantalum was = Three different liner

chosen as liner thicknesses
material as it: * 50.8 = 2.5 pm (2 mil)

_ : . " 76.2 £ 5.1 um (3 mil)
Ihs' S:]'f; and ductile, - 101.6 = 1.3 um (4 mil
igh density, = Tantalum was

= and is relatively annealed before

easy to procure deposition
and cut into the 10

mm X 30 mm
substrate

(Above) Image of a tantalum substrate with 10
mm x 30 mm dimensions.
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Presentation Notes
Stiffness important for assembly. Ductility important during expansion. 
(Three different thicknesses should give a better error analysis for the EOS development)
It became apparent during the experimental process that annealing the Ta to flatten it was important. (damaged during cutting (roughened edges), and  in order to help prevent cracking (residual stresses in Ta and CTE mismatch))

Tantalum was chosen as liner material for the micro-sandwich, but it is referred to as substrate when discussing deposition. (I kind of use the terms interchangeably)

(Ta also has high values of acoustic impedance that provide better confinement of the explosive.) Impedance = density x speed (acoustic, shock)



@hysical Vapor Deposition (PVD) ) e

= PVD by vacuum thermal
evaporation is used with
hexanitroazobenzene (HNAB)

= Conducted Iin a custom
deposition chamber located at
Sandia National Laboratories

= allows direct contact between the
explosive and the substrate

= control over the explosive geometry

and microstructure Custom deposition chamber used to deposit
. HNAB onto tantalum for this experiment, it
= Fast depOSItIOn rate (~ 200 is located at Sandia National Laboratories

(Knepper, 2014).

um/hr) for HNAB
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Presentation Notes
Shadow Masks allow for control of deposited geometry (like stencils)
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(Below) Schematic of the deposition system
used to deposit HNAB onto substrates
(Knepper, 2014).

= High-vacuum deposition
system

Cu cooling block
+ base pressure ~10 Pa g

Shadow mask
= Nominal source-to-substrate
distance of 10 mm from an
effusion cell thermal
deposition source

= Shadow masks used to define
deposition geometry

Substrate rotation (~50 rpm)

HNAB vapor

Effusion cell deposition source
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10E-4 Pa = 2E-8 psi = 1.3E-9 atm = 1E-6 torr
The deposition system is 
loaded with HNAB powder 
effusion cell heated to 230°C
HNAB powder is vaporized and condenses on the substrates.  (HNAB does not decompose at its melting point)
substrates are rotated at a rate of 50 rpm for uniform thickness 
substrates are cooled on a copper block during the deposition in order to ensure the deposition occurs at room temperature


HINAB

O,N

. . N NO,
= HNAB films will on Vi
crystallize from o
amorphous Stru Ctu re No,  Thechemical structure of HNAB.
over time to a structure " HNAB:
i I ’ = MP =221°C
WIth VETy ToW porostty = Chemically stable at melt to ~
= with a sub-micron grain size, 300°C
= with a smooth surface (~ 50 " p ~1.744 g/cm® and ~99.5% dense
nm roughness)_ after crystallization

that can detonate at very mixture of two different
small thicknesses (less than polymorphs

100 pum) = the orange HNAB-II structure
= with a very consistent = a yellowish structure - yet to be
detonation velocity identified
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Presentation Notes
Reproducible from deposition to deposition (could use sandwich substrates from different depositions and get same results)
Density actual ~1.735 g/cc (other is theoretical maximum density)
The two structures have significantly different detonation properties 
the unknown structure will not detonate at thicknesses where HNAB-II readily supports detonation
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NAB Crystallization

= Two phases result

= HNAB-II
= QOrange/red color
= Known detonation properties

= Yet-to-be-determined
unknown phase

= Yellow color

= Different detonation
properties

= the two crystal structures
have significantly different
detonation properties

= the unknown structure will
not detonate at thicknesses
where HNAB-II readily
supports detonation

Sandia
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(Right) Plan-views
of two images of
HNAB films on
tantalum substrates
before
crystallization (a)
and after
crystallization at
35 C (b) using
plasma etching
cleaning methods.

(Above) Plan-View of regular cleaned
tantalum substrate with HNAB crystallized at
35T
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Presentation Notes
Both substrate material and ambient conditions (temperature and humidity) have been observed to have a significant impact on both the rate of crystallization and in determining which polymorph forms
Another property that has been found to significantly impact the polymorph that forms is the method of cleaning
Cracking is a known issue for HNAB.  Large cracks can cause lifting of the HNAB from the substrate, or even cause delamination of HNAB from the substrate
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= (a) Solvent Cleaned
= ethanol wipe
= acetone wipe

= (b) Plasma Etched

= solvent cleaned (ethanol
and acetone wipes)

= plasma etched tantalum
surface before deposition
= Neither method yielded
desirable results

(Above) Plan-view images of two of HNAB films on tantalum

® Crac k| ng substrates after crystallization at 35 C using (a) solvent
cleaning method and (b) plasma etching cleaning methods.
= unknown yeIIOW phase Color difference due to unknown phase of HNAB (yellow)

and HNAB-I1 (red/orange).

Adhesion Layer Needed



Presenter
Presentation Notes
This cleaning experiment was performed as an attempt to alleviate the amount of unknown phase by using different cleaning methods
Out of 6 substrates, 3 underwent the plasma cleaning method and the other 3 were regular cleaned (control group)
These results showed that there is a need for adhesion layers
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= Conformal protective polymer coating material utilized to
uniformly protect any component configuration on such
diverse substrates as:
= metal, glass, paper, resin, plastic, ceramic, ferrite and silicon

= Parylene conforms to virtually any shape, including sharp edges,
crevices, points; or flat and exposed internal surfaces.

= 3 Different Dimers -

m Pary|ene N, Paryle_ne C dime_r. Parylene
C coating investigated as

= Parylene C, and Hal CH; adhesion layer for HNAB.
= Parylene D ‘ ‘
Cl
http://www.conformal-coating.com/parylene_coating.htm Picture: https://fr.wikipedia.org/wiki/Paryl%C3%A8ne
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We are concerned with the Parylene C Dimer, as that is what we will use for coating explosive materials
Of the 3 dimers, Parylene C has the lowest permeability to moisture and gases

Our deposition chamber is currently loaded with Parylene C as it is being used for other projects.  So we chose to use it as an adhesion and capping layer to help minimize lifting and delamination and to promote adhesion.


‘Parylene Coating Process )
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Di M Pol . . .
imer _ _Jscnemaer ) Ll Prior to working with
ce A explosives, the
cl-la@-.cnn 7\ - temperature in the

chamber during a

cm@-cm deposition was

ce experimentally
measured (internal
- YOUR
vaporizer - pRODUCT b 1 thermocouple) to be
. o
Dirias, ! Cmnni_:ggr between 24 — 33°C.
form is added to - l
the machine and
heated to 150°C -
and changed to a
vapour state.
liquid cold trap

Excess process gas travels from
the coating chamber into an
external liquid cold trap. stage 4

http://www.metalimprovement.co.uk/parylene-coatings.htmi
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Presentation Notes
Chamber temperature during a deposition (24 - 33°C) is optimal for Parylene C Coating a variety of different things. HNAB, PETN, and other materials were successfully coated without ill effects. Dimer is cracked into the monomer in the furnace. “Condenses and polymerizes” in coating chamber

Note: Parylene C is a chemical vapor deposition process (P.C. goes everywhere in chamber) which is different from the PVD process (directional, no chemical reaction)


‘Adhesion Experiment =
Laboratories
Deposition

Tantalum Chromium HNAB
amorphous

Tantalum Chromium HNAB Parylene C
amorphous

Tantalum Parylene C HNAB
amorphous

Tantalum HNAB Parylene C
amorphous

Tantalum Parylene C HNAB Parylene C
amorphous

Table describes adhesion layers and correlates them to plan-view images of
HNAB crystallized at 35 C (all images are to the same scale).

= Deposition of HNAB (~100 um) directly
onto tantalum proved ineffective

= Other materials were explored as adhesion
promoters, including
= chromium (~50 nm) and
= Parylene C (~1 -2 um)
- égo%f the films were crystallized in an oven at

Caitlin O’Grady, 18
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Presentation Notes
Cr is deposited in the same deposition chamber immediately prior to HNAB deposition without breaking vacuum.
And (b) are very similar processes (same deposition) and it can be seen that they produce undesirable substrates (lot of large cracks, unknown yellow phase)
(c), (d), and (e) are also very similar processes (same deposition), but it can be clearly seen that (d) is undesirable due to prevalence of unknown yellow phase
So it comes down to the differences between (c) And (e).  
(e) is more uniform, has less yellow unknown phase, and smaller cracks 
This is how we chose to prepare our samples
Measured the thickness of the samples before assembly and found the thickness of HNAB to be fairly uniform
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Presentation Notes
And (b) are very similar processes (same deposition) and it can be seen that they produce undesirable substrates (lot of large cracks, unknown yellow phase)
(c), (d), and (e) are also very similar processes (same deposition), but it can be clearly seen that (d) is undesirable due to prevalence of unknown yellow phase
So it comes down to the differences between (c) And (e).  
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Presentation Notes
As you can see. There are virtually no cracks and there is no lifting or delamination.  There is also the least amount of unknown yellow phase present on this substrate.  This is the method that we chose.
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: 150
: 100
=
: =
. 50
17
0 5 10 15 20 23
mm

= Thickness of HNAB
un IfOI‘m betwee n Plan-view map scan using Bruker DektakXT surface profiler
system of 76.2 um sample with crystallized HNAB deposited onto

105 i 2 l..lm the surface and is capped by Parylene C.
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Presentation Notes
Used DektakXT surface profiler system for surface thickness measurements of the substrates


‘Micro-Sandwich Fixture ) e,

SILUX . Laboratories
(laser) Micro-
; sandwich
Camera
Access
Mirror
PDV
Probe in
holder

(Above) Image of the experimetal ep inside the
explosive chamber
(Above) Image of the micro-sandwich 78

assembly fixture with the PDV probe 7.0

using a red alignment laser to show g-g

where the PDV probe laser will be E 40 =

located during the experiment. 20 -
20

= Thickness of HNAB El

un IfOI‘m betwee n Plan-view map scan using Bruker DektakXT surface profiler

system of 76.2 um sample with crystallized HNAB deposited onto
105 i 2 l..lm the surface and is capped by Parylene C.
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Presentation Notes
Scraped off Parylene C from back of substrate to prevent it from affecting PDV return

(Going from left to right on the Images, you rotate about 90°)
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Bottom sandwich substrate is placed with the HNAB face-up into the cutout of the

cage plate
= 1 mm spacer placed on top of it.

Sylgard® 527 adhesive is added along the length of the explosive.

Other half of the sandwich is placed with the explosive face-down on top of the

adhesive covered substrate
= not covering the 1 mm spacer.

Once the adhesive cures, the sandwich is

epoxied into place
with 5-minute epoxy

(Left) Image of pre-
1 assembled sandwich
with mold release
agent to prevent
adhesion to the flat
surface where
assembly took
place.

Micro- PDV Probe

Sandwich

(Right)
Photograph of the
micro-sandwich
assembly inside
the fixture

Initiation
Structure

Caitlin O’Grady, 23
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Presentation Notes
Assembled horizontally, put into fixture vertically
Image lower left of 2 substrates makes a full sandwich

rounded corners/corner reliefs are useful for the process of applying epoxy to securely hold the micro-sandwich to the cage plate.  
Applied Sylgard uniformly across the length of the bottom sandwich before adding the top piece
Chose Sylgard 527 as it provides a very thin bond (very low viscosity, does not react with HNAB)

The top substrate of the sandwich is offset by 1 mm from the bottom portion of the sandwich.  Initiation structure is offset up by 1 mm.




lagnostics = Photonic Doppler ) i,
Velocimetry (PDV)

= Technique used to
measure the velocity of an
—— interface
sandwich = Ultra-high speed
| Framing Camera

g Streak Camra

W

PDV
Probe in
holder

_ _ _ _ o Image of the SIMX (framing) and SC-10 (streak)
The camera view of the micro-sandwich and fixture inside  camera system that were used in the experiment

the micro-boombox.
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Presentation Notes
Framing camera – SIMX - capable of taking up to 1 billion frames per second. Did not use the camera in that mode for my experiment.
Streak camera – SC-10 - Was only used for qualitative information. Does not have adequate precision to act as a backup for PDV.  

Only the cameras can really detect the full cross section as it is ~300-400 µm thick
PDV is looking at the outside of the substrate/Ta surface


hotonic Doppler Velocimetry (PDV) ) e
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= Laser beam is propagated through a circulator to a probe lens

= Probe lens focuses the beam onto the target

= During detonation, reflected light undergoes a Doppler shift

= Reflected light collected by probe lens and transmitted back to the circulator

= Both Doppler-shifted light and un-shifted light are mixed together via a
coupler which generates a beat frequency that is then measured by the
optical detector

= Beat frequency is proportional to instantaneous velocity of target

Circulator Target

LASER 1

Fib (Left) The basic setup of an
Ioer v upshifted PDV system. Adapted
Coupler from Ao and Dolan (2010).

(Sardgis, et al., 1999) LASER 2 = 2x1
(Maisey and Bowden, 2008) Reference

Detector

AN
e
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Presentation Notes
Blue shift/Doppler shift refers to an increase in frequency
Beat frequency refers to the difference between the reflected laser light and the reference laser

a small amount of Parylene C is removed from the tantalum in order for the PDV laser to have a clear view of the liner.  
This process was completed in order to prevent several potential errors, such as low return of the laser light into the PDV probe, extraneous reflection of the laser light off of the Parylene C, and preventing Parylene C from jumping off of the liner surface during detonation.
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= Chamber rated for small-scale

explosives testing
= Aluminum with polycarbonate
windows

= Each box rated based on the
largest amount of TNT equivalent
explosive that can be safely
detonated In the box

= This experiment utilized a micro-

A SolidWorks model of the micro-

bOombOX Wlth a maXimum boombox used in this experiment
a”Owable TNT equiva|ence Of 110 (Image Courtesy of Sandia National
mg Laboratories).
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Presentation Notes
Small Scale explosive chamber, nicknamed the micro-boombox
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= The amount of explosive energy for a specific
type of explosive is often expressed in an
equivalent amount of TNT

= TNT equivalence is a way to relate the
potential energy output of different explosives
to a known baseline, TNT output

" I'NTequiv = 2. Myg X NTNTyg
= For this case:
= TNT,

= TNT,

=10 [mg] +IXwXtXpx112%
= 81.2 [mg]

qUIVsandwich

qUIVsandwich

Caitlin O’Grady, 27
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Presentation Notes
Safety ratings based on TNT equivalence…safety is top priority!
10 [mg] is for initiation structure.
TNTequiv refers to the TNT equivalence for the explosive, mHE refers to the mass of the high explosive, and %TNTHE refers to the percentage of TNT equivalence for that particular explosive.  For example, HNAB has a %TNTHE of 112%.
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Assembled and fired three experiments with different liner thicknesses. 
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Presenter
Presentation Notes
3 different experiments of 3 different thicknesses 
Frame 11 malfunctioned for my experiment, but did not affect data collection

Dark line is sandwich (experiment is backlit by SILUX laser)
Detonated at bottom (detonation propagates up) and we can see expansion of liners moving upward and outward


iner Angle eape
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= Framing camera
Images used to
determine liner
angles

= \We see
differences In
liner angles

Cross-section view of the (a) 50.8 um, (b)
76.2 um, and (c) 101.6 um tantalum
experiment on HNAB micro-sandwich test,
5 ns exposure, 2.4 MHz (1/417 ns). Each
frame has a height of about 15 mm.
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Presentation Notes
Each frame is 2.4 MHz, ~420 ns between images
Det. Velocity (which we could establish from framing camera images) is well documented and known for HNAB to be 7.42 mm/µs
Images are a shadowgraph, they are backlit by SILUX laser and when they go dark it is due to the products obscuring the backlight
Can see liner motion with air shock in front…have a relatively straight fold in Ta…Observe that Ta does not stretch appreciably
(c) has a more pronounced air shock
	can see air products being squished out front and back rather than the middle (like the others) since the thicker material gives better confinement
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= Measure liner angle from framing camera images

(Above) Pictorial representation of the mathematical
process that was performed using Image-Pro Plus software
to analyze framing camera images.

Caitlin O’Grady, 31
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Presentation Notes
Subtract the dynamic image from the static image of the same frame (which I took prior to detonation) to get a resulting image that shows the initial liner location with respect to the dynamic liner angle.

Able to analyze each independent frame compared to a static image of the same frame in order to prevent error from being introduced by using a reference image. This means no error from internal differences in the camera between the different frames.


= ) Sandia
‘ ' National
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Framing
Camera Data
Analysis

(Left) Angle
measurements
taken with Image-
Pro Plus software.
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Presentation Notes
I measured the liner angle in several locations and was able to come up with an average with st. dev.
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Initial Liner
Liner location
Location —
During /
Experiment
(Above) Raw PDV data. W\ /\——
. . Location 0/2
= Assuming liner does not During
Experiment / Initial Particle
StretCh Location
= pTool was used for data ... o
anaIySiS Measurement \ 3 P
: \
= Fourier Transform on E 1
PDV scope data

Cartoon of experiment geometry during detonation to
aid in PDV analysis.
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Material Velocity vector
Measured Velocity vector (known from PDV data) 

Discuss

Short window Fourier Transform

A liner moves, laser reflection is not measuring the same point on the Ta liner
We want to know the velocity of a single Ta particle to give to the modeler


Results 50.8 um
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Material and Measured Velocity for
50.8 um
1300 —
= Liner Angle: 1200
= 11.3°% 1° 1100
= Max Material 1000
Velocity: £ o0
>
= 1296.5 £ 9.7 m/s | G
O 800
g —Measured
700 Velocity
—Material
°00 Velocity
500
5.00E-06 5.50E-06 6.00E-06 6.50E-06 7.00E-06
Time (s)
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Results 76.2 um
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1100
_ 1000
= Liner Angle:
900
= 9.7°% 2°
= Max Material = o —Measured
T E 200 Velocity
Velocity: > —Material
= 11328 = 4.1 m/S g 600 Ve|OCity
0
= 500
400
300
4.50E-06 5.50E-06 6.50E-06 7.50E-06
Time (s)
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Results 101.6 um
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Material and Measured Velocity for
200 101.6 pm
= Liner Angle: i
= 8.0°% 1° 200
= Max Material -
Velocity: £ 600 —Measured
> Velocity
= 885.1 = 3.7 m/s g —Material
o % Velocit
S y
400
300
5.00E-06 6.00E-06 7.00E-06
Time (S)

Caitlin O’Grady, 36



Results S

m National
Laboratories

Thickness (um) Velocity (m/s) Liner Angle

50.8+2.5 1297 11.2°
76.2+5.1 1133 9.7°
101.6+£1.3 885 8.0°

Caitlin O’Grady, 37
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Presentation Notes
Two obvious trends, as thickness increases, velocity decreases
As thickness increases, liner angle decreases


ata Comparison

Sandia
m National
Laboratories

1400

1200 \/

1000

1{

Velocity (m/s)
(o)) oe}
3 3

N
(@)
o

—Material Velocity 50.8 um
200 —Material Velocity 76.2 um
—Material Velocity 101.6 um

O 4
4.75E-06 4.95E-06 5.15E-06 5.35E-06 5.55E-06 5.75E-06 5.95E-06

-200 .
Time (s)
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Presentation Notes
Max Material velocities:
50.8 µm: 1297 m/s
76.2 µm: 1133 m/s
101.6 µm: 885 m/s

Ringing is transit time through the liner (could be used to measure the shock velocity through the liner)

The data here covers 2 framing camera images
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Discussion

= Significance of Results

= Designed and implemented a new fundamental experiment that
provides data for small-scale explosives that will lead to development
of EOS

= How the EOS is developed

= The experiment will be modeled in computer code (CTH) taking EOS
input from thermochemical equilibrium code

= The EOS input is modified to match the experimental data
= How EOS is used

= Due to the fact that there will be currently no data with confidence to
model vapor-deposited HNAB, this experiment will be used to verify
and tune CTH model

= Need ability to model HNAB in CTH
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Presentation Notes
Performed a Gurney analysis on my experimental data and found the Gurney constant to be 3780.9 ± 165.6 m/s


The Gurney equations are a set of mathematical formulas used in explosives engineering to relate how fast an explosive will accelerate a surrounding layer of metal or other material when the explosive detonates. 
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» |ntroduction
= Project Overview
= Sandwich Test
= Physical Vapor Deposition
= Liner Material
= HNAB

= Conclusion
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Conclusion )

= A micro-sandwich test was successfully developed and used

to provide supporting data for vapor-deposited explosives
EOS development.

= Vapor-deposited HNAB is a useful model for studying
detonation behavior at small scales as it has a uniform
microstructure with low surface roughness.

= These characteristics made HNAB useful for a small-scale version of
a sandwich test, the micro-sandwich test.

= The data analysis of the three different thickness of tantalum
liners yielded the trend that as the liner thickness increased,
the liner angle and material velocities decreased.

= This result was expected because different thicknesses of any
material would have different velocities when undergoing the same
amount of pressure and force.

= The data from these experiments will be provided to

modelers for EOS deveIoEment



Presenter
Presentation Notes
Micro-sandwich test
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Cross-section view of the micro-sandwich of the (a)
50.8 um (2 mil), (b) 76.2 um (3 mil), and (c) 101.6
um (4 mil) thick tantalum experiment on HNAB

micro-sandwich test, 5 ns exposure, 2.4 MHz (1/417
ns).
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Annealing of Tantalum

= Cutting
process
damaged
substrates

= Needed flat
substrates to
prevent HNAB
from Cracking

= Annealing took
place
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PDV Data Analysis eape

Raw Data After Fourier Transform

= pTool was used for data analysis
= Fourier Transform on PDV scope data
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Cracking that
caused missing
pieces

Lifting
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